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Preface



TheconstantlychanginglandscapesurroundingK-12STEMEducationmakesitchallengingforexperts
andpractitionerstostayinformedofthefield’smostup-to-dateresearch.ThatiswhyIGIGlobalispleased
toofferthistwo-volumecomprehensivereferencecollectionthatwillempowerstudents,researchers,and
academicianswithastrongunderstandingofthesecriticalissuesbyprovidingbothbroadanddetailed
perspectivesoncutting-edgetheoriesanddevelopments.Thiscompilationisdesignedtoactasasingle
referencesourceonconceptual,methodological,andtechnicalaspects,aswellastoprovideinsightinto
emergingtrendsandfutureopportunitieswithinthediscipline.

K-12 STEM Education: Breakthroughs in Research and Practiceisorganizedintofoursectionsthat
providecomprehensivecoverageofimportanttopics.Thesectionsare:

1. EngineeringEducation.
2. MathematicsEducation.
3. ScienceEducation.
4. STEMGeneralTopics.

Thefollowingparagraphsprovideasummaryofwhattoexpectfromthisinvaluablereferencesource:
Section1,“EngineeringEducation,”opensthisextensivereferencesourcebyhighlightingthelatest

trendsinresearch-informedteachingmodulesandengineeringeducationprograms.Throughperspec-
tivesoncircuitdiagrams,theepiSTEMeproject,andeducationalrobotics,thissectiondemonstrates
theimportanceofinstructingstudentsonengineeringadvancementstopromotestudentengagement.
Thepresentedresearchfacilitatesabetterunderstandingofhowengineeringdevelopmentsareshaping
themodernclassroom.

Section2,“MathematicsEducation,”includeschaptersonemerginginnovationsformathematics
teacher education and the use of computers in mathematics. Including discussions on mathematics
performance,Edwards’integrallearning,andthefivestagesofmathematics,thissectionpresentsre-
searchontheimpactofusingtechnologyinmathematicseducation.Thisinclusiveinformationassists
inadvancingcurrentpracticesinmobile-assistedlearninginmathematics.

Section3,“ScienceEducation,”presentscoverageoncognitiveengagementandcomputer-based
science education. Through innovative discussions on DAST rubric, scientific literacy, and virtual
laboratories,thissectionhighlightsthechanginglandscapeofcontemporaryscienceeducation.These
inclusiveperspectivescontributetotheavailableknowledgeonlearningoptimizationinprimaryand
secondaryclassrooms.

xvi



 Preface

Section4, “STEMGeneralTopics,”discussescoverageand researchperspectivesonSTEMap-
proachesforprimaryandsecondarylearningenvironments.ThroughanalysesonSTEMteachereduca-
tion,curriculumstandards,andproblem-basedlearning,thissectioncontainspivotalinformationon
thelatestcurriculumdevelopmentsincontemporaryclassrooms.Thepresentedresearchfacilitatesa
comprehensiveunderstandingofintegratingSTEMintoK-12education.

Althoughtheprimaryorganizationofthecontentsinthisworkisbasedonitsfoursections,offering
aprogressionofcoverageoftheimportantconcepts,methodologies,technologies,applications,social
issues,andemergingtrends, thereadercanalso identifyspecificcontentsbyutilizingtheextensive
indexingsystemlistedattheend.

AsacomprehensivecollectionofresearchonthelatestfindingsrelatedtoK-12STEMEducation,
thispublicationprovidesresearchers,practitioners,andallaudienceswithacompleteunderstandingof
thedevelopmentofapplicationsandconceptssurroundingthesecriticalissues.
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Chapter  1

DOI: 10.4018/978-1-5225-3832-5.ch001

ABSTRACT

This chapter discusses the design and development of a teaching module on electrical circuits for lower 
secondary students (11-14 year olds) studying in the context of the English National Curriculum. The 
module was developed as part of a project: “Effecting Principled Improvement in STEM Education” 
(epiSTEMe). The electricity module was designed according to general principles adopted across epiS

Developing a Research-
Informed Teaching Module 

for Learning About 
Electrical Circuits at Lower 
Secondary School Level:

Supporting Personal Learning about 
Science and the Nature of Science

Keith S Taber
University of Cambridge, UK

Kenneth Ruthven
University of Cambridge, UK
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University of Cambridge, UK

Neil Mercer
University of Cambridge, UK

Fran Riga
University of Cambridge, UK

Riikka Hofmann
University of Cambridge, UK

Stefanie Luthman
University of Cambridge, UK
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Developing a Research-Informed Teaching Module for Learning About Electrical Circuits
 

TEMe, drawing upon research and recommendations of good practice offered in curriculum guidance 
and the advice offered by classroom practitioners who tested out activities in their own classrooms. The 
module design was informed by the constructivist perspective that each individual has to construct their 
own personal knowledge and so rejects notions that teaching can be understood as transfer of knowl-
edge from a teacher or text to learners. However, the version of constructivism adopted acknowledged 
the central importance of social mediation of learning, both in terms of the role of a more experienced 
other (such as a teacher) in channeling and scaffolding the learning of students and the potential for 
peer mediation of learning through dialogue that requires learners to engage with enquiry processes 
and interrogate and critique their own understanding.

BACKGROUND

Introduction

This chapter describes the development of a research-informed teaching module on electrical circuits 
for early secondary level (in particular aimed at 11-12 year olds) developed as part of the project ‘Ef-
fecting Principled Improvement in STEM Education’ (epiSTEMe). The principles informing the design 
of the module will be discussed, and the way those principles were applied in module development will 
be explored. Three levels of context for appreciating module development will be provided relating to 
issues of (i) research into student thinking and learning in the topic, (ii) the context of the epiSTEMe 
project more generally, and (iii) the wider curriculum context in which the work took place.

Student Thinking and Learning About Electrical Circuits

There is an extensive body of research exploring student learning and thinking in various science top-
ics (Duit, 2009; Taber, 2009), including electricity and electric circuits (Driver, Squires, Rushworth, & 
Wood-Robinson, 1994; Shipstone et al., 1988). Learning difficulties relating to the topic of electrical 
circuits are well established, and these are found across the secondary age range. A common problem 
concerns students not appreciating how current will be constant around a series circuit. A naive view 
would be that this could be countered by demonstration: simply showing learners a series circuit and 
measuring the current at various points. A somewhat more informed view – informed by research into 
science learning (considered below) – might suggest that something more than this is needed: to first 
help learners make explicit their intuitive ideas about what would happen in the circuit, and then counter 
these by providing the evidence that their intuitions do not match what actually happens. This might 
be expected to lead to cognitive dissonance, and so motivate learning to make sense of the discrepant 
observations (Driver & Oldham, 1986).

This approach is commonly recommended because human beings generally manage to perceive the 
world as fitting expectations (finding matches between what is sensed and existing implicit knowledge 
elements such that perception is biased to fit existing cognitive structures) - what is sometimes known 
as confirmation bias (Nickerson, 1998). Driver noted how students put in open-ended discovery learning 
situations with minimal ‘scaffolding’ from teaching tended to fail to spot the patterns that it was hoped 
they would find salient and seldom ‘discover’ the scientific principles hoped for (Driver, 1983). Much 
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more recent work has reinforced how rarely students take away from school science practical work the 
ideas such activities are intended to motivate or illustrate (Abrahams, 2011).

One pedagogic approach intended to address this issue is known as P-O-E, which stands for Predict-
Observe-Explain (White & Gunstone, 1992). The principal assumption drawn upon here is that by first 
having students make predictions they would then be primed to extract the desired ‘figure’ from the 
‘ground’ of sensory data - to borrow terms from the Gestalt psychologists (Koffka, 1967) - and also have 
some investment in observing a particular pattern or outcome. Where expectations are confounded, the 
potential cognitive dissonance (Cooper, 2007) is harnessed by asking students to explain what they have 
observed – thus reinforcing the outcome and requiring the learner to actively seek to make sense of the 
unexpected observations. This is considered important because research in science education suggests 
that learners commonly revert to alternative conceptions supported by their intuitions despite teaching 
events, once those events cease to be recent (Taber, 2003).

Interestingly, some research suggests that even employing the P-O-E strategy may be insufficient 
to overcome students’ expectations about what goes on in electric circuits. A study showed that when 
a class of 14-year olds was asked to predict how current would vary round a simple series circuit most 
of the students predicted current would diminish around the circuit as previous studies had suggested 
(Gauld, 1986, 1989). This prediction can be tested by ammeters, or by using lamp brightness as an indi-
cator (as long as similar lamps are used at different points in a circuit). After seeing the demonstration 
students accepted current did not change around the circuit, seeming to have changed their ideas about 
current in circuits. However when the same students were interviewed three months later many had 
reverted to their initial thinking – that current diminishes around a series circuit. These students often 
remembered the demonstration, but now thought what they had seen fitted their initial predictions. So 
even when learners’ prior thinking is made explicit, AND they are shown their predictions are wrong, 
AND they accept they were wrong and seem to change their minds, this may not be sufficient to bring 
about long-term conceptual change.

Human cognition has inherent drives for coherence and consistency (Jolliffe & Baron-Cohen, 1999; 
Parkin, 1993). It would seem that in Gauld’s study, the observation of a confounding outcome was suf-
ficient to lead students to accept a new way of thinking that matches the unexpected outcome, but without 
sufficient reinforcement of the new learning (Vertes, 2004) many students worked towards coherence 
by modifying their memory of the observations, rather than their preferred mental models of electrical 
current flow around circuits.

Electricity as a Challenging Topic

It is perhaps not surprising that electrical circuits is a topic which many students find difficult (Shipstone 
et al., 1988). Whilst students can observe and manipulate simple circuits, and indeed many students seem 
to enjoy this type of practical work, the ideas involved are challenging. Electrical circuits are explained 
in terms of abstract ideas, in particular current and potential difference (p.d. or ‘voltage’) that link to 
the concepts of charge and energy respectively. Energy is acknowledged as a highly abstract topic – for 
example by Nobel laureate physicist Richard Feynman (1965) - which students commonly struggle 
with (Brook & Driver, 1984; Solomon, 1992; Watts, 1983). Current as a flow of charge can potentially 
be visualised, but to apply this idea to circuits students have to shift from considering the observable 
phenomena at the macroscopic ‘bench’ scale, to think about a process occurring at a submicroscopic 
scale. At this scale the apparently solid metal wires students observe are understood as a fixed lattice ar-
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rangement of atomic cores bound by electrical forces to a fluid-like (Buddle, Niedderer, Scott, & Leach, 
2002) ensemble of delocalised electrons (see Figure 1). However, this model is not usually explicitly 
taught until much later in secondary education.

It has long been recognised that part of the challenge of school science learning relates to how learn-
ers are asked to cope with presentations at several ‘levels’ at once (Johnstone, 1982, 1991). In particular, 
students are often presented with two distinct re-descriptions or re-conceptualisations of phenomena they 
can observe, framed in terms of the technical symbolic language, theoretical concepts, and explanatory 
models used in science. In many topics students not only have to learn how an observable phenomena 
is categorised and conceptualised in formal terms (say a candle flame in terms of categories of chemi-
cal reaction and combustion) but also how scientists explain the phenomena in terms of models of the 
structure of matter at submicroscopic scales (see Figure 2).

Circuit Diagrams

A key part of the challenge of learning about electrical circuits is the use of a scientific formalism to 
represent circuits - circuit diagrams. To the experienced physicist or science teacher a circuit diagram has 
probably come to be perceived as quite like a circuit: it has the important affordances of both offering 
1:1 correspondence between components and their symbols, and also clearly reflecting the topology of 
the circuit, and so how different components are connected.

However, learners faced with circuit diagrams may find they less obviously reflect actual circuits, 
and can find it very difficult to build circuits from circuit diagrams. Students have to both identify spe-
cific components from different symbols, and appreciate how the formalism of straight lines and sharp 
corners can represent the key aspects of the arrangement of various leads - inevitably taking up myriad 
configurations on the bench, but seldom appearing linear.

Common Alternative Conceptions

Although current passing through wires is often made more accessible to students through the use of 
teaching models making analogies (discussed further below) with, for example, fluid flow through pipes, 
this offers limited explanatory power by itself. Secondary students commonly commence formal study 

Figure 1. Conceptualising electrical circuits at two levels (Adapted from Taber, 2013)
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of the topic of electricity with a vague notion of ‘electricity’ from everyday discourse, which is not dif-
ferentiated between current, potential difference, energy and power (Arnold & Millar, 1987). Students 
commonly initially make sense of circuits in terms of intuitive ideas that lead to mental models that have 
been labelled as ‘unipolar’ (something comes from one side of the cell or battery to the component) 
or ‘clashing current’ (something different comes from each side of the cell or battery and meets at the 
component).

Generally then a major shift is needed to persuade learners to consider that something, charge in the 
form of a current, is flowing all around the circuit. However, this shift does not lead to a mental model 
of circuits that can support desired learning unless current as a flow of charge is clearly distinguished 
from current as a means of transferring energy. For one thing, current is conserved around circuits, 
despite work being done in lamps and other components. Moreover, the charge that is flowing does not 
really go anywhere (although in a direct current circuit individual electrons do slowly drift around the 
circuit) – in the sense that the electrons in the wires are simply replaced by other, entirely equivalent, 
electrons. The only structural difference between the current carrying wire, and the same wire when it is 
not carrying current, is that in the former case there is a very slight drift superimposed on the otherwise 
random patterns of electron movements in the metal. (Indeed in a.c. circuits, such as that used in house 
lighting, there is not even a net drift – and typically electrons may only shift a fraction of a millimetre 
before the direction of flow switches). The speed of electron drift in a simple circuit is extremely slow 
from a macroscopic perspective. Even in a physically small circuit it might take quite a few minutes 
for a particular electron to move through a distance equivalent to that from the cell terminals to a lamp: 
yet the circuit seems to work instantaneously. Students do not have to wait several minutes for lamps to 
glow or ammeters to register current.

Figure 2. Science teaching as moving between different levels or domains (Adapted from Taber, 2013)
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Circuits as Systems

The effect of current flow therefore can only be understood by coordinating ideas about current with 
something else – energy or electrical potential. The circuit can be understood as a device for transferring 
energy and the mobile charges that make up the current are in effect energy carriers. A circuit needs 
to be understood in terms of this process (i.e. systematically), but as Chi has reported, learners tend to 
conceptualise scientific processes in terms of substances, and it is then difficult to reassign the concept 
to a very different ‘ontological tree’ (Chi, 2008; Chi, Slotta, & de Leeuw, 1994). Of course this is not 
a tendency of school students in particular – the history of science offers many examples adopted by 
respected scientists – not just electrical fluid as used by Benjamin Franklin among others, but caloric, 
phlogiston, the ether, vital forces, etc. - of substances or pseudo-substances once mooted as elements of 
scientific explanations but now discredited.

Measurements of potential difference (i.e. ‘voltages’ in common parlance) are indicators of the amount 
of energy being transferred in sections of the circuit. Where students commonly expect current to diminish 
around the circuit, the scientific account suggests they should instead be paying attention to the voltmeter 
readings between different points around the circuit as this relates to where work is being done in differ-
ent components. In a series circuit with two dissimilar lamps, apparent phenomenologically as glowing 
with different degrees of brightness, the same current flow will pass through both (being determined 
by the total p.d. across the circuit and its total resistance) but the p.d. across the two lamps will differ.

An electric circuit is therefore a system, and in a sense it is an emergent system, as the different spe-
cific components, and their configuration, need to be specified to understand what is going on at any 
point. Studies on student understanding of systems suggest school age learners often have limited basis 
for understanding systems and emergent phenomena (Wilensky & Resnick, 1999).

Taking these considerations together, it is perhaps less surprising that secondary age students tend to 
(i) focus their thinking about circuits on current (something they can visualise); thus (ii) think primarily 
in terms of a substance-like entity (rather than thinking in terms of process); (iii) consider the parts of a 
circuit sequentially attempting to understand each point locally (rather than as one part of an interacting 
system); and (iv) conceptualise the circuit in terms of current moving from a source (the battery) and 
being ‘used up’ around the circuit. This alternative conceptual framework is more accessible than the 
scientific alternative.

Given the very real barriers to effective learning about circuit concepts, and in particular the abstract 
understanding needed to make good sense of circuits, it might be questioned whether this is a suitable 
topic for teaching students at the start of secondary education – perhaps instead electronic circuits should 
only be taught at this age as part of technology classes so that students become familiar with components 
and their affordances, to provide a context for theoretical learning later in the school. However, in the 
English curriculum context discussed below (as many others) teaching and learning about circuits is 
prescribed for lower secondary level science.

Challenges of Teaching Electrical Concepts Through Simple Circuit Work

Research suggests that although many students enjoy practical work in school science, and some cer-
tainly develop competence in manipulative work (meeting educational objectives in the sensori-motor 
domain), such activities are often less successful in engaging students in using their observations to 
support conceptual learning. Many school practicals are meant to illustrate scientific principles (Mil-
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lar, 2004): but in science the link from observation to theory is often not straight-forward (Kuhn, 1996; 
Lakatos, 1999), and expecting students to draw the ‘right’ conclusions without careful scaffolding is 
often unrealistic (Abrahams & Millar, 2008). Moreover, whereas research scientists practise and refine 
techniques they use on a regular basis, school students are generally operating with relatively unfamiliar 
apparatus and techniques. This adds to the excitement of lessons, but undermines learning in two ways.

Firstly scientific apparatus often needs nursing to ‘work’ as intended. Polanyi (1962) stressed how 
scientific work depends upon ‘tacit’ knowledge that scientists develop over time: implicit knowledge of 
how to get particular set-ups to work that relies on close familiarity with that kit and laboratory environ-
ment. In principle, scientific papers provide all the details for others to undertake the replications that 
are part of science - but in practice new experimental set-ups can sometimes only be transferred between 
research groups when scientists visit other labs so that the scientist with the specialist experience can 
model the processes to others (Collins, 2010).

Whilst the type of apparatus involved in school practical work in electricity is routine and far from 
the forefront of research, it is notorious for being problematic. Practical work can be spoiled for example 
by corroded switches and contacts; intermittent faults due to unseen breaks in insulated leads; old cells 
with high internal resistance (so the measured terminal p.d. drops significantly as soon as an external 
load is applied); lamps with partly evaporated filaments having very different power ratings to other 
nominally identical lamps; and poorly calibrated meters. These difficulties can only be avoided when 
technical support is available to carefully check all kit before each lesson - a time-intensive process - and 
the teacher or support staff are able to fault-find during student work.

A second problem concerns the limits of human working memory (Baddeley, 2003). People can 
only mentipulate a limited about of material at any one time. School practical work generally involves 
relatively novel aspects for learners (reducing the potential for ‘chunking’ to use working memory more 
effectively). Following instructions, collecting and manipulating apparatus, and recording observations 
may ‘load’ students’ working memories in full. This will leave limited, if any, capacity for the kinds of 
reflection on what is being experienced in relation to (often recently introduced) concepts that is needed 
for what Abrahams (2011) refers to as ‘minds-on’, rather than just ‘hands-on’, practical work.

SETTING THE STAGE

Electrical Circuits in the English Lower Secondary Curriculum

The present chapter describes the process of developing a research-informed teaching module to support 
learners in developing a scientifically appropriate understanding of simple electrical circuits. The work 
reported here derives from the English context, where electricity is a major topic in the lower second-
ary school. At the time of developing the module as part of the epiSTEMe project the English National 
Curriculum for Science for 11-14 year old students had recently been revised (QCA, 2007). The new cur-
riculum document might be considered ‘content-lite’ compared to the previous version of the curriculum 
(DfEE/QCA, 1999), in part as a deliberate attempt (a) to counter concerns about how in the previous 
curriculum excessive prescription of content was limiting depth of treatment and restricting the teacher’s 
flexibility and creativity in meeting needs of particular students (Hacker & Rowe, 1997; Jenkins, 2000; 
Kind & Taber, 2005); and (b) to balance prescription of subject content with wider objectives relating 
to skill development and understanding the nature of science (QCA, 2005).
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The physics content of the revised science curriculum for teaching across three years of study (for 
11-14 year olds) was reduced to “The study of science should include energy, electricity and forces: (a) 
energy can be transferred usefully, stored, or dissipated, but cannot be created or destroyed; (b) forces 
are interactions between objects and can affect their shape; and motion; (c) electric current in circuits 
can produce a variety of effects” (QCA, 2007. p.210). The notes provided in the curriculum to explain 
the scope of the material to be taught about electricity (point c above) was limited to “Circuits: This 
includes current and voltage in series and parallel circuits” (QCA, 2007. p.210).

This provided limited guidance for teachers and a sharp change of approach. The previous much denser 
curriculum document had been supplemented by non-statutory schemes of work (QCA, 2000), and an 
extensive ‘national strategy’ for teaching science built around a comprehensive framework document 
suggesting how progression in understanding key concepts should be supported across the three years 
of the lower secondary phase (Key Stage 3 National Strategy, 2002).

Teaching About ‘How Science Works’ as Part of the Science Curriculum

Part of the rationale for the new curriculum was to increase the emphasis within the secondary curriculum 
on the nature of science, or ‘how science works’ in the terminology used in the curriculum documents. 
The importance of teaching about the outcomes of science within a wider context has been recognised 
in many national contexts for some decades. In the 1980s there was an ‘STS’ movement that sought to 
prioritise teaching about ‘science and technology in society’ (McConnell, 1982). There has also been 
a widespread movement to teach more about the nature of science itself - in particular through inform-
ing school curricula with scholarship in the history and philosophy of science (Duschl, 2000; Hodson, 
2009; Matthews, 1994).

When the UK government decided to introduce a national curriculum into English schools (Statutory 
Instrument, 1989), the original proposals for the science curriculum included an attainment target fo-
cused on the nature of science. However, later simplification of the proposals led to this aspect becoming 
largely implicit - leading to it having limited effect on practice (Donnelly, 2001). Several attempts were 
later made to address this concern through tweaks to the curriculum, guidance documentation, and the 
assessment regime (Taber, 2008).

The 2007 revision of the curriculum was more substantial, reducing specification of science content 
to be taught to brief topic descriptions such as those above, and setting this content as just one of sev-
eral aspects of the curriculum: so ‘range and content’ (as it was headed) followed what was referred to 
as ‘key concepts’ and ‘key processes’ (QCA, 2007). “Key concepts that underpin the study of science 
and how science works” (p.208) included scientific thinking, applications and implications of science, 
cultural understanding and collaboration. ‘Key processes’ related to practical and enquiry skills, criti-
cal understanding of evidence, and communication (p.209). Under the heading of ‘scientific thinking’ 
students were expected to use “us[e] scientific ideas and models to explain phenomena and develop... 
them creatively to generate and test theories” and “critically analys[e] and evaluat[e] evidence from 
observations and experiments” (p.208).
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The TISME Initiative and the epiSTEMe Project

The epiSTEMe project was part of an overarching Targeted Initiative on Science and Mathematics 
Education (TISME). TISME is a programme of research funded by the UK’s Economic and Social Re-
search Council in partnership with the Gatsby Charitable Foundation, The Institute of Physics and the 
Association of Science Education. The aim of the initiative was to find new ways to encourage children 
and young people to greater participation, engagement, achievement and understanding of Science and 
Mathematics. The initiative funded a number of projects including one based at the University of Cam-
bridge: Effecting Principled Improvement in STEM Education (epiSTEMe). EpiSTEMe was concerned 
with student engagement and learning in early secondary school physical science and mathematics.

The epiSTEMe project set out to develop classroom activities and supporting materials that drew 
upon research-based approaches in four lower school science and mathematics topics: probability and 
proportionality in mathematics and forces and electric circuits in science. Our aspiration however, was 
not simply to support the teaching of four topics, but to demonstrate how research-based pedagogy 
could be built into school teaching schemes. It was hoped that if schools used and saw the value of our 
modules these would provide experience in a particular teaching approach and offer models of effec-
tive classroom activities. We looked to frame classroom tasks that could help build students’ abilities 
to think as mathematicians and scientists and support key conceptual advances in a topic. In particular, 
tasks were designed to trigger critical examination of common alternative conceptions. Lessons were 
planned around carefully crafted problem situations intended to appeal to shared student experiences 
and interests. As the intention of epiSTEMe was to adopt research-informed pedagogy, suitable exist-
ing classroom-tested activities were incorporated into the modules alongside newly designed activities.

A distinctive feature of the epiSTEMe approach is its use of dialogue – in small student groups and 
the whole class – to elicit and examine differing points of view on problem situations (Howe et al., 2007; 
Kleine-Staarman & Mercer, 2010). As it was recognised that students (and teachers) need to develop 
skills in working through such approaches, an introductory module was developed to build teacher and 
student understanding of the value of talk and dialogue in supporting subject thinking and learning, and 
to help teachers develops rules and processes to underpin effective small-group and whole-class discus-
sion. As a result, two topic modules in each of science and mathematics were designed to stimulate and 
capitalise on talk and dialogue, based on the assumption that ground-rules and good working habits had 
been established through the introductory module.

The epiSTEMe team worked closely with teachers from several schools over an 18-month period 
to develop, trial and refine the intervention. The development process drew on the expertise of teach-
ers and researchers, as well as on a synthesis of relevant research literature (Ruthven et al., 2010) and 
analysis of evidence from classroom trialling. Its aim was to generate resources for developing teachers 
and teaching students, as well as to improve understanding of teaching and learning processes in school 
science and mathematics.

Teachers from partner schools enrolled in the project attended project days with the university team 
to discuss the aims of the project, to explore the pedagogic approach, to critique (and sometimes try 
out) draft activities and to make suggestions for modifications or additional activities drawing on their 
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own teaching repertoires. In particular the classroom practitioners were able to offer advice on how the 
constraints of their real teaching contexts should be considered in planning teaching and learning activi-
ties. Sometimes teachers were video-recorded trying out activities with their own classes to allow later 
review at a project day. Through this process, module materials were refined sufficiently to be suitable 
for testing in schools that had not been part of the development process.

CASE DESCRIPTION

Principles Adopted in Developing the Electricity Module

The module on electric circuits was informed by the general principles adopted in epiSTEMe, combined 
with specific considerations particular to the topic. A feature shared with the other topic modules was 
orchestration of lessons to permit shifts between student group work and teacher-led full classroom 
discussion; and which moved between eliciting and examining students’ own thinking, and consider-
ing the canonical curriculum accounts reflecting scientific concepts and models. This is the type of 
approach discussed by Mortimer and Scott (2003) in their exploration of classroom science teaching. 
This is considered further below.

The perspective informing the development of the module was personal constructivism, in the sense 
of psychological or pedagogic constructivism (Glasersfeld, 1989; Sjøberg, 2010; Taber, 2009), which 
suggests that each person has to interpret their experiences to construct their own understanding of the 
world. The corollary of this principle is that all learning is contingent upon the interpretative frameworks 
available to a learner and so the teacher cannot assume that teaching will be understood as intended. 
Sometimes personal constructivism is presented as being in opposition to social constructivism or con-
structionism, but the version of constructivism adopted here fully acknowledged that human learning 
normally takes place in a social context, and that culture provides affordances and constraints on learning 
(Kleine-Staarman & Mercer, 2010; Scott, 1998). School learning is often highly contingent not only upon 
the student’s prior learning, but also on features of the classroom context (Finkelstein, 2005): such as 
curriculum, teaching approach, teacher language, teaching models, and in particular learning activities 
and the opportunities for engagement with ideas these provide.

The module included an extended series of group practical activities of building and examining 
simple circuits. In selecting electricity as a project topic it would have been possible to have focused 
on building circuits with different transducers (lamps, buzzers, light dependent resistors, light emitting 
diodes etc) in response to problems that could have been contextualised in everyday situations. So, for 
example, students could have been asked to build a circuit that turned on a light if it was dark when 
someone (who could not see the light switch) whistled. This would have motivated problem-solving 
through everyday relevance (and would have matched the kind of approach used extensively in the other 
epiSTEMe topic modules). Such an approach could have treated circuit components as ‘black boxes’ 
and been based on how technological solutions are met by using logic gates and various transducers in 
different combinations.

However, as suggested above, the key problem for science educators in a curriculum context that ex-
pects learners to understand basic circuit principles is how to help learners to acquire a scientific model 
of current in circuits that distinguishes the flow of charge itself from the energy being transferred through 
the circuit. It was decided therefore to focus on these more fundamental abstract aspects of circuits rather 
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than their technological applications. Given the problems, described above, that lower secondary students 
often experience in making sense of scientific models of circuits, there might be a case for arguing that 
theoretical understanding could be deferred to upper secondary level, and that it is more appropriate to 
provide experience of practical uses in the lower secondary school: but since the prescribed curriculum 
was set out in terms of the physical principles, these were addressed.

Minds-On Practical Work

As suggested above, there are significant challenges in expecting students, especially those in the lower 
secondary school relatively unfamiliar with circuit work, to make the desired links between observations 
made when constructing circuits and the concepts they are expected to learn. In particular, these concepts 
will often be contrary to the mental models students develop from their intuitive ways of making sense 
of electrical circuits.

The core of the module was a sequence of practical activities organised around building simple series 
and parallel circuits. Despite the potential difficulties associated with practical work it was considered 
important to include ‘hands-on’ work to motivate students to see a need for modelling what was going 
on in circuits by presenting actual phenomena to be explained.

In order to ensure the work was also minds-on this was undertaken within a dialogic frame at two 
levels. Firstly, the circuit investigations were to be undertaken within groups where (a) students had been 
taught about effective group work in the epiSTEMe introductory module, and (b) the P-O-E technique 
was adopted so that circuit building would be undertaken with a view to testing particular ideas about 
what was going on in circuits (e.g. see Figure 3).

Secondly, the teaching and learning activities were designed to shift between group work and 
classroom-led discussion where the teacher was asked to work with students’ ideas and explore their 
adequacy in relation to the empirical observations. It was also recommended that (given the potential 
for equipment failures to lead to anomalous results) the teacher should reinforce student findings by 
using either a large demonstration version of the circuits students were building, or projected computer 
simulations of the circuits, to ensure that the scientifically ‘correct’ observations were being discussed 
and recorded by students.

Figure 3. Predict-observe-explain was used to motivate dialogue within groups
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This central core to the module involved learners in a succession of similar activities as they built 
a sequence of circuits allowing comparisons to be made between different arrangements of circuit 
components. We were aware in designing the module that different classes would progress through 
the material at different rates, and that teachers saw the limited number of lessons they could commit 
to any particular topic as a major constraint. We therefore included some optional material, and wrote 
modules that allowed differentiation by giving teachers flexibility to choose to omit some activities for 
some groups of students.

The epiSTEMe electricity module allows learners to work their way through a series of closely related 
practical exercises to help them build up a conceptual understanding of phenomena - that is it offers 
an opportunity to experience a much more authentic form of scientific enquiry than a series of discrete 
stand alone practicals each related to a distinct scientific idea. This more authentic approach also helps 
counter the problems referred to above of working with unfamiliar kit which tends to lead to a major 
part of both time on task and working memory capacity being given over to manipulation, leaving less 
resource for mentipulation of the ideas the practical work is meant to link to.

Building Upon Existing Good Practice

The epiSTEMe project, then, sought to build upon, and develop design principles around, existing 
research and demonstrated good practice. Within the electricity module this was enacted in two ways. 
The common use of models and analogies in teaching this topic was developed and made a key focus 
of the module (see below). In addition it was decided by the research team that rather than just writing 
new activities, it was important to include existing research-informed teaching resources developed by 
other researchers. In particular we draw upon two existing sources. One of these is the UK’s Institute 
of Physics’ ‘Supporting Physics Teaching 11-14’ materials (Whitehouse, 2002). The other is guidance 
materials published as part of a government funded ‘National Strategy’ (The National Strategies Sec-
ondary, 2008). These in turn drew upon activities designed as part of a teaching scheme (Hind, Leach, 
Lewis, & Scott, not dated) developed at the University of Leeds during a funded project (the Teaching 
and Learning Research Project funded by the UK Economic and Social Research Council).

So for example, one of the activities included in the epiSTEMe module was ‘the big circuit’ - a 
teacher-led activity asking students about what would happen to a lamp when a switch is closed in a 
circuit that is set up around the full perimeter of the room for dramatic effect. The teacher elicits student 
thinking about the circuit, and in particular the time it might take for a lamp some considerable distance 
from a switch or battery to light. The activity is designed around two conceptual tools referred to as 
‘learning demand’ and the ‘communicative approach’ (Ruthven, Laborde, Leach, & Tiberghien, 2009). 
Learning demand (Leach & Scott, 2002) concerns analysing the ‘gap’ between students’ current think-
ing and the canonical account presented in the curriculum - that is, it is a constructivist model stress-
ing the importance of diagnostic assessment in classroom teaching (Taber, 2014). The communicative 
approach (Mortimer & Scott, 2003) refers to the kind of dialogic teaching referred to earlier where the 
teacher moves between exploring different ideas suggested by learners and presenting and advocating 
the scientific account set out as target knowledge in the curriculum.
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The Use of Teaching Analogies and Models

Another feature of existing good practice built into the epiSTEMe module was the use of teaching analo-
gies for thinking about what is going on in circuits. In the Big Circuit activity, for example, as presented 
in the original Leeds teaching scheme, a ‘teaching story’ is introduced to compare the circuit with an 
everyday situation that would be accessible to learners: the delivery of bread from bakeries to keep su-
permarkets stocked by fleets of delivery vans (Hind, Leach, Lewis, & Scott, Not dated). A key feature of 
this analogy is that although it is the vans flowing around the distribution network, the number of vans 
is conserved as they act as carriers of something else - loaves of bread (see Figure 4). This is analogous 
to how electrons in circuits act as ‘carriers of energy’ allowing energy to be transferred from the store 
in the battery to the lamp (or other transducer) by a current that is constant around the circuit (as current 
reflects the amount of charge flowing at a point, not the energy associated with it).

The use of teaching analogies of this kind is ubiquitous in science teaching across a wide range 
of topics (Harrison & Coll, 2008; Harrison & Treagust, 2006). The principle here is simple enough: 
teaching is about making the unfamiliar familiar, and one way we can do this (especially where there is 
not the option of directly demonstrating a teaching point) is to make comparisons with what is already 
familiar. Teachers use explicit analogies as well as metaphors and similes to help learners anchor new 
ideas within existing propositional knowledge, and so to ensure teaching is perceived meaningfully and 
more likely to lead to learning (Ausubel, 2000). So it might be said that the nucleus is the control centre 
for a cell, that enzymes fits into substrates like a lock and key, and so forth.

Such devices are very common in teaching, although it is recognised that there are potential problems. 
Students at secondary level often display a relatively limited appreciation of the epistemological role 
and nature of models and analogies (Treagust, Chittleborough, & Mamiala, 2002) - for example treat-
ing comparisons more ‘literally’ or realistically than is intended. In the case of analogies, students may 
transfer inappropriate attributes from the analogue to the target (Nakiboglu & Taber, 2013; Taber, 2001) 
unless teaching is clear about the positive and negative aspects of the analogy (Gentner, 1983). Despite 
these limitations, previous work with trainee teachers teaching about the nature of ideas and evidence 
in science had suggested that there was considerable potential to support learning about electricity by 
working with analogies, models and creative writing (Taber, de Trafford, & Quail, 2006).

Figure 4. Questions highlighting the mapping of an analogy to electric circuits
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MAKING MODELS AND ANALOGIES A CENTRAL FEATURE OF THE MODULE

The incorporation of teaching models and analogies in a module on electric circuits was not in itself 
novel, however the epiSTEMe module went beyond this. The module was designed to be in the spirit 
of the recent curriculum changes (discussed above) in that it foregrounded learning about the role of 
models and analogies in science alongside the learning of the specific topic of electric circuits. That 
is, the inclusion of models and analogies was not intended just to support learning about circuits, but 
also to support learning about a key feature of the nature of science (or ‘how science works’) that was 
highlighted in the new curriculum (QCA, 2007).

The intention then was to build synergy into the design (see Figure 5). The use of teaching models and 
analogies would help learners make the unfamiliar world of electrons and potential difference meaningful 
by comparison with familiar situations and experiences. However, the topic of electric circuits would 
also provide an authentic context for exploring how scientists use such devices as thinking tools in their 
work - for example in making predictions to test through empirical investigation.

This aim also had the advantage of offering a response to the minority of students (sometimes in-
cluding some of those who already have a relatively strong conceptual understanding of a topic) who 
consider the use of teaching analogies and some other models as ‘silly’ and feel the teacher is either 
being condescending in using them or intends them only for the low attaining students in the class.

THE USE OF MULTIPLE MODELS

An important feature of this approach was the use of multiple models, in keeping with the principle that 
learning abstract scientific ideas is supported by the use of multiple representations (Tsui & Treagust, 
2009; Tytler, Prain, Hubber, & Waldrip, 2013). Simply offering one model that generally ‘worked’ might 
have supported learning about electric circuits but without teaching about the role of models, and with 
the danger of inappropriate transfer of associations of the model, or the expectation that the model would 
always ‘work’ (apply) even though models and analogies generally have limited ranges of application.

Teachers were encouraged to elicit learners’ own suggestions and develop those, but built into the 
teaching materials were three models that student were explicitly asked to consider and seek to apply. 
One of these was a version of the supermarkets/bread van model discussed above. A second was based 

Figure 5. Synergy between learning about scientific ideas, and learning about the nature of science
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on a physical model students could try in class using a loop of rope that was held in the hands of a series 
of people around the ‘circuit’ to represent current flow. The third model was a role-play (Dorion, 2009) 
where students take on the role of electrons moving packets of energy from a source (battery) to another 
circuit component (lamp).

There is now an increasing awareness in science teaching that learning is often supported by both 
multi-modal teaching (Jewitt, Kress, Ogborn, & Tsatsarelis, 2001), and through asking students to find 
alternative ways of representing the same information (Tytler et al., 2013). The first analogical model was 
taught primarily through diagrams: the other two involved embodied learning - through students interact-
ing with a physical model of current in a circuit, and playing a part in a physical simulation of current.

Offering three models motivated genuine questions about the extent to which the different models 
‘worked’ in supporting thinking about different aspects of the actual circuits students could build, and 
how predictions informed by thinking about the different models were or were not supported by obser-
vations of actual circuits. In addition to the analogical models explored through the module, explicit 
opportunities were built into the module to consider the affordances of different kinds of representations 
of circuit phenomena (e.g., see Figure 6).

Teaching About Models and Analogies in Science

The intention that analogies and models should take a central role in the module was reflected in the 
inclusion of explicit teaching about this theme early in the module. Slides to introduce the use of anal-
ogy in science were included in the teaching materials provided, along with related activities. These 
included asking learners to suggest their own analogies - an activity that had been successfully used in 
an earlier project (Taber, 2007).

The three different analogical models built into the module were introduced and explored through 
teacher led discussion. The students were then asked to work with the models when undertaking the 
‘P-O-E’ based investigations of a sequence of circuits. During the teacher-led classroom discussions 
the teachers were asked to explore and work with student thinking about both the circuits themselves 
and the models. Later in the module students were asked to critique and evaluate the three analogical 
models they had used through the unit (e.g., see Figure 7).

Figure 6. The module included opportunities to work with representations to model aspects of circuit 
phenomena
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Extensive Use of Circuit Diagrams

As suggested above, circuit diagrams offer an additional challenge for students in circuit work. This was 
a concern for some of the teachers we worked with, as they rightly recognised how presenting formal 
circuit diagrams to students added to the cognitive demand of the work. On the advice of the teachers 
we included hybrid diagrams (showing pictorial representations of components in circuits) in the earliest 
activities of the module. However it was felt to be important to ask students to engage with formal circuit 
diagrams for much of the work as this is a core form of representation used in science that allows ready 
tracing of the key topological features of circuits (in particular where current splits in parallel branches).

Moreover, in a module with a strong focus on models and modelling in science, circuit diagrams 
offered an example of a commonly used representational model. It was also considered that, as with 
using the practical apparatus, asking students to undertake an extended sequence of activities using the 
representations would support developing familiarity to the point where this ceased to make a major 
demand upon student working memory.

We incorporated an initial diagnostic activity into the module asking students to match circuits from 
the two types of diagrams, thus giving teachers an opportunity to see whether students could readily 
cope with the representations, for example perhaps based on earlier primary school work on electric-
ity. Early in the module students were introduced to a small selection of circuit symbols to be used in 
the lessons, along the lines that “circuit diagrams are a special kind of model that is useful to represent 
circuits in science. Circuit symbols are like a special (graphical/diagrammatic) language or code”. The 
students then undertook an activity on ‘breaking the circuit code’ (see Figure 8) that asked groups to 
visit 6 different circuits set up at stations around the teaching room and work out which circuit matched 
each of six circuit diagrams on their worksheet.

This introductory activity preceded the group practical work where students were asked to think 
about circuits represented as diagrams in terms of the three analogical models, and then to build the 
circuits represented. At the end of module, one of the review activities provided was a game of circuit 
dominoes - which required students to recognise where differently drawn circuit diagrams represented 
substantially the same circuit (see Figure 9). This was provided with different levels of complexity, to 
allow differentiation in the challenge of the task.

Figure 7. Students were asked to explicitly evaluate the models they had used throughout the module
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The epiSTEMe Module

After various drafts, and piloting by teachers in our partner schools, a version of the module was pro-
duced that the project team felt was ready for making available to teachers more widely. The module 
materials comprise a series of slides for teacher presentation to support discussion; a workbook for 
students; teachers’ notes (see Figure 10) and technician notes. These are all available to any educator or 
researcher who contacts the authors.

Although we recognised that teachers would need to organise material according to their school time-
table structures (as length of lessons - classroom periods - vary between schools) and to meet the needs 
of particular teaching groups, we were encouraged by teacher partners to present the activities within 
nominal coherent lessons (see Figure 10). We expected teachers to retain the sequence of the module, 
but not to feel bound by the suggestions for how much material was to be included in a particular lesson.

Figure 8. Building familiarity with circuit diagrams is considered an important prerequisite to working 
effectively with such diagrams in circuit building

Figure 9. Review activities reinforced working with, and thinking about, the circuit diagram formalism
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Figure 10. Teaching and learning activities were organised into possible lessons that could each be 
undertaken in classroom period of about an hour
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CURRENT CHALLENGES

One comment received in feedback on the electricity module was that the work on building the different 
circuits was time-consuming and involved students undertaking a number of similar activities (that is, 
building a sequence of circuits embedded within group-work structured around P-O-E). The implica-
tion was that school science should not be repetitive - even though arguably much professional science 
is precisely of this nature. This may reflect an apparent obsession within the school inspection system 
in the UK on ‘pace’: that students should be seen to be making progression in moving forward in their 
learning. Some teachers felt that school inspectors (or senior staff from their own schools conducting 
lesson observations) would expect to see obvious progression between clearly discrete activities - each 
with its own closure within the lesson. Teachers in England feel they are expected to demonstrate new 
learning at the end of each lesson, even though educational research shows that substantive conceptual 
change is a slow process that requires integration across sequences of learning activities (Vosniadou, 
2008). Clearly there is a danger here of teachers focusing on achievable short-term objectives to the 
detriment of longer-term aims.

This can be a real concern if teachers are worried about spending extended periods developing ideas 
because they feel they should be seen to be moving on to something that is clearly (to students, and any 
visiting inspectors) ‘different’. Common criticisms of the English science curriculum have been the lack 
of depth which limits engagement with concepts - something that is of particular importance to the most 
gifted learners in science (Taber, 2010) - and the tendency for teachers to limit practical work to that 
considered to be clearly linked to formal assessment (Hacker & Rowe, 1997).

A serious concern then is that making our materials available unconditionally, without for example 
requiring attendance at related professional development sessions, risks our activities being used without 
being informed by the research-based design principles. Many teachers practise a form of professional 
bricolage, acquiring teaching materials to be ‘mixed-and-matched’ and adapted to fit existing teach-
ing habits. Yet teaching with the epiSTEMe materials may not reflect the epiSTEMe approach unless 
teachers adopt something of the philosophy behind the project and incorporate the pedagogy we have 
put together rather than just use the materials. A key feature is the dialogic aspect, which requires both 
that teachers prepare students for effective group work, and that teachers orchestrate the shifts between 
inviting and exploring different views, and presenting the case for the scientific account.

Within the electricity module itself, our specific additional concerns are that teachers will not give 
students sufficient time to work carefully through the sequence of activities as intended, or may fail 
to maintain the exploration of the analogical models through the different circuit contexts that allows 
learners to appreciate how models are used and evaluated as thinking tools. In particular, unless teachers 
insist that learners take time to work through the P-O-E activities as instructed, shortcuts will be taken in 
building circuits before carefully thinking through what is expected to happen. The limited observational 
work we were able to carry out in the epiSTEMe project with teachers who had not been involved in the 
development process suggests these are real concerns, at least in the UK context.
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SOLUTIONS AND RECOMMENDATIONS

Our experience in piloting the materials with partner project teachers was that students certainly dem-
onstrated learning gains in relation to understanding electrical circuits through the module. Pre- and 
post-tests were developed using assessment questions based on existing assessment materials for this 
topic to ensure content validity, as we intended to undertake a randomised field trial of the modules by 
comparing students in classes of teachers having attended two days of teacher development and using 
the materials, with students in (as far as possible) matched schools working with teachers teaching ac-
cording to their usual schemes and approaches. (These teachers of ‘control’ classes were offered teacher 
development and access to all the materials at the end of this process. The trial has now been completed, 
although analysis of data is not yet complete.)

The epiSTEMe electricity module integrated teaching and learning about a science topic, electric 
circuits, with teaching and learning about a key feature of the nature of science, the role of models and 
modelling. Any learning gains in relation to this key curriculum aim would be in addition to the learning 
that took place about circuits themselves. As it would have been unfair to test students on this aspect of 
learning in classes where teachers were not following the epiSTEMe module, we did not collect data 
about this during the field trials.

The epiSTEMe project reinforced the possibility of designing teaching modules in science and math-
ematics according to what are now well-established pedagogic principles. The project also reminded us 
of the barriers to working in partnership with schools in such projects - personnel changes and constraints 
due to other school priorities limited the continuity of the wider development team and restricted the 
opportunities for effective piloting of materials. Two schools that worked with us throughout the devel-
opment process have since worked towards embedding the pedagogy exemplified through epiSTEMe 
more widely into departmental teaching - but have to date succeeded to different degrees.

Our observations of classes using epiSTEMe materials taught by teachers who had attended our teacher 
development days reminded us of the difficulties of bringing about changes in teacher behaviour in their 
classrooms. Expecting teachers to shift towards more dialogic teaching approaches without extensive 
support and opportunities for feedback and review may be overly optimistic. Whilst this should remain 
an important aim, it is clear many teachers find it difficult to make substantial changes from familiar 
classroom approaches and this might reinforce the importance of research-informed initial teacher edu-
cation programmes in setting up effective pedagogic habits from the start of a teaching career.

The materials from epiSTEMe are now available, and the authors would welcome approaches from 
those who wish to either critique them to inform their work in research-based instructional design, or 
even to test them out in teaching in their own local educational contexts. The electricity module might 
be of particular interest to those exploring how to embed learning about nature of science objectives 
into teaching of mainstream science topics. There has been debate about the best ways to teach nature 
of science objectives in relation to science ‘content’ objectives (Hodson, 2009), and the adoption of the 
electricity module design would benefit from careful examination in this regard. We would welcome 
evaluation of the module in diverse classroom contexts, especially where it is possible to (a) explore 
classroom processes (e.g. the nature of student group work; the extent of dialogicity in teaching); and 
(b) to simultaneously investigate learning gains across both the domains of physics subject knowledge 
(electric circuits) and the nature of science (the role of models and modelling in science).
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Dialogic Teaching: Teaching is understood as behaviour which is intended to bring about learning. 
Dialogic teaching is that in which both teachers and learners make substantial and significant contribu-
tions to classroom talk. The teacher encourages learners to participate actively and so enables them to 
articulate, reflect upon and modify their own understanding, while also providing them with clear guid-
ance, feedback and authoritative accounts of relevant knowledge when appropriate. It normally involves 
both teacher-led, whole-class sessions and group-based activities where learners can learn collaboratively. 
An important basis for dialogic teaching is that both the teacher and the learners appreciate the potential 
value of talk for learning, and of how that potential can best be realised.

Learning About Electrical Circuits: ‘Electrical circuits’ is here understood as a focus of the topic of 
‘electricity’ which is set out as part of the lower secondary school curriculum in England. In particular, 
in the context of the reported project, this concerns learning about how electrical current flowing in a 
circuit relates to the configuration of the circuit (e.g. the number of resistive components and how they 
are arranged).

Learning Science: Learning is understood in this chapter as a change in the potential for behaviour. 
In the context of the reported project this could mean that after learning a student is able to offer an 
explanation of what electrical current is that they could not have offered before learning, or that after 
learning a student could offer reasons why using analogies to model circuits reflects scientific practice 
that they would not have been able to suggest prior to learning.

School Science Practical Work: The term ‘practical work’ within school science is usually intended 
to refer to laboratory or field work carried out by students. Such activity is often described by students 
as ‘experiments’ although much school practical work has involved practising of laboratory techniques, 
or carrying out procedures to demonstrate accepted (rather than to test conjectured) ideas. Practical work 
includes enquiry (or inquiry) work where students undertake authentic investigations as well as more 
routine activities. Sometimes such activities as the secondary analysis of existing data sets have been 
considered to fall under the heading ‘practical work’ although this does not involve students themselves 
in the ‘practical’ activities of collecting data through observations and measurements. Arguably, it is 
useful to distinguish learning activities that do have a practical (laboratory or field) component from 
the broader notion of ‘active’ learning where students are engaged in activities (group discussions, data 
analysis, model building) that do not involve specialised locations or apparatus. Collection and analysis 
of data by remote use of apparatus is becoming a more common type of practical work, and the collection 
and analysis of data produced by computer simulations may be seen as a borderline case of ‘practical’ 
work. In the context of the reported project the practical work undertaken was primarily the construction 
of electrical circuits by small groups of students to test their predictions and provide empirical evidence 
to inform discussion of their ideas.

Teaching About Models and Analogies: A model is a representation of something in another form 
(e.g. a mathematical representation of a pattern observed in measurements of some physical quantity) 
which is considered to be able to stand for some aspect of what is being modelled. Scientific knowledge 
is often formulated as models, and the development of scientific knowledge often involves the construc-
tion and testing of various kinds of models. Analogies are comparisons of structural similarity between 
different systems (such as comparing nucleus-electron interactions in an atom with sun-planet interac-
tions in a solar system). The creative aspect of scientific work, which generates ideas to critique and test, 
often draws upon analogies as novel ways of thinking about a target phenomenon or concept. The topic 
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of electricity is often taught at school level using teaching models and analogies, but teaching about 
models and analogies involves making explicit the roles of the models and analogies and acknowledging 
how this reflects aspects of authentic scientific practice.

Teaching About the Nature of Science: Teaching about the nature of science complements teach-
ing about the output of the scientific process (i.e. consensus models and theories that are considered 
the ‘content’ to be taught) and is widely considered to be important both for future scientists and as 
part of the education of any scientifically literate citizen. Teaching about the nature of science includes 
consideration of both the fundamental commitments of science that inform what might be called the 
scientific attitude, or scientific values, and the processes of science. The latter goes beyond scientific 
method to appreciate both the way scientific knowledge may be robust yet always open to reconsidera-
tion, and how scientific knowledge develops from the mediation of creative human thinking through 
social/institutional processes. In the context of the reported project the main focus of teaching about the 
nature of science concerned how models are used as tools for developing explanations and for making 
predictions that can then be tested empirically.

This research was previously published in Cases on Research-Based Teaching Methods in Science Education edited by Eugene 
de Silva, pages 122-156, copyright year 2015 by Information Science Reference (an imprint of IGI Global).
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ABSTRACT

This chapter describes the efforts and pilot study results of the Nebraska 4-H Wearable Technologies 
(WearTec) project, funded by the National Science Foundation’s Innovative Technology Experiences for 
Students and Teachers (ITEST) program. The overall goal for the three-year WearTec project is to study 
a systematic set of learning experiences focused upon the use of wearable technologies to effectively 
support student comprehension of the engineering design process and to increase interest in STEM 
academics and careers by students in grades 4 to 6. The key components of the WearTec project include
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(a) utilizing small sewable electronic components; (b) a focus on engineering design; (c) computer 
programming via the LilyPad Arduino microcontroller, and (d) bridging the formal and non-formal 
learning environments in order to deliver the WearTec project.

INTRODUCTION

Wearable electronic textiles provide a unique opportunity to teach students engineering design and other 
important science, technology, engineering and mathematics (STEM) concepts through the creation of 
functional solutions to real problems. The artistic aspects of wearable technologies are particularly at-
tractive and accessible to new and diverse audiences to STEM (Qiu, Buechley, Baafi, & Dubow, 2013). 
In this chapter, we describe our National Science Foundation (NSF) funded project to teach engineer-
ing design, circuitry, and programming to students in grades 4 to 6 through the design and creation of 
wearable technologies. Specifically, the chapter will explore the following: the current state of using 
wearable electronic textiles in education, theoretical underpinnings, developing a shared vocabulary, 
an overview of the current electronic textiles kits, a comparative analysis of electronic textiles with 
educational robotics, an argument for introducing engineering education at the elementary school level, 
and examination of the need to more effectively bridge formal and informal education. In addition, the 
chapter presents the Nebraska 4-H Wearable Technologies (WearTec) pilot study that investigated the 
delivery of a newly developed student curriculum and professional development training centered on 
wearable electronic textiles.

Context of the Nebraska 4-H Wearable Technologies Project

The Nebraska 4-H Wearable Technologies (WearTec) project was funded by the National Science Foun-
dation’s Innovative Technology Experiences for Students and Teachers (ITEST) program in October of 
2014. The overall goal for the three-year WearTec project is to study a systematic set of learning experi-
ences focused upon the use of wearable technologies to effectively support student comprehension of the 
engineering design process and to increase interest in science, technology, engineering and mathematics 
(STEM) academics and careers by students in grades 4 to 6. The project is also interested in exploring 
the best practices for educators to bridge formal instruction time with after-school programming using 
wearable technologies as one contextual model to provide additional opportunities for students to pursue 
STEM-related experiences. Each step of the curriculum is tied to Next Generation Science Standards 
(NGSS) standards to encourage the effective integration of the activities into the school curriculum. The 
after-school programming allows students time to build and to iterate their designs.

The engineering design process is woven throughout the 60-hour WearTec curriculum, providing 
experiences from simple circuits all the way through to building and programming an electronic textile. 
These experiences provide students with the skills to create a variety of soft circuits allowing them to 
create real products from interactive greeting cards to backpack embellishments to electronic quilt blocks.

The curriculum begins with students learning basic circuitry skills by designing greeting cards with 
embedded paper circuits. The paper circuits use a small 3-volt coin cell battery, copper tape, a small 
LED, and card stock. Within the activity, students are challenged to use the engineering design process 
to build a mechanical on/off switch to preserve the life of their battery in the greeting card circuit. As 
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students progress through the curriculum, they are given design problems and material constraints to 
guide them through the engineering design process.

Students learn basic sewing skills next by sewing a circuit design onto the fabric material. Their sewn 
circuit is then attached to the front cover of their engineering design notebook. Students combine their 
sewing and circuitry skills in the following project to design and create a communication flag. In this 
activity students use the engineering design process to solve the problem of sending messages using 
only their flag. The flag design is limited to two LEDs and a power supply. The sewing, circuitry, and 
design skills developed in this activity are then used to design an illuminated gym bag helping them to 
travel safely at night. The gym bag includes an additional component (TinyLily) to introduce students 
to preprogrammed microcontrollers. Students then spend time learning how to write their own code for 
a microcontroller (LilyPad). In the capstone project, each student designs and constructs an electronic 
quilt block using what they’ve learned about wearable technologies – sewing, circuitry, computer pro-
gramming, and the engineering design process—to tell a personal story. The quilt blocks are connected 
to form a large electronic quilt that can be displayed at their school. By including an engineering design 
problem in each project, students are able to move through the design steps several times to develop an 
understanding of the overall process.

In the final iteration of the project, in contrast to the piloting process, the WearTec educators receive 
professional development through three-day summer workshops. It should be noted that during the pilot-
ing process educators only received one day of professional development training for roughly 20 hours of 
curriculum. Participants are required to attend the training in teams made up of both a certified teacher 
and an after-school educator from the same school. The teams are given time during the workshop to 
plan how they will present the material in both formal and informal learning environments. The teams 
provide feedback while implementing the WearTec curriculum on how they are incorporating the mate-
rial in both the formal and informal learning settings.

Overview of the Educational Potential of Wearable Technologies

In our evolving experiences with this project, we are finding wearable technologies indeed provide 
an ideal hands-on learning space for students. Wearable technologies are both exciting and personally 
relevant, especially for females who tend to be more interested in textiles and design than their male 
counterparts (Barker, Melander, Grandgenett, & Nugent, 2015). Smart textiles and wearable technologies 
bring together engineering and computing to make computers, which are “soft, colorful, approachable, 
and beautiful” (Buechley, Peppler, Eisenber, & Kafai, 2013, p.1). The approachability of wearables de-
rives from the personal way students interact with their creations. For example, one of the students at our 
first pilot site designed and created a flower bracelet with an LED in the center of the flower. Wearing 
her bracelet allowed her to begin building a personal identity as a creator/maker. In addition, when her 
classmates saw her creation they also became interested in learning about wearable technologies and 
how to build them. Wearable technologies are not limited to aesthetic design. Sensors and other inputs/
outputs can be added to create sophisticated “smart” objects capable of interacting and responding to their 
environment. Students learn how to implement these sophisticated components and create unique smart 
wearable objects in the WearTec curriculum. These capabilities empower students to see themselves as 
creators instead of just consumers of the technology they use every day.
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Theoretical Underpinnings

The WearTec curriculum and its use in engineering education includes the design, development, and 
building of wearable computer-based electronic artifacts and the learning activities are firmly situated 
in the constructivism theory of learning (Piaget, 1972). This theory purports youths’ new knowledge 
is actively constructed from the world around them through experiential practice and by independent/
guided research to integrate new knowledge and to arrive at a deeper understanding. This pedagogical 
approach has been shown to promote sensorimotor intelligence, which enables learners to invent new 
learning through deduction (Piaget, 1972; McGrath et al., 2012). Problem-based learning (PBL) is a 
constructivist learning model using ill-structured problems to invite multiple approaches for developing a 
solution (Husain, 2011), which is also consistent with wearable technology projects. Like constructivism, 
PBL is student-centered, allowing learners to determine what they need to solve the instructional chal-
lenge with minimal facilitator input (Klegeris & Hurren, 2011). Also, rather than focusing exclusively 
on problem-solving in a single discipline, PBL typically requires students to engage in more interdis-
ciplinary thinking and problem solving that is seen as foundational to STEM learning and application 
(Carnevale, Smith, & Stoll, 2010; Nicholl & Lou, 2012; Wiznia et al., 2012).

From these two well-recognized theoretical perspectives, we believe wearable textiles in many ways 
can be thought of as cognitive tools (Jonassen, 2000) to enhance the learning process and allow students 
to creatively and collaboratively problem solve while drawing on engineering design, computer program-
ming, mechanical and textile design, and other STEM content. In addition, wearable technology activities 
can be closely aligned with components of engineering design that have been shown to support the study 
of science and its collaborative problem solving (Riskowski et al., 2009). These components include:

1.  Interaction: Collaboration between team members and groups to design/build/test artifacts;
2.  Artifact Development: Fostering individual and team knowledge by creating useful artifacts;
3.  Critical Analysis: A process of continual iterative design for artifact refinement.

Several studies support the combination of engineering design, PBL, and design-based science as 
effective means to increase understanding of STEM with long-term retention of learning, and to decrease 
the achievement gaps between groups (Hmelo et al., 2000; Mehalik et al., 2008).

We have hypothesized learning engineering design processes, especially among female and minority 
students, will be enhanced through the design and creation of wearable technology artifacts capable of 
solving real-world, personally relevant problems. As described earlier, wearable technologies provide a 
unique interface for learning engineering design, which has been shown to support the study of science 
and the development of collaborative problem-solving skills (Riskowski et al., 2009).

Through wearable technologies, students are able to independently create functional solutions to 
real-world problems. This student-centered exploration and thinking is a hallmark of PBL. Students are 
given the freedom to identify what they need to solve a given design problem with minimal facilitator 
input (Klegeris & Hurren, 2011). For example, students could create a variety of wearable artifacts to 
solve the problem of walking home safely at night. In order to solve this design problem, students draw 
on the circuitry and engineering design skills learned in earlier sections of the WearTec program. In 
addition, the students make connections to their prior personal knowledge to determine how they might 
wear lights or what configuration or color of lights would best solve the problem.
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The WearTec curriculum encourages interdisciplinary thinking by bridging several subject areas in 
addition to general personal knowledge to promote STEM learning and application as described by PBL 
theory (Carnevale, Smith, & Stoll, 2010; Nicholl & Lou, 2012; Wiznia et al., 2012). By combining real 
world, personally accessible problems with technology capable of providing real solutions, we predict 
students will be more motivated to utilize the engineering design process, leading to enhanced learning 
outcomes.

Wearable Technologies and STEM Education

There are many different names (wearable technologies, computational textiles, electronic textiles, e-
textiles, smart textiles) behind the idea of combining computational devices and textiles within the realm 
of STEM education. While conceptually similar, electronic textiles (e-textiles) in the broadest sense 
represents a field of engineering combining electronics and computing with textiles and design. Wear-
able technology refers to electronic textiles or electronic accessories that can be worn; such as watches, 
eyeglasses, or clothing like a shirt or jacket containing electronics and a computation device (Johnson 
et al., 2013). Electronic textiles (e-textiles) may or may not be worn, whereas wearable electronics are 
electronic textiles specifically made to be worn on the body.

Theoretically, these programs rely on the use of a computing device combined with textiles or another 
“soft” material and electrical connections to create personally relevant artifacts for the builder (Qiu, 
Buechley, Baafi, & Dubow, 2013). When used in educational settings, students create such artifacts by 
combining fabric with components connected through conductive fabric or conductive thread (Katter-
feldt, Dittert, & Schelhowe, 2009). When students add sensors and programmable microcontrollers to 
their artifacts, they can be transformed into smart and connected e-textiles. The novelty of e-textiles is 
the combination of physical and digital media, and the integration of hands-on/minds-on experiences 
with technology normally hidden from the students. By constructing electronic textiles the students can 
literally see the connections between the electrical/technical components made by hand and relevant 
theories from physics, engineering, and computing (Buechley, Peppler, Eisenberg, & Kafai, 2013). In 
addition, e-textiles provide an alternative pathway into engineering by providing practices and materials 
traditionally in the domain of women and other underrepresented groups. They can also connect at a 
very personal level, since clothing items are typically personalized artifacts for both adults and students. 
E-textiles offer an avenue for challenging, personalized projects that solve real-world problems. In ad-
dition, e-textiles offer a window into the world of technology and provide an idea pathway to acquire 
technology literacy that may be more inclusive than other pathways like game development or educational 
robotics (Qiu, Buechley, Baafi, & Dubow, 2013).

In the past, these technologies were too difficult for nonprofessionals to manipulate and create 
(Buechley, Peppler, Eisenber, & Kafai, 2013). With the rise of the Maker and open-source cultures, 
the demand for accessible and easily manipulated technologies is rising (Tanenbaum, Williams, Des-
jardins, & Tanenbaum, 2013). For instance, Leah Buechley’s team has developed the LilyPad sewable 
microcontroller purchased relatively inexpensively along with compatible conductive thread, LED 
lights, sensors, motors, and switches (Buechley, Peppler, Eisenber, & Kafai, 2013). The WearTec cur-
riculum is written for the LilyPad system, although several comparable wearable technology platforms 
are available. All of these platforms make visible the electrical components and functional mechanics 
of wearable technologies that are normally hidden. However, this is accomplished without sacrificing 
the integrity of the technology. There exists great potential for using e-textiles to increase knowledge 
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of and attitudes towards STEM fields in many different learning environments. Because e-textiles and 
their use as wearable technologies are relatively new, they are not widely used in the classroom. In 
addition, few formal curriculum products and professional development trainings are available to the 
educational community (Qiu, Buechley, Baafi, & Dubow, 2013). Likewise, little research exists on the 
use of e-textiles as an educational tool in either formal or informal learning environments (Katterfeldt, 
Dittert, & Schelhowe, 2009).

The existing literature does provide evidence that the use of similar computational manipulatives, 
like educational robotics, are, in general, an effective approach to increase interest in STEM, improve 
workplace and life skills, and inspire youth to enter STEM careers (Melchior et al., 2005; Nugent, Barker, 
& Grandgenett, 2012). Unlike standard robot kits, however, the e-textile kits like the LilyPad and associ-
ated electronic components are not hidden behind plastic coverings. The components are bare and must 
be treated carefully to avoid problems like shorting out the circuit. In addition, unlike entering STEM 
and computing through robotics experiences traditionally dominated by males, wearable technologies 
offer an alternative pathway to STEM through textiles and computing more closely aligned with the 
typical societal experiences of some females. Past research suggests using wearable textile projects 
helps students understand underlying electrical structures and processes normally hidden. Peppler and 
Glosson (2013) found middle school students in an out-of-school time (OST) club learned about elec-
trical current, battery polarity, circuit conductivity, and diagramming series circuitry through the use 
of wearable textiles. In another study, Kafai, Fields, and Searle (2013) delivered an e-textile workshop 
to high school students, looking specifically at the intersection of coding, circuitry, and crafting. Like 
Peppler and Glosson (2013), they concluded making the technology visible to students provided a better 
understanding of the circuits and computer programming.

Creating wearable computation devices involves identifying, debugging, and solving problems in 
coding, circuitry, and crafting (Kafai, Fields, & Searle, 2013). These design problems help learners 
develop STEM inquiry skills, including observation, hypothesis generation, testing, and evaluation of 
solutions (Sullivan, 2008). When building artifacts, concepts like electrical voltage, current, resistance, 
and polarity are reinforced for students. When working with wearable technologies, getting the artifact 
to work is not enough. Peppler, Sharpe, and Glosson (2013) argue another important aspect of wear-
able technologies is the aesthetics reflecting the voice of the designer. The intersection of STEM and 
art in wearable technologies reinforces computing, circuitry, and engineering while also unlocking the 
creativity and artistry of design. Kafai, Fields, & Searle (2014) found that women and girls had a clear 
preference for the sewable LilyPad Arduino over the traditional Arduino microprocessor using soldered 
electronic connections. Qiu, Buechley, Baafi, and Dubow (2013) reported e-textiles are an effective way 
to introduce technology and computer science in STEM content areas.

Current Wearable Technologies for Education

Commonly, when we talk about wearable technology, we are referring to “hard” ware—recent inventions 
such as Google Glass, fitness trackers such as FitBit or Nike Fuel Band, or even virtual reality headsets 
such as the Oculus Rift—are wearable technologies, yes, but decidedly inflexible, and very much in the 
vein of traditional consumerist electronics, not necessarily tools for learning. In our case, we wish to 
discuss “soft” ware the world of electronic textiles, sewable circuitry, and conductive threads—and how 
they can be used as powerful, personally expressive tools for education. This section, in particular, will 
focus on the ecosystem of wearable and e-textile technologies most widely used in educational settings.
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The electronic textiles toolbox is, unsurprisingly, composed of a varied array of textiles and electron-
ics materials designed to work together gracefully. Typically, an e-textiles project consists of several 
common elements: a power source (most often a battery of some sort), a computational “brain” (e.g., a 
microcontroller), one or more sensors and actuators (e.g., LEDs, motors, tilt or light sensors), and some 
way to connect them electrically (e.g., conductive thread, conductive fabric, copper tape, conductive ink, 
etc.). One of the first instances of a formalized wearable electronics kit, the LilyPad Arduino, initially 
included such components as a fabric-mounted tilt sensor and vibrating motor, a stitchable battery holder, 
two fabric switches—one a pressure switch and the other a hook and loop (Velcro) on-off switch—and 
a spool of conductive thread (Buechley, Eisenberg, Catchen, & Crockett, 2008, p. 425).

The interest in using e-textiles and wearable electronics for education is, in fact, integral to the 
reasoning behind developing comprehensive e-textiles tools in the first place; namely, to provide an 
alternative pathway towards computer science, electrical engineering, and general STEM fields appeal-
ing to a more diverse audience—particularly around gender—by using materials to encourage hands-on 
exploration and individuality instead of plodding through didactic lessons that “teach to the test.” One 
of the first curricula for e-textiles was a high school unit outlined in Buechley, Eisenberg, & Elumeze, 
(2007), including nine-lesson plans based on Lego® Robotics curriculum beginning with introductions 
to e-textiles, sewing, and electronics, before moving on to cover basic programming, and hardware, 
inputs, and outputs.

In the past eight years, the use of e-textiles for learning in (and outside of) the classroom has been 
on the rise. Examples of e-textile resources include instructional topics such as learning introductory 
computer science (Qiu et al., 2013), teaching basic electronic circuits (Peppler & Glosson, 2013), crafting 
e-fashion (Peppler, Gresalfi et al., 2014), and even interactive books with standards-aligned activities 
based around creating e-puppets for storytelling (Peppler, Salen et al., 2014) and. Yet, one commonality 
threads through all of these efforts—the continued use of the LilyPad Arduino ecosystem as the primary 
tool through which these efforts are centered.

The LilyPad Technology

The LilyPad, essentially an ecosystem of sewable electronic components, developed by Leah Buechley 
while at the Craft Technology Laboratory at the University of Colorado, Boulder. With the help of 
SparkFun Electronics, a local electronics company, LilyPad became the symbol and de facto tool of a 
new movement in wearable and electronic textiles. The LilyPad ecosystem is built upon several timely 
advances in do-it-yourself manufacturing: a) the open source hardware movement, and textiles science, 
specifically, b) the existence of free circuit design software and (relatively) affordable services for 
small production runs of printed circuit boards (PCBs), c) the popularity of the open-source Arduino 
microcontroller and d) software development environment, and the growing availability of conductive 
threads and fabrics suitable for wearable circuitry design. This section situates the LilyPad technology 
within the context of these factors, discussing both the technological and social achievements leading 
to the LilyPad becoming such a powerful tool for education.

The first LilyPad prototypes were “iron-on” stencils, whereby the circuit design was laser-etched and 
then adhered via an iron to a square-shaped fabric substrate. The microcontroller and components were 
plated through-hole components, meaning they were much larger in all three axes than surface-mounted 
components, and thus took up a significant footprint space both on a garment and above it. The initial 
tool chain used to program the LilyPad involved AVR microcontrollers, programming in C, compiling 
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through the command line with the GNU Compiler Collection (GCC) compiler, and using an STK500 
development board and UISP software to download programs onto the AVR chips—hardly a beginner-
friendly setup, as the author acknowledges (Buechley, 2006). After running several workshops with 
children and getting feedback on their experiences, the LilyPad eventually moved to a circular design 
and smaller components with evenly distributed I/O “pads” made of conductive fabric, and formally 
adopted the name “LilyPad.”

At this point, each LilyPad was still laser etched and hand assembled out of fabric and small electronic 
components, a time-consuming and non-scalable practice. This prompted the LilyPad’s conversion to 
the printed circuit board design it has today, and facilitated the move towards a commercially available 
product. The design of the LilyPad circuit board maintained the circular shape, but replaced the conduc-
tive fabric pads with large, copper-plated holes; these holes were big enough to fit a needle and thread 
through, and thus allowed the PCB to be sewn onto a garment with conductive thread. These signature 
“pads” appear in the designs for the entire LilyPad ecosystem, from push buttons to blue LEDs, ensuring 
every component could be sewn on without extra work on the part of the user.

The other significant development was the adoption of the Arduino platform as the means to develop 
for and load programs onto the LilyPad microcontrollers. Arduino is an open-source hardware company 
maintaining and developing a line of beginner-friendly microcontrollers as well as a simplified integrated 
programming environment (IDE) brought an unprecedented level of accessibility and ease to the world 
of microcontroller programming. Users could now connect a USB cable from their LilyPad Arduino to 
their computer, write a program in the Arduino IDE using a simplified version of the C language, and 
hit a button to upload their program onto the LilyPad device—a much simpler and cheaper process than 
the previous LilyPad versions.

Based on academic and education community reactions, and our own evolving experiences across our 
funded projects, these two developments seem to have brought the design of electronic textile projects 
within the reach of educators and their students (Buechley & Hill, 2010, Kafai et al., 2010, Lovell and 
Buechley, 2010). As of the time of this writing, the LilyPad ecosystem displays 47 different products 
sold on the SparkFun Electronics website (sparkfun.com, 2015). This includes several types of Arduino-
compatible LilyPad microcontrollers, seven different colors of sewable LEDs, an integrated MP3 player 
board, a light sensor, accelerometer, vibration motor, temperature sensor, and several different kinds of 
project-based development kits.

While the LilyPad ecosystem has arguably lowered the entry point for many within formal and informal 
educational environments there exists some limitations. Like most technology driven interventions the 
cost to implement it is an important consideration. For the WearTec program the individual electronic 
components are relatively inexpensive, generally costing less than a few dollars per item. However, 
components used in the WearTec program are generally not reusable since the products become very 
personal to students and with each learner built project the costs can escalate especially when more 
expensive items are introduced like sensors and the LilyPad microcontroller. Another limitation of the 
current ecosystem is the durability of the conductive thread. The LilyPad components are used for rapid 
prototyping and are not usually capable of being washed. Moreover, the thread is somewhat brittle and 
is prone to breaking and stretching causing problems with electrical circuits. Projects that are three 
dimensional, like sweatshirts or t-shirts that are worn on the body are especially prone to the stretching 
and breaking of the conductive thread.



37

Developing an Elementary Engineering Education Program
 

WEARABLES AS AN EVOLUTION TO EDUCATIONAL ROBOTICS

Wearable e-textiles subscribe to the same learning theories of constructivism and PBL as many of the 
successful hands-on, minds-on educational robotics programs that have been used by formal and informal 
educators for many years. Educational robotics programs, organized as summer camps, after-school clubs, 
and competitions, have shown promise for building knowledge, problem-solving skills, and STEM self-
efficacy in participating youth at the middle school and high school levels (Nugent, Barker, Grandgenett, 
& Adamchuk, 2010; Nugent, Barker, & Grandgenett, 2012; Benitti, 2012). Therefore, it makes sense to 
build complementary programs to engage younger students, steering them towards eventual involvement 
in robotics or other activities with similar benefits. Here we outline ways in which a program in wear-
able technologies, aimed at students in late elementary school, can prepare participants for later STEM 
involvement such as educational robotics programs.

First, let us examine the characteristics of educational robotics programs to see where connections can 
be made between wearable technologies and robotics. A typical robotics program may include hands-on 
activities founded in problem-based learning. These activities would teach various STEM skills, such 
as computer programming, mechanical design, and circuits/electronics in a scaffolded manner. Along 
the way, concepts of problem solving and engineering design would be introduced, requiring analysis, 
planning, and execution of solutions. The involvement of an informal educator is generally important 
throughout this process.

Similarly, the field of wearable technology can encompass STEM knowledge from various disciplines 
(e.g., electronics/circuits, programming, and design). Because wearable technology is all about produc-
ing a useful product, the problem-based, hands-on approach is very appropriate. Although introduced 
differently, perhaps, than would be done in an educational robotics program, concepts from engineering 
design and problem-solving approaches are very useful in the process of developing a wearable tech-
nology product. Mentoring from an informal educator along the way is likewise helpful in developing 
self-efficacy in such a program.

Based on these parallels, the progression of students from wearable technology as a step to something 
more advanced within STEM developmental environments seems to be reasonable. Not only can programs 
such as wearable technologies and robotics be partially modeled after each other, but specific successes 
and lessons learned from the educational robotics community can be leveraged to create a successful 
introductory STEM experience for younger students based on wearable technology.

BUILDING ON WHAT IS KNOWN FROM EDUCATIONAL ROBOTICS

Studies of educational robotics programs have generated some important conclusions about why they 
work and what their particular strengths are. Building on this knowledge will be important for creating 
successful educational programs in wearable technology.

One important characteristic is that robotics is an applied science. It draws on knowledge and skills 
from multiple disciplines and allows a relatively open-ended spectrum of problems to be posed to aspiring 
roboticists. This casts a wider net in terms of student interest; although an individual may not be highly 
interested or possess self-efficacy in all of the related sub-domains (circuits, programming, etc.), she or 
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he is relatively likely to find interest and/or native ability in at least one of these sub-domains. Likewise, 
wearable technologies draw from a similar breadth of STEM sub-disciplines and can thus attract a wide 
audience. There is a further advantage to wearables, however. The textiles and artistic aspects of these 
activities can be leveraged to attract girls to STEM who are otherwise an underrepresented group (Kafai, 
Fields, & Searle, 2014; Weibert et al., 2014). This is a key distinction between the learning platforms of 
robotics and wearables and is a significant aspect of the educational approach described in this chapter.

The problem-based approach is also important for generating both interest and self-efficacy (Hmelo-
Silver, 2004). Because it is exploratory in nature, it fuels curiosity (interest), and allows participants 
to experience successes (self-efficacy) as they solve problems. One cascade effect is the generation of 
student interest in these STEM topics affects learning in those topics as well as career orientation towards 
the associated fields (Maltese & Tai, 2011; Maltese & Tai, 2010). Therefore, building on this problem-
based approach is a critical aspect of designing a successful youth program in wearable technology. 
Fortunately, because of the applied nature of wearable technology, it is also well suited to this approach.

Finally, robotics programs have demonstrated the importance of the informal learning environment 
and of the informal educator as a contributing mentor (Barker & Ansorge, 2007; Nugent, Barker, Grand-
genett, & Welch, 2014). The informal educator plays an important role in a variety of ways, including 
contextualization of content learning through guided projects and serving as a role model for STEM 
interest and a potential career opportunity youth can emulate. Just as didactic learning in the formal learn-
ing environment is critical for laying a foundation in STEM, the informal learning environment provides 
the flexibility and opportunity for self-direction building beyond the basic foundation and stimulates 
increased interest while strengthening and solidifying content learning. The benefits of leveraging these 
strategies in parallel suggest educational programming should be designed with integration of the formal 
and informal learning environments in mind, with collaboration between formal and informal educators.

In addition to highlighting these common points between robotics and wearable technology programs, 
it is noteworthy to point out at least one difference from our experiences in both environments. The 
cultures of robotics programs tend to be centered around competition events, in which a team of youth 
succeeds together based on their combined effort. In wearable technologies, the objective is typically 
not to succeed in a competitive event, but rather to create a useful and personalized product. This can 
be a more enduring outcome with a lasting personal connection. Wearable technology tends to be more 
of an individual creation, although group or team-based projects are certainly possible (e.g., the quilt 
example mentioned previously).

In summary, we believe that wearable technology and robotics have enough similar aspects to make 
them complementary in steering youth towards STEM. Lessons gained through successful implementation 
of robotics programs show us the important characteristics of successful programs should be maintained 
as new wearable technology programs are developed.

Characteristics to Include in Wearable Technology Programs

• Applied nature of educational programming.
• Problem-based learning.
• Informal learning environment (and coupling with formal learning environment).
• Influence of educator as mentor.
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By building around these principles, it seems likely wearable technology programs can be successfully 
developed to achieve similar positive results to robotics programs, while attracting students to STEM in 
a younger age range and across different demographics.

The Need for Innovative Engineering Education

It is important to note we also see wearable technologies as a possible instructional environment for 
supporting K-12 engineering education. Effective K-12 education in STEM continues to be critically 
important to supporting the U.S. economy, our national security, and our quality of life (NRC, 2010). 
As described in numerous reports such as Rising Above the Gathering Storm Revisited (NRC, 2010), 
the United States is facing desperate challenges and growing international competition associated with 
STEM education. The report acknowledges that schools are not producing enough graduates in STEM 
areas, which is negatively impacting America’s ability to compete for new industries, laboratories, and 
jobs (NRC, 2010, p.4). Engineering professions in particular are already experiencing a serious shortage 
of qualified individuals as many current engineers are entering retirement (Engineering: Short on fact, 
2012). While STEM, in general, continues to be identified as critical for an effective K-12 education, 
the “E” of STEM or “engineering” has typically received the least attention in schools. Since the early 
1990s less than one percent of K-12 students have received formal engineering curriculum during the 
school year (NRC, 2010).

The current K-12 system often produces students unprepared for higher education within engineering 
(AASCU task force report, 2012). High school students have little experience with innovative engineer-
ing activities and generally have negative feelings towards engineering as a future profession (Adams 
et al., 2011). College freshmen engineering students struggle to implement basic engineering design 
processes (Atman et al., 2007). But there is some hope for changing the situation by providing engi-
neering experiences for students during early formative years when interest in science and engineering 
can more easily be developed (Brotman & Moore, 2008; Catsambis, 1995; Clewell & Braddock, 2000. 
Children are naturally creative problem solvers during play (Adams et al., 2011; Forman, 2010). These 
traits are beneficial to engineering design, and if these natural tendencies can be nurtured at a young age 
and developed throughout K-12 education, students will be better-prepared and more excited to engage 
in engineering education as well as future careers in STEM fields (NRC, 2010; Mann et al., 2011). For 
example, Lachapelle, Phadnis, Jocz, and Cunningham (2012) reported students in an engineering cur-
riculum designed specifically for elementary children showed positive changes in their attitudes towards 
engineering.

The need for innovative engineering programs in K-12 STEM education is clear and the Next Gen-
eration Science Standards (NGSS) exhibit a commitment to fully integrate engineering and technology 
into science education, with engineering design identified as a major core idea (NRC, 2012). It makes 
sense in order to understand the engineering process, K-12 students need to learn engineering concepts 
and the core skills of design and redesign (NRC, 2010). According to the NGSS standards, students at 
any grade level should be able to ask questions, define the problem to be solved, and elicit ideas lead-
ing to the constraints and specifications for its solution (NRC, 2012, p. 56). Clearly, a quality hands-on, 
minds-on engineering curriculum will be of critical importance for students and teachers to meet the 
goals of NGSS and to increase the number of students in the STEM pipeline.
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As previously mentioned, some initial research efforts combining wearable electronic textiles, engi-
neering design, and computer programming suggest well-focused engineering activities appear to have 
the potential to help students understand underlying structures and processes normally hidden. Similar 
to engineering design, wearable technologies also appear to have the potential to contribute to the learn-
ing of computer programming constructs. Creating wearable computation devices involves identifying, 
debugging, and solving problems in coding, circuitry, and crafting (Kafai, Fields, & Searle, 2013). These 
design problems help learners develop inquiry skills, including observation, hypothesis generation, test-
ing, and evaluation of solutions (Sullivan, 2008). When building wearable technology artifacts, concepts 
like electrical voltage, current, resistance, and polarity are easily reinforced for students.

Bridging Formal and Non-Formal Learning Environments

Currently, many of the more innovative engineering education experiences occur in informal settings 
like 4-H Robotics and the FIRST Robotics competition, and there is a need to effectively bridge and 
align these non-formal engineering programs with what is taught in the formal K-12 classroom. Cur-
rent research indicates out-of-school programs can be truly effective avenues for promoting learning in 
STEM content areas (Barker & Ansorge, 2007; Barker, Nugent, & Grandgenett, 2008; Clarke, 2010; 
McGrath, Lowes, McKay, Sayres, & Lin, 2012; NRC, 2009). In Nebraska, for example, one in three, 
age eligible youth participate in 4-H informal education programs (135,000) about diverse topics like 
robotics, coding, agriculture, and animal science (NU Foundation, 2013). Certainly, there would seem to 
be educational potential in aligning such innovation in after-school programs with in-school experiences.

While OST programs can provide innovative learning experiences, these experiences typically do 
not align with what the child is learning during the school day unless directly focused for such align-
ment. When formal and informal learning goals are aligned and congruent, the young person’s learn-
ing becomes more personally meaningful and relevant (Noam, Biancarosa, & Dechausay, 2002). In its 
2009 report, Learning Science in Informal Environments, the National Research Council determined 
the goals between formal and informal educational environments complement and overlap each other 
(p. 296). Providing a congruent engineering experience from the in-school classroom to out-of-school 
time experience has the potential to increase learning and to perhaps reverse the trend of STEM interest 
loss at the late elementary school ages.

Across both formal and informal educational settings, there continues to be a lack of research on 
how students learn and understand engineering concepts, particularly when the focus is on engineering 
design. The comprehensive report on engineering education commissioned by the NRC (2009) identi-
fied three key strategies where engineering projects, and particularly those articulated across in-school 
and OST settings, might contribute to the research. The first is a focus on iterative, purposeful revisions 
of student designs in both settings. The new framework for science standards suggests, “it is the itera-
tive cycle of design that offers the greatest potential for applying science knowledge in the classroom 
and engaging in engineering practices” (NRC, 2012, pp. 201-202). The second strategy is the need for 
immersion in extended design activities, where after-school programs can certainly bring additional 
immersion time possibilities. The third strategy is sequencing of instruction to build from the easiest to 
more difficult concepts. By coordinating engineering activities across both settings, there may well be 
a chance to better align instructional time with concept difficulty and exploration considerations. Wear-
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able technology activities may be an excellent approach for building articulated engineering education, 
crossing instructional settings.

The use of an integrated instruction spanning both formal and informal learning time would seem to 
be able to provide opportunities for initial design in the classroom and more extensive iterative redesign 
in OST activities. The OST environment also provides the flexibility and freedom for immersive extended 
wearable technology activities where in-school opportunities may be limited. Finally, wearable technol-
ogy instructional activities crossing these instructional day boundaries can involve learning progressions 
where students are provided with background knowledge within the school day to lay the foundation for 
developing a prototype, making iterative design revisions, and completing a final device or product in the 
OST setting. This complementary formal/informal context capitalizes on the strengths of both learning 
environments to promote the integration of engineering functionality and aesthetic design.

CASE STUDY: THE WearTEC PILOT

The pilot of the WearTec instructional program took place in after-school clubs in eight Nebraska el-
ementary and middle schools during spring semester, 2015. The purpose of the pilot was to test the cur-
riculum and teacher professional development, as well as the research instrumentation and procedures. 
The pilot curriculum covered 20 hours (of the 60 total hours planned) and consisted of four student 
lessons focusing on (a) electric circuits and engineering design, (b) understanding microcontrollers, 
(c) computer programming, and (d) using engineering design to complete a T-shirt project. The lesson 
infused content dealing with engineering design, circuitry, and computer programming within structured 
hands-on student activities resulting in student products.

The lessons began with using the LilyTiny, a small, preprogrammed microcontroller with four basic 
blink (output) patterns, LEDs, a 3-volt power supply, and conductive thread. The instruction provided 
an opportunity for students to integrate these components into a bracelet or a felt pennant with multi-
colored fabric embellished with LEDs connected to the LilyTiny. The programming activity used the 
LilyPad ProtoSnap board, which consists of a microprocessor connected to multiple LEDs, sensors, and 
switches prewired on a single board. Students then made felt-based toys with LilyPad microcontrollers 
and LEDs. For the final activity, students used a stand-alone LilyPad Arduino microcontroller, LEDs, 
light, buzzers, and sensors to design and create a T-shirt.

The one-day professional development for the teachers consisted of an overview of the curriculum, 
presentation of engineering design process, and facilitated hands-on activities to develop a flag/pennant 
to incorporate wearable technology components. Formal and informal educators attended the profes-
sional development training in teams and began planning how they would jointly deliver the instruction.

Participants

All but one of the participating schools in the project were part of the 21st Century Community Learn-
ing Center (21st CCLC), which serves students attending high-need schools. The one exception was an 
after-school club choosing to focus on the computer programming elements of the curriculum. Students 
self-selected into the after-school clubs, varying in length and number of weekly sessions depending on 
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the schools’ club schedules. Students were in grades 4 thru 8, with most in the fourth or fifth grades. 
Fifty-eight percent of participants were female while 42% were male. The majority (58%) were Cauca-
sian; the remaining percentage represented Native American (6%), Hispanic (16%), African-American 
(12%), and multiracial (8%). Data was obtained from four certified teachers and nine after-school educa-
tors who attended the professional development sessions to prepare educators to present the materials.

Research Design and Data Analysis

The research used a repeated measures pre-post design examining both teacher and student outcomes 
and included a split plot analyses examining changes exhibited by certified teachers versus after-school 
educators.

Instruments

Teachers. Teacher instruments were administered before and after their participation in the professional 
development. Questionnaires focused on their confidence in (a) their knowledge and use of wearable 
technologies, (b) promoting youth engagement in STEM, (c) helping students design and develop a 
wearable technology product, and (d) implementing the WearTec curriculum to include both formal and 
informal components. Teacher confidence or self-efficacy has been shown to be correlated with achieve-
ment and performance outcomes (Sorge, 2007). Teachers also participated in interviews to provide more 
in-depth qualitative feedback about their experiences.

Students. Student instruments were administered before and after their involvement in the WearTec 
club. The instruments included an assessment of their wearable technologies knowledge (circuitry, en-
gineering design, and computer programming), their attitudes towards technology and engineering, and 
their self-efficacy with electric circuits and computer programming (5-point Likert scales). The circuitry 
and computer programming assessments were multiple-choice questions. The engineering design assess-
ment presented a scenario in which students were asked to select activities appropriate at each step in 
the engineering design process. Instruments were based on ones developed and validated for a robotics 
NSF project (Nugent, Barker, Welch, Grandgenett, Wu, & Nelson, 2015) but were revised to reflect the 
wearable technologies content emphasis. Questions presented on the instrument with basic statistical 
descriptives are shown in Table 1.

RESULTS OF THE PILOT STUDY

Teachers

Teachers entered the professional development with confidence levels ranging from 59% confidence 
(“I can differentiate between the engineering design process and the science inquiry process”) to 94% 
confidence (“I can encourage positive attitudes towards science, technology, engineering, and mathemat-
ics”). In general, teachers were more confident in their pedagogical abilities (i.e., encouraging critical 
thinking, collaborative learning, and engagement) than their technological abilities (i.e., set up a LilyPad 
Protosnap to download and troubleshoot programs from the Arduino programming software). After 
completing the professional development, teachers showed increased confidence in all areas, includ-
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Table 1. Descriptives for student survey items

 Question N Pre Mean Post Mean

Cognitive Assessment: Electric Circuits1

Choose the image best showing a closed circuit (a complete path for electricity to flow): 40 43% 70%

In the picture above, identify which components (different colored LEDs) are wired in 
parallel. 40 83% 68%

Where should a switch be placed in the circuit below to control only the red LED? 40 57% 53%

In the image below, where should connections be sewn to control the LED with the LilyPad 
microcontroller? 40 41% 51%

A switch in a circuit can turn off an LED by: 40 48% 48%

In the picture above, which number would result in a short circuit? 40 25% 28%

A short circuit happens when electricity in a circuit: 40 18% 25%

Which of the circuits below shows the correct wiring for an LED? 40 35% 18%

Cognitive Assessment: Programming

What would you change in the code above to blink the LED highlighted (LED 5) on the 
ProtoSnap board? 26 45% 50%

Which line in this code determines how fast the light will blink? 26 43% 50%

What line(s) of the code would need to be repeated and modified to blink two LEDs? 26 37% 48%

How would you expect the variable LED 1 from the code below to behave? 26 36% 43%

Cognitive Assessment: Engineering Design

Defining the Problem

Learn what materials and machines are available to build the system* 24 63% 88%

Find out how many T-shirts should be processed in one day* 24 54% 71%

Identify the type of packaging needing to be used* 24 42% 67%

Go to the local store to see how much a typical T-shirt costs 24 58% 58%

Find out what labels should be placed on each T-shirt* 24 54% 54%

Conduct a customer survey of T-shirt preferences 24 63% 46%

Calculate the approximate distance between processing stations* 24 50% 42%

Count how many T-shirts are sold in your area 24 46% 29%

Develop A Solution

Think about ways to label and sort things* 24 50% 79%

Look up patent information (inventor’s right to make and sell his/her invention) on clothing 
equipment* 24 67% 67%

Go to the textile design department of a local college or university 24 71% 63%

Call an expert in fabric processing to help you with ideas* 24 67% 58%

Start a blog or Facebook page about T-shirts 24 42% 58%

Learn about the packaging and labeling process* 24 71% 54%

Do an Internet search for “T-shirt label”* 24 33% 42%

Look up “T-shirt” in an encyclopedia 24 29% 29%

Implement the Solution

Test prototype systems* 23 78% 78%

Try out different materials and mechanisms in the system construction* 23 39% 70%

continued on following page
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ing wearable technologies. Post confidence scores were significantly higher than pre (t (12) = 4.51, p 
<.0001). Overall, confidence scores of the certified teachers were considerably higher than those of the 
informal educators at baseline, but the gap was closed after completing the professional development (Λ 
= 5.37 (1, 11), p < .05). The pre and post PD confidence levels are shown in Figure 1.

Interviews and feedback from participating educators highlighted the challenges of engaging teachers 
and informal educators to utilize and integrate STEM into the classroom and out-of-school time learning. 
All of the instruction was delivered in the after-school environment but teaching responsibilities were 
generally shared. Teachers emphasized the difficulty of integrating the curriculum into the school day, 
where they typically have to teach a certain curriculum addressing state standards.

 Question N Pre Mean Post Mean

Conduct an extensive economic analysis before building anything 23 57% 65%

Think about what can possibly go wrong with the design* 23 35% 65%

Get feedback from those who sort T-shirts on a regular basis* 23 70% 52%

Create computer simulations of the most favorable solutions* 23 57% 52%

Write a report about the design 23 35% 48%

Add a computer-controlled camera to the design 23 74% 39%

Attitudes towards Technology

It is important for me to learn about wearable technologies. 39 3.77 4.08

It is important for me to learn how technology works. 39 4.31 4.08

It is important for me to learn how to program a computer. 39 4.1 3.97

It is important for me to learn how to make changes to improve a wearable technology 
product. 39 3.95 3.85

I like learning new technologies such as e-textiles. 39 3.74 3.79

Attitudes towards Engineering

It is important for me to understand basic engineering concepts (e.g., design trade-offs, 
circuits, power) related to e-textiles 39 3.79 4

I like using the engineering design process to solve problems. 37 3.68 3.7

Self-Efficacy: Circuitry

I am certain I can use a switch in a circuit to turn an LED on and off. 39 4.1 4.21

I am confident that I can assemble a working electric circuit using two lights, a power 
source, and a computer. 39 3.95 4.08

I am certain I can fix a broken circuit in an e-textile product. 38 3.42 3.55

Self-Efficacy: Programming

I am confident I can use a computer to blink 3 LEDs in a pattern. 38 3.29 3.87

I am confident I can transfer/move a program I’ve written from a computer to a circuit. 39 3.62 3.72

I am confident that I can program a computer to change colors of an RGB (Red, Green, 
Blue) LED light. 7 3 3

I am confident that I can program a computer to solve a wearable technology problem 7 3.57 2.71

Table 1. Continued
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Students

Knowledge. Student results are shown in Table 2. Because the number of club sessions varied, not all 
teachers were able to present all lessons. This required limiting post-test assessments to questions dealing 
with material teachers had covered. The result was varying numbers of students completing certain sets 
of questions. As measured by scores on the multiple choice knowledge tests, students showed increases 
in their knowledge of circuitry, computer programming, and engineering design. The only significant 
increase was for computer programming, but the increases for circuitry and engineering design were 
approaching significance (p = 0.28 and p = 0.12).

Attitudes. There were increases in students’ attitudes towards engineering but not technology. Students 
also showed increases in the programming self-efficacy but not their circuitry.

Summary and Discussion

The Nebraska 4-H Wearable Technologies (WearTec) project is centered on utilizing electronic textiles 
to support teachers and students in the understanding of the engineering design process and to increase 
student interest in STEM careers and academics. When complete, the project will result in 60 hours of 
hands-on, carefully piloted and refined curriculum for students and a three-day, face-to-face professional 
development workshop and teachers guide mapped to national and Nebraska state standards. Because 
of the nature of electronic textiles, which combines computing, circuitry, and engineering design with 
textiles, students are able to construct personally relevant artifacts. By utilizing the LilyPad ecosystem 
of sewable electronic components, including conductive thread and programmable microcontrollers, 
students are able to experiment with the technology that is normally hidden from them. This combination 
of technology and computing with softer materials like textiles is an ideal medium to encourage female 
and other underrepresented groups of students to participate in STEM activities and over time to pursue 
additional academic opportunities and careers in engineering and other related STEM fields. From an 

Figure 1. Pre and post PD confidence levels
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educational learning theory perspective, wearable electronic textiles are similar to educational robotics 
and are situated in the learning theories of constructivism and problem-based learning. Both educational 
robotics and wearable electronic textiles draw on applied science and knowledge from multiple disci-
plines to solve open-ended engineering problems/challenges. While educational robotics is arguably an 
effective tool for attracting students into STEM, its appeal has not always been well received by females.

The purpose of the pilot was to test the curriculum and teacher professional development, as well 
as the research instrumentation and procedures. The pilot curriculum covered 20 hours (of the 60 total 
hours planned) and consisted of four student lessons that focused on (a) electric circuits and engineering 
design, (b) understanding microcontrollers, (c) computer programming, and (d) using engineering design 
to complete a T-shirt project. The lessons infused content dealing with engineering design, circuitry, 
and computer programming within structured hands-on student activities resulting in student products.

In an effort to determine the effectiveness of the Nebraska 4-H WearTec project’s early curriculum 
and professional development efforts and to also examine the research instruments and procedures, a 
pilot study was conducted on the first 20 hours of the planned 60-hour curriculum in 2015. Overall, 
the project attracted a majority number of females (58%) in contrast to other STEM clubs focusing on 
robotics, which typically report a ratio of male to female students of 2:1 or greater (Martin et al., 2011) 
or 30% female participation (Nugent, Barker, & Grandgenett, 2014). The results of this study also sup-
port the assumption wearable technologies offer an alternative pathway to STEM through textiles and 
computing and may be more closely aligned with the typical societal experiences of some females.

Results show teachers can develop confidence in delivering wearable technologies curriculum, even 
with limited professional development. Certified teachers entered the professional development more 
confident in their abilities to implement a wearable technologies project than did the after-school edu-
cators; however, the confidence levels equalized by the end of the training. Results also underscore the 
challenges of presenting wearable technologies curriculum during the school day because of the need 
for formal teachers to cover specified local curriculum and state standards.

Due to the varying lengths of the after-school clubs, not all students completed all four lessons of the 
curriculum. In addition, attendance in after-school clubs is optional and students could drop in and out 

Table 2. Student results

Outcome n Mean t(df) p Observed 
Power

Effect Size 
dz

Pre (%, SD) Post (%, SD)

Knowledge

  Circuitry 40 3.28 (47%, 1.36) 3.58 (51%, 1.36) 1.09 (39) 0.28 .186 .172

  Eng. Design 23 8.43 (56%, 3.11) 9.61 (64%, 2.39) 1.60 (22) 0.12 .333 .333

  Programming 26 .81 (21%, .80) 1.81 (45%, 1.20) 4.37 (25) .000 .987 .858

Attitudes

  Technology 40 3.98 (.76) 3.95 (.81) .26 (39) 0.80 .058 .0267

  Engineering 40 3.74 (.94) 3.84 (.91) .61 (39) 0.55 .091 .096

Self-efficacy

  Circuitry 39 3.83 (.93) 3.94 (.81) .68 (38) 0.50 .102 0.109

  Programming 39 3.50 (.95) 3.79 (1.01) 1.50(38) 0.14 .310 .240
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at will. These inconsistencies resulted in pre and post questionnaire matches of only 40 of the students 
participating in the WearTec clubs. These small numbers considerably reduce the power of the results. 
As shown in Table 1, the observed power of all but the computer programming knowledge outcome was 
below the desired .80.

The student attitudes results showed no difference in student pre and post perceptions of the value 
and importance of technology, but closer examination of the pre and post means for these questions 
showed distinct differences, depending on the specific aspect of technology. In particular, their percep-
tions of the value of computer programming and learning how technology works declined from pre to 
post; however, attitudes towards learning about wearable technologies increased (see Table 1). It should 
also be noted student pre scores for the two general technology questions were both over 4.0 on a 5-point 
scale, making it difficult to show increases.

There was also an increase in student perception of the value and importance of engineering. The 
later result may be due to the fact the project used an engineering design framework as the basis of the 
individual projects. This result may also reflect the fact engineering is not part of the K-12 curriculum 
in Nebraska, and this project may well have been a student’s first introduction to this discipline. Student 
self-efficacy results showed increases in student confidence regarding circuitry and their programming 
skills. As with engineering design, computer programming is not well established at the elementary and 
middle school levels. The significant increase in student knowledge of computer programming and their 
increased self-confidence may again be related to their first exposure to such material. Despite these 
increases, however, the pre and post knowledge scores dealing with computer programming were also 
considerably lower than those of the other content areas.

While pre-post comparisons generally were not statistically significant, all but one of the seven 
outcomes showed increases as a result of student participation in the project. Results provide evidence 
of the promise of the intervention and support other research showing the positive effects of a wear-
able technologies program in increasing students’ self-efficacy in working with wearable technologies 
and producing e-textile products (Barker, Melander, Grandgenett, & Nugent, 2015). These results also 
extend previous research by providing evidence of impacts on student knowledge of electric circuitry, 
engineering design, and programming.

Pilot Study Limitations

The main goal of the pilot study was to test the curricular activities and teacher professional develop-
ment of the WearTec project. The results for the teacher professional development were promising with 
significant increases from pre to post test. However, while educators reported increases in confidence 
in the content and delivery it is not known how much of the curriculum teachers and after school educa-
tors actually implemented during the pilot. In an effort to document and better understand what lessons 
of the curricula will be delivered in future iterations of the project a project implementation log will be 
developed and collected by project staff immediately after the program completion. In addition, during 
the professional development workshops teachers and educators will have time to develop implementa-
tion plans to determine when and how they will deliver the WearTec program during the school year 
and how they will partner to bridge the formal and informal learning environments. Another limitation 
of the study was the small sample size and predominance of informal educators (four certified teachers 
and nine informal educators). The results may not be generalized to the population of teachers and af-
terschool educators as a whole because of the skewed participation rates for the pilot. In future iterations 
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of the program it is expected additional representation from certified teachers and a large sample of both 
classroom teachers and informal educators will participate in the project and corresponding research.

The student results did show positive gains from pre to posttest however there were unexpected 
decreases on some of the cognitive and attitudinal survey questions. In particular questions concerning 
circuitry and attitudes towards technology (importance of programming a computer) actually decreased 
from pre to post test. One question in particular “In the picture above, identify which components differ-
ent colored LEDs are wired in parallel” fell from 83% on the pretest to 68% on the posttest. It is not clear 
why the pretest scores for this question were elevated and additional analysis of the individual questions 
is needed. In addition, the overall reading level for the instruments which was calculated at the 8th grade 
level. This lack of alignment with the 4 – 6th grade target audience may explain some of the score results 
due to students purely guessing on questions directly attributed to their lack of reading comprehension. 
In addition, a decrease in scores could be explained by the lack of content coverage by the teachers either 
due to time constraints to implement the program fully or, like in the case of programming, they were 
not comfortable teaching the content. As previously mentioned in future iterations of the program the 
personal implementation plans will be used as a way to examine fidelity of implementation.

The pilot was implemented near the end of the third quarter of the school year, which resulted in many 
students transferring from the WearTec club program to another afterschool activity in the fourth quarter 
of the school year. This caused a decrease in the number of matched repeated measures scores (pre to 
post) and reduced the overall power of the study. Many students that transferred into the project in the 
fourth quarter may not have had the opportunity to build the early circuit activities thereby not receiv-
ing vital background information needed for advanced activities. Individual student participation was 
not tracked during the pilot, which muddled our understanding of the instructional dosage each student 
received. This could explain low posttest scores since students may have missed important lessons or 
entire units of instruction leading to the low posttest scores. To help better understand dosage and student 
attendance future iterations of the project will ask teachers to track and report student attendance. Another 
limitation of the pilot study was the small student sample size, which led to an underpowered pilot study.

FUTURE RESEARCH DIRECTIONS

Additional studies with larger samples and appropriate statistical power, as well as more complete teacher 
fidelity and student attendance data, are needed to better understand the effect of the intervention on 
student learning and attitudes towards STEM. Future research for the project will focus on teacher and 
educator preparation to implement programs involving wearable technologies looking specifically at 
implementation strategies, student to teacher ratios, efficacy and how such an intervention could fit 
into the school day to support STEM learning. Finally, the WearTec project is particularly interested in 
a model extending the school day from the formal learning environment led by certified teachers into 
the informal learning environment led by afterschool educators. While there were teams of teachers/
educators attending the professional development workshops it appears most of the implementation for 
the pilot was conducted with informal educators in the after school-learning environment. In future itera-
tions of the program participating schools will be strongly encouraged to form teaching teams providing 
a mechanism to better study the bridging of the formal and non-formal learning environments through 
the use of wearable electronic textiles.
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CONCLUSION

The WearTec pilot study was an attempt to examine a preliminary set of learning experiences focused 
upon the use of wearable electronic technologies to effectively support student comprehension of the 
engineering design process, circuitry, and programming and to increase interest in STEM by students in 
grades 4 to 6. In addition, the project explored ways to bridge formal instruction time with after-school 
programming using wearable electronic technologies as one contextual model to provide additional op-
portunities for students to pursue STEM-related experiences. While the results on student learning and 
attitudes were mixed the program does show promise in providing an exciting and personally relevant 
learning space for students. Like previous studies (Barker, Melander, Grandgenett, & Nugent, 2015; 
Kafai, Fields, & Searle (2014) more females than males participated in the program, which provides 
additional evidence that wearable electronic textiles may represent an alternative pathway into STEM 
for traditionally underrepresented groups especially females. Once fully developed the WearTec program 
may be a useful tool for schools and other youth-serving organizations to attract student into STEM 
programming. In addition the program may provide teachers and educators much needed experience 
with integrated STEM projects to help increase their efficacy around STEM-based content.

Overall this chapter described the initial development and delivery of the Nebraska WearTec program 
and results of the associated pilot study examining learning and attitudes towards STEM. Wearable elec-
tronic textiles were chosen as the foundation of the WearTec program because of the potential to attract 
a new and diverse audience to STEM. From a theoretical standpoint electronic textiles are similar to 
educational robotics and both are situated in the constructivism learning theory whereby new knowledge 
is constructed through experimental practice in the world surrounding the learner (Piaget, 1971). The 
Nebraska WearTec program also relies on engineering centric problem-based learning where students 
solve interdisciplinary instructional challenges. The project elected to use the LilyPad ecosystem of 
components including the LilyPad Arduino-compatible microcontroller along with conductive thread 
due to their aesthetic appeal to younger students and the open-source programming environment. As the 
wearable electronic textiles industry as a whole matures and we continue to see an abundance of new 
and innovative products hit the marketplace it is our expectation that the WearTec project will develop 
a cohort of youth that are interested in developing their own inventions and become the next generation 
of STEM innovators.
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Problem-Based Learning: A student-centered learning model that uses ill-structured problems to 
encourage multiple approaches to develop a solution.

STEM: An acronym that stands for Science, Technology, Engineering and Mathematics.
Wearable Textiles: Electronic textiles or electronic accessories that can be worn; such as watches, 

eyeglasses, or clothing like a shirt or jacket containing electronics and a computation device (Johnson 
et al., 2013).

This research was previously published in Wearable Technology and Mobile Innovations for Next-Generation Education edited 
by Janet Holland, pages 269-294, copyright year 2016 by Information Science Reference (an imprint of IGI Global).
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ABSTRACT

The objective of robotics competitions, such as FIRST LEGO® League (FLL®), is to create a tournament 
that promotes high-level engineering and academic engagement in students by providing the most reward-
ing experience possible for the largest group of students. To increase the number of students age 9-14 
successfully participating in FLL® from public schools, and to concurrently increase the diversity of the 
pool of student participants, the Georgia FLL® organizers have implemented a number of interventions. 
These interventions can be grouped into A) Centralized policy decisions that impact how the program is 
run at the state level; B) Outreach activities that provide low-income teams with training and supplies; 
C) Promotion of LEGO® Mindstorm use within the actual school curriculum; and D) Partnerships with 
school systems to promote after-school FLL® robotics clubs. This chapter reviews these efforts and their 
effect on tournament diversity.

INTRODUCTION

There is substantial concern, both at the state and national level, that student interest in science, technol-
ogy, engineering and math (STEM) fields is not adequate to meet the future competitive needs of the 
United States (National Academy of Sciences, 2010; Augustine, 2007). As a result, different strategies 
need to be implemented and evaluated to determine their effectiveness in fostering the type of student 
success that will help sustain an early interest in the STEM disciplines. Many studies have shown, at 
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least anecdotally, that robotics activities and competitions such as FIRST LEGO® League (FLL®) can 
successfully promote K-12 student engagement in, and mastery of, engineering skills and habits of mind 
(Barker & Ansorge, 2007; Berger, Jones & Knott, 2005; Brown et al., 2006; Klenk, Ybarra & Dalton, 
2004; Melchior, Cohen, Cutter & Leavitt, 2005; Ohland, 2006; Petre & Price, 2004; Sloan-Schroeder & 
Ingman, 2005; Wang, LaCombe & Rogers, 2004; Weinberg, Pettibone, Thomas, Stephen & Stein, 2007; 
Williams, Ma, Prejean, & Ford, 2007). Generally the benefits of these types of activities are limited 
primarily to students who self-select into after-school robotics clubs or summer programs or who live 
in neighborhoods where parents have the time, resources and knowledge to successfully coordinate and 
coach a FLL® team. Without intervention, these common pathways to participation too often rule out 
active involvement by low-income students in many predominantly minority schools. These students are 
the ones most in need of experiences such as FLL® to help them maintain their engagement in STEM 
and counter the low achievement reported on national assessments (NAEP Report, 2009).

Typically, in FLL® competitions the majority of teams that emerge successful from the qualifying 
tournaments are independent (home-school or neighborhood) teams, and virtually all of the state-level 
awards go to those types of teams, rather than to teams originating in public schools. This chapter de-
tails efforts taken by the authors, as part of Georgia Tech’s Center for Education Integrating Science, 
Mathematics and Computing (CEISMC) and the primary Georgia FIRST LEGO® League organizers, to 
increase the diversity of the FLL® tournament by increasing the number of under-represented minority 
children from public schools who successfully participate in the event.

BACKGROUND

The FLL® competition is frequently promoted as an effective method of introducing middle school 
children to engineering problem solving and of increasing the pipeline of students into engineering 
and other STEM disciplines. The FLL® program centers on a Challenge that is released by the national 
FIRST organization annually in early September. Participating students in grades 4-8 (ages 9-14) tackle 
a problem with a socially relevant theme that is designed to increase the students’ awareness of current 
affairs. Each student team can have up to ten students and is required to build a robot using the LEGO® 
Mindstorm robot set and program it to perform 8-10 tasks that relate to the overarching theme. Teams 
are also required to research the theme and develop a product or strategy to address the social issue.

FLL® tournaments, generally held in late November through January, consist of a 3-round robot 
competition, presentation and judging of the research projects, judging of the technical and creative 
merits of the robot designs, and an analysis of the quality of the teamwork and cooperation between 
team members. During each round of the robot competition every team competes head-to-head against 
another team, attempting to complete as many tasks as possible in 2.5 minutes. The robots must begin at 
a home base and may only be manipulated when the robot returns to base. During the robot’s autonomous 
navigation of the challenge field, teams earn points for each task the robot completes. All teams have a 
minimum of three chances to run their robot during each tournament. In the last four years, FLL® has 
addressed issues such as: Biomedical engineering (2010); Smart roads and traffic engineering (2009); 
Climate connections (2008); and Alternative power sources and use of resources (2007).

The State of Georgia has a highly successful state FLL® tournament series that has grown in size 
from 48 teams in 2004 to 297 teams in 2010, and it currently serves approximately 2,000 students an-
nually (Figure 1). In 2010 the Georgia FLL® tournament series consisted of twelve first-round qualifier 
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competitions held on two Saturdays in late fall, three second-round super-qualifier competitions held 
in early January, and a single State-level competition in late January. With this level of growth come 
a number of challenges, including the need to maintain a consistent and rewarding experience for the 
students to continue their enthusiasm towards STEM learning.

In Georgia, girls and under-represented minorities (African American and Hispanic students) con-
sistently make up between 22% and 30% of the student participants in Round 1 (Figure 2). Though the 

Figure 1. Georgia Participation in FLL®

Figure 2. Minority and Female Participation in FLL® Competition
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percent of participants who are girls remains fairly constant through Round 2 and the State competition, 
the representation by minority students drops substantially in the later rounds. A closer analysis of data 
collected during FLL® registration suggests that this drop is directly traceable to where the teams are 
located, how many hours they can dedicate to the task, and the experience level of the coach and student 
team members. Any effort to increase the success of the minority students within FLL® must therefore 
take into account the structural differences in how different teams are organized and how they engage 
in the experience.

Variability in the FIRST LEGO® League Team Experience

We have found that under-represented minority students tend to experience FLL® under somewhat dif-
ferent circumstances than non-minority (Caucasian and Asian) students (Usselman, Davis & Rosen, 
2008). For example, minority students are more likely than non-minority students to be involved in FLL® 
through a public school, rather than a private school, home school, or independent (non-school-affiliated) 
team (Figure 3). In addition, though the majority of the FLL teams overall (74% in 2006) participate 
in FLL® through extracurricular clubs rather than within normal school day classes, under-represented 
minority students are more likely than non-minority students to participate in FLL® within the school 
day curriculum rather than in an extracurricular club (38% vs. 24% in 2006). This presents a challenge 
for the teacher/coach as FLL® in the classroom is subject to normal school day constraints of time and 
standards-based learning, rather than having the flexibility and lack of defined standards typical of 
extracurricular clubs and teams.

FLL® teams located within regular schools, even when conducted as an extracurricular activity, are 
at a distinct disadvantage in many ways when competing against home school and independent teams. 
School teams, both public and private, generally meet one day per week outside of the school day, often 
for less than 2 hours, whereas home school and independent teams can dedicate many hours per week to 
the activity. In addition, school teams tend to have more frequent turnover of students and coaches than 
non-school teams, and they are more inclusive about which students they allow to participate. These 

Figure 3. Where Students Participated in FLL®. Under-represented Minorities vs. Non-minorities (2006)
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differences give home school and independent teams a large competitive advantage in the tournament 
over their school-based peers.

It is common knowledge in FLL® circles that home school and independent teams are hugely over-
represented among the top scoring teams. This general observation was exemplified over a two year 
period in Georgia (2006 and 2007), when 15 of the top 20 awards given at the state competition went to 
non-school based teams, even though 80% of the 335 teams that first registered with FLL® that year were 
based at schools (Usselman, Davis & Rosen, 2008). In 2006, not a single minority student in Georgia 
was part of a non-school based team (Figure 3), so it is not surprising that minority students were not 
well-represented in the top tier of teams or even in the state tournament. The vast majority of minority 
students were eliminated in the first-round qualifier competition, giving them few opportunities to actu-
ally compete against another team and learn from the experience. When the competition is particularly 
skewed, and low-income minority public school teams are pitted from the start against highly coached 
suburban neighborhood teams, the whole experience runs the risk of being a very discouraging experi-
ence for students on the minority teams.

The objective of FIRST LEGO® League is to create a competition tournament that promotes high-
level engineering and academic engagement in students by providing the most rewarding experience 
possible for the largest group of students. To increase the number of students successfully participating 
in FLL® from public schools and to concurrently increase the diversity of the pool of student participants, 
we have implemented a number of programs and policy changes. These programs and changes can be 
grouped into A) Centralized policy decisions that impact how the program is run at the state level; B) 
Outreach activities that provide low-income teams with training and supplies; C) Promotion of LEGO® 
Mindstorm use within the actual school curriculum; and D) Partnerships with school systems to promote 
after-school FLL® robotics clubs. The results of these initiatives can be seen in Figure 2, which shows 
a notable increase in participation by minorities in the later rounds in 2009 and 2010 as compared to 
2008. This chapter will detail the interventions that have led to this increase.

INTERVENTIONS THAT PROMOTE DIVERSITY IN FLL®

Centralized Policy Decisions

Centralized policy decisions are made to manage growth and maintain a successful experience for the 
student participants. As a means of managing growth and enabling us to keep the Georgia State Tour-
nament final competition at 48 teams, we implemented a first-level qualifying tournament in 2005, and 
a second-level (or “Super”) qualifier in 2007. In 2008, to help promote a positive experience for all 
students, we piloted a system that calculates a “Power Rating” for each team and structures the tour-
nament series to promote, as much as possible, early round competitions between teams from similar 
backgrounds. We call this our “NCAA Basketball Tournament” model of tournament design—teams 
compete against similar teams during the early rounds (in the NCAA, this is during the regular season, 
here it is during the first-level and second-level qualifiers), and then the best come together for the final 
tournament. The expectation is that teams from the power conferences (in this case, non-school-based 
teams) will ultimately wind up winning the top awards at the state level. Novice teams, however, have 
a chance to observe other teams’ solutions to program challenges, redesign their own robots, hone their 
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skills by participating in multiple rounds of competition, taste success in those early rounds against 
similar opponents, and have the thrill of going to the state competition. Being blown away by highly 
experienced opponents at the beginning of the tournament effectively limits the ability of these novice 
teams to practice, learn, and excel.

FLL® Power Rating Scores

For the 2008 FLL® season, we piloted a Power Rating score for the first time. This rating took into account:

1.  The experience of the organization.
2.  The experience of the coach.
3.  The number of students returning from prior years.
4.  The number of hours per week spent on FLL®.

In 2009 we modified this score to also include a rating for the type of team—primarily school-based 
vs. non-school based. Teams organized by non-profit youth or community organizations, such as the 
100 Black Men or the Girl Scouts, were assigned the same rating as school-based teams, rather than 
independent teams.

The Power Ratings are calculated using the following values. Points are assigned based on input from 
the coach during the registration process, and “prior experience” refers to how the team performed the 
preceding year. Because of our view that some factors are particularly important predictors of tourna-
ment success, such as the amount of time available for the team to practice and the number of returning 
team members, the numerical scales are not always continuous.

Prior Experience of Sponsoring Organization

(Points)

0: No prior FLL® experience.
1: Participated only in the 1st qualifying round.
2: Advanced to the 2nd round.
3: Advanced to the State Competition.
4: Has participated in the State Competition for multiple years.
5: Won a performance award at the State Competition last year.

Prior Experience of Coach

0: New coach.
1: Participated only in the 1st qualifying round.
2: Advanced to the 2nd round.
3: Advanced to the State Competition.
4: Won a performance award at the State Competition last year.
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Students

0: All new students.
1: 10-20% returning from previous year.
2: 30-50% returning from previous year.
4: >50% returning from previous year.

Hours Spent on FLL® per Week

0: < 2 hours.
1: 2-3.5 hours.
3: 4-6 hours.
4: > 6 hours.

Type of Team

0: Public or private school, or non-profit youth or community organization.
3: Independent or home school team.

The power rating of the teams can range from a score of zero, for a brand new public school team 
with no experience and one 90 minute meeting during or after school per week, to a score of 20 for an 
experienced home school or independent team that is returning after having won a performance award 
the previous year and plans to dedicate more than six hours per week to FLL®.

Power Ratings by Type of Team and Percent Minority

Figure 4 shows the average power ratings of different types of teams in 2010. Youth organization-based 
teams had the lowest power ratings, and independent teams (which included home school teams) had 
the highest. Teams with the highest percent minority representation had the lowest power rating (Figure 
5). These data held true for 2009 teams as well.

Figure 4. 2010 Power Rating by Team Classification
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Use of Power Rating to Assign Teams to Qualifying Competitions

The basic reason to assign power ratings was to give an objective score to teams to help group them 
appropriately during the tournament series. The first-round qualifier competitions in Georgia were co-
ordinated by volunteers, generally school system personnel or experienced FLL® coaches. Nine of the 
twelve first-round 2010 competitions were in the metro-Atlanta area, where the bulk of the teams were 
located. The other three were distributed geographically around the state. Four of the nine metro-Atlanta 
competitions were coordinated by school systems, and five were coordinated by other volunteers.

During the registration process, Georgia FLL® teams were asked to give their first six choices for 
which competition they would like to attend. We then used a set of rules to assign teams by hand to 
competitions. These rules were:

1.  If a school system coordinates a competition, then public schools from that system are given top 
priority for that competition.

2.  Private schools, home schools and independent teams have priority at two of the competitions, one 
on each of the available Saturdays.

3.  Teams not associated with public school systems may attend school system competitions only if 
their power rating is comparable to the power rating of the majority of the teams already assigned 
to that competition.

4.  A reasonable attempt is made to always assign teams to competitions where they will compete 
against teams with a similar power rating.

5.  The non-metro-Atlanta tournaments are open to any teams from that geographic area, regardless 
of power rating.

This process of assigning teams requires thought and attention and can be quite labor intensive. 
However if that attention is not given, it is much more likely that mismatched teams will end up in a 

Figure 5. 2010 Average Power Ratings with respect to Minority Participation
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tournament, and strong, independent teams will end up winning most honors in an otherwise low-power 
competition. To avoid any controversies, we inform coaches about the process ahead of time. We have 
received very few complaints about the system, even from “powerful” teams who are required to travel 
some distance to participate in a tournament of similar teams rather than competing in a weaker qualify-
ing tournament held in their local area.

Results of Power Rating System

Figure 6 shows the average Power Ratings for Round 1, Round 2 and the State Competition for 2009 and 
2010. Table 1 shows the percentage of teams in each power rating range that progressed to the different 
rounds of the tournament in 2010.

Clearly, the Power Rating is a fairly accurate general predictor of whether a team will progress to 
further rounds of the FLL® tournament.

One of the goals of implementing the power rating scale and assigning teams to qualifying competitions 
based partially on their power rating was to increase the number of minority students who progressed to 
a second round. The twelve 2010 Round 1 qualifying competitions ranged in average power rating from 
4.3, for a 60% minority inner city competition, to 9.2 for a competition reserved for home school and 
independent teams, which included only 6% minority students. Each competition sent a proportional 
number of teams to the Round 2 super-qualifying competition. In 2007, before the implementation of the 

Figure 6. Average Power Ratings with respect to Level of Competition

Table 1. Power rating range of teams

Team Power Rating # in Round 1 % advanced to Round 2 % advanced to State

0-5 132 30% 8%

6-10 95 43% 19%

11-20 37 73% 43%
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super-regional round, only 16% of minority students competed in a second tournament. In 2008, when 
we first piloted the power rating scale and began having a 2nd round of super-qualifiers, 22% of minorities 
progressed to a second round. By 2010, with the full implementation of the power rating system, 37% of 
minority students were able to compete in a second round, providing them both with a chance to develop 
their skills and a much more satisfying tournament experience (Rosen, Newsome & Usselman, 2011). 

Outreach Activities

We have been working with 100 Black Men of Atlanta and Boeing to encourage participation by low-
income minority teams. These teams are often late in registering for the competition, spend few hours 
per week on the activity, and are more likely than other teams to end up not successfully participating in 
the competition. This outreach initiative provides coaches with training on how to successfully organize 
and run a team, financial assistance to defer the costs of robotic kits and tournament registration fees, and 
training early in the fall for both coaches and students on how to build and program a LEGO® Mindstorm 
robot. At the fall training event students also have a chance to brainstorm about possible solutions to the 
specific FLL® challenge for that year’s competition, helping to hook them into the activity and giving 
them momentum to continue.

The fall training event for students and teachers also serves as an outreach activity for local high school 
robotics teams. The FIRST Robotics Competition (FRC®) for high school students strongly encourages 
teams to mentor younger students and rewards these activities during the FIRST competition. Atlanta-
area FRC® team members familiarize themselves with the FLL® competition, and they lead building 
sessions for the younger students using materials that we have validated ahead of time.

After a brief welcome and introduction to the event, students and coaches participate in four one-
hour sessions. To accommodate large numbers of students, these four sessions are run concurrently and 
repeated four times. Students, grouped with their team, circulate through the sessions over the course 
of the day. The four sessions are:

1.  Building basics and physics
 ◦ Includes an exploration of the parts in the kit, basic build techniques, and how to construct a 

robot that executes different types of movement. It also emphasizes the science and engineer-
ing concepts behind these tasks such as the concepts of center of mass and torque.

2.  Programming
 ◦ Includes how to program a LEGO® Mindstorm robot, including how to use programming 

blocks and how to incorporate sensors into a robot.
3.  Research & Presentation

 ◦ Includes instruction on how to develop a quality research project, how to effectively present 
and communicate the project, and what is included in the official judging rubrics for both the 
project and technical presentations.

4.  Mission Strategy
 ◦ Presents the new competition for the year and explains how each mission is scored. The fa-

cilitator leads a strategy design session in which teams discuss possible ways to achieve each 
of the missions and how to link individual missions using an effective multi-mission strategy.
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The day concludes with a 1.5 hour mentored robot-build time where teams are given the chance to 
start work on their FLL® robot. During this time coaches meet with FLL® organizers and discuss tips on 
how to successfully manage a team.

Of the twenty teams that have participated in the Boeing and 100 Black Men of Atlanta-sponsored 
program over a two year period (2009-2010), eight (40%) have progressed beyond the first round of the 
Georgia FLL® tournament. In 2010, one team, whose students are 95% under-represented minorities 
and 81% low income, even advanced to the state tournament. The school principal reported later that the 
students returned from the state tournament somewhat chagrined at their own efforts, but with a much 
better understanding of the level of achievement possible in FLL® and a strong determination that next 
year their team would be much more competitive on the state level. After participating in FLL® through 
this funded outreach initiative, a number of schools also have increased the number of teams participat-
ing from their school, funded through local sources.

Summer Camps

Another pathway for encouraging more students to participate in robotics competitions has been through 
summer camp offerings, held either at the university, or at individual middle or high schools. An example 
of the latter is the program offered since 2004 by a highly diverse, suburban Metro-Atlanta middle school. 
Through a combination of low fees and heavy promotion throughout the school system, the camp has 
steadily increased its enrollment of rising 5th and 6th graders over the past seven years. Fees are kept 
low to encourage participation by all students, and teachers are also encouraged to recommend deserv-
ing students for scholarships to the camp. Over 60 elementary schools in the district were represented 
during the summer of 2010, with slightly over 10% of the students attending for no cost. Enrollment has 
grown from 31 in 2004 to 256 in 2010.

Camp sessions are offered for one week in either the morning or afternoon. A half-day session works 
well to maintain a high level of student interest during the summer months and also allows students to 
participate in an engaging program while still enjoying their summer break. Most students learn about 
the program through word of mouth, or from their classroom teacher. Each session offers a competition 
similar to a FIRST LEGO® League game challenge and students are taught the building and programming 
skills needed for the competition. Each challenge offers multiple levels of scoring so that all students, 
novice through advanced, can experience some degree of success. Students either team up with friends 
or form teams from new acquaintances.

From the beginning, a high percentage of the students who registered for the camp (45% in Year 
1) were girls. The relaxed atmosphere and the use of middle school students, many of them former 
campers and predominantly female, as volunteers creates a non-threatening environment that allows 
the elementary school girls to assert their ideas in an arena that is typically thought to be dominated by 
boys. In fact, teams that are exclusively male have only won a handful of the session challenges over the 
years. This same low-key mindset appears to encourage many campers to reach out and form alliances 
with children from other schools and backgrounds. One summer, every team was either mixed gender 
or mixed ethnicity.

Raising awareness of robotics, and specifically FIRST LEGO® League, among the students is only 
part of the goal of this summer camp program. It is also used as a method to train teachers to use LEGO® 
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Mindstorm robots, and to provide robot kits to the various elementary and middle schools and promote 
FLL® in those schools. Each summer several teachers are invited to spend a week working with stu-
dents at the camp. Priority is given to schools that represent underserved populations of students. The 
teachers experience firsthand the excitement that accompanies students working with robots in a com-
petitive environment. Following the summer sessions, the teachers are given the Mindstorms kits that 
were used during camp. In this fashion, schools and teachers without sufficient funding to start teams 
at their schools are able to reduce the initial cost of starting a team. As an additional benefit, many of 
these teachers begin to incorporate the robotic activities and the FLL® competition into their classroom 
instruction. Since 2004, over 60 LEGO® Mindstorms kits have been distributed to deserving teachers 
throughout the school system.

Curricular Integration

Students traditionally under-represented in robotics are not as likely as Caucasian and Asian males to 
self-select into an after-school robotics club. One tactic to attract girls and under-represented minority 
students into FLL® is to incorporate the competition or related activities into the actual classroom cur-
riculum. One example is a Georgia middle school teacher who successfully taught 8th grade mathemat-
ics using LEGO® Mindstorm kits. He addressed the mathematics concept of one-step, single variable 
equations using gear ratios and the distance/rate/time relationship, and students learned about and cre-
ated scatterplots that showed how often a robot ended up in a defined location. However these types of 
initiatives are not commonly tried in core science and mathematics classrooms.

Instead, curricular integration is most easily done through the non-core “Exploratory” or “Connec-
tions” classes like Engineering Technology and Computer Applications, which are less likely than core 
science and mathematics classes to have restrictive educational content standards tied to standardized 
tests and school academic goals. In Georgia the majority of students who experience robotics and FLL® 
within the school-day curriculum do so within these non-core classes.

When robotics are presented within the school-day curriculum, girls and minorities are more likely 
to engage in the activities and become interested in a topic that they previously considered to be inap-
propriate or uninteresting. Girls, in particular, often have an “I can do that!” ah-ha moment when they 
realize that they can be as successful in the activity as their male peers, and that they enjoy the hands-on 
nature of the activity. This increases the likelihood that they will then self-select into a robotics com-
petition activity like FLL® and that they will also encourage other girls to enroll in the courses. As an 
example, a metro-Atlanta middle school that implemented an “Applied Concepts of Engineering and 
Science” (ACES) elective course that utilized LEGO® robotics saw the number of girls in the course 
increase from 84 in Year 1 (46% of the participants) to 142 in Year 3 (54% of the participants) (Stillwell 
& Rosen, 2009). This increase was driven primarily by word of mouth and student requests, not by 
teacher referrals into the course.

Within the ACES classroom, students used LEGO® robots to investigate specific science and math-
ematics concepts connected to the appropriate grade-level state standards. Earth science students explored 
terrestrial navigation, life science students simulated cellular processes or animal motion, and physical 
science students examined aspects of force and motion through robotic hill climbs and wrestling matches. 
While the robots were the tools utilized to create the introductory engineering design experience, students 
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would often want to move into the more complex aspects of engineering design required by middle school 
engineering competitions such as FLL®, the Future City competition, or BEST Robotics.

Because ACES was an elective technology course, students could direct their projects towards their 
specific interests. For example, at the end of their sixth grade year a small group of girls decided that 
they were more interested in space than in robots. They recognized that the robot experience was still 
valuable to all students, but they wanted something more. The instructor, therefore, challenged them to 
develop an interactive laboratory experience connecting robots and the lunar surface. At the beginning 
of the following school year, the girls had the opportunity to meet with Apollo 14 Lunar Module Pilot 
Edgar Mitchell. After talking to the astronaut about his mission experiences, the team decided to create a 
lunar simulation lab that could be used not only by ACES earth science students but also by elementary 
students in the attendance cluster. The result was a student-constructed small-scale lunar surface that 
enabled the LEGO® robots to maneuver among craters and ridges.

Another group of students took a Future City challenge far beyond a simple competition. The 2008-
2009 mission was to create a sustainable city. This group designed a city in orbit around Jupiter. The 
city’s elliptical orbit allowed it to pass through the Io Plasma Torus to recharge the energy grid. As 
they were researching this challenge, the students discovered the Radio JOVE project and constructed a 
radio telescope on campus. The class could now make observations of the radio emissions from Jupiter 
and the Sun. A visiting NASA educational specialist suggested that the school become involved in the 
Goldstone Apple Valley Radio Telescope (GAVRT) program where the students were given access to a 
34-meter dish at NASA’s Deep Space Network in the Mojave Desert. As a result of their participation, 
these students were invited to attend the launch of NASA’s JUNO Mission, a six-year expedition to Jupiter.

Clearly the specific content covered in elective technology courses and the pedagogical strategies 
utilized by the teacher are crucial to encouraging under-represented students to voluntarily participate. 
However, the ACES course provides good evidence that previously reluctant students will participate 
given an introduction to the materials through a course curriculum and the right encouragement.

Robotics in Core Science Classrooms

LEGO® robotics can also be incorporated into core science and mathematics classes, but it takes plan-
ning and careful assessment to ensure that the students master the specific content knowledge specified 
in the learning standards and do not just “play with robots”. The new Framework for K-12 Science 
Education, developed by the National Academy of Sciences (National Academy of Sciences, 2011), 
proposes markedly increasing the profile of engineering practices and concepts within the domain of 
K-12 science education. This is being proposed for several reasons, including that engineering provides 
a context in which students can apply new scientific knowledge to practical problems, thereby enhanc-
ing their understanding of, and interest in, science. This new focus on engineering provides a possible 
increased relevance for robots in K-12 core science education.

The challenge for curriculum developers and teachers looking to incorporate robots and engineer-
ing into the core science classrooms is to create educational experiences that continue to ensure that 
students learn the mandated science core concepts and practices, while concurrently exposing students 
to the central tenets of engineering design and making clear the links between engineering, technology, 
science and society. Though there are numerous commonalities between science and engineering, there 
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are also significant points of departure that, if not addressed explicitly, make it very likely that activi-
ties that utilize robots will end up focusing primarily on the robotics, not on the science or engineering 
design skills. In these cases students are at risk of engaging in robotics without adequately answering the 
critical science questions of “Why does it happen?”, and “How does one know?” Conversely, a student 
can make use of pre-constructed and pre-programmed LEGO® robots and never engage in the design 
process. Experts in engineering and science tend to make the connections naturally to core science and 
mathematics concepts, and to the activity’s social relevance. Novice learners do not.

The authors are involved in an initiative to determine whether middle school physical science concepts 
can be effectively taught using LEGO® Mindstorm robots in the regular school classroom. Georgia Tech’s 
NSF Discovery Research K-12 program, Science Learning: Integrating Design, Engineering and Robot-
ics (SLIDER) is a research project to create, implement and study the effects on student learning of an 
8th grade Physical Science project-based inquiry learning (PBIL) curriculum. Built upon the foundation 
developed by the Georgia Tech research group led by Janet Kolodner (Kolodner et al., 2003) as part of 
the NSF-supported Learning by Design project, the SLIDER curriculum challenges students to solve 
engaging engineering-focused problems using engineering design practices and LEGO® Mindstorm 
robotics. Because the SLIDER curriculum is being implemented within the public schools in 8th grade 
standards-based physical science classrooms, the nonnegotiable first-level measure of student success is 
that students effectively master the physical science content and process skills spelled out in the Georgia 
Performance Standards.

In the SLIDER curriculum, every three students will form a team and work with their own robot for 
an extended period of time. The instructional materials guide students through the engineering practices 
of organizing a proposed challenge, defining criteria and constraints, and designing investigations using 
their LEGO® NXT kit. Through a process of iteration, students design ever better solutions to the chal-
lenge. However, students also spend ample time on the science side, making scientific claims, drawing on 
evidence to support the claims, and developing reasoned scientific explanations based on core scientific 
concepts. In the end, students are required to both apply their new knowledge to the initial engineering 
challenge, and also reflect on the more abstract scientific facts underpinning their solution, helping to 
ensure that they master the science content.

The student-to-robot ratio required in SLIDER, considered optimal in extracurricular and camp situ-
ations, creates substantial logistical challenges when implemented in public school classes, where each 
physical science teacher has 4-5 classes, each enrolling upwards of 30 8th grade students. SLIDER, as a 
research grant, will study the practicalities of having 50 LEGO® kits in a classroom, as well as research-
ing the student learning outcomes of core science content and STEM process skills.

School System Partnerships

Affluent school systems, which often have engineers in their parent population, can generally field after-
school teams without much support from the robotics competition state organizers. FLL® gives involved 
parents from those schools a constructive avenue for volunteering, and this parental involvement takes 
much of the burden off of the teachers and school system administrators. In contrast, low-income mi-
nority school systems that want to introduce their students to robotics generally need to do most of the 
coordinating at the school or system level. They do not have the same population of parent volunteers 
as the affluent schools, and rely on teachers to organize and mentor the teams. The NASA Electronic 
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Professional Development Network (www.nasaepdn.gatech.edu), created by Georgia Tech’s Distance 
Education and Professional Education (DLPE) unit and CEISMC, offers a series of free, online courses 
for teachers to familiarize them with the fundamentals of how to build and program LEGO® Mindstorm 
robots, and how to use the robots in educational settings. The courses are available free of charge to 
teachers who are U.S. citizens, regardless of where they live.

To help promote FLL® in high-needs areas, it is critical that FLL® organizers actively partner with 
interested teachers and school administrators from low-income schools and provide them with support 
and understanding through the registration process. A flexible “We’ll work with you” attitude is crucial 
to increasing the number of low-income public schools that participate in programs such as FLL®. Hold-
ing aside competition spots and personally following up with school personnel is often necessary. It is 
also critical to schedule tournament events in their local area, as these teams tend to have much greater 
problems traveling substantial distances to attend events.

FUTURE RESEARCH DIRECTIONS

Georgia Tech, through CEISMC, is actively pursuing a number of research questions related to the use 
of robotics in education. One important strand is whether efforts to promote robotics within the school 
curriculum are effective and if they are realistic. Can core science content be effectively taught using 
robotics and engineering in regular science classes? Is it realistic to expect teachers to manage 50 or 
even 60 LEGO® Mindstorm kits in their classroom? Georgia Tech’s SLIDER program will specifically 
address these issues. A number of other groups are also actively pursuing these types of questions (Dye-
house, Diefes-Dux & Capobianco, 2011; Nathan, Walkington, Srisurichan & Alibali, 2011; Wendell 
et al., 2011). The answers are critical to determine if more minority students can be attracted to STEM 
fields by engaging them through the curricular integration of robotics.

As part of this research focus, CEISMC is developing an “Integrated STEM” course that will be pi-
loted in 8th grade Engineering and Technology classrooms. Building on past experience with the ACES 
course, this new course, funded by the Georgia Department of Education through their Race to the Top 
award, will address all of the engineering and technology standards for the 8th grade, while incorporating 
core standards from math and science. The intent of the course is to develop an environment in the school 
where students will be introduced to real world problems and applications in math and science. They 
will then be able to return to their math and science classrooms to acquire the conceptual explanations 
needed to develop a rich understanding of mathematics, science, and the engineering design process.

At the start of each nine-week block, students will be presented with a specific engineering challenge. 
Each challenge will be tied to an over-arching theme that is selected to align with the math and science 
content pacing for the school system. Students will spend the first two or three weeks examining the 
background for each of these challenges. They will then form teams and start to design solutions using 
various components from the LEGO® Mindstorms kit. A strong emphasis on data logging and analysis 
will be included in each challenge.

The final section of each quarter will be an FLL®-style competition that will allow students to dem-
onstrate solutions to the initial challenge. Students will also be required to develop a presentation that 
shares their entire journey through the design process. Having all students engage in competition within 
the school day provides an opportunity for the motivation and experience that seem to be needed for 
future STEM success

http://www.nasaepdn.gatech.edu
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CONCLUSION

In order to shift the participation in an activity away from those people who historically have been the 
dominant players, it is necessary to track who is participating and why. If organizers of activities such 
as FLL® want to increase the diversity of the event, it is important that they collect adequate data about 
the participants in the tournament series. Georgia collects extensive data on every team that registers 
for the state tournament series, including student demographics, prior history of the team and the coach, 
and the circumstances surrounding how the team operates—whether it is curricular or extracurricular, 
how many hours are spent per week, whether they have mentors, etc. This provides the baseline data to 
use as a comparison for interventions.

In our experience, efforts to increase minority participation must take place along a number of parallel 
pathways: A) Changing centralized policies to promote success by minority students in the tournament, 
B) Working with community organizations to provide low income teams with training and supplies; 
C) Promoting the effective use of robotics within the school curriculum, where minority students can 
more easily participate, and D) Being patient and understanding about the challenges that low-income 
schools face when attempting to organize successful FLL® programs. None of these initiatives detract 
from the positive experience that the more affluent and traditionally represented students have within 
the FLL® program, and can make all the difference in promoting a positive experience and increased 
self-efficacy for children from other home and school situations. Though solid research data is lacking, 
this increased student self-efficacy, defined as the belief in one’s own ability to perform a particular task 
or achieve success in a given activity (Bandura, 1977, 1993, 1995) is anecdotally described in numer-
ous testimonials about robotics competitions such as FLL®. Going forward, it is important to collect the 
research data to better determine exactly what it is about LEGO® and robotics that some students find 
so appealing, and what are the long-term effects on their academic performance.
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ABSTRACT

Girls and women play video games in equal number to boys, yet they continue to be under-represented 
in the video game industry. The goal of this chapter is to examine initiatives that encourage gender 
equality in video game design. This chapter argues that the process of becoming a video game designer 
may have the potential to shift girls’ notions of identity. Drawing on research on girls and video game 
design, as well as analyses of informal programs that teach girls video game design, this chapter em-
phasizes the intersection of design and identity. This chapter offers directions and recommendations for 
future research, including the need for expanded understandings of the cultural and democratic benefits 
of video game design for girls.

INTRODUCTION

Free and open source software, such as Alice and Scratch, have arguably democratized video game design, 
making it more accessible to a broader and more diverse group of designers. This shift in the sources 
of video game design has opened up definitions of what constitutes a video game. Different aesthetics, 
different types of games, and different character representations are all part of this shift.

Despite the shift in video game design production, there continues to be persistent gender inequali-
ties within the video game industry. Girls and women play video games in equal numbers to boys and 
men, yet they are under-represented in the video game industry (Entertainment Software Association, 
2015). Currently, little more than ten percent of video game designers are women. Contemporary con-
troversies, such as the widespread cyber-harassment of several female game designers collectively called 
Gamergate, have drawn renewed attention to the importance of increasing diversity in the video game 
industry (Rosen, 2015).

This lack of diversity in the sources of video game production leads to incessant and pervasive racist 
and sexist representations in games, reinforcing a masculine culture of gaming. Additionally, the under-
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representation of women in the video game industry stalls the potential for innovation and creativity. 
There are several explanations for gender inequality in the video game industry, including a perceived 
disinterest in video game playing by girls, structural inequalities in educational and corporate institu-
tions, lack of female role models and mentors, and a hostile work environment that has led several female 
game designers to leave the industry.

Despite the many cultural and democratic reasons for women’s inclusion in the video game industry, 
much of the discussion emphasizes economic rationales for gender equality. Economic rationales highlight 
the importance of gaining technical skills to enter the STEM workforce. For example, policy initiatives 
stress the growth of STEM fields and the importance of job creation and retention. Educational initia-
tives stress the importance of preparing girls and women to enter this growing industry.

Women’s inclusion in the video game industry can provide new perspectives to the field as well 
as contribute to building and sustaining a more democratic video game industry. Gender inequality in 
technology is problematic for society at large. Educators suggest that video game playing can enhance 
students’ 21st century skills (Gee, 2005; Prensky, 2006). Video game playing requires problem-solving, 
decision-making, simulation, and spatial reasoning, all important aspects of 21st century learning. Video 
game design can help students develop important computer programming skills that can apply to other 
science, technology, engineering, and mathematics (STEM) fields. Thus, if girls do not play video games 
and are not involved in video game design, they are excluded from participating fully in society.

In the 1990s, several informal education programs emerged as a strategy for attracting girls to STEM 
fields. Despite these efforts, there have been little gains in gender parity in STEM fields in the United 
States. In fact, recent numbers show the numbers are declining down from 35 percent in the 1980s to 
12 percent today (Vermeer, 2014)

One area that may shed light on this stall is the ideologies present in video game design programs 
for girls. While these programs have similar objectives of improving girls’ technical proficiencies, they 
have different strategies for accomplishing these aims. Each program emphasizes different economic, 
cultural, and democratic rationales for why girls should be video game designers. Economic rationales, 
that highlight girls’ entrance into the industry, may not resonate with girls, especially since the industry 
is dominated by male video game designers. Additionally, popular stories of video game designers do 
not highlight how workers may be able to balance work and family life, a concern that would be useful 
to communicate to girls. The objective of this chapter, then, is to understand the ideologies present in 
the development of games marketed toward girls and in informal video game design programs for girls. 
A common thread in these programs is that beyond learning the technical skills of video game design, 
video games can shift girls’ perspectives, offering them opportunities to express themselves, challenge 
normative sexist and racist representations, and create social change.

BACKGROUND

Video Games and STEM: From Entertainment to Necessity

Since the 1980s, there has been growing concern that the U.S. is falling behind other industrialized coun-
tries in STEM education. Currently, the U.S. ranks 25th in the world for mathematics and 17th in science 
(U.S. Department of Education, 2015). This positioning is problematic because STEM occupations are 
the fastest growing and highest paying in the country. Thus, there is widespread agreement that there 
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will not be a supply of U.S. students to meet the job demands, establishing an economic rationale for 
encouraging youth to pursue STEM careers.

Beyond the economic importance of youth pursuing STEM careers, many scholars and educators 
cite the development of 21st century skills as essential to all aspects of social, cultural, and civic life. 
Twenty-first century skills include problem-solving, decision-making, collaboration, and creativity, in 
addition to technical proficiency (Prensky, 2006). Video games can help promote twenty-first century 
skills, especially deduction and hypothesis testing, abstract thinking, and visual and spatial processing, 
key concepts of computer programming. Video games create a learning environment in which players 
make connections between activities and tools within the environment (Winn, 2002). Often, video games 
are valued for promoting constructivist learning (Denner, Werner, & Ortiz, 2012; Dondlinger, 2007). 
Constructivism is the theory that students construct their own ideas about the world through experience 
and reflection. Playing video games requires exploration, interaction, and manipulation, all character-
istics of active learning. As Denner, Werner, and Ortiz (2012) found, computer game design was useful 
for developing three key computer science competencies: programming, organizing and documenting 
code, and designing for usability.

As the category “video games” continues to expand, educators are understanding their learning po-
tentials. For example, McGonigal (2011) lauds the learning that can come from pro-social games, such 
as attitudinal or behavioral change. Serious games have the potential to teach about health, empathy, 
and compassion, important elements of a healthy society (Connolly et al., 2012). Finally, there is a trend 
toward gamification, or introducing game-thinking, in the public and private sectors to solve problems 
and enhance collaboration (Zicherman & Cunningham, 2011).

Policy efforts to address the STEM gap have included increased funding for K-12 STEM education. 
In 2013, President Obama announced an initiative to create STEM-focused schools. He framed STEM 
learning as important for a range of the systems that we depend on, including environment, national 
security, health, and energy.

The importance of video games and STEM education is reflected in the National STEM Video Game 
Challenge, started in 2010 and supported by public and private interests. As the website states,

Game design is a promising area of innovation in STEM learning. Research suggests that empowering 
youth to create their own video games promotes learner independence. Moreover, it encourages youth to 
take ownership over STEM knowledge, rather than viewing it as belonging to others. Thereby ushering 
them into STEM communities of practice. (http://www.stemchallenge.org/stem/#/whygames) 

The Challenge includes a resource website that explain how video game design teaches computational 
thinking and fundamentals of computer programming.

Video Games and Informal Learning

While STEM curriculum is becoming a mainstay in K-12 schools, informal education is an important 
component in bridging the STEM gap (Denner et al., 2008). Informal education can occur in a variety 
of settings, such as workshops, afterschool programs, or youth groups. In general, informal education 
is defined as education that occurs outside of the traditional school setting.

Because public schools have limited resources and many demands, informal education programs can 
offer supplemental education to students. These programs extend learning beyond the confines of the 

http://www.stemchallenge.org/stem/#/whygames
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classroom day, offering breadth and depth of knowledge. Students can explore their own interests, while 
being part of a larger group or community of interest. Through informal education programs, students 
are exposed to subjects that may not be taught in K-12 classes. Informal education, then, can deepen 
understanding, spark interest in a new subject, and increase students’ confidence.

As several scholars point out, informal education programs are the predominant places in which 
twenty-first century learning is taught to youth (Schwarz & Stolow, 2006; Wilson, 2006). There continues 
to be a digital divide where many youth attending these programs do not have access to computers and 
the Internet in their homes and these programs become important places for them to engage in techno-
logical learning. They aim to offer a “third space” where youth can engage with digital technologies, 
while also form relationships with adult role models and mentors, engage in activities with their peers, 
and develop some “real-world” skills, such as information about careers (Wilson, 2006).

Informal education can incorporate a youth development framework that engages students in the 
broader community, especially for low-income and minority youth. It is estimated that 8.4 million 
children participate in an average of 14.5 hours of afterschool programs a week (Afterschool Alliance, 
2012). Students from under-represented populations participate more. Twenty four percent of African 
American students, 21 percent of Hispanic students, and six percent of Native American students par-
ticipate in afterschool programs (Afterschool Alliance, 2009). Thus, these programs have the potential 
to increase diversity in STEM.

Within these programs, there is a range of approaches to address barriers to equality in STEM. While 
some of these programs are technical and skill-based in nature, others incorporate a youth develop-
ment model, which aims to raise self-esteem and promote civic engagement. Self-esteem is especially 
important for minority groups who often need to assimilate or acculturate into a dominant culture. Ad-
ditionally, minority students often experience stereotype threat, where teachers from dominant groups 
may treat students a certain way based on stereotypes. Stereotype threat occurs when people feel they 
may confirm negative stereotypes about their social group. Stereotype threat can undermine girls’ and 
women’s interest and performance in STEM-related fields (Shapiro & Williams, 2012). For example, 
Shapiro and Williams (2012) found that negative cultural stereotypes about girls’ math abilities shape 
girls’ attitudes about their own math abilities, impacting their performance.

Girls and STEM Education

Informal education is especially important for increasing gender equality in STEM. Currently, only 12 
percent of computer science majors are female. Seventy-four percent of girls say they are interested in 
STEM, but they do not enroll in those majors (Girl Scouts, 2015). And, the numbers are far worse for 
Hispanic, African-American, and American Indian women (AAUW, 2015).

Researchers identify a “leaky pipeline” to STEM education and careers that begins in elementary 
school. This pipeline is rooted in emotional, cultural, and structural explanations. While girls perform 
equal if not better than boys in math, by middle school, girls become less confident in their abilities. 
Research shows that girls’ negative attitudes about ICTs can limit their ability to achieve their full 
potential and can be a hindrance to social equality (AAUW, 2000; Barker & Aspray, 2006; Cooper & 
Weaver, 2003; Fancsali, 2002). Psychologists suggest that in middle school, girls experience a crisis 
in self-esteem, where they begin to become aware that there are different social roles and expectations 
for girls and boys (Pipher, 1994). Girls recognize that, in a patriarchal society, their physical attributes 
are valued more than their intellectual capabilities (Brown & Gilligan, 1992). This crisis of self-esteem 
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can have potential systemic ramifications. If girls do not pursue advanced math and science courses in 
middle school and high school, they will not enter the pipeline into STEM careers.

In addition to a loss of self-confidence in their abilities, girls recognize that there are different social 
values attached to different careers and academic subjects. Computer science and engineering, in particu-
lar, are associated with masculinity. Although researchers identify several other factors contributing to 
girls’ negative attitudes and beliefs about ICTs, including teachers’ expectations, parents’ expectations, 
and stereotypical media representations that portray females as incompetent with digital technologies, 
research shows that girls continue to adopt these negative stereotypes about gender and computers, 
influencing their attitudes and beliefs about their own abilities to succeed in these pathways (AAUW, 
2000; Furger, 1998; Owens, Smothers, & Love, 2003; Sadker & Sadker, 1995; Steinke, 1999).

According to the AAUW’s (2000) report Tech Savvy: Educating Girls in the New Millennium, girls 
have an “I can, but I don’t want to” attitude (p. ix). Girls believe they have the ability to perform differ-
ent computer-related tasks, yet they are uninterested in the ways in which computer classes are taught, 
associating the curriculum with a masculine culture that does not incorporate their interests.

Finally, there are structural barriers to gender equality in STEM. Shumow and Schmidt (2014) found 
that science teachers spend 39 percent more class time directly addressing boys. Over the course of a 
month, this adds up to 40 minutes, or an entire class period. Surprisingly, these behaviors were not 
related to a teacher’s gender. Thus, it cannot be assumed that the identity of a teacher may lead to more 
equal treatment in the classroom.

Title IX prohibits sex-discrimination in educational programs that receive federal funding, prohibiting 
a structural change that would include all-girl classrooms that may counteract these emotional, cultural, 
and structural barriers to STEM. Instead, there has been success with all-girl informal STEM education 
programs. Evaluation suggests that strategies such as providing girls with adult role models, tailoring 
curriculum to girls’ interests, and emphasizing collaboration, can have a positive effect on girls’ learn-
ing, especially in relation to STEM subjects (Crowe, 2003; Fancsali, 2002).

When it comes to video games and STEM, the questions to ask are no longer about whether or not 
video games are useful to education, but instead how to ensure that video games are inclusive. In other 
words, it is important to ask how female-oriented design encourages constructivist learning environments. 
How do video game include design elements that engage both male and female participation? And, how 
do educators and parents communicate to girls the importance of game design?

MAIN FOCUS OF THE CHAPTER

Issues: Gender and Video Games

In general, research on gender and video games suggests that mainstream video games portray female 
characters in stereotypical ways (Williams et al., 2009). Male characters are over-represented in video 
games. In their study titled “A Virtual Census,” Williams et al. (2009) found that male characters com-
prised 89 percent of the top 100 selling games. When female characters did appear, their appearance 
was hypersexualized, represented by overly large breasts, thin waists, and revealing clothing (Down & 
Smith, 2009). These representations can be discouraging to female players (Walkerdine, 2007).

Not only are female characters physically represented in stereotypical ways, their roles within the 
games tend to be passive. They are rarely the protagonists. Instead, female characters are often victims of 
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violence, submissive, or “damsels in distress” that need to be rescued by male protagonists. For example, 
in the controversial video game Grand Theft Auto: Sin City players can have sex with a prostitute, then 
kill her and take their money back. Negative portrayals of female characters in violent video games can 
reinforce stereotypes of women as submissive and valued for their beauty over their intellect. These 
representations also can lead to a low self-image among girls and women and discourage them from 
being video game players.

The limited ways in which females are portrayed in video games has been a subject of concern for 
female video game players. In 2013, Anita Sarkeesian created a series of YouTube videos discussing 
gender tropes in video games (Feminist Frequency, 2015). She identified five common stereotypes of 
female characters in videogames, including damsel in distress, fighting sex toy, sexy sidekick, sexy 
villainess, and females as background decoration. The reception of her work has been controversial. 
Sarkeesian is a victim of harassment, and has received rape threats, death threats, and hate mail. This 
example shows the challenge that is faced by females when they try to shift dominant perspectives about 
video games (Marcotte, 2012).

In addition to the sexist representations of female characters, researchers have suggested that girls 
do not like the type of gameplay that is available in most mainstream video games. Most popular video 
games such as Call to Duty center around violence. Instead, research suggests that girls prefer classic 
board games, card games, quizzes, and puzzles, while boys prefer shooting games, sports, and fantasy 
role-playing (Jansz, 2005). Of course, not all popular video games include violence. The Sims is a good 
example of a video game that has appeal for both girls and boys (Beavis & Charles, 2005; Gee & Hayes, 
2010).

Finally, lack of social interaction and competitiveness are seen as negatively impacting girls’ experi-
ences of video games (Hartmann & Klimmt, 2006). Lucas and Sherry (2004) argue that girls prefer games 
that encourage social interaction and communication. Many mainstream games, such as first-person 
shooter games, can be played with others but do not encourage communication. Additionally, girls tend 
to avoid competitive games (Agosto, 2004; Lucas & Sherry, 2004).

The Rise of Girl Games: Broadening Definitions of “Video Games”

The 1990s saw a rise in video games marketed toward girls. In general, girls’ games offered an alterna-
tive to popular mainstream video games, such as first-person shooter games, that were not appealing 
to girls. This genre of games includes gameplay that revolves around narrative development (instead of 
shooting people) and offers a range of female characters that girls can identify with.

There were two main strategies to broaden the definition of video games and capture the girl game 
market. First, there were a number of traditionally feminine, or “pink” games that were on-boarded. 
“Pink” games center around gender-specific activities, such as cooking and clothing. Barbie Fashion 
Designer is often cited as one of the most successful girl games. In this PC game, players designed cloth-
ing and accessories for their Barbie dolls. Barbie Fashion Designer is significant because it does not 
engage players in pretend play, such as in first-person shooter games, but instead allows girls to create 
objects and engage in play that they find compelling (Subrahmanyam & Greenfield, 1998). In this way, 
the software makes the computer “yet another accessory for Barbie play. The computer takes on the 
role of a tool and, unlike other games, ceases to be an end unto itself” (Subrahmanyam & Greenfield, 
1998, p. 59). The computer is no longer a machine, but rather a “tool in the player’s imaginative play” 
(Subrahmanyam & Greenfield, 1998, p. 59).
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In the 1990s, several female game designers started their own companies and marketed games di-
rectly to girls. These included HerInteractive, started in 1995 whose most notable games centered on 
Nancy Drew, a mainstay in girls’ popular culture. Purple Moon, started by Brenda Laurel, offered games 
designed around storytelling and exploration, as opposed to competition.

A second strategy to attract a female audience was to introduce stronger female characters into 
available games. In 1996, the British Company Core Design launched Tomb Raider, which featured the 
female protagonist Lara Croft, an archaeologist who ventures into ancient tombs and ruins. Instead of 
being submissive, as female characters are often portrayed in mainstream video games, Croft is portrayed 
as tough, competent and dominant. Croft is also depicted as an athletic woman, and her outfit consists 
of a sleeveless tank top, shorts, combat boots, a utility belt and a backpack. While Croft’s design did 
challenge dominant representations of femininity, she is still sexualized through her exaggerated breasts 
and thin waist. Many critics have argued that Croft is conceived in terms of male, rather than female, 
pleasure (Jansz & Martis, 2007).

Others cite Jill Valentine from Resident Evil or Princess Zelda from The Legend of Zelda as strong 
female characters (MacCallum-Stewart, 2008). However, it should be noted that these characters, who 
play active role in narrative, are few and far between and have been received differently by male and 
female players.

Controversies: Have Girl Games Shifted Perspectives?

Since the 1990s, technological advances and expanded notions of gender have transformed the ways in 
which gender is portrayed in video games. Academic researchers and female game designers have argued 
that there are many differences among girls’ interests that should be reflected in the games available for 
girls. As Kafai et al. (2008) have argued, there is a better understanding within gaming communities 
that gender is “situated, constructed, and flexible” (p. xvi). Kafai (2008) writes about three different 
approaches in the genre of girl games: games for girls that promote femininity, games for change that 
support gender play by challenging stereotypes, and games as design that position girls as creators of 
their own learning

While “pink” games are still around, there are more diverse offerings that offer a wide array of 
characters and types of gameplay that are attractive to both male and female players, as can be seen in 
the popularity of games such as Second Life. One game that has been popular among female players is 
The Sims (Gee & Hayes, 2010). The game centers on designing and building material objects, such as 
houses, furniture, landscape, and clothes. Additionally, players become part of the larger community 
of Sims players on the Internet, and they become co-constructors of meaning (Beavis & Charles, 2005; 
Jansz, Avis, & Vosmeer, 2010).

Another recent trend is to redefine what gaming for girls is. Since gaming is still perceived as a mas-
culine domain, the idea is to change the construction of the identity of a gamer to allow for a feminine 
gamer. In 2012, Nintendo launched Style Savvy: Trendsetters for the 3DS. In the game, players take 
on the role of fashion designers, managing their own boutique and helping customers find the perfect 
outfit. Marketing materials for the game clearly target female players. The website features screenshots 
of female avatars trying on dresses, hats, and stilettos. A television commercial for Style Savvy features 
Sara Hyland, who plays a teenager on the hit show Modern Family. In the commercial, Hyland is in her 
bedroom, talking about fashion as she selects clothes and hairstyles for the main character on her pink 
handheld DS. At the end of the commercial, she looks into the camera and states, “My name is Sarah 
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Hyland and I’m not a gamer. With My 3DS, I’m a stylist” (Nintendo, 2012). The overall message is 
that girls can play the 3DS and still maintain their femininity. The commercial challenges the dominant 
stereotype of videogame players as both male and nerdy. As Hyland suggests, the 3DS and the game 
she is playing can offer a different, feminine experience for girls.

Problems: Girls in Flux: Challenging the Category of “Girls”

Several scholars have commented on the limitations of the category of “girl” games (Alison, 2009; 
Denner et al., 2005; Seiter, 1993). As Flanagan (2005) points out, creating the category of “girl” creates 
murky territory that can lead to generalizations about the type of games girls like to play. As she writes, 
if designers want to work toward gender equality, then they need to recognize the diverse needs of girls 
themselves. Girl games may reinforce stereotypes of femininity and limit possibilities for innovation. 
She points out that some girls like traditional girl play, such as games focused on fashion, while others 
like more “masculine” violent games, such as Call of Duty.

Dickey (2006) is also critical of the attention to “girl” games. She is critical of how girls’ games 
emphasize gendered interests. As she writes, “existing research into gender and what females want in 
gameplay is too often predicated on the notion that gender is a static construct” (Dickey, 2006, p. 789). As 
a result, she writes that its important to ask whose notion of femininity is being portrayed in girl games. 
Girl games tend to rely on gendered stereotypes which can reinforce, rather than challenge, gender norms.

One way to understand this shift is through design rather than consumption of video games, an 
emerging study of academic research. Analyses of girls as video game designers show that when girls 
make games, girls prefer not only less violence, but also different types of characters, types of games, 
and game environments. Given the chance to design their own games, girls choose to create their own 
worlds and characters, “compensating for the sexism and violence found in many video games” (Kafai, 
1998, p. 109).

SOLUTIONS AND RECOMMENDATIONS

Girl Game Designers

Since the 2000s, there have been a number of informal education programs for girls and video game 
design. While these programs all aim to expose girls to the mechanics of video game design, they have 
different strategies for achieving these goals. One common theme is shifting girls’ perspectives through 
using video game design as a medium for exploring identity and self-expression.

Video Games and Identity

Since the culture of technology, and gaming, is perceived as a masculine domain, it is believed that girls 
need to develop “tech-savvy” identities to see their potential in these domains. This requires challenging 
stereotypes and moving beyond accepted norms. As Bettie (2003) writes, those who succeed in computer 
science must negotiate identities that reject negative stereotypes and maintain cultural identity. As Denner 
et al. (2005) write in describing the Girls Creating Games program, “we put girls in the role of designer 
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by teaching them to program an interactive computer game” (p. 90). Game design “puts girls in the role 
of technology leaders, which can break down personal identity barriers as well as external barriers, such 
as gender role stereotyping and discrimination” (p. 90). Thus, one of the main goals of many informal 
education programs is for girls to take on a “tech-savvy self-identity” (p. 95). A tech savvy identity is 
one in which girls feel confident in their technical abilities and identify as video game designers.

In addition to participating in all-girl environments that encourage girls to take on tech-savvy identi-
ties, the medium of game design can offer girls a space to explore identity, especially contradictions 
of being a woman in U.S. society. In their analyses of girl-created games, Denner, Bean, and Werner 
(2005) found that themes included personal triumph, like making a sports team, working through fears, 
such as getting in trouble (detention or being grounded), the threat of violence, negative repercussions 
for relationships (such as social exclusion). Games also included making moral decisions, such as work-
ing hard or having fun. Interestingly, they found that only 53 percent of the games involved the theme 
of helping other people, even though this is an assumption in research that focuses on girls and video 
games. Finally, the games allowed flexibility in choosing gender. Denner, Bean, and Werner (2005) write,

Our research suggests that when given the opportunity, girls design games that challenge the current 
thematic trends in the gaming industry. In particular, they use humor and defiance of authority to play 
with gender stereotypes and reject the expectation that girls are always well-behaved. Through their 
games, the girls have shown us new ways to make games and new ways to play. (p. 8)

Thus, game design can be a site for girls to resist and transform traditional stereotypes.
These findings mirror research on other forms of girls’ media production (Kearney 2006). For example, 

Stern (2004) found that the content of online home pages allowed adolescents opportunities for self-
expression and self-disclosure, which she argues is a necessary component of adolescent development. 
Since adolescents often have limited opportunities to express themselves in public fora, online spaces 
and multimedia tools provide alternatives for adolescents’ expression. Web pages allowed girls an outlet 
where they could explore their unique experiences of being girls, such as physical changes brought on 
by puberty, experiences with dating, and emotional development. Stern’s analysis of girls’ home pages 
showed that girls often used these online spaces for self-disclosure, self-expression, cathartic release, 
discussions of their emotions and to develop relationships.

Girls’ Experiences With Video Game Design

In the section, the researcher offers insight about girls’ experiences with video game design through 
interviews and observations of girls who participated in a Girl Scouts video game design program in 
Central Texas.1 This program was offered as both a four-hour workshop for Girl Scout troops, ages 11-15, 
as well as part of a larger summer camp titled Groovy Games for Girls, ages 8-16. This research draw 
from a situated learning perspective, which sees individual development as influenced by cultural fac-
tors (Gee, 2004; Lave & Wenger, 1991). A situated approach looks at the context of girls’ technological 
learning and asks how girls’ engagement in cultural practices allow them to take on different types of 
technological identities, such as video game designers (Hug, 2007). As noted in the previous section, 
construction of “tech-savvy” identities is especially important for increasing gender equality in video 
game design, since girls often report that they are disenchanted with the masculine culture of gaming.
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Background of the Program

Since its inception in the early 1900s, the Girl Scouts have emphasized the connection between girls’ 
self-development and their involvement in the broader community. The program encourages girls’ physi-
cal, social, and emotional development. To this end, the program provides girls with activities to pursue 
their own interests and encourages leadership opportunities. The Girl Scouts Technology Center (GTC)2 
aims to fulfill the mission of the Girl Scouts by increasing girls’ 21st century skills, preparing them to 
pursue their own interests, such as hobbies and leisure activities, opening up new career opportunities, 
and applying their learning to develop service projects to better their communities.

The GTC aims to bridge the digital divide. While many of the girls who use the GTC have access 
to home computers, there is a range of the quality of this access. Many of the girls in the program have 
outdated computers that cannot handle current applications or they have to share computers with other 
family members. Because of their limited access to computers, they may not be as confident in their 
technological abilities. As Hargittai (2010) argues, while physical access to computers and the Internet 
has become more affordable and available, there continue to be significant differences in how youth 
use computers.

The Animated Game Design Workshop was advertised in the Girl Scouts’ quarterly publication Pos-
sibilities with the following description:

Create an animated game to publish on-line or email to your friends! Use the Flash development envi-
ronment to create and import artwork into your game. Storyboard your game using action scripting to 
bring it alive! At the end of the day you’ll take a copy of your game home on a CD! 

In the Animated Game Design Workshop, which took place over a four-hour period, girls learned how 
to create their own Girl Scout Style game. Using Flash, the girls learned to design their own main character, 
a Girl Scout, along with clothes and accessories that they could drag and drop onto the character. In the 
workshop and camps, the girls also learned how to use the drawing tools, group objects together, import 
objects, and write action script to make their objects move within the program. This game is similar to 
Barbie Fashion Designer, yet rather than choosing from a range of pre-made clothing, girls learned to 
design their own outfits, choose their own colors, and write computer code to make the objects move.

Why Did Girls Participate?

Eleven girls, ages 11-15, and three parents attended the workshop. In total, six girls were white, four 
girls were Latina, and there was one African American girl.

In interviews with the girls about why they wanted to participate in the workshop, many of them 
emphasized that they wanted to learn about different careers. Erin, a 13 year-old Latina in the 7th grade, 
attended the workshop with her mother. Erin was interested in gaining exposure to a range of career 
opportunities and learning about what education she needed to pursue those interests.

Jennifer, a 15 year-old white girl, attended the workshop with her father. Jennifer is an artist who 
brought a sketchbook with her that contained her Japanese anime drawings. Jennifer’s father was eager 
to speak with me about how weekend technology classes were a way for the two of them to spend time 
together. His work in the biotechnology industry required that he travel extensively during the week. 
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Weekend technology classes were a way for the two of them to participate in activities they both enjoyed, 
while also helping Jennifer to become technologically literate.

Abby and Allie also spoke about how they enjoyed attending Girl Scout workshops so that they could 
spend time together. For them, they stressed the social interaction as the biggest benefit to participating.

Other girls spoke about how the workshop would offer increased access to technology. For example, 
Diane spoke about how participating in the workshop would allow her to have greater access to com-
puters, since her home computer was outdated and this workshop gave her access to the latest software 
and fast computers.

Interviews with girls offer some insight into why they may be interested in learning video game de-
sign. For some, exploring career options are important. Other girls may be interested in spending time 
with friends and family. There are also some girls who want access to newer technology to increase their 
own cultural capital. In other words, video game design is not just about gaining technical skills, but is 
also situated within larger social and cultural contexts that can be appealing to girls.

What Were Girls’ Experiences in the Classroom?

Greg Herman, an instructor at a local community college, was the workshop facilitator. In observations 
of the classroom, Herman emphasized a skill-based approach to teaching, in which he showed the girls 
how to master different features of the software program. While some girls easily picked up on this ap-
proach to teaching, other girls got lost and confused easily, reflecting different levels of technological 
literacy. Herman could sense that girls were not following and periodically would ask questions of the 
girls to gauge their learning. For example, one of the first tasks Herman had the girls complete was 
to draw shapes in “object drawing mode.” Many girls commented that they did not understand how to 
perform this task and were frustrated that their screen looked differently than the one projected in front 
of the room. Abby, a 13-year old white girl, raised her hand and said, “I’m confused.” Karen, also 14, 
commented, “I don’t get it.” When girls were confused, Herman’s approach was to help girls individu-
ally, rather than explain the steps to the entire classroom several times or to pair the girls up with those 
who understood the steps.

One of the goals of programs like this one is to increase girls’ confidence in their technological abili-
ties. In this case, it is important to ask how the gender of the teacher as well as the instructional strategies 
helped or hindered the girls’ learning. Some of the girls appeared apprehensive about a male teacher. 
For example, both Abby and Allie were shy and hesitant to ask Herman questions when they did not 
understand. Throughout the workshop, Abby raised her hand a few times to ask questions of Herman. 
When she spoke, she tended to whisper her question, indicating her apprehension with the male adult 
teacher. Too often, accomplishing a task is the main goal in teaching computer programming. However, 
boys and girls are socialized to communicate differently in the classroom. Boys may express more con-
fidence in their abilities, even though both girls and boys tend to perform the same in math classes at the 
middle school level (Girl Scouts, 2015). It is during adolescence that girls begin to pick up on cultural 
stereotypes that emphasize a negative relationship between females and math. Thus, there is a concern 
that girls may experience stereotype threat, or the feeling that they will live up to that stereotype. In this 
instance, it may be important for teachers to understand these dynamics so that they can increase girls’ 
confidence in their abilities.
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In interviews with both Isabella, a 14-year old Latina girl, and Karen, they spoke about how they 
did not really understand most of what they learned. This was evident in their final project which was 
not completed. However, when asked if they enjoyed attending the workshop, they both commented 
that they were happy to have a completed project and responded that they had fun during the workshop.

While many of the girls had difficulty following along with the instruction, both Angie and Victoria 
figured out the steps quickly and waited quietly while Herman helped the girls who did not understand. 
Angie, a 12-year old African American girl, seemed especially confident in her learning. She switched 
back and forth between the Flash program and a game of Solitaire while she waited for Herman to ex-
plain the next steps. However, there was little opportunity in the classroom to offer Angie some more 
advanced skills because the teacher spent so much time on the girls who did not understand.

Expressions of Identity in Girls’ Video Games

In observations in the classroom and analyses of girls’ finished projects, girls appeared to be motivated 
by the design elements of the game, which allowed them to make the main character look more like 
them. Girls used the game as a medium for self-expression to develop their own ideas about fashion and 
taste. They were also motivated by the ability to customize the features of the game, such as the color 
backgrounds, hairstyles, accessories or clothing, to reflect their own sense of style. Erin, for example, 
chose to draw several different blond and brown hairstyles for her main character doll.

Not all girls chose to design traditionally feminine accessories for their doll. Jennifer, who attended 
the workshop with her father and did not interact with the other girls, did not identify as traditionally 
feminine, like the other girls in attendance. Many of the girls’ designs emphasized feminine colors, like 
pink and purple, and feminine clothing, like skirts and high heels. Instead, Jennifer’s design reflected 
her own gender-neutral style. She dressed in all black and baggy clothing. In her project, she used the 
medium of the video game to reflect this style, with her palate including a main character with long 
bangs, dyed black hair, skate shoes, and a baggy t-shirt.

In addition to the range of gender performances by girls in the class, it is also important to attend 
to the racial and ethnic differences among the girls. As Herman was demonstrating how to design the 
game, he used a white girl as the prototype. This lack of diversity was immediately apparent to Angie, 
the only African American in the room. As Herman explained how to change the background colors, 
Angie raised her hand and asked how she could change the color of her doll’s skin. It was clear that 
Herman, who was white, did not anticipate this question. He then demonstrated how to change the skin 
tone on the main character. Interestingly, the other non-white girls in the classroom began to experiment 
with different shades for their characters as well.

While the software had the capacity for girls to create different representations, it is important to ask 
why the program did not account for diversity in the design, given that one of the goals of the program 
is to increase diversity in STEM. While girls may be able to use video game design for self-expression, 
it is important to understand how informal education programs see the limits or bounds of this self-
expression. In the example of Jennifer, it was clear that she identified as not traditionally feminine in her 
dress and was able to use video game design to reflect this. However, the demonstration by the teacher 
used a stereotypical example of a main character with feminine accessories. In the example of Angie, 
there were assumptions that a white female prototype would be universal and resonate with girls. If girls 
can use video game design as a medium for self-expression and identity-formation, then it is important 
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to recognize differences among girls. In order to work toward gender equality, this is essential. How can 
informal education programs work toward inclusivity, especially in terms of race, class, sexual orienta-
tion, and able-bodiedness, among other things?

Girls’ approaches to their projects suggest the need for informal education programs to better under-
stand how video game design can offer girls increased opportunities to represent their own interests and 
experiences. Girls seemed motivated to learn computer programming not so that they could master a 
skill, but instead so they could learn how to better apply their learning to develop projects that reflected 
their own sense of identity. In order to interest a diverse group of girls in video game design, it is im-
portant to understand that there are many differences among girls, which can affect how girls approach 
video game design.

Beyond the Classroom: Strategies to Attract Girls to Video Game Design

Research suggests that video game design is important for forming girls’ tech-savvy identities, yet little 
research has examined the underlying rationales for encouraging girls to be video game designers. This 
section includes qualitative content analyses of ten informal video game design programs for girls. 
Qualitative content analysis is a method for describing the meaning of the qualitative data, in this case 
images, text, and video on websites (Schrier, 2014). This study adapts Raphael et al.’s (2006) study of 
portrayals of ICTs on websites that encourage girls in STEM. The present study identifies the extent to 
which these programs incorporate economic, cultural, and civic (or democratic) rationales of video game 
design. Economic rationales emphasize the importance of gaining technical skills to enter the STEM 
workforce and pursue education in STEM pathways. Cultural rationales emphasize the importance of 
video game design for self-expression, creativity, and communication. Democratic rationales emphasize 
the importance of video game design for helping girls to participate in the broader society, whether 
through using video game design to create social change or developing twenty-first century skills that 
can help girls in other fields.

Like Raphael et al. (2006), this study argues that since not all girls will enter into video game design, 
informal education programs should not only emphasize economic rationales. There are other justifications 
for why girls should become familiar with video game design, especially for self-expression and civic 
engagement. Civic engagement is important because there are decisions made about the technological 
world, such as network neutrality, privacy and security, and cyber-harassment that citizens need to en-
gage in. Additionally, video games are increasingly used in educational and corporate settings, pointing 
to the importance of girls’ participation.

Sample

It is unlikely that any study could fully identify all of the available programs for girls, especially given 
the vastness of the web. The sites chosen were ones that were commonly referred to in directories for 
STEM programs for girls, such as the National Girls Collaborative Project. Additionally, these programs 
have received national press coverage. This study was limited to the United States, although some of the 
programs have locations outside of the U.S., such as in Canada. More research could look at the global 
reach. Table 1 lists the sample.
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Research Design

The websites were the unit of analysis. Content, which included testimonials by program staff and par-
ticipants, “About Us” pages, mission and vision statements, and promotional materials, was evaluated to 
identify the presence or absence of economic, cultural and democratic rationales for encouraging girls 
to be video game designers.

Drawing on Raphael et al.’s (2006) coding scheme, programs were coded as economic if they empha-
sized the use of video game design for entering a job or pursuing STEM educational pathways. Programs 
were coded as cultural if they emphasized the importance of game design for girls’ self –expression or 
participation in popular culture. Programs were coded as democratic if learning video game design was 
seen as a broader way to participate in the civic world. Democratic is broadly defined in terms of not 
just traditional institutional politics, but also for forming opinions about technological policy issues, 
such as ethics.

Economic Rationales

Seven of the ten programs incorporated economic rationales. For example, the App Camp for Girls

seeks to address the gender imbalance in technology professions by inspiring middle-school age girls 
with a broad introduction to the process of app development, from brainstorming and designing ideas 
to building and pitching their apps. We believe that the experience of creating an app that runs on a 
device in one week can spark the enthusiasm that will propel girls to pursue further tech education. 
(App Camp for Girls, 2015).

Table 1. Video game programs for girls

Program Name URL Year Started Locations

App Camp for girls http://appcamp4girls.com/ 2013 Oregon, 
Washington, British 
Columbia

Black Girls Code https://www.blackgirlscode.org 2012 San Francisco, CA

CompuGirls https://sst.clas.asu.edu/compugirls 2007 Arizona, Colorado

Geek Girl Camp http://geekgirlcamp.com/ 2006 USA

Girl Game Company http://www.niost.org/pdf/afterschoolmatters/asm_2009_8_
spring/asm_2009_8_spring-3.pdf

2005 California

Girl Scouts http://www.girlscouts.org/program/basics/science/ USA

Girls Learning Code http://ladieslearningcode.com/ 2011 Canada and USA

Girls Make Games Camp http://girlsmakegames.how/ 2014 San Jose, CA

Girls Who Code https://girlswhocode.com/ 2012 New York

Just for Girls! Video Game 
Camp

http://dcl.niu.edu/index.php/labs/79-labs/game-development-
lab/82-games-camp-just-for-girls

2007 DeKalb, IL

http://appcamp4girls.com/
https://www.blackgirlscode.org
https://sst.clas.asu.edu/compugirls
http://geekgirlcamp.com/
http://www.niost.org/pdf/afterschoolmatters/asm_2009_8_spring/asm_2009_8_spring-3.pdf
http://www.niost.org/pdf/afterschoolmatters/asm_2009_8_spring/asm_2009_8_spring-3.pdf
http://www.girlscouts.org/program/basics/science/
http://ladieslearningcode.com/
http://girlsmakegames.how/
https://girlswhocode.com/
http://dcl.niu.edu/index.php/labs/79-labs/game-development-lab/82-games-camp-just-for-girls
http://dcl.niu.edu/index.php/labs/79-labs/game-development-lab/82-games-camp-just-for-girls
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The mission of Black Girls Code is “To increase the number of women of color in the digital space 
by empowering girls of color ages 7 to 17 to become innovators in STEM fields, leaders in their com-
munities, and builders of their own futures through exposure to computer science and technology” (Black 
Girls Code, 2014)

The vision of Girls Who Code is “to reach gender parity in computing fields. We believe this is para-
mount to ensure the economic prosperity of women” (Girls who Code, 2015). The website also states 
that “we believe that more girls exposed to computer science at a young age will lead to more women 
working in the technology and engineering fields.” The model of the program emphasizes paired instruc-
tion combined with exposure to female engineers and entrepreneurs. It should be note that much of the 
material on Girls Who Code’s website emphasizes economic rationales, without mentioning cultural or 
democratic dimensions of computer programming.

The Girl Scouts had the most comprehensive economic rationale, offering insight into a range of 
careers within the video game design industry. “Be the Video Game Developer” is a video and a video 
game builder that takes audiences inside a design studio and explains what the different jobs are. In the 
process, girls design their own game and learn coding (http://forgirls.girlscouts.org/makeagame/). This 
was the most comprehensive integration of economic rationales. In the video, the majority of the women 
working in the studio are female. There are efforts to have racial and ethnic diversity, with African 
American, Asian, and Latina women. Throughout the game, girls choose a main character, obstacles, 
color scheme, and sound design. They try to use accessible language to explain what each role is. For 
example, they explain that engineering puts ideas into action, “kind of like putting a puzzle together.” At 
the end, girls can test the game, go back for quality assurance to make adjustments to the code, and share 
the link to the game. While the game was not associated with a particular informal education program, 
the Girl Scouts of Los Angeles, in conjunction with Women in Games International, recently launched 
a video game badge for Girl Scouts. As Amy Allison, vice president of Women in Games International, 
commented,

Our ultimate goal is to create a STEM-aligned video game badge for the Girl Scouts of the United States 
of America. Creating this badge will get young girls excited in technology and science and let them know 
that they, too, can have a career in the video game industry. (Women in Games International, 2015)

This badge was launched six months after the Boy Scouts launched its own video game badge.
Economic rationales emphasize the importance of girls taking on tech-savvy identities. However, many 

of the representations on the websites did not offer a cross-section of possible careers within the industry. 
Raphael et al. (2006) are critical of the emphasis on elite occupations in STEM fields and not enough 
on other types of jobs, like writers and technicians. As they write, “social learning theory suggests that 
realistic role models are the most powerful for media users, who are more likely to imitate a modeled 
behavior if they perceive the model as similar to themselves and the model’s behavior is portrayed as 
valuable” (p. 779). Thus, there is a need to re-think how occupations are represented. Some girls may 
not feel like they can achieve the elite occupations and would want to be in other roles.

http://forgirls.girlscouts.org/makeagame/
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Cultural Rationales

Six programs were coded as having cultural rationales for video game design. These included emphasis 
on self-expression and creativity. These also emphasized the importance of creating all-girl spaces to 
increase girls’ self-esteem. For example, a quote from the founder of the Girls Make Games camp stated,

We had a girl that came in and she wasn’t even talking the first week. She was just looking at the ground 
when you would talk to her. By the end of week one we had a programming challenge that she was able 
to solve. She didn’t expect to be able to solve it, and in week two she started talking a little bit more. And 
by week three ... she’d be dancing in front of the camera. (Hall, 2014)

In another example, Girls Learning Code programs “are designed to help girls see technology in a 
whole new light – as a medium for self-expression, and as a means for changing the world.” Their web-
site also stated, “We are a not-for-profit organization with the mission to become the leading resource 
for women and youth to become passionate builders - not just consumers - of technology by learning 
technical skills in a hands-on, social, and collaborative way.” This program emphasizes the research that 
in all-girl settings, girls are more comfortable exploring tech-savvy identities.

Cultural rationales also emphasized the specific demographic groups. This was true in both Black 
Girls Who Code, that is focused solely on African American girls, and The Girl Game Company, whose 
clientele are Latina girls in rural California. For The Girl Game Company, they also tried to address 
the cultural barriers, such as offering English and Spanish curricula, and having monthly family dinner 
events that close the gap between home and school culture.

Finally, CompuGirls emphasized the importance of cultural relevance and self- esteem. Their goals 
are “To enhance girls’ techno-social analytical skills using culturally relevant practices” and “To provide 
girls with a dynamic, fun learning environment that nurtures the development of a positive self-concept” 
(Center for Gender Equity in Science and Technology, 2015).

Democratic Rationales

Six programs emphasized democratic rationales. For example, Geek Girls Camp, which is not just for 
young girls, was started in 2006 to counteract the masculine culture of computing. As founder Leslie 
Fishlock explains,

We wanted something for the “average wannabe geek girl.” In an environment where no one ever has 
to feel silly about asking the wrong question and getting laughed at by some 19 year old pimply know 
it-all World of Warcraft cretin.” With braces. And a Marilyn Manson t-shirt. (Geek Girl, 2015)

To that end, Geek Girl offers meet-ups and workshops in several locations throughout the U.S.
In a Huffington Post article that talked about the types of games made at Girls Who Code,

There were gaming apps, like Scoop Stacker (a kind of brickbreaker for ice cream); travel apps, like 
Mood Foods (“find a restaurant that corresponds to [your] craving”) and Capture Memory (a travel 
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guide for out-of-towners in New York); and several designed to help users help others. HandiHelp, for 
example, is made to help disabled individuals navigate public transportation. Say Something is meant 
to help smartphone owners assist the homeless in finding soup kitchens and shelters. (Bosker, 2012)

Here, there was an emphasis on how girls were designing video games and apps for social change.
The Girl Scouts also emphasized democratic rationales, “STEM experiences are framed within the 

context of leadership: As girls participate in Girl Scouting, they develop leadership skills to make the 
world a better place. Research shows girls are more interested in STEM careers when they know how 
their work can help others” (Girl Scouts, 2015)

Discussion

There are several limitations to this study. First, this is not representative of all informal video game 
design programs for girls, but instead a small sample. Additionally, a content analysis cannot discern 
the impacts of the programs on girls who enroll in these programs, or how girls and parents come across 
and interpret the messages conveyed on the websites. However, it can offer insights into the kinds of 
materials that girls are introduced to when searching for video game design programs online.

This study differed from Raphael et al.’s (2006) in that there was very little technical information 
about video game design available on these websites. Raphael et al. (2006) found that websites that 
encouraged girls to pursue STEM fields also offered some instruction or skill development. While this 
was a minority of the websites studied, the authors concluded that this is an important component to 
increasing girls’ technical skills. Instead, the websites in the current study were primarily used to promote 
enrollment into video game design programs. With the exception of the Girl Scouts, these websites of-
fered little information about the video game industry. This may not be a problem, since there are many 
other sites that provide this kind of information. Future research could examine how girls and parents 
respond to the information provided on these websites. How do they interpret the importance of video 
game design? Does this information invite girls to take on tech-savvy identities?

Raphael et al. (2006) found that civic uses of ICTs were a less common rationale for closing the 
gender gap in computing. They hypothesize that

this may reflect that American public culture tends to be more individualistic and market-driven than 
collective or civic in nature. In addition, the economics of commercial sites likely militate against a civic 
focus, as it would be less likely to attract an audience of teen girls to deliver to advertisers. Many of the 
nonprofit sites depend on grant money from the National Science Foundation and private foundations 
associated with the ICT industries, which tend to frame the problem of the gender gap as an economic 
one. (p. 800)

The results of the present study also found an over-emphasis on economic rationales for video game 
design, which may limit the possibilities for girls to take on identities as video game designers.

These results suggest the need for informal video game design programs to reframe the gender gap 
to include cultural and democratic rationales. Indeed the video game industry is just one of the main 
opportunities for girls to take on tech-savvy identities.
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FUTURE RESEARCH DIRECTIONS

This chapter offers several opportunities for future research directions. First, much of the research on 
girls and video games tends to incorporate quantitative, rather than qualitative research methods. Instead, 
interviews and observations of girls participating in video game design offer insight into some of the 
dynamics of play. Qualitative research can also provide contexts for what strategies work or not in these 
settings. This study only focused on one such workshop. Future research could look at comparative 
studies of different types of informal video game design programs.

This chapter provided some insight into how video game design is communicated to girls, through 
qualitative analyses of websites of informal education programs. This analysis revealed that girls are pre-
sented a narrow view of the importance of video game design. The majority of the programs emphasized 
the importance of video game design for entering the video game industry. This narrow focus may not 
resonate with all girls, who might be interested in creatively using the medium to express themselves. 
Future research could supplement these initial findings with interviews of program directors to better 
understand how they see the importance of video game design in girls’ lives. These interviews might 
lead to improved messages to girls.

One area for future research would be to examine how to integrate democratic rationales into these 
educational programs. While some of the programs in this study did emphasize the importance of civic 
engagement and social change, this is an under-explored area. While girls may be designing games that 
are about social change, how can these programs and programs like them emphasize this in their program 
materials as an important aspect of video game design? How can these programs communicate to girls 
that they are important beyond their economic potential to enter the video game industry.

Finally, little research has explored how girls respond to some of the new game genres, such as seri-
ous games, that have challenged the masculine culture of gaming. In the future, it would be important 
to see how these games shift girls’ perspectives of gaming and the larger industry.

CONCLUSION

The goal of this chapter was to examine how informal video game design programs for girls offer shift-
ing perspectives. For girls, one of the main identified barriers is not technical proficiency, but instead 
emotional, cultural, and structural barriers that get in their way. As shown in this chapter, when girls are 
video game designers, they tend to design games differently than boys. Rather than a place of competi-
tion, game design becomes a place for identity exploration and formation. Girls use video game design 
to challenge sexist representations, make sense of the world around them, and provide social change.

Indeed, as video game software continues to become more accessible, a diverse group of video game 
designers will offer broadened definitions of what the medium of a video game can be. That said, both 
observations of the Girl Scouts video game design program and qualitative content analyses of informal 
all-girl programs analyzed in this chapter showed that these programs emphasize economic rationales 
for being a game designer. This is a missed opportunity, since it does not adequately communicate the 
potential of the medium and what girls can do with it.

Finally, many of the programs used the term “empower” to describe what it is their programs due for 
girls. However, there is the need to expand this notion of empowerment to also address the structural 
change that needs to happen in educational and corporate institutions in order for gender equality to 
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truly be possible. As some of the testimonials in the programs conveyed, girls were largely unaware of 
the discrimination they faced in their classrooms or social settings. Through their participation in these 
programs, they became aware that it is not only their individual contribution to society that is important, 
but also that there are cultural and structural barriers they face.

One of the disappointing outcomes of the Gamergate controversy, which was mentioned at the begin-
ning of this chapter, is that some women are leaving the video game industry because they don’t see an 
end to the problems in the industry, such as sexist workplace policies or lack of supportive for innovation 
and change. This is alarming for an industry that already only has 10 percent of women.

In the end, this chapter shows that much more research is needed to understand the potential cultural 
and democratic benefits to video game design.
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Constructivism: A learning theory that argues that humans construct their own understandings and 
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Informal Learning: Learning that occurs outside of the institutional school system. Includes after-
school programs and youth organizations.

Stereotype Threat: Refers to a feeling that one is at risk of confirming a negative stereotype about 
one’s social group.

Self-Expression: The expression of one’s unique personality, including thoughts, and ideas.
Twenty-First Century Skills: Refers to a set of abilities students need to develop in order to suc-

ceed in the information age. Skills include critical thinking, creativity, collaboration, communication, 
technological fluency, and information and media literacy.
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ABSTRACT

In this chapter research relating to school mathematics is used as an instance to critique commonly 
used methods and instruments employed in educational research to determine performance and single 
or multiple aspects of affect. Advances in technology that have enabled the adaption of previously used 
instruments are described. Self-report measures, administered face-to-face and on-line, and real-time 
and virtual observational methods are discussed in some detail. Illustrative data from specific studies 
are provided. Interpreting the different measurement outcomes is, it is argued, far from unproblematic. 
This discussion raises issues relevant to research in a range of paradigms but is particularly pertinent 
to educational research conducted in the neo-positivist paradigm.

INTRODUCTION: SETTING THE CONTEXT

Researchers in the social sciences operating in the neo-positivist paradigm work from an ontological and 
axiological understanding of discoverable reality relating to an aspect of human behavior or at least of 
the possibility of discovering, confirming or contesting particular patterns and consistencies in behavior. 
To do so requires data collection methods and instruments, along with forms of data analysis, that are 
capable of revealing such patterns and consistencies. When it comes to researching aspects of education, 
as the discussion of research methods and instruments in this chapter demonstrates, observation and 
measurement of patterns and consistencies can be problematic, even when the subject area that pertains 
to the investigation is mathematics.
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Mathematics is generally recognized as a critical component of the school curriculum. Its dominant 
place was freshly reaffirmed by Donnelly and Wilstshire (2014) in their influential Review of the Aus-
tralian curriculum. Internationally, endorsement was further provided by the Organisation for Economic 
Co-operation and Development [OECD], which emphasized: “Being able to read, understand and respond 
appropriately to numerical and mathematical information are skills that are essential for full social and 
economic participation” (OECD, 2013, p. 98).

Data from large scale international comparative surveys such as the Programme for International 
Student Assessment [PISA] and the Trends in International Mathematics and Science Study [TIMSS] are 
popularly used as valid indicators of student progress. They offer a gross measure of group performance 
but do not provide a carefully nuanced marker of an individual’s level of attainment. For the latter, dif-
ferent instruments are needed.

A test’s most important characteristic, according to Nichols and Berliner (2007), is its validity—a 
multi-dimensional construct. The validity of a test is described most comprehensively, they argued, in 
terms of four measures, the 4Cs. These are content validity: that is, whether the test measures what it 
is intended to measure; construct validity: whether the test actually measures the concept or attributes 
it is supposed to measure; criterion validity: whether the test predicts certain kinds of current or future 
achievement; and consequential validity: the consequences and decisions that are associated with test 
scores. There is general agreement in the test measurement literature about the importance and relevance 
of the first three measures in particular but Popham’s (1997, p. 13) admonition that the “social conse-
quences of test use should be addressed by test developers and test users” is still not universally adopted. 
Some possibilities for pursuing this in the case of mathematics education are explored in this chapter.

To facilitate a functional discussion of students’ academic progress both within and across countries, 
reference is often made to the three components of the curriculum promulgated by the International As-
sociation for the Evaluation of Educational Achievement [IEA] (see e.g., Mullis, Martin, & Foy, 2008). 
These comprise the intended curriculum (the curriculum mandated or favored in a particular country 
or setting), the implemented curriculum (the curriculum actually taught), and the attained curriculum 
(the outcomes of schooling—what students appear to have learnt). Yet to what mathematics students are 
actually exposed can be tainted, and potentially expanded or constrained, at each of the model’s three 
levels. External influences, local expertise, and individual preferences can mold or change what students 
essentially experience. As is fiercely argued by Berliner (2011), all too often overlooked are the inevitable 
limitations of results reported from large scale examinations because of, for example, contextual data that 
were not reported, participants’ social class and associated advantages or disadvantages, or aspects of the 
curriculum considered beyond the scope of the test including material that cannot be assessed through 
a paper-and-pencil instrument. Thus what is given as the student’s achievement score in mathematics 
is realistically influenced, at least in part, by previous exposure to the content on which they are tested 
and how well that content aligns with material actually covered. This constraint applies not just to large 
scale tests but also to smaller, locally designed, and supposedly strategically targeted instruments.

That the format of assessment is certainly a possible factor that may confound the determination of 
students’ mathematics ability is illustrated, provocatively, by the following example which foregrounds 
the case of gender. The data are based on results from the Victorian (Australia) Year 12 examination—the 
final year of secondary school—for the years 1994-1999. Three subjects were available to students in 
mathematics: Further Mathematics (the least difficult option); Mathematical Methods (more challenging 
content); and Specialist Mathematics (the most challenging of the three subjects). In each of the three 
mathematics subjects all enrolled students were required to complete three distinct Common Assessment 
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Tasks [CATs]. These were: CAT 1, an investigative project or challenging problem completed during 
school time and at home, over an extended period of several weeks; CAT 2, a strictly timed examination 
comprising multiple choice and short answer questions; and CAT 3, also a strictly timed examination 
paper but with problems which required extended answers. In contrast to the (then) innovative CAT 1, 
CATs 2 and 3 followed the format of traditional school-based timed examinations.

Cox, Leder, and Forgasz (2004) capitalized on the introduction of the varied examination tasks in the 
mathematics subjects to examine whether the different test formats in the high stakes Year 12 examina-
tion ostensibly affected the mean performance of boys and girls. Leder (2015) reported their findings 
as follows:

Whether as a group males or females could be considered to be “better” at mathematics depends on 
which subject or which test component is highlighted. If the least challenging and most popular mathemat-
ics subject, Further Mathematics, is referenced then the answer is females. If for all three mathematics 
subjects the focus is confined to the CAT 1 component, the investigative project or problem assessment 
task, done partly at school and partly at home, then again the answer is females. But if the focus is on 
the high stake Mathematical Methods subject, the subject which often serves as a prerequisite for ter-
tiary courses, and on the traditional examination formats of CAT 2 and CAT 3 in that subject, then the 
answer is males. Collectively these data illustrate that the form of assessment employed can influence 
which group, males or females, will have the higher mean performance score in mathematics. (Leder, 
2015, pp. 197-198) 

Although the source on which these conclusions are based is somewhat dated, the unique circum-
stances which enabled the performance on the different tasks to be gathered, and the still prevalent usage 
of the different assessment approaches described warrant continued attention to these findings. They 
illustrate the impact of a test’s content and demands on the perception of a group’s mathematical “abil-
ity” and on the validity of the (mathematics) score gained by individual students within these group. The 
potential social consequences of the test results, which either challenge or confirm gender differences 
in mathematics achievement depending on the mathematics subject and CAT data reported, and remi-
niscent of Nichols and Berliner’s (2007) fourth C of validity, should not be overlooked. While there is 
ready access to instruments which allow a student’s height or weight, for example, to be measured with 
a great degree of accuracy, there are no comparable tools to describe a student’s cognitive, or affective 
attributes, with the same degree of accuracy.

That not only cognitive but also affective factors influence students’ learning of mathematics is widely 
recognized. Data gathered as part of the internationally administered Programme for International Student 
Assessment [PISA] provided robust evidence that:

Individuals’ attitudes, beliefs and emotions play a significant role in their interest and response to 
mathematics in general, and their employment of mathematics in their individual lives. Students who 
feel more confident with mathematics, for example, are more likely than others to use mathematics in 
the various contexts that they encounter. Students who have positive emotions towards mathematics are 
in a position to learn mathematics better than students who feel anxiety towards that subject. Therefore, 
one goal of mathematics education is for students to develop attitudes, beliefs and emotions that make 
them more likely to successfully use the mathematics they know, and to learn more mathematics, for 
personal and social benefit. (OECD, 2013, p. 42)



102

Investigating School Mathematics Performance and Affect
 

Thus affective descriptors such as attitudes, beliefs, emotions, confidence, and anxiety, embedded in 
the excerpt above, are all considered as possible facilitators or inhibitors of mathematics performance. 
How can these factors, collectively or separately, be tapped most effectively? That assessing students’ 
mathematics learning per se is not unproblematic was illustrated above. How might the more elusive 
concept “affect” be tapped and captured effectively? The focus of the remainder of this chapter is pri-
marily on this challenging topic.

Affect: A Question of Terminology?

In an influential article Pajares (1992) maintained that:

Defining beliefs is at best a game of player’s choice. They travel in disguise and often under alias - at-
titudes, values, judgments, axioms, opinions, ideology, perceptions, conceptions, conceptual systems, 
preconceptions, dispositions, implicit theories, explicit theories, personal theories, internal mental 
processes, action strategies, rules of practice, practical principles, perspectives, repertories of under-
standing, and social strategy, to name but a few that can be found in the literature. (p. 309)

“Beliefs,” it can be inferred, often serves as a generic term for a range of affective factors. The over-
lap of the multiple variables subsumed under the umbrella term affect is further highlighted by Mason 
(2004) in his evocative alphabet of generally used affective terms. Starting not with beliefs but with 
attitudes he wrote:

A is for attitudes, affect, aptitude, and aims; B is for beliefs; C is for constructs, conceptions, and 
concerns; D is for demeanor and dispositions; E is for emotions, empathies, and expectations; F is for 
feelings; . . . I is for intentions, interests, and intuitions; J is for justifications and judgements; . . . S is 
for sympathies and sensations; . . . V is for values and views; . . . . (Mason, 2004, p. 347) 

Goldin (2002, p. 61) offered a somewhat more refined illustration of the links between affective 
subdomains as follows:

1.  Emotions: (rapidly changing states of feeling, mild to very intense, that are usually embedded in 
context),

2.  Attitudes: (moderately stable predispositions toward ways of feeling in classes of situations, in-
volving a balance of affect and cognition),

3.  Beliefs: (internal representations to which the holder attributes truth, validity, or applicability, 
usually stable and highly cognitive, may be highly structured), and

4.  Values, Ethics, and Morals: (deeply-held preferences, possibly characterized as “personal truths”, 
stable, highly affective as well as cognitive, may also be highly structured).

The plethora of distinct and overlapping descriptions of attitudes, beliefs, and other affective dimen-
sions are readily discernible in both daily life usage and in the scientific literature. “Research in the 
‘affective domain’” wrote Schoenfeld (2015, p. 395), “is densely populated with overlapping constructs, 
partially commensurate methods, and somewhat contradictory findings. Definitional imprecision is a 
further confounding factor.”
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An extensive discussion of the many different and nuanced definitions of affect is clearly beyond the 
scope of this chapter. In brief, the ambiguity of definitions used for aspects of the affective domain is 
theoretically driven, persists and is reflected in the myriad diverse attempts to quantify dimensions of 
affect. Moving the focus instead onto methods and instruments used to capture single or multiple aspects 
of affect is more realistic and fruitful. In the remainder of the chapter work on attitudes, with the terms 
used generically rather than theoretically specific, is foregrounded. Several frequently used instruments 
are described and critiqued. For each, a snapshot of its content and its application in educational research 
is provided, with mathematics education often used as the specific context. How advances in technology 
have led to adaptations of previously used instruments is also considered. For some of these examples 
I draw on my own research when appropriate.

MEASUREMENT OF ATTITUDE

Attitudes have been measured in various ways but all have one element in common. All produce informa-
tion that indicates or reflects the attitude(s) of interest. This is, emphatically, not the same as computing 
or calculating the attitude(s) per se. Attitudes, in common with other dimensions of affect, cannot be 
measured directly but need to be inferred from the way an individual behaves or responds to specifically 
designed instruments, cues, or situations. Self-report measures were, and still are, most commonly used. 
Other methods that have been adopted also rely on interpretation: at different times on open-ended data, 
on inferences drawn from observed behavior or, and far less frequently—and rarely in a classroom set-
ting—on information gleaned from physiological or neural activity. Relevance of these last approaches 
to education is still limited, however. An accessible overview of physiological responses used for the 
measurement of attitude can be found in Krosnick, Judd, and Wittenbrink (2005) and of techniques used 
for investigations on affective processes and the brain in Schimmack and Crites (2005).

When deemed convenient or opportune, researchers have not hesitated to introduce variations to 
previously published instruments. To benefit from advances in technology, adjustments to instruments 
and their administration are being made as needed. Methodological and practical issues raised by such 
adaptations, for example translation difficulties and different cultural expectations, are at times mini-
mized or overlooked.

Likert-Item Scales and Surveys

Likert-item surveys are widely used to measure affect. As Ruthven (2015, p. 393) has noted: “this is an 
unusually convenient technique which serves researchers well in generating results.” Likert (1932, 1967) 
developed a procedure for measuring attitudes by asking individuals to indicate whether or not they agreed 
with a series of statements about a specific topic. Respondents are typically asked to indicate their reac-
tion to selected statements on a 4, 5, or (less frequently) a 7 point scale, ranging from Strongly Agree to 
Strongly Disagree. With careful wording Likert-item surveys can also be administered successfully to 
young children. If deemed appropriate, the Strongly Agree to Strongly Disagree scale can be replaced 
with a series of broadly smiling to seriously unhappy faces. However administered, there is muted unease 
that items may yield answers perceived as socially accepted, rather than capture the respondents’ true 
feelings or opinions. Asking respondents to elaborate on the initial brief response elicited may counter 
this concern. Given that the extent to which a series of even purposefully selected items actually reveals 
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what it purports to measure remains a matter for debate, further information is often sought, possibly 
through the addition of open-ended items or a different data gathering approach.

Educational research is replete with studies which rely on Likert-item surveys to tap participants’ af-
fect. The internationally administered TIMSS [Trends in International Mathematical and Science Study] 
and PISA [Programme for International Student Assessment] are examples of their adoption in large scale 
projects. Inclusion of the readily score-able Likert items in these surveys has undoubtedly reinforced 
and ostensibly validated their continued presence in a wide range of projects. The Fennema-Sherman 
Mathematics Attitude scales (Fennema & Sherman, 1976), initially designed to measure possible differ-
ences in males’ and females’ attitudes to the learning of mathematics, have also been widely embraced. 
The nine domain specific Fennema-Sherman scales can be used individually or in their entirety. For data 
indicative of the pervasive adoption, and adaption, of these scales by the wider research community see, 
for example, Tapia and Marsh (2004), Walberg and Haertel (1992), and Leder (in press). Items included 
in the three different Likert-item instruments highlighted in this section include:

From PISA (OECD, 2013)

• Trying hard at school is important.
• I do mathematics because I enjoy it.

From TIMSS (Mullis, Martin, Foy, & Arora, 2012)

• I wish I did not have to study mathematics (reverse coding).
• I need to do well in mathematics to get the job I want.

From the Fennema-Sherman (1976) scales

• Knowing mathematics will help me earn a living (from the usefulness of mathematics subscale)
• Females are as good as males in geometry (from the mathematics is a male domain subscale)

From even these few examples it can be inferred that (mathematics) learning is assumed to be influ-
enced by a variety of attitudes. Ideally, these dimensions are captured optimally by a strategically—yet 
invariably limited—set of items chosen to tap student affect.

Interviews

Structured interviews, with their preset list of particular questions to be asked, are often considered 
as very similar, and ready alternatives, to orally administered surveys or questionnaires. Unstructured 
interviews, on the other hand, can uncover views not anticipated in advance. A combination of these 
approaches—the semi-structured interview—is chosen by many engaged in educational research.

There is potentially much overlap between data gathered via a semi-structured interview and from 
surveys in which participants are asked to elaborate or explain their initial response. Interviews or surveys 
are sometimes used as stand-alone measures. At other times they are supplemented with observational 
data or are used as part of a more diverse or intensive battery of attitude measurement instruments.
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Projective Techniques

Various projective techniques have been used to gauge attitude. Typically, an ambiguous or unstructured 
stimulus related to the attitude object is presented. Respondents are asked to react to this or explain what 
they see or think. Popular examples include sentence completion (“a good day at school is . . . ”), a word 
association test, a picture preference test, a request to write a story (“Anne/John came top of her/his 
mathematics class. Describe John/Anne.”) or draw a picture in response to a particular cue (e.g., “draw 
a scientist”). The technique is readily adapted for use with older and younger students. At best, these 
techniques offer powerful insights into the respondent’s attitude to the issue presented. The difficulty 
of achieving consistent scoring, and hence satisfactory reliability and validity, remains problematic but 
has not stopped researchers from relying on projective measures. Continued adoption of these methods 
is favored by those concerned about the adequacy of the more explicit methods used to tap attitudes, 
and in particular about the risk, already mentioned earlier, that some Likert items may elicit responses 
thought to be socially or culturally acceptable rather than answers actually representative of the attitudes 
held by the respondent.

Observations

Observations of behaviors in both structured and unstructured settings are also commonly used to infer 
attitudes about various objects or activities. Particularly when gathered by expert and objective observ-
ers, and supported by systematic recordings in a carefully designed observation schedule, information 
thus collected can be a productive approach for assessing affect. However, as it is generally difficult 
to predict when pertinent behaviors will be observed this method can be inefficient and expensive. In 
educational research real time observations are often supported by audio- or videotaped recordings of 
the sessions observed, to be analyzed and interpreted at length at a convenient time.

Teachers invariably take note of, and respond to, students’ behaviors in class. While such observations 
cannot be considered a formal or structured measure of affect, they are nevertheless, consciously or un-
consciously, used to make inferences about students’ beliefs about themselves and attitudes to their work.

In brief, observations are often made in conjunction with other measures, as part of a triangulation 
process or reliability check. Used as a stand-alone measure it is generally considered inefficient and 
expensive.

Technology Facilitated Measures

In the next section, the focus turns to technology facilitated adaptations of traditional approaches to 
measuring attitude. Variations of the common measures described above are of particular interest. 
Gathering data not otherwise readily obtained is one important benefit; closely related is the possibility 
of extending and broadening the sample initially involved in a specific research study and as a result 
increase the power and generalizability of the findings obtained. An adaptation of the use of an obser-
vation schedule to capture affect associated with the participants’ regular daily activities is described 
first. This is followed by a discussion of a readily available method to increase recruitment and achieve 
greater sample diversification.
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The Experience Sampling Method: Virtual Observations

The Experience Sampling Method [ESM], extensively and productively used by Csikszentmihalyi, 
Rathunde, and Whalen (1993), offers a sustained method for capturing people’s activities over an ex-
tended period of time, as well as their reactions to, and attitudes towards, those activities. According to 
Csikszentmihalyi (1997, p. 15), the ESM can provide:

a virtual film strip of daily activities and experiences. We can trace a person’s activities from morning to 
night day by day over a week, and we can follow his or her mood swings in relation to what the person 
does and who he [sic] is with. 

A critical component of the ESM requires participants to respond to signals and, at the time of con-
tact, record their current activities and reactions on specifically designed Experience Sampling Forms or 
ESFs. In studies involving international and local university students (Leder & Forgasz, 2004), secondary 
mathematics teachers (Forgasz & Leder, 2006a), and university academics (Forgasz & Leder, 2006b) 
mobile phone and computer technology were exploited to contact participants who were spread across 
diverse geographic locations.

In these studies, signals were sent, via a mobile phone SMS message, seven times a day over a pe-
riod of one week—between 7.30 am and 9.30 pm on weekdays and between 10 am and 9.30 pm on the 
weekend. Each message sent served as a prompt for the recipient to complete the next ESF. Collectively, 
the ESFs consistently yielded a rich body of data about the individuals’ activities and their attitudes and 
reactions to these activities. An abbreviated ESF excerpt is shown in Figure 1.

In this way information about the daily activities of individuals, and their responses to these activities, 
were gathered in a natural setting, largely via self-report data, and in a manner that was less obtrusive 
and less resource intensive than could be obtained through sustained observations or “shadowing” of 
the participants.

Figure 1. Excerpts from Experience Sampling Form [ESF]
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When contacted via SMS participants could of course elect whether or not to complete the relevant 
ESF. Forgasz and Leder (2006b) countered the argument of bias in the choice of information to include 
on the ESFs as follows:

With 22 academics completing six ESFs per day for seven days, there was the potential for 22 x 6 x 7 = 
924 complete sets of data—a sufficiently large set to minimise the effect of an occasional biased response 
. . . . The overall response rate was very high—approximately 95%. This exceeded . . . our expectations 
of completion of ‘at least’ four of the six sheets each day. (pp. 7-8) 

In addition, the information gathered using the ESFs was supplemented with data gathered via other 
sources. Invariably, the activities revealed by the former resonated well with other evidence.

The requests to indicate their reactions to the different activities recorded on the ESFs elicited im-
portant affective information. For example, in the study in which teachers participated, it became clear 
that teaching and administrative work dominated their school day. The teachers’ attitude towards these 
different activities was summarized by Forgasz and Leder (2006a) as follows: “It was noteworthy that 
when teaching mathematics, the participants’ feelings and moods were generally positive, and high 
levels of engagement could be inferred—far more than for administration” (p. 40). For example, when 
responses were elicited during teaching times, approximately 90% indicated that they were very or quite 
alert, active, and relaxed. When “captured” during administrative duties, they were more likely to de-
scribe themselves as passive, bored, and stressed. Learning on several occasions that a student was in the 
laboratory when he received the prompt to complete an ESF is of interest, but takes on quite a different 
meaning when that student further indicated that during that time “he found it quite hard to concentrate 
and . . . would prefer to have been either playing some sport or reading a book” (Leder & Forgasz, 2004, 
p. 191). Without ready access to unobtrusive prompts, for example SMS messages via mobile phones 
which can be sent simultaneously to different locations, the rich set of data gathered via the ESM—the 
concurrent tracing of activities and the attitudes they provoked—would not have been possible.

On-Line Surveys: Facebook

Using the internet to administer surveys is now increasingly feasible and popular. Larger and geographi-
cally diverse samples can be reached promptly and efficiently in this way, even with limited resources. To 
set the scene, a small study which served as the catalyst for turning to the social network site, Facebook 
(http://www.facebook.com) to achieve a broader base of information is described first.

As noted at the outset of this chapter, mathematics is widely accepted as a core subject of the school 
curriculum. Furthermore, a level of numerical and mathematical proficiency is deemed important for 
“full social and economic participation” (OECD, 2013, p. 98). It is therefore not surprising that the skill 
level in mathematics of students and teachers continues to attract attention from educators, legislators, and 
the public at large. Yet, according to Leder and Forgasz (2010) the public’s views about the importance 
of mathematics, its teaching, and its impact on careers are rarely sought. To fill this gap, they compiled 
a survey in which these views were explored. They approached pedestrians at four heavy foot-traffic 
sites—two in the metropolitan area of Melbourne, one in a large regional center, and one in a rural city. 
As part of the ethics approval process, an explanatory statement needed to be prepared and offered to 
prospective participants. An abbreviated version is shown below.

http://www.facebook.com
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We have stopped you in the street to invite you to be a participant in our research study. . . . We are con-
ducting this research, which has been funded by [our] University, to determine the views of the general 
public about girls and boys and the learning of mathematics. We believe that it is as important to know 
the views of the public as well as knowing what government and educational authorities believe. (Leder 
& Forgasz, 2010, p. 330)

At least 50 completed surveys were collected at each site. The findings obtained were tantalizing. 
The majority of respondents expressed a positive attitude to mathematics. They indicated that they had 
liked mathematics at school and thought they had been good, or at least average, in the subject. Many 
were concerned that technology use had a negative rather than a positive effect on mathematics learn-
ing. Older participants were more likely to believe that mathematics teaching had changed since their 
time at school; younger respondents that they did not know. To test the robustness of these findings 
data gathering was initially extended to 12 pedestrian sites in Victoria, and then, in an attempt to gather 
data representative of the wider Australian public, to Facebook (Leder & Forgasz, 2011). Extending 
approval for our study to include this extra site revealed that Facebook has rights to data collected from 
surveys created within it. To avoid possible privacy and ethical complications the initial survey, orally 
administered to the pedestrian sample, was duplicated as an online survey using SurveyMonkey (http://
www.surveymonkey.com). A link was created to it from the advertisement placed on Facebook. Briefly, 
the procedure used (described in detail in Forgasz, Leder, & Tan, 2014) was:

1.  Set up a Facebook account.
2.  Design a 110 x 80 pixel image for the advertisement.
3.  Produce a destination URL when participants clicked on the advertisement.
4.  Create a name for the advertising campaign and text.
5.  Decide the target population: individuals aged over 18 (to comply with our ethics approval conditions).
6.  Select a daily budget.
7.  Determine pricing: i. price per click willing to be paid (varied between 60 and 80 cents) and ii. a 

daily budget (we settled on $60).
8.  Decide the length of the campaign.
9.  Provide additional information e.g., currency to be used and payment method.

Although our advertisement indicated that we were interested in responses from Australia, many 
from a range of other countries also chose to participate. In the first instance we compared data from our 
Australian Facebook sample with those gathered from the pedestrian sites. No appreciable differences 
were observed. Thus, with limited extra financial outlay, data initially gathered from a small, restricted 
sample could be compared with nationally gathered data. In further follow up work we extended our 
Facebook advertisement to other countries. Even though our intended emphasis was on countries in which 
English was the main language, again participants from other countries chose to complete the survey. 
This enabled us to make international comparisons (see Forgasz, Leder, & Tan, 2014). Encouraged 
by the interest shown in our mathematics focused study we embarked on a comparison of the public’s 
opinions of mathematics and English and relied once again on both pedestrian and Facebook samples. 
Thus the huge and persistent popularity of the social media site delivered an extensive and diverse pool 
of international participants not readily reached by other means.

http://www.surveymonkey.com
http://www.surveymonkey.com
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There are, of course, disadvantages as well as advantages in using Facebook as a source for data gath-
ering. Realistically, the survey instrument administered shared the limitations inherent in all self-report 
data from a volunteer group. While using Facebook extended the potential sample with only a limited 
financial outlay, the additional pool was nevertheless restricted to Facebook users. Additionally, since 
reliance was on a survey written exclusively in English the international sample was necessarily limited 
to those sufficiently fluent in English to be able to respond. To what extent these limitations, as well as 
socio-economic or other factors, may have biased the findings is unknown but must be recognized and 
accepted as factors possibly confounding generalization of the results obtained. Alternately, had the survey 
been translated into other languages, how well or readily the instrument devised for cultural mores in 
an undeniably Western setting could be transported to a different context would need to be considered.

Tan, Forgasz, Leder, and McLeod (2012) reported several other studies in which recruitment via 
Facebook enabled the completion of work initially seemingly ambushed by unacceptably low response 
rates. In a study in which students’ beliefs, attitudes, and learning preferences about the use of advanced 
calculators were explored, cumbersome administrative structures proved an obstacle to the participation 
of students in government but not in non-government schools. When another avenue for recruitment was 
clearly needed to reach the former group of importance within the sample of interest, Facebook proved 
an acceptable and pragmatic alternative. In a different school based study, an unhelpfully low response 
rate to a survey of parents initially recruited through a school invitation was overcome by reaching 
beyond the school channels directly to Facebook users with children of the age targeted in the study. In 
both cases, recruitment using a Facebook advertisement enabled the researchers to extend their reach to 
survey participants who would otherwise be inaccessible, and thus pragmatically achieve a sufficiently 
diverse sample of acceptable size. Recruitment via Facebook, in common with the administration of 
other on-line surveys, had the further advantage of a speedy return of completed surveys in contrast to 
the inevitable delay in responses to surveys distributed and returned via snail mail.

Other Options

A host of other options are undoubtedly available for strategic recruitment of samples. For example, 
Linkedin (https://www.linkedin.com) can be a useful resource for targeting a specific group of profes-
sionals. Consistent with Facebook’s policy, charges are calculated per click or per impressions. If wished, 
a maximum daily budget can be set. Guidance for a suitable bid range is provided to ensure competitive 
exposure against other groups targeting the same audience. The higher the bid in the suggested range, 
the more likely are impressions to be shown and, correspondingly, the clicks made and responses re-
ceived. Forgasz and Leder (2016) used this approach—a “self-service advertisement” on Linkedin—to 
recruit a sample of teachers to complete a survey about teachers’ views about numeracy. In this small 
pilot study they wished to attract an international sample as well as teachers from Australia. Both cog-
nitive and affective items were included in the survey. The progress report for respondents, some time 
into the campaign, indicated that at that stage some 60,000 impression of the advertisement had been 
produced. These had attracted 94 clicks (the method of payment they had selected), at a cost of AU$196. 
Within a relatively short time, and within the modest budget allocated to this stage of data gathering, 
over 200 responses were received from participants in more than 10 countries. Statistics indicated that 
70% of those who embarked on the survey spent up to 20 minutes working through it. Stages at which 
respondents were likely to opt out of the survey (the last item they attempted) were recorded and items 
found particularly difficult were also readily identifiable. Comparisons could be made on items of inter-

https://www.linkedin.com
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est between teachers in different age groups, in different countries, and in different school settings, for 
example their attitudes about incorporating numeracy concepts into lessons not specifically designated 
as mathematics lessons.

So far, the approaches discussed for monitoring students’ behaviors or tapping attitude have not focused 
particularly on student reactions to classroom activities or to instructional materials. Two examples of 
the use of iPads, widely available and increasingly used in classrooms, are reviewed in the next section.

INSIDE THE CLASSROOM

Mathematics, Attitude, and iPads (1)

In a small study, Larkin and Jorgensen (2015) used iPads creatively to video record the in-class math-
ematical activities of elementary school students and at the same time capture the students’ thoughts, 
feelings and emotions about these activities. Data were gathered over a sustained period. Special prepa-
rations included the following:

Two tents were erected, one in each year 3 and 6 shared space, to create a “mathematical thinking 
space.” Students were able to enter the tent to record their video as they chose, within the boundaries of 
the usual classroom teaching requirements. This was usually during the times when students would be 
seated doing individual work or when they had completed set tasks; however, there was no requirement 
that all students must record a video. Students were able to use the video camera that comes standard with 
any iPad, to record their musings, and if they needed, they could also use the camera to take photographs 
of mathematics work relevant to their conversations (Larkin & Jorgensen, 2016, p. 930).

Extra prompts, given as needed, included questions such as “What would I tell my mum and dad 
or my principal about what I did in maths today?” or “If maths were a food what type of food would it 
be?”. Themes elicited referred to difficulties with mathematics, hatred and anger towards the subject 
and topics within it, frustration, confusion, and boredom. The authors argued that the scope of the data 
obtained was more extensive and far richer than could have been gathered using more traditional methods.

Mathematics, Attitude, and iPads (2)

In stark contrast to Larkin and Jorgensen’s (2015) project, which relied heavily on the device’s video 
recording facility, Sinclair, Chorney, and Rodney (2015) focused on the sustained use of an application 
readily available on the iPad. The assumption that “children’s mathematical activity is not strictly cognitive, 
that it is deeply intertwined with affect” (Sinclair et al., 2015, p. 2) underpinned the work they carried out 
and the methodology they adopted. Like Larkin and Jorgensen (2015) the Sinclair et al. (2015) sample 
comprised young children. Those involved were aged six to eight years. How young children engaged 
with the multi-touch and freely available application TouchCounts (http://www.touchcounts.ca/) was 
explored via this application, which had been specifically designed for the iPad and for young children’s 
counting and doing arithmetic. Using rhythm as a primary unit of analysis the authors concluded that 
the students with whom they worked systematically discovered both specific and general expressions of 
mathematical patterns and that the rhythm of counting served as an active motivational tool.
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FINAL COMMENTS

In the context of education research, the neo-positivist paradigm, discussed in Chapter 1 and Chapter 2, 
is distinguished from the classic positivist paradigm by an appreciation that realities of human behavior 
can be elusive phenomena. The research exercise in itself is a human pursuit subject to fallibility. Find-
ings are provisional and contestable. Nevertheless the endeavor to uncover patterns and consistencies 
drives the researcher—it is the underpinning axiology. What emerges is intended to represent more than 
an individual’s interpretation of the subject explored; it is intended to provide an understanding, albeit a 
conditional understanding, of the reality of the matter. In this chapter, in keeping with the neo-positivist 
research paradigm, an account of attempts to elucidate patterns of performance and affect arising from the 
teaching of mathematics has been advanced; methodological possibilities have been critically analyzed.

Reference has been made to Nichols and Berliner’s (2007) claim that the validity of a test is its most 
important characteristic. In the literature there is ready consensus about the scope and relevance of the 
first three descriptors of validity: content validity, predictive and concurrent criterion-related validity, 
and construct validity—see, for example, Messick (1991). The fourth dimension on Nichols and Ber-
liner’s (2007) list—consequential validity—is often regarded as a more controversial measure of validity, 
perhaps because, as these authors noted, this last measure relies more on personal and societal values 
than do the other three aspects.

The interplay between cognitive and affective factors is generally accepted. “When we talk about 
the attained curriculum, we often think of it in terms of the test scores only. Actually, . . . in all school 
systems, students’ positive attitudes are one of the goals of mathematics education” noted Leung (2014, 
p. 263) in an article on international studies of mathematics achievement.

Throughout this chapter care has been taken to indicate that seemingly adequate approaches to the 
measurement of cognitive and affective components of students’ learning may lack precision and in-
volve a margin of error. Schoenfeld’s (2015, p. 395) concerns have also been raised: “Research in the 
‘affective domain’ is densely populated with overlapping constructs, partially commensurate methods, 
and somewhat contradictory findings. Definitional imprecision is a further confounding factor.” Yet 
capturing and understanding the strength and robustness of the different and interacting components is 
of critical concern to those involved in education.

That the recognized obstacles and difficulties should not be used as a justification for a despondent 
turning to other areas of research but should serve instead as a call for renewed efforts is aptly cap-
tured by Kramers’ (n.d.) observation that the physical sciences, too, are plagued by a lack of precision 
in measurement and terminology. “In the world of human thought generally, and in physical science 
particularly,” he argued, “the most important and fruitful concepts are those to which it is impossible to 
attach a well-defined meaning.” Continued searching for more accurate and carefully nuanced measure-
ment instruments, and thoughtful reporting of the results obtained, are thus goals well worthy of further 
pursuit. Our students deserve no less.
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ABSTRACT

In this chapter we examine the notion of “active learning” through Wilber’s Integral AQAL Model 
and through two learning models based on AQAL. Our examination of Edwards’ integral learning and 
Renert and Davis’ five stages of mathematics, results in a multi-perspective, multi-level notion of “ac-
tive learning”. We demonstrate, through the development of a rubric to gauge students’ “activeness”, 
the complexity of what is involved in the teaching and learning process when one becomes mindful of 
the perspectives and levels (AQAL) that are present for every student. Several episodes of learning are 
used to show how each theoretical model applies, and an extended episode, which illustrates a student’s 
repair strategy on a mathematically erroneous concept, is used to illustrate the analysis of the extent 
of active learning. The chapter concludes with a discussion of how the rubric of active learning, along 
with the four continua, can help teachers be mindful of the multiple perspectives that influence learning.

INTRODUCTION

In Sir Francis Bacon’s (1597) Meditationes Sacrae, “ipsa scientia potestas est” translates to “knowledge 
itself is power.” Sir Bacon had the insight that the quest for knowledge give learners power throughout 
the learning process to take control and make use of their ideas. Sadly, such instances of taking control 
are few and far between for modern day school mathematics learners, who are bogged down by state 
standards and arguably excessive standardized testing. This book chapter argues and advocates a respect-
ful space in the learning environment so that active pursuit in mathematics learning can indeed empower 
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the learner to sustain future active learning. Based on the mindful experience of one of the authors, we 
will examine the meaning of active learning through a fourfold learning dynamic, corresponding to the 
four quadrants in the Wilber’s Integral Model, which will be elaborated on in Figure 1.

To examine these notions we will use three established models: Renert and Davis (2010) five stages 
of mathematics, Edwards’ (2005) integral learning, and Wilber’s All Quadrant All Level (AQAL) 
Integral Model. The three models are used to explain: “What constitutes mathematics?”, “How can 
mathematics be learned?”, and “How can learning dynamics be thoroughly and integrally examined?” 
The examples and illustration of mathematics learning are all drawn from the experience of one college 
level developmental mathematics and calculus teacher. The students described in this chapter include 
both the traditional college learners who attended college immediately after high school graduation, as 
well as the non-traditional college learners who returned to college after a hiatus from formal education 
since their high school graduation. The results of the examination will have both empirical and theoreti-
cal implications. The research account of the author Yuen, a college math instructor, who attempted to 
engage his students in a genuine learning process, is based on his mindful observations and reflections 
of what was happening in his classroom. We describe Yuen’s observations first in the context of his 
individual classroom, and subsequently we discuss how to be mindful of a student’s learning space as 
well as the social learning environment, in order to foster active learning in a mathematics classroom.

PROBLEM AND CONTEXT: LEARNING SCHOOL MATHEMATICS

In the context of classroom mathematics instruction, a sociologist might ask why the subject of math-
ematics seems to have an overall reputation of being stubborn to learn. A psychologist might ask why 
individual learners suffer from mathematics anxiety. An educator might ask how to best facilitate math-
ematics instruction. And for individual learners, what should they ask about their mathematics learning? 
Most ask, “Is that the right answer?” The author Yuen has been teaching mathematics professionally for 
15 years, during which time not one single student has ever posed the questions: “What does it mean 
to do math?” or, “What is math?” Suppose a learner does know what it means to do mathematics, then 
this knowledge could serve as a prerequisite for active learning. In other words, there is a possibility 
for active learning to take place when the learner knows what he/she is doing. However, it is unclear 
whether many mathematics learners do have a clear idea what mathematics means. Does using a formula 
mean doing mathematics? Does solving an equation mean doing mathematics? How does an educator 
constructively instill in learners and empower them with the prerequisite of what mathematics could 
mean to them and to the academic community as a whole?

Figure 1. A rubric of four continua in the UL, UR, LL, and LR quadrants describing active learning 
within the framework of Wilber’s Integral Model
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An Episode of an Adult Learning the Notion of “Perimeter”

As an illustration, we will describe an episode of learning that happened recently in a developmental 
math classroom. The lesson was showing how to find perimeters of polygons--perimeter being the length 
of the path that completely wraps around a two-dimensional polygon. For many adult learners, this 
topic was mostly a review, but perhaps it was worthwhile to spark meaningful discussion and reasoning 
among them. Indeed, some learners pointed out that in a rectangle with two lengths and two widths, one 
could add the lengths of all four sides, but 2 2× + ×length width  may be more efficient. Another student 
chimed in with her thought that 2× +( )length width  might work also because if one knows the sum of 
the length and width, then one could double the sum to find the perimeter. All in all, reflecting on teach-
ing, the classroom discussion was productive, and so the teacher began to assign a group classwork. To 
the teacher’s surprise, when one student attempted the perimeter of a triangle in the worksheet, she argued 
with her fellow group mates to add the measurements of each of the three sides, and insisted that they 
then must multiply that sum by two because the teacher said so. While the student was quickly cor-
rected by her group mates, it was, nevertheless, an interesting encounter because her ill-formed reason-
ing made the instructor reflect on the teaching. Was she doing (or developing) math? Did she believe 
that she was doing math? Was she actively learning? Many might argue that she was actively learning 
because she was en route to developing geometric reasoning. After all, she was engaged in the concept 
of perimeter, and she was developing argumentation skills as well as geometric reasoning skills. Most 
math teachers would consider this vignette a productive and satisfying experience. However, what this 
student left the instructor pondering about was where she had acquired the skills to so passively follow 
the same reasoning for calculating the perimeter of a rectangle. We would argue that there is room yet 
for further active learning.

In a recent study, Givvin, Stigler, and Thompson (2011) developed a hypothetical account of how the 
school environment plays a role in the behaviors of adult learners of college mathematics. Coupled with 
past research from Wieschenberg (1994) and De Corte, Verschaffel, and Depaepe (2008), which claims 
that learners often do not make sense of content materials (a.k.a. sense abandonment), this makes the 
subject of math particularly challenging to actively engage learners in a meaningful way. As a matter 
of fact, one could argue in the above vignette that the learner did abandon sense-making by doubling 
the sum of the three sides of a triangle. In this context, how should a classroom instructor effectively 
engage learners in the math discourse in an active manner? While active learning has been defined 
as “any instructional method that engages students in the learning process” (Bonwell & Eison, 1991; 
Prince, 2004), the definition provides a broad space for interpretation: What constitutes engagement? 
Who conducts active engagement? The instructor, the learner, or both? Who maintains control of the 
learning activities? How is control sustained? And at what level of development should active learn-
ing take place? In fact, through the above vignette, one could argue that active learning took place, but 
perhaps one should advocate for a larger extent of active learning.
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A Mindful Mathematics Teacher

Careful observations of learning, in all its modes, as it happens minute by minute in the classroom, require 
a degree of mindfulness on the part of the teacher. In popular culture and media, “mindfulness” is often 
referred to as “paying attention”, “being present in each moment”, and “the opposite of multitasking.” 
A more accurate description of mindfulness would involve the component of ‘non-attachment’ to one’s 
observations, which is an activity closely related to phenomenological “bracketing”. In the introduction 
to The View from Within, Francisco Varela (1999) described this process of careful observation, without 
the observer becoming personally and emotionally involved with the observations and ideas themselves, 
in his comparison of Husserl’s phenomenology and the mindfulness meditation process.

Most people who have grown up in the western culture experience considerable difficulty in their 
initial attempts at mindfulness training. The idea of sitting quietly and placing one’s full attention on one 
thing – for example one’s breath – seems simple enough, for about 5 seconds, at which point the novice 
meditator generally becomes distracted by mental chatter. The untrained mind tends to be constantly 
multitasking, unconsciously jumping from thought to thought. Given this perpetually distracted state, 
it is not difficult to imagine how much valuable information and insights could be missed by a teacher 
during the course of a lesson. For a teacher who intends to engage students in authentic, active learning, 
mindfulness is an essential skill.

Deep Learning and Surface Learning

To clarify the discussion to follow, we will make the distinction between deep learning, which associates 
with conceptual knowledge, as opposed to surface learning, which associates with procedural knowl-
edge. Willingham, Nissen, and Bullemer (1989) described procedural knowledge as “the acquisition 
and retention of skilled performance … indexed by tasks in which memory is expressed implicitly by 
changes in performance as a result of prior experience” (p. 1047). Note that the description explicitly 
appeals to tasks, memory, and prior experience. In traditional math learning, learners are often subjected 
to practices and drills where one practices a procedure over and over again. This kind of exercise falls 
within the acquisition of procedural knowledge. For example, Schoenfeld (1989) reported that “[s]
tudents were expected to master the subject matter, by memorization, in bite-size bits and pieces” (p. 
344), and his observation clearly suggests that a great deal of math learning involves the acquisition of 
procedural knowledge. Contrary to procedural knowledge that relies on tasks, memory, and prior experi-
ence, conceptual knowledge appeals to reasoning and generalization. Star (2005) asserts that “conceptual 
knowledge has come to encompass not only what is known (knowledge of concepts) but also one way 
that concepts can be known (e.g. deeply and with rich connections)” (p. 408). Furthermore, he concluded 
that “[conceptual knowledge] is defined in terms of the quality of one’s knowledge of concepts—par-
ticularly the richness of the connections inherent in such knowledge” (p. 407). For a learner to develop 
the connections inherent in knowledge, he/she must be given due learning and cognitive space for one 
to allow attempts at such connections. While Star argued that there is an emphasis of conceptual knowl-
edge over procedure knowledge, the two are indeed richly interconnected, and Edwards’ (2005) idea of 
integral learning, adapted from Wilber’s Integral Model, as a theoretical framework may be able to link 
the two in a balanced manner.



119

An Integral Approach to Active Learning in Mathematics
 

CONSIDERING THREE THEORETICAL MODELS

According to Denscombe (2010), action research as a method aims to solve a practical problem and to 
produce guidelines for best practice. (Table 0.1 on p. 6). In the previous section, the problem was out-
lined, and it was unclear whether a learner genuinely does mathematics or merely follows procedures. 
To this end, one could argue that merely following procedures is a form of learning with a certain degree 
of passivity. A worthwhile goal for mathematics teachers is to facilitate the students away from this pas-
sive way of learning. In essence, mathematics instruction should ideally aim learners toward engaging 
in creative problem solving activities, thus fostering an environment for the learners to solidify their 
notion of what doing mathematics means to them. When a learner is able to independently undertake 
solving a mathematical problem using his/her repertoire of skills and logical reasoning, then it can be 
argued that there is a degree of active involvement between the learner and the posed problem. In other 
words, active learning is achieved. In this sense, action research as a method, coupled with reflecting on 
observations from this instructor’s teaching experience, is appropriate for the inquiry of this particular 
problem. The theoretical framework for this article involves three models:

1.  Renert and Davis’ (2010) five stages of mathematics to provide a basis of what constitutes 
mathematics;

2.  Edwards’ integral learning as a vehicle to develop the notion of active learning; and
3.  Wilber’s AQAL (All Quadrants All Levels) Integral Model as a fourfold lens for reflecting among 

the five stages of mathematics, Edwards’ integral learning, and from author Yuen’s personal ob-
servations in his past teaching.

Model 1: Five Stages of Mathematics

To better understand the problem, one ought to ponder what mathematics entails. The first model ad-
dresses the notion of what mathematics is. Davis (1996) and subsequently Renert and Davis (2010) have 
proposed math as five stages or mentalities: oral, pre-formalist, formalist, hyper-formalist, and post-
formalist (Renert & Davis, 2010, pp. 180–183). A brief description of each stage follows:

• The Oral Stage: This mentality refers to math knowledge by means of awareness, and the oral 
and verbal communication of such knowledge; for example, a young child’s explanation of the 
meaning of the number zero.

• The Pre-Formalist Stage: This mentality generally corresponds to the “traditional conscious-
ness” (p. 182) by which math knowledge is represented through informal, written formats. For 
example, a drawing of a square with each side labeled as 5 cm along with a statement that says “all 
sides of a square have the same length.” Notice that this mentality reasoning is pre-formal because 
a specific size of a square (i.e. 5 cm per side) cannot be a sufficient evidence to generalize that all 
squares share the same property.
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• The Formalist Stage: This mentality refers to the “modernist consciousness” (p. 182) adopted by 
formal logic and proofs. The means of communication is reasoning and often is mathematically 
stylized. For example, proving the sum of two even integers is also even, 2 2 2m n m n+ = +( ) . 
The knowledge in this mentality can be generalized with certainty, and argumentation is con-
ducted through rationality, such as deductive logic.

• The Hyper-Formalist Stage: This mentality is characterized as an “extreme extension of formal-
ist consciousness” (p. 183) in which mathematics is purely a logical and syntactic construct, which 
often does not appeal to the natural world. For example, the work in Yuen’s master’s thesis on the 
solvability of the equation a b cn n n+ =  where a, b, and c are p-adic integers, as opposed to regu-
lar integers, would be considered a form of hyper-formalist mathematics. This is mainly because 
p-adic integers do not correspond to the natural world: people generally do not compute with p-
adic integers; engineers probably do not appeal to p-adic integers to solve problems; and scientists 
most likely would not use p-adic integers to investigate natural world phenomena. This mentality 
requires “non-standard logics and abstract grammars” (p. 183), and it is essentially exclusively 
conducted as mathematical formalism. In other words, mathematicians engage themselves in the 
mathematics of this stage for mathematics’ sake.

• The Post-Formalist Stage: This mentality aims to study “meta-mathematics” where different 
mathematical systems/logics can be compared, contrasted, reviewed, interpreted, and evaluated. 
For example, Godel’s proof of the incompleteness of formal systems is conducted through “a so-
cially-constructed interpretive discourse” (p. 183) would be a form of post-formalist mathematics.

While the five mentalities of mathematics provide a wide spectrum of what entails math, the math 
education practice generally sees subject content as an inert, unchanging body of knowledge, mainly as 
pre-formalist and formalist mathematics. This is possibly because U.S. school mathematics curricula has 
been highly standardized, mainly by the National Council of Teachers of Mathematics’ (NCTM) Prin-
ciples and Standards, as it has been regulated, such as with the 2001 U.S. Act of Congress on No Child 
Left Behind Act (NCLB). Ernest (1985) has made a similar observation that: “[i]n educational terms this 
corresponds with the view of mathematics as an inert body of knowledge which instruction transmits 
to the student” (p. 607). Evidence of this view is abundant. Many parents experience their children’s 
mathematics materials as “new math,” as opposed to the “old math” of their own early education. They 
find it challenging to support their children’s education because they are unable to comprehend that “old 
math” and “new math” are different only in presentation and/or argumentation (Remillard & Jackson, 
2006; Ginsburg, Rashid, & English-Clarke, 2008). Such ethnographic observations are examples of 
seeing math knowledge as an inert, unchanging body.

The claim of mathematical knowledge as an inert body is an important one, because many learners 
rely on an inert body to play a passive role in developing math knowledge, both inside and outside of 
classroom. A possible argument for this behavior is that the math education practitioners often play a 
passive role as recipients of mandated curriculum and standards, with a relatively small space in the 
educational discourse for them to actively engage themselves in co-creating curriculum for the general 
population. In turn, this relatively small space funnels to learners to engage themselves in experimenta-
tion or “play”. Such a lack of space has been reported; in fact, D’Amour (2013) wrote about the space 
intended for sense-making in the learning environment. The social dynamic, while well intended for 
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learning to take place, may covertly discourage many learners to sustain “serious play” (p. 444) in learn-
ing. Instead, some learners may very well opt for “pretending” to play (p. 442) in the learning environ-
ment. In other words, D’Amour argued that the learner’s internal process at play has not sufficiently 
been respected, and mathematics teachers do not recognize this internal process because they generally 
are unaware of its existence or importance. Such a failure of recognition leads to a social dynamic that 
is not conducive to the intended authentic learning, but rather perhaps is conducive to raising anxiety 
among mathematics learners.

Model 2: Edwards’ Integral Learning

Now that we have set a basis for what it means to do mathematics, we could turn the focus to what it 
means to learn mathematics. For the simplicity of discussion, we will table Wilber’s Integral Model 
until after the discussion of integral idea. Edwards (2005) adapted from Wilber’s model and proposed 
Edwards’ integral learning, outlined as below:

1.  The Illuminative Strand – “What Is Happening?”: This strand can be characterized by expe-
riential learning through observation and reflection. Knowledge is developed through this strand 
within the interior of an individual learner, and the learner must be internally motivated to achieve 
active learning in this strand.

2.  The Interpretative Strand – “What Does It Mean?”: This strand can be characterized by cultural 
learning, and meaning is usually developed in a communal/collective setting beyond interpretation 
from (1). Learning in this strand requires imaginative ability from a learner to bring concrete and 
direct observations, through reflection, to abstract and conceptual ideas. Active learning in this 
strand requires motivation from within the collective to attempt to co-create cultural meanings.

3.  The Validative Strand – “What Have We Learned?”: This strand can be characterized by social 
learning, such as discussing findings and testing implications from (2). While the learning takes 
place within the confines of a commune/collective, this strand usually seek validation from a 3rd 
party, an individual or another collective outside of the learning commune of (2), the collective 
that conducted cultural learning. Active learning in this strand requires the motivation of seeking 
feedback from an outside party for validation. In addition, the commune would actively deduce 
external feedback to refine their original interpretation to attempt to seek consensus or equilibrium 
from both within as well as outside parties.

4.  The Injunctive Strand – “What Do we Do?”: This strand is the result of (3) and can be char-
acterized by behavioral learning, such as physical action, involvement, and performing a method. 
This is where strands (1), (2), and (3) would ideally result such that learning has taken place in 
previous strands can inspire other individuals outside of the previous learning commune to applied 
developed knowledge into other processes. If successful in this strand, then active learning does 
take place in the sequence of (1) to (2) to (3), and then to (4).

After the strand (4), an active learner would begin observing and collecting data again, bringing the 
illuminative strand into full circle. This also makes (1) to (2) to (3) to (4), and then back to (1) a cyclic 
learning process.
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One can illustrate the four strands in an example of learning differentiation in calculus. In the first 
calculus meeting, an instructor shows a position function and a velocity function of an object, and students 
are asked to determine the connectedness between the two curves1. What the students would find out in 
an activity like this is “what is happening?” through observations of the two functions. This would be the 
illuminative strand. Traditionally, the instructor would introduce differentiation through its definition:
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The definition involves abstraction of the visual function curves and the symbolism to capture the 
connectedness of the functions. This is the interpretative strand of learning where cultural meaning of 
the definition of differentiation would be co-created. Once this strand completes, learners may be mov-
ing on practicing differentiation using the developed definition. The interaction between the instructor, 
where the instructor serves as an outsider (in Wilber’s terminology, “exterior”) and learner who provide 
formative feedback on learners’ work would be learning in the validative strand in which the learners 
continue to refine the concept of differentiation. Finally, when a learner departs from the calculus class, 
and goes to a different class, say physics, when he/she may be working on a physics concept involving 
differentiation, such as velocity and acceleration of objects, then the learner can readily apply what has 
been developed in calculus to physics as a separate field. This would describe the learning in the injunctive 
strand. After experiencing learning and applications outside of the mathematics course, the learner may 
reflect, compare the ideas and concepts in different context, and doing so would likely create newfound 
meanings that the original learning of differentiation did not uncover. Then, the learner is engaging in the 
illuminative strand of learning. This completes the four strands in a cycle. Ideally, the cycle can repeat 
itself to develop deeper knowledge and probe further into conceptual nature.

Edwards’ integral learning has multiple relations with the Renert and Davis’ five stages of mathemat-
ics. The oral and pre-formal stages often relate to the illuminative strand of experiential learning. The 
development of “What is happening?” is often conducted through some mental pondering, and through 
informal writing/diagraming. An active learner would strive to make sense through organizing thoughts 
and reorganizing ideas, in multiple trials if needed, in order to make initial sense of the mathematical 
concept that is of interest. This kind of active learner could be nurtured through a past history of respected 
learning space, in which they are allowed to freely “play” (See D’Amour, 2013) with mathematical con-
cepts. In the second, interpretative strand that Edwards proposed, the natural question becomes “What 
does it mean?” The learning in this strand brings concrete ideas into something abstract and conceptual. 
This strand relates to the pre-formal and formal stages where instructors often play a role in facilitating 
learners to develop pre-formal math ideas into formal language, notation, and proofs. Often, an active 
learner develops meaningful interplay between his/her ideas and thoughts and connects them to their cor-
responding formalism, while a relatively passive learner may cease to construct meaning, and see his/her 
own math ideas and their corresponding formalism as two unrelated objects. Some passive learners may 
even abandon making sense of formalism as the abstraction is seemingly too challenging to comprehend. 
A skilled instructor generally finds ways to encourage passive learners to become more active in this 
strand. A further discussion of this strand will be discussed in the section of Wilber’s Integral Model.
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The validative strand in Edwards’ model begs the question of “What have we learned?” where a learner 
has to summarize and communicate what mathematical concepts have been developed. This is also the 
strand where the learning would be assessed in a sense that learning is judged as a 3rd party object. Has 
the social learning environment been effective in reaching the learning objectives initially set forth? Can 
other people outside of the classroom comprehend and make sense of the math discourse developed in the 
learning environment? If so, to what extent? This strand corresponds to the pre-formal and formal stages 
of mathematics, as those are the tools to engage in math discourse. Characteristics of an active learner 
in this strand would show competence is using formalism engaging mathematics discourse, contrasting 
with a passive learner who may be indecisive toward the use of mathematical symbolism in decisions 
made based on mathematical properties and/or logic, or both of the above. The fourth, injunctive strand 
of learning correlates to outside application after a learner has developed a mathematical concept to its 
maturity. Some active learners may use the developed concepts in science, technology, and engineer-
ing, and a few others may choose to pursue higher mathematics. For those who choose to pursue higher 
mathematics, those active learners are more likely to engage in the hyper-formal stage of mathematics, 
developing mathematical ideas for mathematics sakes. Some may even engage in learning by developing 
ideas in the post-formalist stage, most likely through graduate training.

The notion of “active learning” through Edwards’ integral learning can be seen as microscopic in 
each strand of learning, as well as in the cyclic nature of the four strands:

• The Illuminative Strand: An independent learner takes the initiative to seek and experience 
the phenomenon of interests, through natural inquisitiveness and curiosity. A reliant learner may 
know his/her limits and abilities, and will seek support when necessary to continually enable 
meaningful engagement in the phenomenon. A passive learner may require support in identifying 
his/her limits and abilities, or may not realize at all what/how to observe the phenomenon at hand. 
Because of these shortcomings, a passive learner requires a significant amount of support from the 
teacher before enabled learning will take place.

• The Injunctive Strand: This strand describes learning of an individual as a third person, and 
it is how one traditionally characterizes whether an individual is actively learning or not. In the 
above example of perimeter, many mathematics teachers would consider the learner as active 
when she developed the perimeter of a triangle from faulty reasoning to a better understanding. 
This contrasts with an inactive learner who may wander directionless in thoughts and procedure, 
and could not manage to link the reasoning and procedure together to form a coherent problem 
solving process.

• The Interpretive Strand: learning can be characterized as “internally driven” or “externally 
supported.” This strand is where cultural knowledge is developed through a social environment, 
and the overall energy to learn within the environment relates to the quality of social discourse in 
which the learning takes place. An internally driven learning often denotes that a group of learners 
drives the discussion mainly by themselves, as opposed to an externally supported group who may 
require information seeking, goal directing, and discussion remediating. In the previous example 
of students working together to figure out how to calculate the perimeter of a triangle, that sce-
nario would qualify as an internally driven interpretative strand, as the students continued to refine 
the meaning of “perimeter” through their own sustained, constructive discussion.
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• The Validative Strand: This is learning of a group being judged through a third person’s per-
spective with a distinction of whether learning is sustainable or not. Under the current climate 
of over-emphasis on standardized testing, learners are often held accountable for mathematical 
procedures that are taught (and viewed) as independent tasks. The interconnectedness among 
procedures and concepts are seldom successfully assessed on tests (probably due to the limitations 
of time allotment and paper-and-pencil format.) The result of these school mathematics dynamics 
is that learners are impressionistically formulating what mathematics means to them as indepen-
dent procedures, developed in a piecemeal manner, and many would not view this dynamic as 
an intended or ideal result. In other words, it is unlikely that such a learning dynamic would be 
characterized as “sustainable learning” because the result may deteriorate the general concep-
tion of mathematical reasoning, knowledge, and the overarching power among concepts for novel 
problem solving.

Model 3: Wilber’s AQAL Integral Model

The third model for discussion addresses how one observes learning as a phenomenon. The basic five 
recurring elements of Wilber’s Integral Model, often known as AQAL, are: quadrants, levels, lines, states, 
and types. Sean Esbjorn-Hargens (2006b, 2009, 2011) has devoted many years to making Wilber’s Integral 
Model accessible to researchers and practitioners. The model itself has been continually elaborated upon 
and refined by Wilber from its initial form in Spectrum of Consciousness (1993) to the present form, 
with Integral Spirituality (2006) being particularly helpful in outlining the nuances of the model clearly.

All Quadrants

Esbjörn-Hargens (2006a) described the quadrants as the “basic perspectives an individual can take on 
reality” (p. 5). This includes the interiors and exteriors of the individuals and the collectives, and each 
permutation, called a “quadrant,” is irreducible, with its own valid claim and its own mode of investiga-
tion. The following figure illustrates the characteristics of the four quadrants as a fourfold, co-arising 
lens (see Table 1).

Table 1. An illustration of the characteristics of the quadrants in AQAL

Interior Exterior

Individual

Upper Left (UL) Interior-Individual, subjective: 
     • The “I”: 1st person perspective on
          experience, introspection (e.g., phenomenology) 
     • Emotions, beliefs, feelings 
     • Self-reflection on the “I” consciousness

Upper Right (UR) Exterior-Individual, objective: 
     • The “It” 3rd person perspective
     • How it – individual organism -functions (e.g., 
cognitive science) 
     • How it behaves, how it learns 
     • Empirical observations

Collective

Lower Left (LL) Interior-Collective, intersubjective: 
     • 1st and 2nd person perspectives – how do you and I 
understand each other (e.g., hermeneutics) 
     • 1st person plural – we- Cultural
     • How do we function as a collective

Lower Right (LR) Exterior-Collective, interobjective: 
     • The “They” 3rd person perspectives – how do 
groups organize and interact within systems - Social 
     • The “Its” 3rd person perspectives – patterns of 
interactions of systems

Adapted from Wilber (2006, p. 36-39).
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The All Quadrants approach examines a psychosocial phenomenon through four different perspectives:

1.  Interior-individual’s (UL) inquiry on life history,
2.  Exterior-individual’s (UR) behavioral analysis,
3.  Interior-collective’s (LR) cultural and worldview investigations, and
4.  Exterior-collective’s (LL) social assessments.

The inquiry into MALP could reveal its nature in great detail through the four perspectives (A.K.A. 
the quadrivium) because “[t]he quadrants provide a particularly helpful lens for researchers in that the 
left-hand and right-hand quadrants are associated with qualitative and quantitative methods respectively” 
(Esbjörn-Hargens, 2006b, p. 84). Essentially, this means that the All Quadrants approach is a mixed-
method approach. As a means to pursue the meaning of active learning, recall the previous Figure 1.

The UL quadrant corresponds to the individual learner’s learning mode from the first-person perspec-
tive. As such, one might describe whether one is an independent learner on one end of the continuum. 
On the other end, one might characterize oneself as passive. While learning may not be completely 
independent within the current learner population in discussion, it is important to point out that the 
balance of the two ends, where a learner characterizes oneself as reliant, would be a position poised for 
becoming independent.

The UR quadrant corresponds to third person observations, usually from the teacher, formatively 
describing the quality of learning of an individual learner, whether the learning is considered relatively 
active or relatively inactive. In an ideal situation, the learner’s UL perspective and the teacher’s UR per-
spective should reach congruence in order to foster a healthy learning environment. A disagreement of 
between the two perspectives can often happen quite frequently in a mathematics classroom where what 
an individual believes he/she is learning may not be what a teacher attempts to develop. For a hypotheti-
cal example, a student might assert, “I don’t understand why the professor has to do all these proofs in 
class, I just need to learn to integrate so that I can do well on the next midterm.” Here, the student may 
believe he/she is actively pursuing a realistic goal in learning the procedure of integrating functions in a 
calculus course, but the professor might attempt to instill literacy and fluency the underlying numerical, 
graphical, and algebraic connections that could be united by some form of calculus. Under Renert and 
Davis’ five stages, it seems that this story exemplifies the professor targeting at the formalist stage, but 
the learner might not agree to the importance and its deliberation of the stage.

The LL quadrant corresponds to the culture of the learning environment (first person plural – we) 
and the intersubjective aspect of learning (first and second person singular). A group of learners who 
are actively engaged can be construed as internally driven to reach learning goals, either overtly set as 
a group or tacitly agreed upon. A mindful teacher, as described in the previous section, could facilitate 
a group learning session by actively listening to the group’s discussion and occasionally offering con-
structive ideas, and the group would then be able to “run” with these ideas. This compares the group 
dynamic characterized as “more externally supported,” in which a group of students may not realize 
what learning goals are to be reached, wandering without a clear direction in their discussion. Facilita-
tion from the teacher could often become a disconnected question and answer session where multiple 
questions sporadically reach different stages of mathematics, but they do not lead to an overall particu-
lar result to deepen learning in each individual. For example, once in a calculus course, a group of 
students were working on approximating the tangential slopes of various points of the curve f x ex( ) = . 
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The goal of this exercise was to allow learners to visualize that differentiating ex  would yield the same 
function ′ ( ) =f x ex . The group work divided the investigation among members. One learner did the 
calculation of the approximated tangential slopes of various chosen points; another learner tallied up 
the results in a table; and a third learner graphed the results for a visual representation. The investigation 
activity spanned across the numerical, tabular, and graphical aspects of the property of f x ex( ) = , and 
this activity was used to develop conceptual understanding in the informal stage before a more formal 
algebraic proof of ′ ( ) =f x ex  developed. The group was basically was internally driven to run itself, 
and the instructor was merely the observer, allowing them to discover the results by themselves. This 
contrasts with another group in the same class, who could not manage the division of labor, arguing how 
many of the “various points” on the graph one must have, and which x values were to be used. In fact, 
that particular group disconnected the table and the graph, and the instructor had to intervene to redirect 
them until they could uncover the connectedness among the three aspects of the investigation. In sum, 
this group required tremendous external support, and the end result of the investigation may have had 
qualitative differences in reaching the end goal compared to the more internally driven counterpart.

The LR quadrant is a third person perspective of how active learning takes place for a collective of 
learners within a system (classroom –“they” and the college – “its”). They may be described as “sustain-
able” as they internally motivated each other during the learning process. On the other hand, a group 
that requires external support could be described as “less sustainable” because the group may require 
resources to clarify their ideas and discussion before the learning discourse can become coherent in 
reaching deep learning. In the above LL quadrant example of investigating ′ ( ) =f x ex , one observes 
the stark contrast between internally driven versus an externally supported group dynamics. Observa-
tions of the two dynamics from a third-person’s perspective can describe whether the dynamic is sustain-
able or not. Sustainability can be taken in all forms of interpretation, but one way to interpret it as a 
litmus test is whether or not the learning environment and the abilities possessed in the group of learn-
ers are sufficient to be transferable and generalizable to other learning goals and/or problem solving 
situations. In other words, in a different conceptual exploration, would either one of the above groups 
be successful in executing their investigation for developing new knowledge among them? The group 
that is observed with qualities to transfer their skills into developing new knowledge would be the one 
to be considered to have the capacity for sustainable learning.

Levels, Lines, States, and Types

Levels refer to the complexity of the psychosocial phenomenon in each of the basic quadrants. Esbjörn-
Hargens (2009) made a distinction of the levels in different quadrants, referring them to as levels of 
depth and levels of complexity, and therefore, “[e]ach quadrant serves as a map of different terrains of 
reality” (p. 7). Renert (2011) described the notion as the “development through which phenomena in 
each quadrant have evolved and complexified …” (p. 17). Furthermore, he elaborated on “development” 
that it is “complex and nonlinear, with moments of progress and regress, stagnation and transcendence” 
(p. 17). Wilber has mapped out levels of human development, which increase in complexity as each 
includes and transcends the level from which it arises. These levels have been mapped out within each of 
the four quadrants. Initially, Wilber used terms primarily derived from psychology to describe each level 
(e.g., Wilber, 2000a), but subsequently has added colors and labels for greater accessibility in everyday 
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use (e.g., Wilber, 2006). The colors progress from infrared to ultraviolet. Thus, the most frequently 
encountered levels in the classroom would be from Level 3 to Level 5:

Level 3: Red – Mythic self, Pre-operations (concepts), Pre-conventional selfish.
Level 4: Amber – Mythic group, Concrete operations (Rule-Role-Mind), Conventional care.
Level 5: Orange – Rational mind, Formal operations (Systemic mind), Post conventional, universal 

care – world.
Level 6: Green2 – Contextual mind, Pluralist mind (Meta-systemic vision), Post conventional, universal 

care – planet.

Level 6 is the outer boundary of what Wilber refers to as First Tier development, where each level 
only affirms its own values. At present, Wilber estimates, using the many developmental theories and 
associated research which he integrated to define each level, (Wilber, 2000a) that the percentage of the 
general population operating at the Green level is small. Finally, Esbjörn-Hargens (2009) advocated the 
importance of levels because they represent many potential layers of development in each quadrant, and 
“practitioners [could] gain valuable traction by aiming their efforts at the appropriate scale [levels] and 
thereby finding the key leverage point” (p. 9).

Meanwhile, lines refer to the different paths of development within each quadrant. Esbjörn-Hargens 
(2006b; subsequently 2009) described the lines of development as the various distinct capacities that 
develop through levels in each aspect of reality as presented by the quadrants. In other words, the lines, 
which represent a person’s capacities or talents, also develop with increasing complexity and have their 
own developmental altitudes. As for states and types, his description was that states are “temporary 
occurrences of aspects of reality,” while types refer to the “variety of styles that aspects of reality as-
sume in various domains” (p. 84). Further asserted, Esbjörn-Hargens (2006b) explained that integral 
theory “assigns no ontological and epistemological priority to any of these [five] elements” (p. 84) as 
they co-arise simultaneously, and “each of the five elements is understood to be part of each and every 
moment” (p.84).

AQAL and Mathematical Knowledge

The four quadrants are designed to disclose the reality of mathematical learning in a fourfold manner. 
Levels in the quadrants are important because they represent many potential layers of development in 
each quadrant, and “practitioners [could] gain valuable traction by aiming their efforts at the appropriate 
scale [levels] and thereby finding the key leverage point” (Esbjörn-Hargens, 2009, p. 9). In this case, 
Renert and Davis’ five stages of mathematical knowledge: oral, pre-formalist, formalist, hyper-formalist, 
and post-formalist, are encompassed in the levels:

Level 3: Red – Pre-operations (concepts) correspond to the oral and pre-formalist stages where concepts 
are developing, but not formalized. For example, “look, a square has four lines of symmetry,” a 
student said to another while using square origami papers to fold those lines of symmetry.

Level 4: Amber – Concrete operations (Rule-Role-Mind) correspond to the pre-formalist and formalist 
stages where mathematical ideas begin to form in a formal manner. Because ideas are in the devel-
opmental stage, they may be contradicting. When the learner becomes aware of these contradictions 
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and/or obscurities in making sense, this triggers revisions to the ideas, thus refining the idea where 
deep knowledge begins (and continues) to form.

Level 5: Orange – Formal operations (Systemic mind) correspond to the formalist and hyper-formalist 
stages where formalized mathematical knowledge becomes substantively meaningful to an indi-
vidual learner, as well as to a learning community. An adroit use of deep knowledge is necessary 
for a learner to successfully achieve this level to do mathematics for mathematics sake. Oftentimes, 
this level requires mathematical ideas and knowledge to be presented in a stylized and symbolic 
manner (i.e. ideas presented as theorems and corollaries, and reasoning presented as proofs) such 
that the written mathematical discourse would be of convention and respected by others in the field.

Level 6: Green – Post conventional, corresponds to the post-formalist stage of mathematics where the 
underlying systems are critically examined. Generally, doing mathematics at this level is expected 
for graduate students who are training to become professional mathematicians. College develop-
mental mathematics, as well as the typical calculus sequence, generally do not substantially require 
knowledge to be developed at this level.

USING INTEGRAL THEORY TO RE-ANALYZE THE LEARNING OF A STUDENT

Now that the models are presented in detail, we can re-analyze the previous example of the learner who 
erroneously applied the geometric argument of x2 to the triangle’s perimeter. Under the five stages of 
mathematics in Model 1, it seems that the learner attempted the use the step x2 holistically to the compute 
perimeters for all kinds of geometric figures. This indicates that the learner may not realize the effect 
of multiplying a value by 2, or the meaning of the formal notation x2. In other words, there seems to be 
a disconnect between pre-formalist and formalist stages of mathematics. Through informal discussion 
among group members, she quickly realized that x2 has an effect on the calculation that she did not 
intend, resulting in her learning of the oral and pre-formalist stages to bootstrapping her developed ideas 
and deepening mathematical concepts in a “how-to” manner. In terms of Wilber’s levels, her individual 
learning has transcended from Level 3 as pre-operational by treating x2 as a mysterious, nebulous step 
in the procedure to Level 4 as a concrete operation. This gives new (or rediscovered) meanings to multi-
plying a valued by 2 as an operation, and to applying this particular operation to create a certain effect. 
For example, one could potentially link x3 for the perimeter of an equilateral triangle, x4 for a square, 
and x5 for a regular pentagon, and so on. To reach Level 5 (and hyper-formalist), one could further the 
idea to a regular polygon of n sides, resulting xn as the operation to compute its perimeter.

As far as an analysis in Edwards’ model, this episode of learning encompasses three of the four 
strands, beginning with the illuminative strand, where the learner observed how perimeter was calculated 
and subjectively developed meaning in the details of the overall procedure. The learner also began to 
develop meaning to the concept of “perimeter” simultaneously in the illuminative strand. The disconnect 
that led to the error in applying x2 takes place in the interpretive strand where the subjective meanings 
from the illuminative strand did not successfully develop through the interpretative strand via an initial 
learning. However, through the social environment of group discussion, the learner re-interpreted x2 
and deepened her mathematical knowledge to the formalist stage. The observation of the instructor, in 
this case, as to the effectiveness of the group discussion as well as individual learning was where the 
validative strand would take place. Presumably, the above example of hyperformalist stage of finding 
the perimeter of an n-side regular polygon by using xn could be used in this strand. This could validate 
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how the procedure could be interpreted, verify the meaning of perimeter as well as deepen this particular 
mathematical knowledge among the learners, and formalize the reasoning and thinking process through 
more abstract mathematical objects. All of the work in the validative strand could lead to the injunctive 
strand as the learner may eventually apply the notion of perimeter and all the mathematics involved to 
her daily life and/or to a different field. Since the instructor could not observe this in the classroom, an 
account of this strand is not included in the analysis.

How Active Is Active Learning?

As far as active learning is concerned, this above detailed analysis illustrated how a mathematics teacher 
can develop mindfulness by examining active learning in a fourfold manner. We will use the rubric set 
forth for this chapter in Figure 1 to assess activeness in learning. In the UL quadrant, how reliant is a 
learner during the illuminative strand of learning? For the purpose of illustration, the measurement in 
each continuum is not exact, but is intended to give the reader an idea how a mindful teacher would be 
able to assess activeness during a student’s learning (Figure 2).

Continuing in the above analysis, the learner was independent enough to perceive the multiple steps 
in calculating perimeter, but she was relying the procedure to be stable (as opposed to flexible) so that 
ceasing to interpret the meaning of x2 would not affect the overall calculation and her mathematical 
performance. In other words, the learner’s level of development remained pre-operational. Because of 
reliance, the learner required external support among her group mates (Figure 3).

If she had been doing the classwork by herself, she would have practiced the erroneous procedure 
multiple times, while believing that she did well, and later find out how indeed what she did was incor-
rect, leading to frustration. However, being externally supported by her peers, she managed to deepen 
her understanding and mathematical reasoning. As far as the learning in the validative strand, one classi-
fies that the group learning environment compensated for the individual learner’s reliance, so the group 
discussion indeed served the intended purpose (Figure 4).

In other words, instructors likely consider the group learning successful, and the group perhaps can 
sustain further independent learning to deepen mathematical knowledge. Finally, when evaluating the 
learning in the injunctive strand, then one could classify whether learning is indeed active or not (Figure 5).

Figure 2. 

Figure 3. 
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This episode does not show whether the individual learner applied the knowledge of perimeter into 
her personal life, in a different field, nor in a standardized test. Therefore, we do not evaluate the extent 
of activeness in the UR quadrant’s injunctive strand. Taken together, the four continua each represents a 
strand of learning, each exemplifies a perspective in a quadrant, and each resembles a parallelism to the 
various levels of development, revealing a nuanced and layered details in how active learning manifests 
in a complex manner in a mathematics classroom.

CONCLUSION

The above analysis provides some insight into the complexity of the phenomenon of teaching college 
mathematics, from one instructor’s perspective. We have included only a cursory reference to the in-
structor’s own world view at this point. From the current western conception of college mathematics 
teaching, which operates at Level 4 – Amber, conventional (Rule-Role-Mind) and Level 5 – Orange, 
postconventional (Systemic Mind) according to the general rhetoric of its policies and curricula, this 
is a fulsome analysis which provides the data that are relevant for the assessment of how mathemat-
ics is taught. The unit of analysis is the classroom, where an instructor employs a variety of teaching 
strategies and the students demonstrate their learning through their performance on the examinations. 
Student achievement then validates the teaching strategies. In this type of assessment, the context of 
the learning ends at the classroom door. The Integral Model suggests that a broader analysis should be 
subsequently employed, using Integral Methodological Pluralism (Wilber 2006, p. 35-39) along with 
Integral Epistemological Pluralism and Integral Ontological Pluralism, in order to more accurately lo-
cate the classroom in the many nested contexts with different and sometimes conflicting ontologies and 
goals. Every quadrant represents perspectives that can be investigated through corresponding method-
ologies (or methodological families), which in turn stem from epistemologies that are specific to each 
quadrant. Similarly, these epistemologies are related to quadrant specific ontologies. Thus, from a LR 
education system perspective, “math” is a proxy for a set of specifically defined skills, the attainment 
of which is determined by the student’s performance on the examination. The important required skill 
from this perspective is the skill of writing math exams. From the perspective of another system – the 
employment sector, math may be a required component of a skills package, the attainment of which is 

Figure 5. 

Figure 4. 
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certified by the educational institution. In both cases, the only important indicator of math knowledge 
is the final grade for the required course. The ontology of math as a skill set and the epistemology of 
attainment through course completion, makes the question of “active learning” completely irrelevant 
from this quadrant’s perspective. On a transcript, a grade of “A” achieved solely through memorization 
and “exam prepping” is completely equivalent to an “A” achieved through active learning. A mindful 
teacher needs to be keenly aware of the perspectives from which the students view math, and how these 
perspectives affect the students’ goals. A student may come to the classroom with the LR view of “I 
need to get a passing grade in math, so I can get my certificate so I can get that job”. This student may 
not appreciate the teacher’s efforts at transformative learning. In order to arrive at a point of mutual 
understanding and mutual goals, the student as well as the teacher must lay their perspectives on the 
table – and the question “What is math?” could provide an excellent point of departure.

In this chapter, we used multiple theoretical models as lenses to conceptualize the notion of active 
learning in mathematics. Active learning can take place in different forms, and thus a mindful mathemat-
ics teacher must recognize what is the appropriate space for such activeness in every strand of learning 
and in every quadrant of the model.
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AQAL: Stands for “All Quadrants All Levels,” but it also extends to the idea of “all quadrants, all 
levels, all lines, all states, and all types” and it refers to the comprehensiveness and integrity of approach-
ing to a phenomenon.

Integral Learning (Edwards): A model describing learning as a cyclical process in which conceptual 
and behavioral knowledge is acquired through a number of iterative phases. The model consists of four 
learning strands, each corresponds to the four quadrants in the Integral Model.
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Levels (in Integral Model): The complexity of the psychosocial phenomenon in each of the basic 
quadrants, generally referred to as the levels of developments in the left-hand quadrants and the levels 
of complexities in the right-hand quadrants.

Mathematical Concept: Focuses on the concept and the inner workings of a mathematical idea, 
essentially the prototypical response to “Why does a mathematical idea work in this fashion?”

Mathematical Procedure: Focuses on step-wise nuances of solving mathematical problems and the 
presentation of solutions, essentially the prototypical response to “how to solve a mathematical problem?”

Mindful Mathematics Teacher: The careful observations of the learning, in all its modes, as it 
happens minute by minute in the classroom, requires a degree of mindfulness on the part of the teacher.

Quadrants: UR, UL, LR, LL (in Integral Theory): The four co-arising perspectives (individual-
interior, individual-exterior, collective-interior, and collective-exterior), each irreducible, with its own 
valid claim, and with its mode of investigation.

Stages or Mentalities of Mathematics: Developed by Renert and Davis, referring to the different 
types of mathematics taxonomized based on the extent of formality, style, and abstraction of mathemati-
cal ideas, objects, conjectures, and theorems.

ENDNOTES

1  For readers who are not too familiar with calculus, the position and velocity functions of an object 
are connected through differentiation, where the position function can be viewed as f x( )  and the 

velocity function can be viewed as ′ ( )f x  or d
dx
f x( ) .

2  There are further levels beyond level 6. For further details, please refer to Wilber (2000b).

This research was previously published in the Handbook of Research on Active Learning and the Flipped Classroom Model in 
the Digital Age edited by Jared Keengwe and Grace Onchwari, pages 177-194, copyright year 2016 by Information Science 
Reference (an imprint of IGI Global).
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ABSTRACT

The current chapter throws light on mathematical semantics and pragmatics. Believing that the math-
ematics has its own language and hence linguistics principles, the chapter tries to have an in-depth 
insight on how learner makes a meaning from an even simple event, while it takes place, and how these 
finally are assimilated by the learner. As learning is also experiential in nature, the contextual values, 
relationship, rapport, trust, confidence, in addition to simple interaction and plain interaction between 
learners and facilitators, play a vital and significant role in conceptual semantics and pragmatics of events 
and understanding of underlying mathematics. Context and situation are capable enough of changing 
perception-based mathematical meaning and meaning-making process, based on linguistics, associated 
with even the similar simple events. Hence, the context and situations must be created, associated and 
exploited up to the optimum level for enhanced conceptual teaching and learning of mathematics at par 
the daily life experiences for a better meaning-making process.

INTRODUCTION

Mathematics, generally, is popularly understood to be a straightforward subject, associated with direct 
conceptual understanding of some peculiar facts and operations. But, while it comes to the underneath 
conceptual understanding, the situations which seem to be very simple, in fact, are very complex in nature.

Semantics, basically, is study of meaning associated with a language (Syafrinaldi, 2012, p. 88). This 
meaning may be conceptual meaning, connotative meaning, social/contextual meaning, emotive mean-
ing, reflected meaning, collocative meaning and thematic meaning. Here, we are more concerned with 
contextual meaning and emotive meaning. In mathematics, we can grasp semantics as mathematical 
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meaning associated with events. Semantics can also be understood as a practical discipline: systematic 
and methodical (Pettit, 1977, p. 26). Mathematics is not merely a systematic discipline, but has a proper 
guided method too. According to Kisno (2012, p.2), semantics is study of meanings that can be expressed. 
It simply is an explanation of semantics as an overt and observable concept. The output which can be 
expressed with the help of language: words and sentences. An event can not only be understood and 
observed but also can be expressed with the help of language and resulting acts. The subject matter of 
semantics is meaning (Rajimwale, 2006, p. 197). Though concerned with the meaning but not constrained 
only to text, it also connects itself to objects and events. Synchronic semantics tries to establish and deals 
with the relationships between the referents and the objects or events (p. 198).

While semantics is associated with the meaning, pragmatics is associated with the use (Rajimwale, 
2006, p. 200). Though semantics and pragmatics can deal with the same event, but there is a basic dif-
ference between the two. Pragmatics deals with the rules guiding the implications of things (Rubinstein, 
2012, p. 189), while semantics with the meaning associated with the things. Pragmatics sees the world 
with an image, not merely a text (Doam, 2001). Pragmatics deals with the intent of communication or 
speaker meaning (Leech, 1983; Sperber & Wilson, 1986a; Sperber & Wilson, 1986b). It is another issue 
that whether having vague knowledge about something: an object or an event is totally useless. Is the 
vague knowledge is entirely false? Vague knowledge is not always false (Rowland, 2005), it also plays a 
vital role in meaning making process and perception. In mathematics, semantics may be seen as meaning 
making of an event and the pragmatics as relationship between events and the people.

BACKGROUND

Linguistics inherits simplicity in complexity and complexity in simplicity, and so is the mathematics. 
This common nature of linguistics and mathematics, by and large, results into a bridge between the two. 
Semantics and pragmatics are at the core of the two, and hence, the semantics and pragmatics associated 
with mathematical concepts are affected. Semantics, basically, is study of meaning associated with a 
language (Syafrinaldi, 2012, p. 88). Pragmatics deals with the rules guiding the implications of things 
(Rubinstein, 2012, p. 189), while semantics with the meaning associated with the things. Pragmatics 
sees the world with an image, not merely a text (Doam, 2001). Pragmatics deals with the intent of com-
munication or speaker meaning (Leech, 1983; Sperber & Wilson, 1986a; Sperber & Wilson, 1986b).

Just like knowing the language only is not knowing all about the linguistics, likewise just knowing 
the numbers is not knowing all about the mathematics. The current paper, with the help of two typical, 
though layman’s events, endeavors to throw light on mathematical semantics and pragmatics as these 
moves on. Believing that the mathematics has its own language and hence linguistics principles, the cur-
rent paper endeavors to have an in-depth insight on how learner makes a meaning from an even simple 
event, while it takes place, and how these finally are assimilated by the learner. It tries to examine whether 
just the net quantitative output always have a significant effect over the mathematical understanding 
of a learner through the language of mathematics. Driven by semantics and pragmatics, inherited by 
mathematics, the current paper makes an effort to understand how the linguistics of ‘events’ affects the 
meaning making process.
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REVIEW OF RELATED LITERATURE

Many educationists, mathematicians and philosophers have tried to see semantics, pragmatics and math-
ematics with various lenses and hence have tried to explain these in a number of ways. There are two 
major concerns of semantics for mathematics. First, the concern for having a certain kind of homoge-
neous semantical theory in which semantics for the propositions of mathematics parallel the semantics 
for the rest of language, and the second, the concern that the account of mathematical truth mesh with 
a reasonable epistemology (Benacerraf in Hart, 1996, p. 14).

If one distinguishes between semantic realism (mathematical statements which talk about mathemati-
cal objects are meaningful) and ontological realism (mathematical objects exist independently of their 
linguistic expression), then one no longer has to choose between formalism and Platonism, or worry 
about whether semantics and epistemology matches that of physical discourse. If one construes category 
theory as the language of mathematics, then a linguistic analysis of the content and structure of what 
one says allows us to justify the inclusion of mathematical concepts and theories as legitimate objects 
of philosophical study. Specifically, such an analysis permits one to justify the claim that mathematical 
objects exist independently of all of us but, at the same time, depend on the structure of a particular 
category and the content of a particular theory (Landry, 1998).

Landry argues about the semantic tradition that we are still to appreciate the significance of what 
Coffa, (1991), has termed ‘the semantic tradition’ i.e. one continues to assume that the conditions for 
meaningful and true assertions must be grounded in either what we can know or what exists. As a result, 
one continues to read those philosophical issues that relate to the semantics of mathematical discourse 
as strictly epistemological (either naturalized or psychologized) or strictly ontological (either physical-
ized or Platonized). In contrast to these readings, the semantic tradition is characterized by the attempt 
to justify the inclusion of concepts as legitimate objects of philosophical study by offering an analysis 
of the content and structure of what one says, as opposed to considering the psychological (or causal) 
acts by which one comes to say it (Coffa, 1991, p.1).

Few things have proved more difficult to achieve in the development of semantics than recognition of 
the fact that between one’s subjective representations and the world of things he/she talks about, there is 
a third element, what one says, sense. Many of the best philosophical minds are unable yet to understand 
that what one says, sense, cannot be constituted either from psychological content or from real-world or 
logical correlates of one’s representation (Coffa, 1991, p.77).

Mrozek (1998) made an attempt to explain the structure of the process of understanding mathematical 
objects such as notions, definitions, theorems, or mathematical theories. Understanding is an indirect 
process of cognition which consists in grasping the sense of what is to be understood; showing itself in 
the ability to apply what is understood in other circumstances and situations. Thus understanding should 
be treated functionally: as acquiring sense. We can distinguish three basic layers on which the process of 
understanding mathematics takes place. The first is the layer of understanding the meaning of notions 
and terms existing in mathematical considerations. A mathematician must have the knowledge of what 
the given symbols mean and what the corresponding notions denote. On the second layer, understand-
ing concerns the structure of the object of understanding wherein it is the sense of the sequences of the 
applied notions and terms that is important. The third layer-understanding the ‘role’ of the object of 
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understanding-consists in fixing the sense of the object of understanding in the context of a greater entity, 
i.e., it is an investigation of the background of the problem. Additionally, understanding mathematics, to 
be sufficiently comprehensive, should take into account (apart from the theoretical planes) at least three 
other connected considerations-historical, methodological and philosophical-as ignoring them results in 
a superficial and incomplete understanding of mathematics (Mrozek, 1998).

It seems that in mathematics, the only way of directing attention to what we want to understand, is 
a mathematical text-written, spoken or thought, in other words, contact with a mathematical text is a 
necessary condition for a contact with mathematics to occur. Hence, if understanding is a form of get-
ting acquainted with mathematics, it is also an indirect cognition in the sense that it is achieved through 
a text which plays the role of direct data. However, the problem arises whether understanding does not 
simply refer to the text. This suggestion must be rejected on closer examination, because the text is only 
to introduce us into the domain of mathematics, into the subject matter of this science. Grasping-on the 
basis of the text-the sense necessary to develop the whole domain allows us to detach ourselves com-
pletely from the text. We can, as if, ignore the text of the mathematical message for the benefit of the 
domain, which this text renders accessible, because through understanding, we can discover the structure 
of the subject domain, no matter if the further part of the text continues its sense or not. Thanks to that, 
we can find mistakes (if they exist) in mathematical or logical texts, however, it’s unimaginable to point 
to an extra-logical error (excluding grammatical, orthographic or factual ones), referring to the plot in 
a literary text. Besides, using a mathematical text, we can acquire the knowledge not only about that, 
what is contained explicit in it; for example we can examine other properties of the investigated objects, 
formulate new hypotheses and try to prove them. It suggests that understanding mathematics refers to 
the subject domain and not to the mathematical text.

According to Chu-Carroll (2007), the semantics are the meanings of the statements – and the rules 
that tell you how to take a syntactically valid statement, and figure out what it means. So, for example, 
it includes rules that describe how to find out what object/entity is referred to by a particular primitive 
name, and what kind of property is meant by a particular predicate.

Easdown (2006) reveals that semantic reasoning, on the other hand, is more naturally associated 
with the deeper end of the learning spectrum, and relies on solid intuition, insight or experience. These 
can relate to physical, visual and other sorts of models that become ingrained in our minds, and may be 
the result of practice over many years or some inherent instinct such as a naturally evolved facility for 
thinking in three dimensions to go ‘hunting’ in an environment fraught with difficulties and obstacles, 
to second-guess the prey, or even avoid becoming prey.

Easdown shares a specimen question for this as: You travel from A to B at a speed of 20 km per 
hour, and immediately return from B to A at a speed of 30 km per hour. What is your average speed for 
the return journey?

• Syntactic Response: Average speed is (20 + 30) / 2 = 25 kmph, but the semantic answer is not 
the same.

25 kmph is a superficial response that pulls out of the problem sufficient syntax to create a neat 
formulaic answer. But this ignores meaning: the problem isn’t asking for the average of two numbers. It 
is asking for an average speed over a journey, and to successfully answer this question one must think 
about semantics: we require a fraction whose numerator is the total distance travelled and denominator 
the overall accumulated time. The correct average is 24 kmph (Easdown, 2006).
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Semantic cues in mathematics enable readers to better understand and comprehend what they are 
reading in mathematics. These cues categories are essential for conceptualization in mathematics. The 
major kinds of semantic cues that are available to readers can be classified into three categories. A 
modified listing applicable to mathematics follows Signal words in mathematics texts- Words such as 
is, are, and combined are often used to alert the reader about equivalencies or operations, Synonyms 
and antonyms- When learners encounter unknown mathematical words they can use either synonyms 
or antonyms (e.g., subtraction is an antonym of addition) with their zone of proximal development to 
support their problem solving development, Summary statements- Based on connected mathematics 
story information, there may be multiple solutions, which are defensible based upon cognitive reasoning 
(Capraro, Capraro, & Rupley, 2010).

In semantics, the principles of reflected blindness and trivial complexity often go in hand in hand, 
causing mismatches. Here is an interesting example: ‘See the bird over there in the tree! No, where?! 
Are you blind: over there in the tree! No, you are blind: you can’t see that I can’t see!’

As teachers we must constantly remind ourselves that information can be overwhelming and our 
fluency in the subject is the result of many years of experience which our learners simply don’t have 
(Easdown, 2006).

Pragmatic meaning is the means frequently (though not necessarily consciously) used by speakers 
to convey affective messages to do with social relations, attitudes and beliefs, or to associate or distance 
themselves from the propositions they articulate. That is to say, pragmatic meaning is an important tool 
in fulfilling the interactional function of language. Classroom talk is a rich resource for the analysis of 
learners’ cognitive structuring of mathematics, in which learner errors are a particularly rich basis for 
conjectures about fundamental mathematical misconceptions. Such analyses provide essential diagnos-
tic insights into individual knowledge construction. Reports of such analyses are typically set within 
a framework of knowledge about mathematical cognition. This may be of a general kind, to do with 
concept formation, abstraction and so on, or related to knowledge about the construction of knowledge 
in particular topic areas such as fractions or functions. Concern for more interactional features of the 
classroom, such as learners’ propositional attitudes and teachers’ sensitivity to their learners’ self-esteem, 
necessitates rather a different set of lenses and analytical tools from which to view texts. Linguistic tools 
which focus on pragmatic meaning have significant potential for text analysis in mathematics educa-
tion, especially in research into social and affective factors in the teaching and learning of mathematics. 
Further evidence of this potential is given in Rowland (1999). Bills (2000) explored the prevalence, 
purpose and effect of a range of politeness strategies in mathematical dialogue involving a facilitator and 
two 17-year-old learners. Any analysis of classroom interaction involves the selection and application 
of analytic perspectives, and pragmatic tools are as yet novel in the field of mathematics education. It 
will be interesting to see what further insights they yield for researchers as they come into more general 
use, what the pedagogical application of such insights might be, and whether teachers perceive them as 
valuable (Rowland, 1999).

A LOOK AT CONCEPTUALIZATION OF MATHEMATICAL IDEAS

Learners learn mathematical concepts not through a set pattern. They conceptualize mathematical 
ideas through a number of means, in a number of ways, using several strategies. And, at the base of 
all this process there lies the nature of Mathematics. This nature of Mathematics provides distinctive 
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modes of thought including abstraction, logical analysis and inference from data, optimization and use 
of symbols and signs. Mathematics inherits systematic inductive and deductive reasoning. Apart from 
this, Mathematics is a language, science and an art. And, this bestows a prominent role to creativity in 
learning of Mathematics.

Let us learn the concept of creativity first:

Creativity

Rhodes (1961, as sited by Buffalo State University) determined that creativity is a system of four Ps; 
the creative Person, Process, Press (environment), and the creative Product. Creativity is an idea that 
usually starts with an observation that is puzzling, with something one wants to figure out rather than 
something one thinks he/she already understands (Rosenwasser & Stephen, 2012). According to Goulish 
(2000), creativity is a new approach to something old. Noller (1977, as sited by Buffalo State University) 
developed an equation that creativity is a function of attitude toward the relationship between knowledge, 
imagination and creativity. C = ƒ(K,I,E). Csikszentmihalyi (1997) beautifully describes creativity in 
terms of persons, who express unusual thoughts which are interesting and stimulating i.e. people who 
appear to be unusually bright, people who experience the world in novel and original ways. These are 
personally creative individuals whose perceptions are fresh, whose judgments are insightful, who may 
make important discoveries that only they know about, and individuals who have changed our culture 
in some important way, e.g., Leonardo, Edison, Picasso, Einstein, etc. Layman’s view about creativity 
is creating novel and useful, or the production of original ideas that serves a purpose.

Role of Creativity in Learning of Mathematics

Mathematical learning, more or less, is deeply affected by the mathematical creativity. Mathematical 
creativity includes the ability to see new relationships between techniques and areas of application, and 
to make associations between possibly unrelated ideas (Haylock, 1987). Mathematical creativity is at-
tributed in the context of problem formation (problem finding), invention, independence and originality 
(Krutetskii, 1976).

Runco (1993) gave the most accepted multi-dimensional view describing mathematical creativity as 
a multifaceted construct involving both divergent and convergent thinking, problem finding and problem 
solving, self-expression, intrinsic motivation, questioning attitude and self-confidence. Carlton (1959) 
distinguished the kinds of mathematically creative minds as logical versus intuitive; quick and alert 
versus slow and reflective.

Mathematics, its nature, and its learning deeply require ability for seeing new relationships, making 
associations, problem posing, attitude for questioning and logical reasoning. Hence, learning of math-
ematics is much more dependent on creativity or creative thinking than that of any other subject. It is 
this interdependence only, which makes mathematics a more difficult subject for the learners. Thus, for 
better learning of Mathematics, we will have to focus more on developing the mathematical creative 
thinking among the learners. Now the question arises, what techniques we can apply for improving 
creative thinking in Mathematics.
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Improving Creative Thinking in Mathematics

Yao Lu (as cited on Center for Excellence in Learning and Teaching website, 2011) has endeavoured to 
depict some remarkable techniques or strategies for improving creative thinking, which are equally good 
for Mathematics. These creative thinking strategies are assumption busting, brainstorming, negative (or 
reverse) brainstorming, concept mapping, role playing, story boarding, DO IT (Define problems, be 
Open to many possible solutions, Identify the best solution and then Transform it into effective action), 
random input, decision tree, questioning activity, slip writing, laddering, exaggeration, brain-sketching, 
reversal, fishbone and the mystery spot.

Here we will discuss two strategies out of these. In assumption busting, firstly, assumptions associ-
ated with a problem are listed by learners, e.g., a solution is impossible due to time and cost constraints; 
something doesn’t work due to certain rules or people believe or think of certain things. Then, they are 
asked, under what conditions these assumptions are not true. This process of examination is continued 
till old assumptions are challenged and new ones are evolved. Another way to proceed is to explore, and 
then obtain, ways to enforce assumptions to be true. This is just the opposite of the previous strategy of 
challenging the assumptions.

Laddering or the ‘why method’ involves toggling between two abstractions to create ideas. Ladder-
ing techniques involve the creation, reviewing and modification of hierarchical knowledge. In a ladder 
containing abstract ideas or concepts one moves between the abstract and concrete. Laddering can help 
students understand how an expert categorizes concepts into classes, and can help clarify concepts and 
their relationships. Beginning with an existing idea, ‘ladder up’ by asking, of what wider category this 
example is, ‘ladder down’ by finding more examples. Then ‘ladder up’ again by seeking an even wider 
category from the new examples obtained from last step. Generally, ‘laddering up’ toward the general 
allows expansion into new areas while ‘laddering down’ focuses on specific aspects of these areas. Why 
questions are ladders up and so-what questions are ladders down. Learners are suggested to explore 
further for other strategies and techniques.

These ideas about conceptualization of mathematics are closely associated with semantics and prag-
matics associated with these ideas. Let us learn these with the help of some examples.

TWO CASES

The two specific, though general cases, each with two similar set of events, are seen in context as they 
appear. The context adds complexity to the simple events. As learning is also experiential in nature, the 
contextual values, relationship, rapport, trust, confidence, in addition to simple interaction and plain 
interaction between learners and facilitators, play a vital and significant role in conceptual semantics 
and pragmatics of events and understanding of underlying mathematics.

Context and situation are capable enough of changing perception-based mathematical meaning and 
meaning-making process, based on linguistics, associated with even the similar simple events. Hence, 
the context and situations must be created, associated and exploited up to the optimum level for enhanced 
conceptual teaching and learning of mathematics at par the daily life experiences for a better meaning-
making process.

Let us have a look at two cases of situations.
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Case 1

Event 1: A child, willing to have a samosa, goes to a shopkeeper and asks for a samosa, costing Rs. 5, 
and hands over a Rs. 100 note. Shopkeeper refuses him for a change of Rs. 100 note and hence 
shows inability to serve a samosa.

Event 2: Another child, who goes to the same shopkeeper, firstly hands over a Rs. 5 coin, and then, in 
addition, asks for a change of Rs. 100 note. The shopkeeper happily gives him a change for Rs. 
100 note.

Are the two situations different anyway? Does the shopkeeper have the same understanding in two situ-
ations, while in both the situations he is supposed to give change for Rs. 100 note?

Case 2

Event 1: A child having tea, costing Rs. 5, at a shop tells the vender that tea is very bad and not having 
either cardamom or ginger. The vender asks the customer to throw away the cup full of tea and 
prepares a fresh tea with full of cardamom and ginger, and serves it to the customer. The vender 
finally asks for Rs. 5 only, not Rs. 10 from the customer.

Event 2: Another child, who undergone the same set of events, does not throw the cup but drinks that 
tea and in addition to that, vender serves him the freshly prepared better tea too. But, finally the 
vender asks for Rs. 10, not just Rs. 5 from the customer, as he drank the two cups of tea.

Are these two situations different anyway? Does the vender have the same understanding in two situa-
tions, while in both the situations he gave an extra cup of tea to the customer?

Does the mathematics associated with these two sets of events really differ in their net semantics and 
pragmatics? Better we call pragmatics as pragmatics of events. Pragmatics is not same as pragmatism, 
and hence should not be mingled with. What makes the response to these questions as ‘No’? Are the 
concepts and their semantics along with pragmatics, as they are understood, both one and the same? 
What actually happens with the understanding of the shopkeeper and the vender, while as a net input 
or output, they are undergoing the same result? Is it mathematics? Is it really so simple to understand 
these two sets of events? What makes the shopkeeper or the vender to get agreed upon to give a change 
or to take only Rs. 5 instead of Rs. 10? Does these or similar events, while observed by a mathematics 
learner, not make mathematics learning not only difficult but a complex subject too?

Let us try to have insights into these two cases.

CHANGE AS IT HAPPENS, AND APPEARS IN THE CONTEXT

Case 1

Event 1: When the child came to buy the samosa, he was a new customer. He had not yet bought any-
thing. The shopkeeper did not feel any obligation towards him. It may also be possible that the 
shopkeeper did not have a Rs. 5 coin.
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The child might be the first customer. Hence, there may not be ample change for the customer. The way 
of asking for change might have affected the shopkeeper. The child may not have asked politely and 
hence might be unable to impress the shopkeeper. Providing change Rs. 95 is more inconvenient.

The child seems to come just for the change, not the samosa. It appears that the child was appeal-
ing for the change more than that of the samosa. It is not the samosa which has brought the child to the 
shopkeeper, but the need for change of Rs. 100 note.

This may be the narrow mindedness and prejudice of the shopkeeper that the child is taking samosa 
only for the purpose of change, not for the sake of eating samosa. The shopkeeper might be unable to 
visualize a customer in the child, but just a child willing to get change, somehow.

Shopkeeper does not want to tender change. Shopkeeper is not able to build any relationship with the 
customer. The absence of rapport between the shopkeeper and the child makes the shopkeeper behave 
in such a manner.

Event 2: In this case, the child was already a customer and built a relationship with the shopkeeper. 
Therefore the shopkeeper in obligation gave him the change. The rapport and the established 
relationship between the shopkeeper and the child motivated the shopkeeper tender the change.

The child might be a regular customer. And, the shopkeeper may not be willing to let go a regular 
customer. Few more customers must have visited the shop before this child. This might have enabled 
the shopkeeper have the required change, so that he can give it to the child. Providing change for Rs. 
100 is convenient. There is a lesser calculation and ease of handling the case for the change, while it is 
a round figured number like 100, instead of 95.

An emotional and social relationship has been established between the child and the shopkeeper. This 
relationship has bestowed not only human touch but also emotional and social touch to the situation. This 
touch has further helped to give rise to better professional relationship between the two.

The child appears to really willing to eat samosa. The case reflects that the child is not there merely for 
the sake of change, but he desperately needs a samosa. For this purpose, he seems to come well prepared 
by somehow arranging a Rs. 5 coin. This reflects sincerity on the part of the child, which have further 
impressed the shopkeeper. It is the willingness to eat the samosa on the part of the child and selling of 
samosa on the part of the shopkeeper, which the shopkeeper is more concerned with.

Shopkeeper is satisfied that the customer has bought something from him. He builds a relationship 
with the customer of trust and confidence. This trust and confidence motivated the shopkeeper strengthen 
further the relationship between the two. Customer has used a good strategy to ask for the change. The 
child might be strategic enough to ask for a change in such a systematic manner.

Shopkeeper has not only earned Rs. 5 but a responsible customer too. Here, the shopkeeper might 
have a future well behaved, sincere and responsible customer in the child. He might have established in 
his understanding that this child will always come with a change, in the future, whenever he will require 
a samosa, which will enable him to serve well, even while the shopkeeper will not have a change. This 
has a hidden understanding that developing relationship with this child will help him gaining other 
customers too, who might not have come with a change.
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COSTING AS IT HAPPENS, AND APPEARS IN CONTEXT

Case 2

Event 1: In this case, the child actually consumed only one cup, so the shopkeeper charged accordingly. 
It is the actual consumption, which is overt here, and which becomes the significant factor. Also, the 
child seems to be honest. When he says the tea is not good, he really means it. He is not criticizing 
the tea for the sake of criticism only. The child obeyed the shopkeeper. This has become a crucial 
emotional act which might have affected the shopkeeper’s behavior. The shopkeeper might have 
thought that this act will act as a promoter for the child to obey him in the future too.

There is no concept of utility involved. The child has not utilized the two cups of tea. The first cup had 
no utility for the child. It was not going to help him in any manner. It is just like the case that there are 
a number of the items with the vender, but he can charge the customer only for those, which are utilized 
by the customer.

The child seems to be true and that is why he threw the first cup of tea. The child is reliable and 
trustable as far as he speaks about the quality of the tea. The shopkeeper may trust over the child in 
future too whenever it is the case of quality seeking. The truthfulness of the child might have impelled 
the vender to not to charge him for two cups of tea.

There was no satisfaction on the part of the customer, as he threw the tea. Shopkeeper obliged to his 
demand and made him another tea. Shopkeeper did not charge the extra amount because he felt guilty 
as he could not satisfy the customer. The customer-satisfaction gives rise to a sense of contentedness, 
which is absent in this case.

Shopkeeper would forgo his loss at the sake of winning over his customer, his trust and confidence. 
Here, he follows the futuristic approach in winning a customer. He is longing for earning this customer 
for the future too. He might have thought that the trust and confidence built with this customer will help 
in gaining further like-minded customers while the child will talk to his friends and would share the 
incidence among them.

Event 2: In this case, the child consumed two cups, so he was charged Rs. 10. The child seemed to trying 
to be cunning. The child did not obey the shopkeeper and drank the first cup as well, which irked 
the shopkeeper. So he charged for two cups. This acts as a distractor for the child for future. Here 
is a value conflict. There is also involved utility concept.

The shopkeeper might be recovering the cost. He might have tried to change the mentality of the 
consumer to pay for one and consume two cups of tea. Consumption is an important aspect.

The child seems to be telling a lie because he consumed the tea even though it was bad, according to 
him. Profit aspiration is significant in this case. Prestige of the shopkeeper is important aspect.

The child actually have consumed two cups not just one, hence consumption is a guiding principle. 
Shopkeeper would have thought that if he gives two cups of tea, he will get financial loss. Shopkeeper 
thought that the child is playing over smart to get two cups of tea.
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Customer did not like the first tea but still drank it. Shopkeeper assumed that he may want to consume 
two cups of tea at the price of one. Shopkeeper may want to recover the loss and may want to establish 
a good tradition.

Shopkeeper might have thought that if the customer would have really disliked the tea, why he did 
not discard the first cup of tea.

DISCUSSION AND ANALYSIS

The two events in first case are almost similar, but the shopkeeper makes different meaning from them. 
In first event of first case, he does not perceive any direct profit. Moreover he is not able to feel the 
warmth of any rapport built with the prospective customer. He may not be able to assure himself about 
the trustworthiness of the prospective customer. Having all these as prejudices or observations, he is 
not able to perceive the mathematics underlying in the event as it is. He is unable to convince himself 
that the change about the change in two events is similar. In both the cases, he is supposed to provide 
change for a Rs. 100 note.

In second event of the first case, shopkeeper not only perceives the social or contextual meaning, but 
also emotive meaning. He, now, is emotionally attached to the customer. Though, now also he knows 
that he has to give a change for Rs. 100 note, but he easily convinces himself for this work.

In first event of the second case, there is an obligation to prepare a fresh tea. The vender happily pre-
pares the tea and serves it. Though he can ask for Rs. 10 as the cost, but he asks for Rs 5 only. Here, he 
is longing for a better relationship and futuristic rapport with the customer. Somewhere, in his cognition, 
he perceives himself as somewhat guilty. This guilty feeling makes him to develop a different emotive 
meaning. For the namesake of his shop too, he may not be charging for two cups of tea.

In second event of the second case, though there is again an obligation to prepare a fresh cup of tea, 
but, here the understanding of utility and profit plays the dominant role. Though in both the events, the 
vender puts the same input, but, this time he is not conscious of any guilt. Moreover, he perceives that 
the customer, who could consume the earlier cup of tea, is not in need of really a fresh cup of tea. Here, 
the namesake of the shop is not at the test. Hence, the vender moves forward than the concept of rapport, 
emotions and reach the zone of utility and the profit. He, hence, makes the meaning of charging Rs. 10 
instead of just Rs. 5, though the inputs from his end are not different.

In both these cases, the apparent change is different than the change itself. The important aspect is 
how the change and the change about the change are perceived by the learner or the facilitator. Not only 
the past experiences, but the current observations play the crucial role in learning of concepts in differ-
ent context and social situations.

Hence, the context and emotions provides a different meaning to the same or similar events which 
affects overall semantics and pragmatics of mathematical events in day to day life. The facilitator, in 
classroom, is supposed to take due care of these factors while facilitating the learning of mathematics.

This is closely related with Grice’s four maxims of pragmatics, too (Grice, 1989). In first events 
of both the cases, the maxim of quantity i.e. giving only the necessary amount of information to the 
vender- not too much or too little, has affected the response from the vender. The maxim of quality i.e. 
only speaking the truth - not knowingly giving false information has again affected the first events. But, 
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flouting and violating other two maxims of relation i.e. being relevant to the current topic of conversa-
tion and the manner i.e. avoiding ambiguity or obscurity in speech, have made the second events of both 
the cases productive for the child.

These maxims are also very important for mathematical instructional design. The implicature of the 
semantical steps (University of Sheffield, 2012) plays very significant role in the pragmatics of such 
events and their hidden effect on grasping a specific situation. These events, in one way or the other 
indicates that flouting and violating maxims of pragmatics makes the mathematical learning more fruit-
ful and interesting rather than following the maxims in a direct straight forward manner. Learners enjoy 
mathematics more while their problems are solved by one way or the other rather than a direct failure. 
This has great implications for mathematical instructional design- to provide more solvable problems 
than the uninteresting and full of failure events. Breaking the maxims helps in more pragmatic learning 
than following these. Hence, instructional design should be more focused on breaking these maxims 
for better learning.

FUTURE RESEARCH DIRECTIONS

Since this is an unusual endeavor to see mathematical events through the lens of semantics and prag-
matics, there is a need to have more research on the topic. The current chapter takes a stand more upon 
violating the maxims of pragmatics than straight forwardly following these, in the case of mathematical 
events and uses these events for mathematical learning. This opens up a new direction for future research 
in terms of how specifically violations of these maxims help in mathematical learning. If these viola-
tions are contextual and situation based, then up to what extent these can help in classroom learning 
and outside learning remains an unanswered question. The scope for future research can also be if such 
semantics are age specific. There is a scope to study whether semantics and pragmatics may have some 
implications for cognitively guided instruction (Carpenter & Fennema, 1988), too. Moreover, the current 
chapter tries to open up a new door for interdisciplinary researches, where the semantics and pragmatics 
from linguistics are borrowed and endeavored to be transformed into the field of mathematical learning. 
Hence, a lot of future research directions are opened up by this chapter.

CONCLUSION

Semantics and pragmatics of mathematical events depend not only upon simple conceptual understand-
ing, but also on the situation, context and emotions. It is the context and overt behavior of other entities 
(Peregrin, 2011, p. 186) which makes mathematics learning more complex. The perception of the learner 
plays more significant role than the concept and event itself.

It is the rapport, relationship, trust, confidence between the learner and the facilitator, in addition to 
simple interaction and utilitarian value, which plays a vital role in perceiving mathematical concepts 
and which gives a different meaning and interpretations to the concepts and the relationship between the 
people and the concepts, as they are perceived. Hence, situation, context and emotions must be given 
exhaustive emphasis while teaching and facilitating learning of the mathematical concepts as most of 
the concepts are perceived in context by learners. Breaking the maxims of pragmatics may help more in 
learning and hence the instructional design should be developed accordingly by creating such situations.
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KEY TERMS AND DEFINITIONS

Linguistics: Science of language.
Mathematics Learning: Learning of mathematics following its rules, axioms, postulates, principles 

and theorems.
Maxims of Pragmatics: Key rules or guiding principles for pragmatics.
Pragmatics: Pragmatics deals with the rules guiding the implications of things.
Semantics: Semantics is study of meaning associated with a language. This meaning may be con-

ceptual meaning, connotative meaning, social/contextual meaning, emotive meaning, reflected meaning, 
collative meaning and thematic meaning.

This research was previously published in the Handbook of Research on Applied Learning Theory and Design in Modern 
Education edited by Elena Railean, Gabriela Walker, Atilla Elçi, and Liz Jackson, pages 772-785, copyright year 2016 by 
Information Science Reference (an imprint of IGI Global).
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ABSTRACT

The development of the educative teacher performance assessment (edTPA) might be considered as 
beginning over a century ago as mathematics, mathematics teacher education, and the teaching pro-
fession strove to improve student learning. Professional teaching organizations such as the National 
Council of Teachers of Mathematics, the National Board of Professional Teaching Standards, industry, 
and government agencies have been seeking ways to improve teaching, to differentiate among teacher 
candidates to predict who will be successful teachers and who will not, and to raise the level of student 
achievement of all students. Along with these goals is the aspiration of recognizing teaching as a pro-
fession. To achieve this, complex assessment is necessary. Assessment of teachers, students and teacher 
preparation programs is necessary. edTPA could lead the way.

INTRODUCTION

The advent of performance assessment for teacher educators is a multifaceted endeavor. This endeavor 
has been at least a decade in development and encompasses research on the historical development of 
teaching in the content area, on the desire to see education become a true and recognized profession, 
and on the making of what would best be considered quality teaching and learning.

This chapter looks at a specific performance assessment, the edTPA, and its special relationship with 
the content area of mathematics. Mathematics is complex. It can elicit visceral responses from people who 
feel they are not “good at math” or can challenge people to solve or conjecture responses to problems. 
It causes both confusion and creativity with the effects of both success and failure.
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Mathematics education as a field of study is also complex. The challenges in mathematics teaching 
and learning have caused developments in P-12 schools, colleges, teacher preparation programs, and 
teacher certification. Throughout the history of mathematics education, it can be seen that there have been 
attempts to improve mathematics teaching and learning for children, for college students and for teachers.

These improvements come from an emphasis on learning mathematics with conceptual understanding, 
procedural fluency and mathematics reasoning and problem solving. The performance expectations of 
edTPA are in keeping with expectations of the common core state standards, the standards for teach-
ers expected in National Board Certification, and society’s desire to have students who are college and 
career ready in mathematics.

The challenges that have faced mathematics teachers and teacher educators have resulted in many 
changes to content, pedagogy, and assessment over time. The most recent answer to the challenge is 
the edTPA. Although edTPA faces criticism, it may be the best development in solving the puzzle of 
mathematics education and in creating quality teaching and learning experiences.

HISTORY OF MATHEMATICS EDUCATION AND 
MATHEMATICS TEACHER PREPARATION

As the professional fields of mathematics and education made their debuts in the 1890s, courses in the 
teaching of mathematics began to evolve. Where no institutions had previously included these courses, 
the advent led to some interesting developments at the first five schools to embrace these fields of 
mathematics and education.

The University of Michigan, in 1892, led the way in their attempt to train high school mathematics 
teachers by establishing “teachers seminaries” – one in algebra and one in geometry. This was soon fol-
lowed by Ypsilanti’s Michigan State Normal School which developed a program devoted to the strong 
academic and professional preparation of teachers. While this program included components similar to 
the “teachers seminaries” of the University of Michigan, it also included historical developments of the 
fields of algebra and geometry. In addition, this program included a required course entitled Professional 
Training in Arithmetic.

The University of Chicago and Teachers College in New York were the next on the scene with at-
tention being paid to mathematics and education. While Chicago worked primarily on the formation of 
its mathematics department, they did pay special attention to the pedagogy of mathematics. While this 
focus began with a lecture series, it wasn’t long until a position was established for the assistant professor 
of mathematical pedagogy. At around the same time, Teachers College’s mathematics department had 
a threefold mission: “to prepare students to teach mathematics in elementary and secondary schools, to 
provide the introductory-level courses in algebra and geometry required of all students for admission 
to junior-year status, and to supervise mathematics instruction in the affiliated Horace Mann School” 
(Donoghue, 2013, p. 164).

Syracuse University rounded out this initial list of five schools to embrace mathematics and education. 
The mathematics department provided students an opportunity to learn the pedagogy of mathematics 
for those students who intended to teach mathematics.

Other institutions followed suit and began to offer specialized training in the preparation of mathemat-
ics teachers so, by the end of the first decade of the twentieth century, there were at least twenty-five 
institutions involved.
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The introduction of these courses and programs allowed for the discussion and study of issues related 
to teaching school mathematics. This led to the formation of associations of groups of mathematics 
teachers and members began to publish articles on the teaching of mathematics.

The beginning of the century saw such leaders as Smith, Moore, and Young speak out about the 
improvement of the preparation of mathematics teachers. Smith compiled many of his lectures and 
produced the first textbook for mathematics educators, Teaching of Elementary Mathematics (Smith, 
1900). His aim was to provide access to materials to those who wished to work with these mathematics 
educators: access he didn’t have when he first began.

Three principal pedagogical threads – the rule method, the inductive method, and the analytic method 
– were prevalent as main themes in textbooks throughout the 19th century. The rule method was seen in 
North America from early colonial times until about the 1820s. This method, presented in mathematics 
textbooks during this time, focused on presenting definitions, rules and tables and the pedagogical focus 
was purely deductive. This method was quite different from the other two methods which complemented 
each other.

The inductive method allowed children to abandon rote and mechanical approaches to problem solv-
ing and to discover, for themselves, the basic principles involved. The analytic method was a companion 
strategy to the inductive method and was used to show a student how to think through a problem using 
logic and reasoning rather than focusing on rules.

Throughout the 19th century, authors of arithmetic texts placed a strong emphasis on the mathematical 
content being practical and current. Teachers were largely supportive of methodologies based on concep-
tual understanding and real-world applications and the use of manipulatives was also widely accepted.

While these pedagogical threads were being used throughout the 19th century, it is interesting to 
recall as discussed previously that the field of mathematics education traces its origins to the 1890s. It 
was 125 years ago that two distinct fields, mathematics and education, emerged as professional areas. 
Donoghue (2003) notes, “In 1890, no American institutions of any type offered a course in the teaching 
of mathematics in the high school” (p. 160). Toward the middle of the decade, five institutions were on 
board with such programs. This emergence of programs brought with it “the study and discussion of 
issues related to school mathematics” (p. 165). Members of educational groups began to write and to 
publish articles on the teaching of mathematics.

In the early years of the twentieth century, mathematics educators focused on two main areas: the 
teacher and the curriculum. Graduate programs were established in mathematics education. At Teachers 
College in New York, in 1900, four “qualities” – “general culture, professional knowledge of education, 
special knowledge of the teaching discipline, and technical skill in the classroom” – (Donoghue, 2003 
p. 174) were the aims for the development of a teacher. It was during this period, “from 1890 – 1920, 
that the major components of the profession of mathematics education in the United States were estab-
lished” (p. 187).

It was also during these years that mathematics was viewed as a prime vehicle for mental training 
and it was thought by some and advocated by the Committee of Ten that “every student regardless of 
probable destination deserved to have his or her reasoning power strengthened by the kind of mental 
exercise that intensive study of mathematics provided” (Kliebard & Franklin, 2003 p. 402). Critics to 
the report filed by the Committee of Ten had a differing view of gender differentiation. They believed 
that certain subjects, such as mathematics, were too strenuous for girls. In addition, they advocated that 
students who wouldn’t progress past elementary education had no need for mathematics beyond arithmetic.
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These doubts led to a great decline in the number of high school students in mathematics classes. 
General mathematics classes were being formed to help students prepare for day-to-day responsibilities 
and to provide only the mathematics needed for direct application in jobs. The purpose of schooling was 
changing to a preparation model. This purpose held and, in 1940, Mathematics in General Education 
summed up the major reforms that had been occurring for the past half century. It continued to focus on 
mathematics as needed for practical application.

In the 1930s, with the hint of war in the air, mathematics educators worked to reverse the doubts 
in their subject. Mathematics educators began to discuss why students should study mathematics well 
beyond arithmetic. The Mathematical Association of America along with the American Mathematical 
Society formed a joint War Preparedness Committee. A subcommittee’s major report, Mathematics in 
the Defense Program, “focused attention on the anticipated great demands from both the military and 
industry for high school graduates with substantive mathematical preparation” (Garrett & Davis, 2003, p. 
498). The utility of mathematics was erasing former doubts about the need for the higher order thinking 
of mathematics. More people had a necessity to know more about mathematics and to be able to apply 
it in applications to the war effort.

Before the end of World War II, President Franklin D. Roosevelt, asked that something be done 
to continue the advancements in mathematics and science that had occurred because of the war. In a 
letter to Vannevar Bush, director of the Office of Scientific Research, he asked him to delineate and 
evaluate the lessons learned from the war time experience that could be applied to peace time growth 
and development. Such advancements provided growth and development for the economy as well as 
jobs and security for the country (Ferrini-Mundy & Graham, 2003). It was clear at the close of World 
War II that there had been advancements in mathematics, science and medicine and a growing need 
for scientists and engineers. It was also clear from the experience of training the military during World 
War II to work on and with such technology as radar and radio and fields such as navigation and map 
making that the mathematics taught in high school was inadequate (Commission on Post War Plans, 
1944). This began a movement to improve mathematics teaching and teacher preparation. Part of this 
movement was sidetracked as the number of school aged children grew following World War II and the 
need for teachers increased. As the need for teachers increased, certification requirements were lowered 
or eliminated. This trend reversed itself due to a teacher surplus in the late 1960s and early 1970s when 
certification requirements were raised.

The launch of the Sputnik satellite in 1957 produced a similar if not more urgent call for more math-
ematicians, scientists and engineers along with a desire to improve mathematics learning for all children. 
This movement did not just capture educators, but included mathematicians, scientists, the business 
community and politicians. It brought mathematics education into a national conversation. Professional 
papers (the report of the Commission on Post War Plans, 1944 and a second one in 1945, NCTM’s Sec-
ondary Curriculum Committee published recommendations in 1959, and a report of the Commission 
on Mathematics of the College Entrance Examination Board published in 1959), recommendations by 
professional organizations (Mathematical Association of America (MAA), National Council of Teach-
ers of Mathematics (NCTM), American Association for the Advancement of Science (AAAS)), and 
extensive teacher training (funded by individual companies such as General Electric and Dupont, by the 
government through the newly established National Science Foundation, and by professional teaching 
organizations) were prevalent (Ferrini-Mundy & Graham, 2003).

Recommendations were varied, but some common themes emerged. Teacher training in mathematics 
must be more extensive and include more content so that teachers would be competent in mathematics 
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before teaching it to others. Three years of high school mathematics was needed for elementary teaching. 
Through the MAA and its Committee on Undergraduate Programs in Mathematics, and the subcommittee 
or Panel on Teaching Training emerged recommendations that placed teaching in five levels. The five 
levels were established with level I being elementary teachers (K-6), Level II Junior High (7-10), Level 
III High School (grades 9-12), Level IV (grades 12-14) and Level V being college level instruction. It 
was expected that elementary teachers complete at least two courses in mathematics and high school 
teachers complete the equivalent of a major in mathematics. Until this point in time elementary teachers 
in particular had very limited experience with mathematics. Building content knowledge was considered 
very important. The Panel also listed some assumptions that should be considered when implementing 
the recommendations. These include a) that specific implementation depend on local conditions, b) 
that the recommendations are not tied to any particular school curriculum, c) that good mathematics 
is a sequential experience, and d) that the learning of mathematics begins at the concrete level before 
moving to the theoretical or abstract (MAA, 1961).

These recommendations were endorsed by professional organizations and were included in publica-
tions. Mathematics teacher education reform in the form of reports, conferences and funding had begun 
as a response to World War II and the launching of Sputnik. These themes emerged: strong content 
knowledge for teachers, more course work in mathematics at the college level for teacher candidates, 
and an emphasis on strong content for all students through the New Math curriculum. What was not 
evident in these reforms was the development of an examination that would illustrate that a teacher had 
the mathematical content understanding to teach mathematics and was competent in implementing the 
curriculum.

In the mid-1960s-1970s there was a push for competency based teacher education (CBTE). In the 
CBTE movement teacher candidates are expected to learn and demonstrate certain competencies. These 
competencies often included pedagogical expectations. There were limitations to the CBTE movement 
and such issues kept it from being widely accepted. Some of the issues were: Are the competencies that 
are deemed necessary really necessary? Is there a relationship between observable competencies and 
student achievement? What about conditions of the classroom such as class size? (Ferrini-Mundy & 
Graham, 2003)

The 1980s brought in the standards movement as the public perception was that the teachers were 
not the problem in the nation’s poor mathematics performance as described in A Nation at Risk, the 
curriculum was. In 1989 the National Council of Teachers of Mathematics published Curriculum and 
Evaluation Standards for School Mathematics in an effort to improve both content and pedagogy. There 
was less money available in the 1980s for preservice and inservice teacher education, but efforts contin-
ued. In the 1980s the mathematics education research community emerged and the use of this research 
became evident.

The 1990’s brought the results of the Third International Mathematics and Science Study which 
showed the children in the United States were not performing at a high level. This study seemed to il-
lustrate the teachers were also part of the problem.

The National Board for Professional Teaching Standards (NBPTS) which began in 1987 required that 
National Board certified teachers provide evidence of both mathematical knowledge and pedagogical 
competence. The National Board has facilitated a conversation about the need for teachers to understand 
teaching, learning and mathematics and to expect teachers to provide evidence of this. Research studies 
based on educators as they engaged in the process of earning National Board Certification showed many 
positive results including improvement in quality and coherence of classroom assessment strategies 
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and modifications of teaching based on the assessments. There was a shift from assessing to determine 
grades to assessing so that students learn. Teachers learned to evaluate students using evidence rather 
than anecdotes. Teaching practices based on the assessment data were more coherent. National Board 
candidates were rated more favorably by students. They were shown to emphasize questions that require 
explanations and encouraged class discussions. Students were given more time for self-assessment and 
reflection on their learning. Teachers who engaged in the board process used formative assessment before 
beginning a unit and included more hands on activities and discussions in the unit. (Sato, Wei, Darling-
Hammond, 2008). Unfortunately, practicing teachers who engage in and earn board certification are a 
small population of the teaching profession. Considering how to include the positive aspects of earning 
board certification to earning initial teacher certification would strengthen teacher preparation programs.

There is also a changing student population during the years described above, post World War II 
to today. Rossi Becker and Perl (2003) describe the challenges facing different groups of students in 
achieving in mathematics. Issues of equity include access to course work, curriculum, and methods of 
instruction. While there has been an emphasis on mathematics for all, there has also been a desire to 
create a mathematically elite who would pursue careers in mathematics, science and engineering. Which 
courses and which methods for which students: male, female, college preparatory students, vocational 
students, honors students, and students of all races have been topics of discussion. Preparing students 
who really understand mathematics has been a concern as evidenced by programs developed such as 
one created by The University of Illinois Committee on School Mathematics that used manipulatives 
and unambiguous language to help students understand.

The issues of content knowledge and pedagogy have been raised again and again in the literature 
from the 1950s through today. Mathematics teaching and learning for all children regardless of innate 
ability has been a topic of conversation since World War II. Demonstrating competencies and providing 
evidence that a teacher can teach mathematics and students can learn with understanding is pervasive in 
today’s climate of accountability. The educative teacher performance assessment or edTPA has emerged 
today as a method for assessing teacher candidate’s content knowledge and pedagogical skills along 
with evidence of student learning. As a performance assessment it is a unique exam that demands that 
teacher candidates show competence in pedagogy along with content knowledge as evidenced by their 
work with children.

TEACHING AS A PROFESSION: EDUCATORS USE OF edTPA

The effort to promote teaching as a profession has been ongoing for more than half a century. In order 
to be considered a profession, there are certain features or characteristics that are required. According to 
Darling-Hammond and Hyler, (2013), three features are required: 1) members must be committed to the 
welfare of those they serve: they must put the best interests of their clients first, 2) the members of the 
profession must share a common body of knowledge that will advance their clients’ best interests and 
3) the members of the profession must agree on, define, transmit and enforce standards of professional 
practice. The profession must monitor the performance of its members rather than be managed by people 
on the outside. “Professions make a compact with the public that allows them to manage their own work 
in exchange for holding themselves accountable for mastering the knowledge and skills that allow them 
to practice safely and effectively” (Darling-Hammond & Hyler, 2013, p. 12).
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In the attempt to have teaching achieve status as a profession, several areas must be considered. Among 
these are the perception of teachers and the training and licensing of teachers. Public perceptions of teachers 
are not at a level of professional status. Teachers are often times viewed as part-time workers – summers 
and holidays off and shortened workdays. Teachers are charged with enormous responsibilities but their 
value is often understated. Teachers are primarily women and the pay for teaching has traditionally not 
been competitive with other professions especially those seen as more masculine in nature. An attempt 
is being made to address this perception of teachers and teaching.

Teaching has come a long way since the days when students of all ages were in one room with one 
school teacher in the front of the room. Students’ primary responsibility was to write down what the 
teacher said to prepare for the exam based on the teacher’s lectures. They were to be on their best behav-
ior and they were to learn with minimal student input. The model of the teacher teaches and the student 
shows what was learned was prevalent. Today’s classroom usually looks a bit different. Students are 
more involved with their learning and oftentimes are engaged with small groups of students working 
to solve a particular problem. Technology can be a learning tool in the classroom. Today’s teachers are 
charged with knowing their students and their students’ needs. The perception of teachers is beginning 
to turn around.

The other area where the status of a profession can be affected is in the area of licensure and certi-
fication; attention has been turned to other professions where rigorous licensing and certification tests 
are critical requirement. Efforts are underway to ponder why and how to use such rigorous licensing 
exams. One of the major factors prohibiting teaching from being recognized as a profession is the lack 
of a nationwide licensing exam. Currently, each state has its own licensing criteria.

Nationwide licensing exams would allow candidates to demonstrate they can meet and uphold the 
high standards of the profession. These assessments not only allow candidates to enter the profession, 
they provide guidelines for the curriculum in professional schools. (Darling-Hammond & Hyler, 2013). 
While paper and pencil tests for licensing have been used, they have not been authored by members 
of the field and they typically don’t capture the knowledge and skills needed by a teacher. Teaching is 
complex enough that performance assessments are necessary.

edTPA as a Licensing Exam

The Stanford Center for Assessment, Learning and Equity (SCALE), taking the stance that individuals 
entering the teaching profession must be prepared to meet the academic needs of all students, developed 
the educative Teacher Performance Assessment (edTPA) to measure teacher candidates’ readiness to 
teach. The edTPA is the first nationally available, educator-designed performance assessment for teach-
ers entering the profession. (SCALE, 2014). The edTPA carries the dual goals to improve assessment 
of teacher candidates and ultimately reform and distinguish teaching as a profession. The transfer of 
professional certification from a series of standardized exams to a performance assessment, which 
includes authentic tasks, allows the complex assessment of P-12 student learning, teacher candidate 
performance, and teacher preparation program review. “By evaluating teaching authentically, these 
performance assessments represent the complexity of teaching and offer standards that can define an 
expert profession.” (Darling-Hammond & Hyler, 2013, p.13) The effort to move teaching to a profession 
must include teacher candidates’ successful demonstration of an edTPA at a high level. A licensure exam 
such as the performance assessment must be embraced by professional educators and teacher preparation 
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programs because it assesses the complex situation of teaching and learning. When all support the high 
standards expected then teaching will indeed be monitoring its own, will not require monitoring from 
outside, and will thus be a profession.

The edTPA was developed by teachers, unlike other licensure exams, which have not. Most of the cur-
rently used licensure exams for perspective educators have been created by groups outside the profession, 
make use of multiple choice or short answer formats, and emphasize content and pedagogy, but not the 
complexity of the teaching and learning process. The edTPA has been developed in twenty-seven different 
fields based on licensure areas. Because of the vast use of edTPA across the United States, (currently, 
600 educator preparation programs in 40 states, and the District of Columbia, are participating in edTPA 
in some form or another and “as of early 2015, 12 states have either adopted statewide policies requir-
ing a performance assessment for aspiring teachers or are actively considering such a step” (AACTE, 
2015)), data on validity and reliability are available (www.edtpa.aacte.org). The opportunity to begin to 
consider the performance of a large number of teacher candidates offers the profession the opportunity 
to consider the rigor of preparation programs in addition to the performance of specific candidates.

The edTPA can be used in teacher preparation courses, as part of student teaching or, in the case of 
some states like New York State, as a certification exam. What makes the edTPA different from other 
assessments are the layers of evaluation that comprise the assessment.

The edTPA is designed to align with the authentic teaching practice of the teacher candidate. First, 
the tasks are integrated (that is, the learning goals, the instruction, and the student assessment are linked 
together) as they would be in the authentic work of a teacher. Second, each edTPA task requires the 
candidates to collect and submit direct evidence from the actual work of teaching such as student work 
samples or video recordings of the candidates engaged in instruction and interacting with students around 
the content learning goals. Third, the tasks represent not only the behaviors of the teacher, but also include 
the impact of the instruction on student learning as demonstrated through an analysis of student learning. 
And fourth, the instructional tasks are considered within the context of the subject matter content and 
learning goals. Given that the structure of teacher licensing in each state uses subject matter discipline 
or content specific categories, teacher candidates are seeking a license in a particular content field. Thus, 
this criterion aligns with the authentic work of teaching within a specific content-area. edTPA puts into 
practice those skills necessary to be a successful teacher and thus can be considered an authentic assess-
ment as well as both a summative assessment and a formative assessment.

Background of edTPA

Authentic assessments, assessments used to directly examine performance on intellectual tasks, should 
assist in distinguishing candidates who should be successful teachers outweighing the way that traditional 
assessment, paper and pencil one answer questions, has previously been used.

An expanding number of teacher education programs are using authentic assessments of teaching as one 
set of tools to help novice teachers create, in a principled fashion, bridges from generalizations about 
practice to apparently idiosyncratic, contextualized instances of learning. Under the title of authentic 
assessment, we include opportunities for developing and examining teachers’ thinking and actions in 
situations that are experience based and problem oriented and that includes or simulates actual acts 
of teaching. Such acts of teaching include plans for and reflections on teaching and learning, as well 
as activities featuring direct interaction with students. (Darling-Hammond and Snyder, 2000, p. 524)

http://www.edtpa.aacte.org
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edTPA is a shift from earning teacher certification simply from completing a teacher preparation 
program to actually demonstrating proficiency (Darling-Hammond, 2012). The development of the 
edTPA is based on the Interstate Teacher Assessment and Support Consortium as well as the National 
Board for Professional Teaching Standards.

Educational research and peer reviewed publications were also considered when developing the 
edTPA. Black and Wiliam, in their article, Inside the Black Box: Raising Standards through Classroom 
Assessment, discuss their analysis of education research illustrating that formative assessment is the 
vehicle for improving student learning. Formative assessment is used to inform; it includes monitoring 
student progress during instruction and activities and allows for feedback and opportunity to improve. 
It also allows the teacher to determine if his/her teaching has been successful. In order to be effective, 
assessment must impact instruction. Their meta-analysis supports the premise that effective teachers 
assess students and use assessment data to drive instruction (Black & Wiliam, 1998).

The edTPA requires candidates in 27 fields to develop and teach a series of lessons called a learning 
segment. Three tasks are completed on the edTPA: planning, instructing and assessing. The planning 
task focuses on the intended teaching. Candidates are asked to consider what their students know, what 
they want their students to know, and what means (instructional strategies, learning tasks, and assess-
ments) will need to be designed to support student learning. Candidates are required to think about the 
teaching (and learning) process. Based on their knowledge of their students, candidates are challenged 
to choose appropriate curriculum, pedagogical practices and formative assessments that will work best 
to improve student learning.

The instruction task focuses on the execution of a candidate’s teaching including their content spe-
cific instructional strategies as well as their skills in questioning and discourse. Attention is directed to 
the learning environment established, the deepening of content understanding developed by students’ 
responses, and connections to students’ prior academic learning. In addition, candidates use evidence 
from their instruction to reflect on their teaching practices and offer suggestions for change in an effort 
to more effectively meet a variety of student learning needs.

The assessing task focuses on the impact of a candidate’s teaching on student learning. Candidates 
gather evidence on what students have learned, provide meaningful feedback and use these measures 
to plan their next steps in instruction (SCALE, 2013a). They analyze evidence of student learning and 
provide a summary across their whole class, they provide feedback on strengths and weaknesses, they 
explain how they will support students to use feedback to deepen understanding and they use all of this 
information to determine their next steps.

In each of these tasks: planning, instructing, and assessing, candidates are scored using a series of 
5 rubrics per task except in World Languages where there are fewer. The rubrics are based on a 5 point 
score, 1 – 5, which rates candidates’ work along a continuum from not ready to teach, depicted by a 
teacher focused, whole class, fragmented or indiscriminate presentation of work, scored as a 1, to a 
highly accomplished beginner teacher with evidence of student focused, individual or flexible groups, 
integrated, intentional and well executed presentation of work, scored as a 5. The scores from each of 
the rubrics are tallied and a final score is compared to a cut score established by the state to determine 
if candidates pass or fail the edTPA. It is important to note that the edTPA is scored by members of the 
profession after rigorous training to become a qualified scorer. Assessment is a common thread through-
out the three tasks. Plans for assessment are proposed in task 1, evidence of assessment is seen in the 
instruction presented in task 2 and task 3 is fully dedicated to assessment and follow-up.
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While each of the edTPAs encompass the three learning tasks of planning, instructing, and assess-
ing, each does so with guiding questions that are unique to the field of study and which have been 
formulated based on research in that particular field as shown in the edTPA handbooks. For example, 
guiding questions in the secondary level assessments have the history candidates respond based on the 
use of “facts, concepts, and inquiry, interpretations or analyses to build arguments or conclusions”, the 
English candidates respond “using textual references to construct meaning from, interpret, or respond to 
complex test”, the World Language candidates respond “using development of proficiency in the target 
language”, and mathematics candidates respond using “conceptual understanding, procedural fluency 
and mathematical reasoning and/or problem solving”.

edTPA AND MATHEMATICS

Three of the edTPAs are focused specifically on mathematics: Elementary Mathematics, Middle Child-
hood Mathematics, and Secondary Mathematics. A fourth edTPA, Elementary Education, is also avail-
able. The Elementary Education edTPA dedicates three tasks to Literacy but includes an additional task, 
Task 4: Assessment of Students’ Mathematics Learning.

Task 4 of the Elementary Education edTPA focuses on assessment of student learning and the devel-
opment of a re-engagement lesson based on data collected from a lesson segment in mathematics. There 
are three additional rubrics in the Elementary Education edTPA which are similarly scored on a scale of 
1 – 5. These additional rubrics are focused on Task 4: Assessment of Students’ Mathematics Learning 
and use the following guiding questions to assess candidates in the area of Mathematics: 1) how does 
the candidate analyze whole class evidence to identify patterns of student learning? 2) how does the can-
didate use student work to analyze mathematical errors, confusions, and partial understandings? and 3) 
how does the candidate examine the re-engagement lesson to further student learning? (SCALE 2013a).

Task 4 provides an opportunity for teacher candidates to analyze whole class evidence of student 
learning, identify patterns of learning and areas of need related to conceptual understanding, procedural 
fluency and reasoning/problem solving, and to create, implement and examine a re-engagement lesson 
that is specific to the needs of a segment of the population of students.

Included in all the edTPAs is a focus on both quantitative and qualitative analysis in an effort to 
determine patterns of learning as well as the candidate’s impact on student learning. Candidates incor-
porate item analysis where they review patterns of scores and answers to the assessment items. Teacher 
candidates choose an assessment (usually formative). They conduct an item analysis and set up a chart 
or table to help represent their information. They then look for patterns of learning among their students. 
Focus students are chosen to highlight the results of the item analysis. In the Elementary Mathematics, 
Middle School Mathematics and Secondary Mathematics edTPAs, candidates provide an explanation of 
how the feedback provided to the students will address their individual strengths and needs and how the 
teacher candidate will use the information to inform their future instruction for the whole class and for 
the 3 focus students. In the Elementary Education Task 4, in addition to the analysis, a re-engagement 
lesson is then planned and executed and an evaluation of the re-engagement lesson is written.
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Mathematical Knowledge in the edTPA

In the Mathematical Education of Teachers report (2001) by the Conference Board of the Mathematical 
Sciences, recommendations were set forth detailing the mathematics teachers should know as well as 
how they should come to know that mathematics.

The mathematical knowledge needed for teaching is quite different from that required by college students 
pursuing other mathematics-related professions. Prospective teachers need a solid understanding of 
mathematics so that they can teach it as a coherent, reasoned activity and communicate its elegance 
and power. (Conference Board of the Mathematical Science, 2001, p. IX) 

With this in mind, in each edTPA where a mathematics component is evident, three mathematical 
abilities (conceptual understanding, procedural knowledge, and problem solving/ reasoning) are featured.

Conceptual understanding refers to “an integrated and functional grasp of mathematical ideas” (Na-
tional Research Council, 2001, p. 118). Students who know more than isolated facts and methods, who 
understand why a mathematical idea is important, and who are able to represent mathematical situations 
in different ways are said to have conceptual understanding. Procedural knowledge refers to “knowledge 
of procedures, knowledge of when and how to use them appropriately, and skill in performing them 
flexibly, accurately, and efficiently” (National Research Council, 2001, p. 121). Problem solving/reason-
ing refers to applying mathematics to real world situations. It encompasses routine, commonplace, and 
non-routine problems as well as the strategies, routine and non-routine, used to solve them.

The mathematical abilities are interwoven and no strand is considered more important than another.

As a child gains conceptual understanding, computational procedures are remembered better and used 
more flexibly to solve new problems. In turn, as a procedure becomes more automatic, the child is en-
abled to think about other aspects of a problem and to tackle new kinds of problems, which leads to new 
understanding. (National Research Council, 2001, p.134)

These mathematical abilities have been supported by research and theory in cognitive science reflect-
ing the finding that “learning with understanding is more powerful than simply memorizing because the 
organization improves retention, promotes fluency, and facilitates learning related material” (National 
Research Council, 2001, p.118). In addition, “having a deep understanding requires that learners connect 
pieces of knowledge, and that connection in turn is a key factor in whether they can use what they know 
productively in solving problems” (National Research Council, 2001, p.118).

The edTPA requires mathematics candidates to make explicit use of these mathematical abilities in 
their planning, instructing and assessing. Not only do these candidates need to understand the nuances 
and connectivity of these mathematical abilities for themselves, they must know how they can use them 
in their classrooms and provide evidence that they are, in fact, using these mathematical abilities. This 
integration of conceptual understanding, procedural fluency, and problem solving/reasoning, the focus of 
the guiding questions in all the mathematics components of the edTPAs, makes the mathematics edTPAs 
different from the other edTPAs offered and opens the doorway to mathematics teacher educators to 
confront the inexperience many prospective mathematics candidates have in this area.
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As stated in the Mathematical Education of Teachers report, “for many prospective teachers, learning 
mathematics has meant only learning its procedures and, they may, in fact, have been rewarded with high 
grades in mathematics for their fluency in using procedures” (Conference Board of the Mathematical 
Science, 2001, p.11). An opportunity is presented in the edTPA to have mathematics candidates abandon 
“their well-established beliefs about mathematics and expectations for mathematics instruction” (Con-
ference Board of the Mathematical Science, 2001, p.10) and make planning, instructing and assessing 
decisions based on the integrated mathematical abilities. Candidates also look for evidence of these 
strands of mathematical abilities in their students’ work in an effort to analyze their impact on their 
students’ learning of these mathematical abilities.

This complex assessment of their teaching and student learning has a positive impact. According to 
Darling-Hammond (2010), “The requirement that beginning teachers evaluate student learning daily to 
adjust their plans and to evaluate student learning growth changes their understanding of teaching and 
their practice” (p.14). Unfortunately, this is something that many experienced teachers never learned to do.

The SCALE handbook Making Good Choices reminds teacher candidates that they are expected to 
analyze students’ thinking and learning—not just whether they know a set of facts or vocabulary terms. 
The document also states “keep in mind that you learn less about what your students are thinking and 
learning from multiple-choice questions or single-word response question than from open-ended ques-
tions, writing samples, performance tasks, projects, problem sets, lab reports or other more complex 
assessments” (SCALE 2014, 25). When candidates think about not only what to assess, but how to assess 
to gain insight into thinking, learning for students should improve. Improving candidates’ abilities to 
teach-assess and teach again with changes in instruction should serve to change the way students learn 
and understand mathematics.

Preparation for edTPA

Preparation for edTPA is an integral part of teacher education because of the authenticity of the tasks 
candidates complete. edTPA is an inquiry process where candidates’ practice is examined on a level dif-
ferent from faculty members’ idiosyncratic course assessments (Whittaker & Nelson, 2013). As teacher 
education programs strive to support candidate performance on edTPA they are thus improving their 
programs.

Candidate performance on edTPA will be used in accreditation reports for institutions of higher 
education and for comparison among teacher preparation programs. Curriculum mapping, selection of 
course materials, and field experiences that build from observation, to co-teaching, to the independent 
teaching illustrated in edTPA are all important undertakings for teacher preparation programs. Institutions 
of higher education are working to develop strategies that may assist their teacher preparation programs. 
These strategies include the development of parallel tasks, development of academic language, and 
development of relationships with partner schools around the edTPA.

Development of tasks which are parallel to the official edTPA tasks but which can be completed in 
methods courses with opportunities for questions and feedback (not allowed on an official edTPA as-
sessment) is important as these parallel tasks provide elements of practice in the various tasks needed 
for completion of edTPA. These tasks can be developed to provide a critical aspect of teacher education: 
assessing student learning. It is critical that teacher education moves away from just the consideration 
of candidate performance in the implementation of a lesson, and examines, and helps the candidate to 
examine, the impact on student learning from the implementation of that lesson. It is also essential that 
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mathematics teacher candidates know and understand the mathematics they teach, choose assessments 
that measure understanding, and interpret student work. “Obtaining evidence about understanding and 
reasoning requires the use of tasks and methods designed for that purpose” (National Council of Teach-
ers of Mathematics, 2014, p. 92).

Development of academic language is a second strategy that can be helpful in successful prepara-
tion of candidates. This includes not only appropriate uses of the language of the content area but also 
the language of the profession of education. Academic language can be integrated in the parallel tasks 
used but it should also be developed throughout the candidates’ experiences in their teacher preparation 
programs.

The development of relationships with partner schools is, perhaps, the most challenging strategy to 
implement as there are many facets to consider. One way to begin the conversation with mentor teach-
ers in P-12 schools is to help them to see how edTPA aligns with the annual professional performance 
reviews they complete. Another way is to help mentor teachers understand the guidelines for support 
they are able to provide to the teacher candidates.

Surveys of teacher candidates, teacher educators, and mentor teachers can provide an institution 
with necessary feedback for improving performance. Mentor teachers from partner schools, according 
to surveys, were particularly helpful with developing candidates’ abilities to identify central foci, cre-
ate assessments, and analyze student work. Continued review of the data from the edTPA and surveys 
completed by candidates and mentor teachers should improve teacher preparation programs. Studies have 
found that the review of data from performance assessments assists institutions in data driven decision 
making, in developing a shared language of practice in education, in motivation to make specific pro-
grammatic changes, and in developing the profession. This shared and concrete knowledge of practice 
is crucial to change (Peck, Singer-Gabella, Sloan, & Lin, 2014).

The educative nature of edTPA pushes candidates beyond their comfort zone. One of the greatest 
advancements in teacher candidates’ learning stems from the realization that assessment of student 
knowledge can be found in various forms. Teacher candidates look to support materials to draw reason-
able conclusions about students’ struggles and how to improve their teaching to have the best impact 
on student learning (McCarthy, et al. 2014). Currently, however, exemplars of the different components 
of the edTPA are not readily available to candidates. Institutes of higher education are encouraged to 
use candidates’ submitted portfolios in “local evaluation” of the edTPA. Faculty may choose exemplars 
when they compare their local evaluation scores to the “official” scores of the edTPAs. However, as the 
edTPA is so new, not many faculty have been comfortable with the selection of these and are calling for 
SCALE to release some official exemplars.

It is thought that the edTPA may also help teacher education programs and school districts deter-
mine which candidates will be most successful in improving student performance on standardized tests. 
edTPA is based on the Performance Assessment for California Teachers (PACT). The PACT has been 
analyzed for its predictive validity. That is how candidates score on the PACT relates to later teaching 
success and student learning as evidenced by scores on the California achievement tests. Because the 
PACT has been around for a longer period of time than edTPA, predictive data is available (PACT, 2015). 
Darling-Hammond, Newton and Wei (2013) found the relationship between candidate PACT scores and 
student learning gains was substantial. “Students taught by a teacher at the top of the scale (44) scored, 
on average, 20 percentage points higher than those taught by a teacher receiving the lowest passing 
score (24), controlling for their prior year scores and demographic characteristics” (Darling-Hammond, 
Newton, & Wei, 2013 p. 185). Noting this predictive nature of PACT is valid and that edTPA is based 
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on PACT, it is likely that edTPA will be a valid predictor of candidate success in the teaching profession 
as determined by student test scores and student achievement.

The edTPA is also based on the requirements of The National Board for Professional Teaching Stan-
dards. This process, like the PACT, serves to evaluate and predict teacher quality. Cavalluzzo (2004) 
found “robust evidence” that National Board Certification is an effective indicator of teacher quality. The 
study used data from a large urban school district and focused on ninth and tenth grade mathematics. She 
looked at the association between a National Board Certified teacher and student gains in mathematics. 
She concludes that National Board Certification is effective in identifying quality teachers and can be 
effective in distinguishing among applicants. When one considers this study it can be concluded that 
edTPA may be effective in distinguishing between those who should enter the teaching profession and 
those who should not or not enter yet.

COMPLEX ASSESSING

Assessing is the act of evaluating, measuring and documenting and, in education, the data attained from 
assessment is used to measure student learning and to inform teacher practice. Teachers assess students 
frequently, both formally and informally in an effort to use the data to form judgments about content and 
pedagogy as they assess. Teachers also self-assess; they evaluate, measure, document and reflect on their 
own performance as teachers. They consider the content they teach, the instructional strategies they use, 
and the methods they choose for assessment. Assessment in the field of education is multi-layered and 
complex. Preparing candidates for this complexity adds another layer to their preparation as educators.

Assessing also impacts teacher preparation programs, P-12 education programs, the local commu-
nity and the society at large. Assessment can become unwieldy, but it is necessary. What and how we 
assess in education has changed over time. What we expect teachers and students to know and be able 
to do has also changed over time. Based on assessments, progress is made in better preparing students 
for college and career as well as preparing teachers to lead their students to learning. All of these layers 
make for complex assessment.

Teacher preparation and assessment of student learning in mathematics has been studied, discussed 
and analyzed a great deal over the years. Mathematics is considered of principle importance to our 
economy, our national security, and our development as a society, is important in the sciences and in 
the arts, and requires logical thinking and problem solving which are essential skills for survival. The 
curriculum and pedagogy used to teach mathematics are often probed, textbooks and programs are 
reviewed and the preparation of mathematics teachers is reviewed and analyzed. This happens not just 
within the profession of education, but from outside as well. Many voices can be heard in the evaluation 
of mathematics content, pedagogy, and teacher preparation as yet another layer of complex assessing.

edTPA’s Contributions

The edTPA is a prime example of complex assessing. It serves the roles of assessing student learning 
in mathematics, assessing teacher candidates’ abilities to plan, instruct and assess in mathematics, and 
assessing teacher preparation programs. Much of the edTPA focuses on the candidate’s attention to 
student learning. In planning, the candidate selects worthwhile learning goals, instructional strategies, 
and appropriate assessments. In instructing, the candidate uses formative assessment to gauge student 
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understanding and in assessing, the candidate determines the impact of his/her teaching on the whole 
class as well as on individual learners. The candidate determines the next steps based upon these re-
sults. This attention to student learning illustrates the connection among the three tasks focused around 
assessment. In the edTPA field test, candidates performed most highly on the planning task, followed 
by the instructing task and then the assessing task. “This conforms to other studies that have found that 
learning to evaluate and respond to students’ learning is one of the more challenging elements of teach-
ing” (SCALE, 2014, p.2).

Assessing student learning and analyzing student errors are important practices of mathematics edu-
cators. Through the edTPA teacher candidates must demonstrate that they know, understand and exhibit 
the ability to plan mathematics lessons that optimize student learning with a focus on conceptual under-
standings, problem-solving and/or procedural fluency. They must show that they can instruct students 
in mathematics and that they can assess the success of that instruction. In some edTPAs they must show 
how they use the assessment to inform the next lesson. Deborah Ball (2011) has identified high leverage 
practices in mathematics education; practices that have the most potential for student learning. Included 
in her list are these that are demonstrated on the edTPA: choosing and using mathematical tasks that 
entail complex mathematical work, and choosing appropriate examples are in the planning stage, teach-
ing and using academic language are shown in the instructing stage, and diagnosing common patterns 
of student thinking, and assessing students’ mathematical proficiency are in the assessment stage. While 
Ball makes the case that these practices can lead to mathematics learning for all, edTPA aims to assess 
by having a candidate demonstrate these practices. Demonstrating these practices should illustrate that 
a candidate will be an effective teacher. Preparing for edTPA would include practice in those behaviors 
that have been identified as effective for mathematics teaching and learning.

According to Chung (2008) candidates seem to have learned from completing the edTPA. For example, 
they learned about their students and their students’ learning needs. They planned and implemented a 
sequence of connected lessons, assessed student learning and modified their instruction based on the 
assessments. Teacher candidates thought about teaching in new ways and were able to enact some of 
these ideas in their practice. National Board Certification is a process similar to edTPA and has also been 
shown to facilitate teacher learning. Lustick and Sykes (2006) studied science teachers engaged in the 
National Board Certification Process. They found that teachers gained in knowledge and understanding 
of science instruction especially in the areas of scientific inquiry and assessment. They conclude that 
the process of pursuing board certification is professional development. Engaging in an edTPA in the 
area of mathematics assists teacher candidates in their understanding of instruction and assessment. It 
helps them build the teaching strategies and practices to be highly effective teachers. It helps them to 
reflect on their practice and on student learning.

The implementation of edTPA also serves as program assessment for teacher preparation programs. 
Through close review of candidates’ performance, faculty in higher education have the opportunity to 
revise courses and assignments for more relevance and rigor. Peck et.al. (2014) found that the edTPA 
provides more specific data and teacher educators can therefore make more specific revisions to courses. 
The edTPA leads to data driven decision-making in teacher education.

The edTPA contributes to learning, understanding, and collaborating among teacher candidates, higher 
education faculty, supervisors, and mentor teachers. Performance assessment requires teacher candidates 
to illustrate theories and concepts they are learning in courses as they perform in a clinical setting. “It 
may be the first and only time in a program that candidates and their instructors can see whether they 
indeed understand and can apply what they are supposed to be learning” (Darling-Hammond, 2010, p. 
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18-19) The use of the edTPA contributes to the development of the profession through shared language 
of practice (Peck, Singer-Gabella, Sloan, & Lin, 2014). As we assess the performance of teacher candi-
dates through the edTPA we also assess the programs in which the candidates were instructed and review 
the candidates’ assessment of student learning in mathematics. This multilayered complex assessment 
should improve the teaching and learning of mathematics.

edTPA’s Concerns

The use of edTPA is not without challenges, however. Authentic assessment requires time and money 
to implement and sustain. Conducting research that illustrates that candidates taught in programs that 
support authentic teacher performance assessments like edTPA are better prepared than candidates who 
have not is challenging because of the number of variables that must be considered (Darling-Hammond 
& Snyder, 2000).

Performance assessment implementation as a top-down state mandate in states such as New York 
and California has caused many dissenting opinions on these assessments. While most still agree there 
should be a performance assessment, the politics have caused delays in its consequential operation and 
has challenged buy-in from institutions of higher education. Implementation was meant to occur in a 
slow, thoughtful, purposeful manner. California has at least ten years in the development and roll out 
of edTPA as an assessment. New York had a rapid roll out with only one year of field testing before 
edTPA became a high stakes certification exam. Faculty in higher education had little time to reflect on 
the data and prepare their candidates accordingly creating more opportunities for tension and push-back.

There is concern about the evaluation of a candidate’s edTPA by someone who does not know the 
candidate, the school community, or the population of the class. There are issues with inter-rater reliabil-
ity. There is no way to monitor that the edTPA has in fact been completed by the candidates themselves. 
This filters a mixed message to teacher candidates and adds to their level of stress about the assessment. 
Other challenges include the cost of the assessment and dissatisfaction with a publishing company’s 
monopoly on assessment. As a certification exam edTPA can cost around $300 to complete. There is 
also concern about failures of the exam and how retakes may be completed and scored. Currently can-
didates can retake any one of the tasks or retake the entire edTPA (all retakes require additional fees).

Many candidates are expressing concern with technical issues such as videotaping, formatting, scan-
ning, and uploading their portfolios. Greenblatt and O’Hara (2015) expressed concern that the cost of 
renting digital equipment is an additional financial burden for candidates who attend institutions that 
lack the funding to help candidates with technological needs such as videotaping, video compression 
and uploading. Inequities may also be found in the resources available at institution of higher educa-
tion. Some schools are able to provide extensive supports (workshops, seminars, individual consulta-
tions with edTPA coordinators) in the preparation of teacher candidates while others lack the necessary 
resources and provide minimal supports (online modules) that provide only general information (Au, 
2013, Greenblatt & O’Hara, 2015).

There is concern about the lack of time candidates have during their student teaching experience to 
keep up with the amount of writing that is part of the assessment. In addition, teaching candidates are 
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finding district-mandated programs, cooperating teacher expectations and testing schedules difficult 
to maneuver successfully while working on this assessment. The edTPA, according to Greenblatt and 
O’Hara (2015), has impacted student teaching in many negative ways including changing the focus from 
preparation for the first year of teaching to passing this test. Decisions about placement of candidates 
for student teaching now include thoughts on how the test will be implemented in the placement. Many 
schools and teachers are not well informed about edTPA. Greenblatt and O’Hara (2015) discussed the 
challenges of finding placements for student teachers in districts with mandated curriculums because 
mentor teachers may not be willing, or allowed, to deviate from what is expected.

Another challenge that is seen with performance assessment stems from the weak research that is 
presently available on performance assessment.

One of the weaknesses of previous research on TPAs is that the impact of the assessment cannot be easily 
disentangled from the multiple sources of teacher learning in preservice programs, such as coursework, 
field and practicum experiences, mentorship, and supervision. Furthermore, there is little evidence that 
preservice teachers actually enact what they report learning in their teaching practice as a consequence 
of completing a TPA because of the lack of observational data corroborating the impact of such assess-
ments on teacher practice. (Chung, 2008, p.9)

The edTPA is high stakes test for teacher candidates. The reading, writing and digital literacy expec-
tations, the cost in money and the loss of learning in student teaching are all burdens of implementing 
edTPA. This complex assessment is not without criticisms, yet it offers the best we currently have to 
truly evaluate teacher candidates.

CONCLUSION

Performance assessments are the next step in the journey to improve teaching and learning especially 
in mathematics and to professionalize teaching. edTPA with its authentic tasks attempts to assess the 
complexities of the teaching and learning process. Candidates must illustrate their understandings of the 
complexities of teaching and learning with an emphasis on effective instruction based on assessments 
and learning for all students. Mathematical content knowledge is also assessed as candidates demonstrate 
teaching in the three interwoven areas of mathematics: conceptual understanding, procedural fluency, 
mathematical reasoning/problem solving. Teacher preparation programs can use the data of edTPA to 
assess their own programs as well. Assessment of student learning in candidate prepared lessons, as-
sessment of teacher candidates’ competency through performance in a teaching segment and assessment 
of teacher preparation programs are all layers of complex assessment necessary for preparing effective 
mathematics teachers who are part of the teaching profession. The edTPA serves as a vehicle for meeting 
the multiple challenges of teacher preparation, teaching and learning mathematics.
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Academic Language: The language of a discipline.
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Licensing Exam: An exam that must be passed to obtain teacher certification.
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Teacher Candidate: An individual enrolled in a teacher preparation program.
Teacher Certification: License to teach granted by a state education department.
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ABSTRACT

This study analyzed the changes in mathematics teacher candidates’ teaching processes in terms of content 
of lesson plan, pedagogy aspects, and classroom management based on the evaluations of the experts, 
peers, and their own. The results indicated that experts, peer, and self-evaluation of the teaching processes 
signaled positive changes in teacher candidates’ pedagogical content knowledge in mathematics after 
the lesson study process. Further, the study also demonstrates that teacher candidates acknowledged 
lesson study as a tool for providing slight improvement in teaching practices while experts and peers 
provided evidence for impressive improvements in teaching experiences.

INTRODUCTION

Everyday teachers enter classrooms for delivering some contents to teach. Most teachers are (institutionally 
or intuitively) governed for teaching to fulfill some pedagogical goals and objectives in a limited period 
of time. However, teachers typically work alone when planning instructional activities and assignments. 
Such isolation limits efforts to improve teaching on a broader scale, both within and across disciplines. 
Improvement in teaching practice, most of the time, is aligned with the expertise (that improves with 
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experience) and (sometimes) teachers’ interactions with their colleagues about what they discover about 
teaching and learning (Cerbin & Kopp, 2006; Mercimek, 2013). Sharing ideas about teaching likely 
takes the form of knowledge that teachers develop from their experiences in the classroom. This kind 
of knowledge is referred to as practitioner knowledge, and this knowledge is converted into the profes-
sional knowledge when it is made public, shareable, and verifiable (Hiebert, Gallimore, & Stigler, 2002).

Putnam and Borko (1997) emphasized that teachers’ teaching knowledge and beliefs are the critical 
components that determine their practice. Shulman (1987) outlined the knowledge base for teaching 
that consisted of various categories but hold a special interest on the pedagogical content knowledge. In 
Shulman’s view, pedagogical content knowledge is a form of practical knowledge that is used by teach-
ers to guide their actions in the contextualized setting (Shulman, 1987). It can be referred to as teacher’s 
interpretations and transformation of the subject matter in the context of facilitating student learning 
(Wilson, Shulman, & Richert, 1987).

Mathematics teachers with deep understanding of subject matter tend to value conceptual understand-
ing, problem solving and are able to facilitate students towards improved mathematical knowledge and 
problem solving performance (Fennema et al., 1996; Incikabi & Kılıç, 2013; Incikabi, Tuna, & Biber, 
2012, 2013). This conceptualizes the importance of teacher’s content knowledge in teaching practices, 
that is also defined as pedagogical knowledge. Although teachers could enhance their knowledge on their 
own, Ball and Cohen (1999) argued that teachers’ pedagogical knowledge will be enhanced through a 
community of teachers working together to design a learning task for the actual teaching. They proposed 
that a learning environment should be created for teachers to discuss and analyze students’ learning by 
working in collaboration with others. This perspective of learning is also parallel to Vygotsky’s theory 
of sociocultural learning.

In the lesson study process, teachers collaborate and cooperate to share, discuss and analyze teaching 
practices with a spot on student learning while working together to design a lesson plan. Through such 
practices, they are able to enhance their pedagogical knowledge by working together with their peers as 
propagated by Vygotsky. Formalized in Japan (Fernandez, 2005) but mostly practiced in the USA since 
1999 (Stigler & Hiebert, 1999), lesson study is a method of professional development to help teachers 
carefully examine their practice (Lewis, Perry, & Murata 2006). During the lesson study process, groups 
of teachers articulate a problem in their classrooms that they study via carefully designed lessons and col-
laborative evaluation using data collected by their colleagues (Fernandez & Yoshida 2004; Lewis, Perry, 
& Murata, 2006). It is a form of collaborative teacher research, where teachers explore and improve their 
knowledge of content and pedagogy by learning from daily work (Fernandez, 2006; Lewis et al., 2006).

BACKGROUND

West-Olatunji, Behar-Horenstein, and Rant (2008) provides a definition for lesson study as “a form of 
reflective teaching that uses collaborative dialogue to engage teachers in a collective assessment of their 
classroom practices” (p. 97). Lesson study has emerged as one kind of professional development that 
has produced results in Japanese schools and is emerging as a practice with promise for success in U.S. 
schools (Chokshi & Fernandez, 2004, 2005; Fernandez, 2005; Fernandez, Cannon, & Chokshi, 2003; 
Fernandez, & Chokshi, 2002; Hurd & Licciardo-Musso, 2005; Kolenda, 2007; Lewis, 2000; Masami 
& Reza, 2005; Matoba, & Mohammed Sarkar Arani, 2006; Weeks & Stepanek, 2001). Lesson study 
embody many characteristics that have been linked to effective professional development including 
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teacher collaboration, student centered, research-based, grounded in best instructional practices, has 
practical application in the classroom, and embraces adult learning theories (Lewis, Perry, Hurd, & 
O’Connell, 2006; Stepanek, 2001). Fundamentally, lesson study is a problem-solving process where 
small incremental improvements to teaching occur over a long period of time (Stigler & Hiebert, 1999).

Beginning in Japan, lesson study is a practice focused on professional development of teachers (Fer-
nandez, 2005; Hiebert & Stigler, 2000; Lewis, 2000; Masami & Reza, 2005; Stigler & Hiebert, 1999). 
Following the appearance of “The Teaching Gap” in the educational research field (Stigler & Hiebert, 
1999) and the findings of the Third International Mathematics and Science Study (TIMSS) noting the 
success of Japanese students in math (Lewis, 2002), differences in how teachers in the United States and 
Japan teach math were identified, as well as important differences in lesson construction and teachers’ 
attitudes toward this process (Fernandez & Cannon, 2005). According to the TIMSS results, Japanese 
teachers who were enrolled in Lesson study process to build pedagogical content knowledge in math-
ematics improved student achievement (Stigler & Hiebert, 1999). Japanese teachers agreed with this 
conclusion identifying their participation in Lesson study as having a strong influence over their teaching 
noting that they improved their ability to “see children” (Lewis, 2000, 2002).

Lesson study is defined as a cycle consisting of a pairwise interaction between teachers, students and 
the intended content to be taught (Hiebert & Stigler, 2000; Lewis, Perry, & Murata, 2003, 2006). Stigler 
and Hiebert (1999) determines a seven stage cycle for lesson study process that begins when teachers 
identify a gap in student performance and/or achievement and progresses. The steps include:

• Problem determination (Step 1),
• Planning the lesson (Step 2),
• Applying (teaching) the lesson (Step 3),
• Reflection about the lesson (Step 4),
• Revising the lesson (Step 5),
• Re-teaching (Step 6)
• Evaluating and reflecting again (Step 7) (Taylor, Anderson, Meyer, Wagner, & West, 2005).

During the Lesson study cycle, teachers meet weekly for several hours to plan, implement, analyze and 
revise lessons over a long period of time (Hiebert & Stigler, 2000). The first step of this cycle, problem 
determination, is crucial since it involves the decision making process for determination of the main 
objective for the study (Fernandez et al., 2003; Lewis, 2002; Stigler & Hiebert, 1999). Being specific 
to cultural values of Japanese teachers, during the planning cycle, Japanese teachers welcome outside 
experts, or knowledgeable others, to assist with the research and to offer valuable insight and feedback 
(Watanabe, 2002; Weeks, 2001). Although collaboration is a must for all processes of the lesson study, 
the teaching and lesson revision steps deeply emphasize collaboration. During these steps, a single teacher 
volunteers to teach the collaboratively crafted lesson while colleagues observe. Upon teaching of the 
lesson, the teachers come together and cooperate to assess teaching environment in terms of analyzing 
students learning of the content. During these phase, the main objectives are to improve teaching, pro-
duce new insights and share “new” knowledge that is attained through weaknesses and strengths of the 
revised lessons (Hiebert & Stigler, 2000). The remaining steps of the lesson study require revisions and 
a re-teaching of the lesson by an additional teacher. These steps aim to arrive “the best” lesson possible 
through reflection, interrogation, and revisions (Weeks & Stepanek, 2001). The lesson study process 
nourished from self-critical reflection (Lewis, 2002) and external evaluations (Lewis, 2002).
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LITERATURE REVIEW

Educators in Japan have attributed the effectiveness of mathematics and science teaching there to a 
professional development approach called “lesson study” (Lewis et al., 2003). Being designed for teach-
ers’ professional development, lesson study process contributes efficiency in teaching. The process “is 
collaborative: teachers demonstrate a belief that collective efforts can improve their teaching” (Blum, 
Yocom, Trent, & McLaughlin, 2005, p. 18). The lesson study as a pedagogical approach aims not only 
to generate the “perfect” lesson, but also to produce new knowledge about content and pedagogy (Cohen 
& Ball, 1999). Lesson study improve teachers’ ability of attaining new knowledge of, or changing their 
understanding about the concept(s) being taught. Moreover, teachers are able to make clearer connec-
tions between the standard being taught and classroom instruction; and teachers are able to clarify or 
change their thinking about student thinking (Lewis et al., 2006).

Literature provides some advantages of using lesson approach inside the classrooms by teachers and 
teacher candidates. According to Lewis (2005), lesson study improves teachers pedagogical content 
knowledge, their ability to communicate with their counterparts; it provides stronger motivation and 
improves teaching efficacy by providing improved quality of available lesson plans. Moreover, Lewis 
and Tsuchida (1998) highlights that lesson study is not simply about improving classroom practice; it is 
also about connecting what happens in the classroom to broad educational goals. Experienced teachers 
develop a catalog of expected student responses and common mistakes for each lesson. Although an 
experienced teacher is often able to predict student responses during a lesson, students may still have 
unexpected insights and unanticipated misconceptions. Novice teachers often fail to expect or do not 
know how to handle even the most common responses and mistakes. Moreover, teachers’ examination 
of student work or teachers’ collaborative examination of practice may surface ideas about mathematics 
and its teaching and learning that teachers use as a vantage point to examine and revise their own think-
ing (Biber, 2010; Chazan et al., 1998; Jacobs, Franke, Carpenter, Levi, & Battey, 2007; Pektas, 2008; 
Sherin 2002; Tokmak, Incikabi, & Ozgelen, 2013; Tuna, 2011; Warfield, Wood, & Lehman, 2005). 
Cerbin and Kopp (2006) outlines that lesson study may help teachers to:

1.  Focus on goals for learning, thinking and development,
2.  Foster mutual understanding of goals, teaching practices, and student learning through collabora-

tive involvement,
3.  Design instruction with learning goals in mind,
4.  Make student thinking visible,
5.  Observe student learning and thinking in the classroom,
6.  Learn to do scholarly inquiry into student learning, and
7.  Build pedagogical knowledge based on lesson studies.

Lesson study has been found to help deepen secondary pre-service teachers’ content and pedagogical 
content knowledge while shifting their focus in lesson planning to be more student-oriented (Fernandez, 
2005, 2006, 2010). Molina, Fernandez, and Nisbet (2011) analyzed elementary pre-service teachers’ 
development of content and pedagogical content knowledge in mathematics through microteaching 
lesson study, and results indicated elementary pre-service teacher participation in microteaching lesson 
study helped deepen participants’ content and pedagogical content knowledge. In a study conducted with 
graduate students, Alvine, Judson, Schein, and Yoshida (2007) found that the lesson study approach had a 
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positive impact on undergraduate mathematics education in terms of improving the content of the lessons 
and by developing teaching skills. Takahashi (2014) suggest that Japanese educators’ use of school-based 
lesson study is an effective way to implement a new curriculum. Unlike many lesson study projects 
outside Japan, which are often conducted by a few volunteers within a school and supported externally, 
school-based lesson study in Japan is a highly structured, collaborative effort of school administrators, 
teacher leaders, and all the teachers at the school, with additional support from the local district. Pektas 
(2014) conducted a qualitative research with elementary science education teacher candidates in order 
to determine effect of lesson study on their teaching practices. Results indicated positive changes in 
terms of lesson planning and design, creating a positive learning environment, engaging students with 
meaningful content, and assessing student learning. Similarly, Marble (2007) indicated that lesson study 
experience is considerably beneficiary for elementary school pre-service teachers to improve their lesson 
plans and delivery, the management of the learning environment, the quality of students’ engagements 
with meaningful content, and the quality of assessments and generation of student data. Cerbin and Kopp 
(2006) proposed a model of lesson study for the college classroom, and explore how college teachers 
can improve their practice and the practice of teaching in their fields through lesson study.

Aim of the Study

Based on above literature, the current study aimed to investigate the changes in mathematics teacher 
candidates’ teaching processes in terms of content of lesson plan, pedagogical aspects, and classroom 
management based on the evaluations of the experts, peers, and their own. Towards that aim; the research 
question was:

“Based on experts’, peers’, and teachers’ own evaluations, what changes were evident in the prospec-
tive teachers’ mathematical pedagogical content knowledge between the lesson iterations?”

METHOD

The methodology adopted in the current study was an action study, in which a researcher focuses on 
solving problems that are faced in schools and communities. (Lewin, 1946; Stringer, 2013). Being dif-
ferent from basic and applied research, action research is conducted by school practitioners to lead to 
actions that they can take to solve their problems (Johnson & Christensen, 2004).

Sampling Procedures

The participants of the study consisted of a total of 24 teacher candidates (in their fourth-year in uni-
versity) from the department of elementary mathematics education. All the participants volunteered to 
participate to the study. The demographics of the participants were collected through a questionnaire 
that was developed by the researcher to collect data on teacher candidates’ demographics and had been 
checked by an expert before conducted. The data from demographics showed that age of the participants 
ranged from 19 to 23 with an average of 20.5. Fourteen of them were females while 10 were males. The 
average GPA of these group participants was 3.2 (based on 0-4 scale). All participants had teaching 
experience (four hours per week throughout the semester) in the early elementary school during their 
third year in college. In general, their experience with mathematics education course was limited to the 
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college course titled “Mathematics Teaching Techniques I” and “Mathematics Teaching Techniques II,” 
and activities in these courses mostly consisted of inspection of the mathematics teaching program and 
individual lesson presentations.

To evaluate teacher candidates’ teachings, an expert panel of three was chosen based on the topic 
of this study and the content of the lessons selected. All experts held doctoral degrees in mathematics 
education and had teaching experience. The experts also had numerous studies relating pedagogical 
content knowledge, curriculum development, lesson study and teacher education for years.

Instrumentation

Three instruments were used to collect data in the current study. The first one was the demographics 
questionnaire that included questions about teacher candidates’ age, gender, GPA, teaching experiences, if 
there is any, mathematics education lessons they took, and the types of activities required in the course(s).

The second instrument was Teaching Practices, Skills, and Reported Satisfaction with Performance 
Rubric that was developed by Marble (2007). The rubric includes four domains of relationships: Les-
son planning and design, creating a positive learning environment, engaging students with meaningful 
content, and assessing student learning (Table 1).

The third and last instrument was the open-ended questionnaire that was developed by the researchers 
and checked by an external expert before the implementation. The questionnaire consisted of one question 
that was “Please, evaluate your own teaching in terms of lesson plan design, your content knowledge 
and your pedagogical knowledge.”

Table 1. Lesson evaluation rubric

Teaching Practices Satisfactory Unsatisfactory

Planning and Design Creating integrated science lesson plans 
connected to standards

Developing detailed, explicit and focused 
lesson plans

Creating a positive learning environment Providing clear instructions and handouts

Managing lesson pacing and transitions

Effectively manipulating materials

Engaging students in deliberating 
meaningful content

Using effective questioning strategies

Providing students opportunities for collecting 
and analyzing data

Structuring discussions to support meaning 
making

Assessing student learning Creating opportunities for students to 
demonstrate their understandings

Using student data to assess overall success of 
instruction
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Procedure of the Study

Lewis (2000) described five characteristics of lesson study necessary for its success: The lessons are 
planned collaboratively over a period of time; the taught lessons are observed by other teachers; the 
lessons intend to bring to life a particular goal or vision of learning; the lessons are recorded; and the 
lessons are discussed and shared with others. Based on the above descriptions the procedures of the 
current study consisted of several steps (Figure 1).

Step 1: Collaboratively Planning the Lesson (Weeks 1 Through 3)

The participants were allowed to form their own lesson study groups with each group comprising of 
six participants. Each lesson study group was allowed to have a discussion to decide a mathematics 
topic from the official middle school mathematics teaching program (Ministry of National Education, 
2013) that they consider problematic to teach. Next, each lesson study group collaboratively planned a 
40-minute lesson plan for teaching the chosen topic. Lastly, each lesson study group planned a schedule 
for the subsequent meetings to complete their lesson plan, and activity sheets. The end product of this 
step would be a lesson plan.

Step 2: Seeing the Planned Lesson in Action (Weeks 4 and 5)

During the fourth and fifth weeks, one participant from each study group taught the 40-minute lesson 
as planned to their peers in other groups. The lesson was observed by his/her partners of lesson study 
group and the experts.

Step 3: Reflecting on the Lesson (Weeks 4 and 5)

Following the presentations of each lesson, the peers and three experts provided comments and sugges-
tions to improve the lesson plan, activity sheets, and teaching technique. Moreover, the teacher of the 
lesson also provided his/her own experiences regarding management of the students, implementation 
of the lesson plan, and activity sheets.

Figure 1. Lesson study process
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Step 4: First Revision of the Lesson Plan (Week 6)

After the discussions, the members of lesson study groups planned a schedule for the subsequent meetings 
to revise their lesson plan, and activity sheets based on their peers’ as well as the experts’ comments and 
suggestions before the second implementation. The end product of this step would be a revised lesson 
plan, and activity sheets.

Step 5: Second Attempt for Acting the Lesson (Weeks 7 through 9)

During this step (weeks 7 and 8), the same participant from each lesson study group taught the second 
version of the lesson in the Mathematics Teaching Room. The lesson was observed by his/her partners 
of study group as well as the experts using the revised lesson plan, and activity sheets to guide their ob-
servations. After the lesson, the peers and the researcher provided comments and suggestions to further 
improve the lesson plan, activity sheets, and teaching.

Step 6: Sharing Reflections on the Second Version of the Lesson (Week 9)

During week 9, the members of lesson study groups met to revise their lesson plan and activity sheets 
for a second time based on their peers’ as well as the experts’ comments and suggestions before the real 
classroom application.

Step 7: Second Revision of the Lesson Plan (Week 10)

Based on the reflections, the members of lesson study groups planned a schedule for the subsequent 
meetings to revise their lesson plan, and activity sheets based on their peers’ as well as the experts’ 
comments and suggestions before the second implementation. The end product of this step would be a 
third lesson plan and activity sheets for teaching experience at middle schools.

Step 8: Student Teaching: Implementing the Third Version of the 
Lesson in a Real Classroom (Weeks 11 through 13)

During this step, the same participant from each group taught the third version of the lesson in the real 
classroom environment. The lesson was recorded by one of his/her partner in their group and evaluated 
by the experts and other group members. After the lesson, the peers and the researcher provided com-
ments and suggestions to further improve the lesson plan, activity sheets, and teaching.

Step 9: Reflections on the Third Version of the Lesson and Delivering Final Product

During the week 14, the members of lesson study groups met to revise their lesson plan and activity 
sheets for a second time based on their peers’ as well as the experts’ comments and suggestions. The 
end product of this step would be a final lesson plan and activity sheets.
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Data Analysis

The data obtained from the teaching practices, skills, and reported satisfaction with performance rubric 
was analyzed by means of descriptive statistics. The responses from the open ended question was also 
evaluated by the researchers through content analysis.

RESULTS RELATING TO IMPROVEMENT IN TEACHING PRACTICES

Self-Reports in Improvement of Mathematical Pedagogical Content Knowledge

Table 2 shows teacher candidates’ self-evaluations of their teaching practices after each lesson. For 
each category, teacher candidates reported an improvement between the experiments. As seen from the 
table, three teacher candidates, who instructed on measuring length (T1), sets (T2), and line graphs (T3) 
felt themselves more confident during the first experiment for creating integrated mathematics lesson 
plans connected to standards while all of them reported satisfaction after the third experiment. T4, who 
instructed about Cartesian coordinates, mentioned “I really did not know how to achieve the objective 
stated in the program. However, through the experiments, I had a complete understanding of the objec-
tive…” For the criterion of developing detailed, explicit and focused lesson plans, two teacher candidates 
stated their adequacy during the first experiment while only one of them (T4) could not overcome this 
inadequacy after the third experiment.

Table 2. Teacher candidates’ self-reports of their mathematical pedagogical content knowledge through 
the experiments

Specific Skills Numbers of Teams Reporting Satisfaction 
through Experiments

First Second Third

Planning and Design

          Creating integrated mathematics lesson plans connected to standards 3 3 4

          Developing detailed, explicit and focused lesson plans 2 2 3

Creating a positive learning environment

          Providing clear instructions and handouts 2 2 3

          Managing lesson pacing and transitions 1 3 3

          Effectively manipulating materials 2 2 3

Engaging students in deliberating meaningful content

          Using effective questioning strategies 1 3 4

          Providing students opportunities for collecting and analyzing data 1 2 4

          Structuring discussions to support meaning making 1 3 4

Assessing student learning

          Creating opportunities for students to demonstrate their understandings 1 3 3

          Using student data to assess overall success of instruction 1 2 3
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Teacher candidates’ self-evaluations of creating a positive learning environment also went through 
positive change through the iterations. Most teacher candidates had difficulty in managing lesson pac-
ing and transitions during their first experiment. T1 stated “I hurried up to finish the lesson, so I could 
not make the required linkage between the steps”. On the other hand, three teacher candidates who have 
mentioned improvement in their lesson pacing and transitions associated their performance with “gain-
ing expertise in conducting plan” (T2), “having some misconceptions in their mind” (T2) and “boosting 
their self-efficacy through the experiments” (T4). Only problem was stated by T4 who suffered from 
reacting in a real classroom where students are hard to manage.

According to the table, teacher candidates’ first experience with their lesson plan yielded dissatisfac-
tion in engaging students in deliberating meaningful content while all of them reported confidence at the 
end of the lesson study process. One of them indicated positive effect of peer and expert feedback and 
their own reflections during each experiment with the words “I felt really sad after the first experiment 
since I could not create a teaching environment that students interact… the materials were not at the 
quality to make students have a true understanding of the subject”.

In terms of assessing students’ learning, teacher candidates claimed improvement through the lesson 
iterations. T4 did not find himself satisfactory in creating opportunities for students to demonstrate their 
understandings and using student data to assess overall success of instruction. He especially stated “I am 
not sure whether my instruction achieved the goal of the lesson. Students were eager to interact during 
the real-class instruction but I could not decide the crucial moments for evaluating students’ learning.”

Peer Reports in Improvement of Mathematical Pedagogical Content Knowledge

Table 3 shows peers’ evaluation of the teachings in terms of pedagogical content knowledge in mathemat-
ics. According to peer evaluations, teacher candidates improved their lesson plans in terms of fulfilling 
the standards that were stated in the mathematics teaching program. While none of the teacher candidates 

Table 3. Peer evaluations of mathematical pedagogical content knowledge through the experiments

Specific Skills Numbers of Teams Reporting Satisfaction through Experiments

First Second Third

Planning and Design

          Creating integrated mathematics lesson plans connected to standards 1 3 4

          Developing detailed, explicit and focused lesson plans 0 2 3

Creating a positive learning environment

          Providing clear instructions and handouts 2 2 3

          Managing lesson pacing and transitions 1 3 3

          Effectively manipulating materials 2 2 3

Engaging students in deliberating meaningful content

          Using effective questioning strategies 1 3 4

          Providing students opportunities for collecting and analyzing data 1 2 4

          Structuring discussions to support meaning making 1 3 4

Assessing student learning

          Creating opportunities for students to demonstrate their understandings 1 3 3

          Using student data to assess overall success of instruction 1 2 3



179

Analyzing Prospective Mathematics Teachers’ Development of Teaching Practices in Mathematics
 

could develop detailed, explicit and focused lesson plans during the first experiment, most of them were 
found satisfactory following the real class application.

In terms of creating a positive learning environment, peer evaluations also show that teacher candidates 
possessed a slight improvement between the iterations. Following the real class application, only T4 
were found weak in providing clear instructions and handouts, managing lesson pacing and transitions, 
and effectively manipulating materials. While teacher candidates were also failed to engage students in 
deliberating meaningful content during their first experiment, all student teachings in real classroom 
environment were found effective by peers. Similarly, teacher candidates’ improvement through experi-
ments were indicated by their peers in terms of assessment of student learning by means of creating 
opportunities for students to demonstrate their understandings and using student data to assess overall 
success of instruction.

Expert Reports in Improvement of Mathematical 
Pedagogical Content Knowledge

Table 4 shows experts’ evaluation of the teacher candidates’ lessons in terms of pedagogical content 
knowledge in mathematics. According to experts, during the first experiment most of the teacher candi-
dates were inadequate in all components of pedagogical content knowledge. Their plans were not in line 
with the related mathematics teaching curriculum. For example, one expert stated “The definition of the 
Cartesian coordinate is wrong. Moreover, teacher candidate, himself, does not possess the knowledge 
for defining the subject.” Another disappointment regarding teacher candidates “content knowledge” 
was stated as

Teacher candidates do not have the knowledge about how to explain the meaning of “well-defined.”… 
[T]the lesson plan does not provide the activities in detail so that we can have full understanding of the 

Table 4. Expert evaluations of mathematical pedagogical content knowledge through the experiments

Specific Skills Numbers of Teams Reported Satisfaction through Experiments

First Second Third

Planning and Design

          Creating integrated mathematics lesson plans connected to standards 1 3 4

          Developing detailed, explicit and focused lesson plans 1 2 3

Creating a positive learning environment

          Providing clear instructions and handouts 2 2 3

          Managing lesson pacing and transitions 1 3 3

          Effectively manipulating materials 2 2 3

Engaging students in deliberating meaningful content

          Using effective questioning strategies 1 3 4

          Providing students opportunities for collecting and analyzing data 1 2 4

          Structuring discussions to support meaning making 1 3 4

Assessing student learning

          Creating opportunities for students to demonstrate their understandings 1 3 3

          Using student data to assess overall success of instruction 1 2 3
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activity. Lesson plan needs to be improved in terms of lesson goals, objectives, expected behaviors, and 
students’ engagement.”

This statement also discusses quality of the lesson plans and indicates the need for their improve-
ment. Moreover, experts also mentioned teacher candidates’ weaknesses in preparing a lesson plan that 
is focused on the targeted goal(s) in all parts:

Although the lesson plan aims to teaching of the measurement of length, the activity that are to be 
used during the exploration “phase” does really have nothing to do with the aim. With some revisions 
and with having the main goal in mind, the lesson will be better for students for meaningful learning 
while exploring.

In terms of creating a positive learning environment, experts’ evaluations also show handouts to pro-
vide students during the collaborative group studies. Moreover, the assessments are also being required 
to be distributed as handouts.

For the sake of meaningful and conceptual learning, I would rather for teacher candidates to prepare 
work sheet that include students’ observations, their explanations of the subject and different forms of 
questions that assess different thinking skills from knowledge to reasoning.

In addition, teacher candidates’ inadequacy in managing lesson pacing and transitions were mostly 
also associated with their “inexperience” with teaching. One expert used the statement “She was very 
excited during the teaching; I could even hear her heart beats, and this situation really affected her overall 
management of the lesson including transitions between the parts of the lesson.” Teacher candidates were 
also showed little improvement in the skill of effectively manipulating materials. Experts’ statements 
about teacher candidates weaknesses were mostly targeted their inadequacy in time- and cost-effectiveness 
of materials in terms of their preparation and application.

According to the experts’ evaluation, teacher candidates have reached a plausible level in engaging 
students in deliberating meaningful content during the final experiment. In terms of using effective ques-
tioning strategies, one expert stated that teacher candidates, most of the time, had applied short-answered 
questions with a required answer “yes” or “no” during the first experiment while they were eager to use 
open-ended questions that require higher order thinking skills such as reasoning and analyzing. Moreover, 
experts also mentioned teacher candidates’ willingness for providing students opportunities for collecting 
and analyzing data. They provided opportunities for students to interrogate their peers as well as collect 
and analyze data (especially during the Cartesian coordinate lesson). According to expert evaluations, 
lesson study process also contributed on structuring discussions to support meaning making. For the 
first experiments, one expert stated that

During the first experiments, feeling responsible for student teaching, teacher candidates most of the 
time have pushed themselves too much and tried to have too much control over students for teaching. 
Students did not have chance for discussions on the concepts, key ideas, and problem solutions. More-
over, they were not allowed to explain their reported solutions (or answers).

This negative feedback of the experts regarding teacher candidates’ teachings were underwent positive 
changes after teacher candidates’ actual teaching experiences. With an excitement about the unexpected 
effect of the lesson study process, an expert stated that

This time [mentioning the real classroom experiments], they [teacher candidates] were really confident 
in their teaching and had all students to be actively participated their learnings of the concept. Students 
were also had lots of chances for proving their understandings; they had great group discussions.
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RESULTS AND DISCUSSIONS

The aim of this study was to analyze the changes in mathematics teacher candidates’ teaching processes 
in terms of content of lesson plan, pedagogical aspects, and classroom management based on the evalu-
ations of the experts, peers, and their own. As being qualitative in nature, results of the study are limited 
to the participants and is hard to make generalizable conclusions (Fraenkel & Wallen, 2000).

According to the results (as presented in table 5), self-reports showed less improvement in teaching 
practices than peers’ and experts’ reports. It is likely a result of students having more confidence in 
themselves prior to receiving any feedback about their teaching practices. They would likely be more 
critical of themselves after being exposed to criticisms of others. The similar situation was also evident 
in the literature. In a study exploring differences between experts and novices during the evaluation 
process, Sancar Tokmak, İncikabi, and Yanpar Yelken (2012) found that novices generally graded each 
criterion higher than the experts. Meyer (2004) explains the difference between novice and expert teach-
ers’ conceptions of prior knowledge by pointing to “an apparent mismatch between the novice teachers’ 
beliefs about their urban students’ life experiences and prior knowledge and the wealth of knowledge 
the expert teachers found to draw upon” (p. 970). In the current study, differences may have been caused 
by students misinterpreting criteria, by the limited methods for evaluating each criterion, by students’ 
sparse of knowledge of content and skills addressed in the curriculum and by the lack of a common 
grading strategy.

Moreover, number of teams being reported as satisfactory at the end of the process were almost same 
for all sides of evaluators. Literature also provides contributions of lesson study process on lesson design 
and delivery, management of the learning environment, quality of students’ engagements with meaning-
ful content, quality of assessments, and generation of student data (Marble, 2007; Pektas, 2014). Similar 

Table 5. Improvements in teaching practices

Specific Skills Self-Reports Peer 
Reports

Expert 
Reports

Planning and Design

          Creating integrated mathematics lesson plans connected to standards 1(4) 3(4) 3(4)

          Developing detailed, explicit and focused lesson plans 1(3) 3(3) 2(3)

Creating a positive learning environment

          Providing clear instructions and handouts 1(3) 1(3) 1(3)

          Managing lesson pacing and transitions 2(3) 2(3) 2(3)

          Effectively manipulating materials 1(3) 1(3) 1(3)

Engaging students in deliberating meaningful content

          Using effective questioning strategies 3(4) 3(4) 3(4)

          Providing students opportunities for collecting and analyzing data 3(4) 3(4) 3(4)

          Structuring discussions to support meaning making 3(4) 3(4) 3(4)

Assessing student learning

          Creating opportunities for students to demonstrate their understandings 3(4) 2(3) 2(3)

          Using student data to assess overall success of instruction 2(3) 2(3) 2(3)

Note: Number of teams found satisfactory after the third iteration was given in parenthesis.
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findings that suggest that lesson study process enhances teacher’s content and pedagogical knowledge 
are also evident in the literature (Fernandez, 2006, 2010; Lewis, Perry, & Hurd, 2009). Through teach-
ers’ collaboration, they engage in self-reflection of their teaching practices (Incikabi, 2013, 2015). The 
process would enhance their teaching knowledge; both content and pedagogical knowledge, that in-turn 
influence their actual teaching practices in the classroom.

Teacher candidates’ self-evaluations of their teaching practices indicated an improvement in their 
teaching practices through the experiments, especially in their skills of engaging students in deliberating 
meaningful content and assessing student learning. These pedagogical improvements might be because 
of teacher candidates’ benefiting from their peers and experts’ comments (Pektaş, 2014). Fernandez 
and Robinson (2006) found that lesson study approach helped the prospective teachers to value the 
opportunity to apply in practice what they were learning in theory. Moreover, peer feedbacks allowed 
them to think differently about teaching after engaging in lesson study. Similarly, in a study conducted 
with mathematics and science teachers, Ono and Ferreira (2010) revealed that the teachers who were 
involved in lesson study benefited from the approach and improved their lessons.

According to the results, peers’ evaluation of the teachings in terms of pedagogical content knowl-
edge in mathematics also underwent positive change after the lesson study process. According to peer 
evaluations, most improvement was evident in planning and design and engaging students in deliberating 
meaningful content. According to the literature, working with colleagues improves teaching efficacy by 
means of instructional materials and practice (e.g., Grandau, 2005; Incikabi & Sancar-Tokmak, 2013; 
Lewis et al., 2009; Peng, 2007; Schorr & Koellner-Clark, 2003; Ticha & Hospesova, 2006, Tuluk, 2007). 
Moreover, a person who works with their colleagues has the chance of arriving different ideas, questions, 
and challenges (Linn, Eylon, & Davis, 2004).

The current study also indicated a positive change based on experts’ evaluations in teacher candidates’ 
teaching skills. Similar findings were reported by Fernandez (2005, 2010) in the context of secondary 
mathematics teacher candidates. According to the experts’ evaluation, teacher candidates have showed the 
most plausible improvement in creating integrated mathematics lesson plans connected to standards and 
engaging students in deliberating meaningful content during the final experiment. According to Lewis 
et al. (2012) indicated resources needed to improve teaching as high-quality instructional resources, 
practice-based professional learning and collaboration with colleagues, and lesson study process had 
contribution to all of these resources. Moreover, recent results from different studies (Perry & Lewis, 
2011; Perry, Lewis, Friedkin & Baker, 2012) also indicate that lesson study supported by mathematical 
resources increases teachers’ and students’ mathematical knowledge.

Lesson study is an opportunity to work with colleagues on fundamental issues and problems related 
to teaching and learning (Cerbin & Kopp, 2006). According to Wang-Iverson and Yoshida (2005) lesson 
study is a teacher-led ongoing professional learning to achieve a common goal. Lesson study process 
focus on subject content in the context of student thinking and informed by outside expertise through 
the knowledge of others while it was not only a teacher training process that aims to create perfect les-
son by working isolation (Wang-Iverson &Yoshida, 2005). Although instructors design only a single 
lesson, what they learn from the experience applies to other classes and contexts. Lesson study aims 
not merely to produce a well-crafted presentation, but also to build capacity, expertise, and knowledge 
to improve teaching and learning in a broad spectrum of disciplines and fields (Cerbin & Kopp, 2006). 
Hiebert et al. (2002) observe that “as much as they might benefit from the knowledge of their colleagues, 
most teachers have not accessed what others know and must start over, creating this knowledge anew” 
(p.11). The current study might be beneficial for educational policy makers to consider implementation 
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of lesson study approach in current teacher education programs in order to produce qualified teachers. 
Moreover, workshops and in-service teacher education programs that utilizes lesson study approach would 
also contribute on teachers’ professional development. The current study is limited with the number of 
participants who contributed through self-report questionnaires and mathematical contents that were 
addressed. Further studies that investigate different contents with different subjects would also improve 
and strengthen the results obtained in this study.
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ABSTRACT

The Classroom Connectivity for Mathematics and Science (CCMS) program was a randomized control 
trial to examine the efficacy of Classroom Connectivity Technology (CCT) in Algebra I. CCT is a type 
of technology that allows the teacher to wirelessly communicate with his or her students’ handheld cal-
culators. Students in the classes that implemented CCT outperformed their comparison counterparts 
with effect sizes ranging from 0.19 to 0.37 (Irving et al., 2014; Pape et al., 2013). In this chapter, the 
professional development program that supported participating teachers to implement the technology is 
described. Categories of professional development activities including pedagogical instruction, modeling 
pedagogy, technological pedagogical instruction, technology instruction, student role-play, practice, 
small-group instruction, and participant presentation are presented in relation to their potential for 
supporting teacher participants’ knowledge growth. Recommendations for the training of teachers to 
implement technology will be explicated.
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INTRODUCTION

As early as 2001, researchers noted that despite the rich availability of technology, an ongoing issue 
of low technology implementation within K-12 educational settings persists (Cuban, Kirkpatrick, & 
Peck, 2001). With districts moving toward increased technology implementation, a considerable need 
has ensued to understand barriers to technology integration as well as effective models of professional 
development to impact teachers’ implementation. Typically, school reform has resulted in instructional 
practices that often reflected the combination of old and new pedagogies with limited, long-term impact 
(Cuban, 2013).

Technology integration within the mathematics classroom in the 1980s used software as a different 
backdrop for repetition and drill with the hope that a more entertaining context might entice learners to 
dedicate time to practice (Niess et al., 2009). While students may have been more intrigued by the game-
like features of the contemporary software, the emphasis remained on a traditional learning environment 
focused on low cognitive demand that resulted in superficial knowledge for students and teachers. Early 
studies with audience response systems also showed no impact on student outcome other than enthusiasm 
in the absence of significant pedagogical changes (Bapst, 1971; Judson & Sawada, 2002). This dilemma 
was followed in the early 1990s with concerns that human capability for technology implementation 
including the distance between teachers’ present pedagogy and changes needed to implement technology 
effectively would be the limiting factor related to technology implementation (Kaput, 1992). In essence 
while digital technologies have evolved, strategies for their effective integration into learning contexts 
have not evolved as rapidly.

Early research with similar technology more broadly known as Audience Response Systems produced 
enthusiastic student response but limited conceptual gains when coupled with traditional lecture (Judson 
& Sawada, 2002). However, when innovative instructional practices were used in college contexts, sev-
eral outcomes were found: increased class attendance and participation (Burnstein & Lederman, 2001), 
collaborative learning and student engagement (Dufresne, Gerace, Leonard, Mestre, & Wenk, 1996), 
and conceptual gains (Judson & Sawada, 2002; Mazur, 1997). An emergent research base indicates that 
classroom connectivity technology (CCT) facilitates mathematics teaching, enhances student outcomes 
by promoting active participation, provides opportunities for inquiry lessons, and facilitates formative 
assessment (Roschelle, Penuel, & Abrahamson, 2004).

CCT is an audience response system that affords teachers the opportunity to wirelessly communicate 
with their students’ handheld calculators. The purpose of this chapter is to describe and theorize about 
professional development that supports powerful use of CCT (i.e., TI-Navigator system). The focus of 
the study was a professional development and research program that supported Algebra I teachers who 
participated from across the United States and Canada in a program called Classroom Connectivity 
for Mathematics and Science (CCMS). This randomized control trial examined the efficacy of CCT in 
Algebra I. Students in the classes that implemented CCT outperformed their comparison counterparts 
with effect sizes ranging from 0.19 to 0.37 (Irving et al., 2016; Pape, Irving et al., 2013).

In this chapter, we provide a description of the professional development activities and share catego-
ries of activity that aimed to foster growth in teachers’ technological pedagogical content knowledge or 
TPACK. These categories include pedagogical instruction, modeling pedagogy, technological pedagogical 
instruction, technology instruction, student role-play, practice, small-group instruction, and presentation. 
In addition, we share feedback from participants after the first iteration of the professional development. 
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Then finally we illuminate some of the adjustments made to the professional development between the 
two years of the program based on the study participants’ feedbacks. Based on this description, recom-
mendations for supporting teachers to effectively implement technology are discussed.

BACKGROUND

While over 80% of teachers express a desire to implement technology effectively in their classrooms, low-
level tasks (e.g., typing essays, searching the Internet) have dominated the landscape in K-12 classrooms 
broadly (Banilower et al., 2013; U.S. Department of Education (DOE), 2003). A majority of secondary 
mathematics teachers (64%) who completed the National Survey of Science and Mathematics Education 
(NSSME; Banilower et al., 2013), a recent survey of K–12 teachers, reported that they used graphing 
calculator technology regularly (i.e., on a weekly basis), but less than 5% used response systems (i.e., 
clickers or CCT). This statistic was also true of other forms of technology. For example, less than 15% 
reported regular use of the Internet and only 1% reported using probes for collecting data on a weekly 
basis. “In general, use of instructional technology is low in K–12 mathematics classes, and decreases 
with increasing grade level” (Banilower et al., 2013, p. 83).

Fourteen essential conditions for effective technology implementation have been proposed by the 
International Society for Technology in Education (ISTE) (2009): shared vision, empowered leaders, 
implementation planning, consistent and adequate funding, equitable access, skilled personnel, ongoing 
professional learning, technical support, curriculum framework, student-centered learning, assessment 
and evaluation, engaged communities, support policies, and supportive external context. Time inside 
and outside of the classroom (DOE, 2003; Vannatta & Fordham, 2004), professional development op-
portunities (Ertmer, 2005; DOE, 2003; Vannatta & Fordham, 2004), access to technological support 
(DOE, 2003), and teachers’ beliefs (Vannatta & Fordham, 2004) have all been implicated as factors that 
support or impede effective technology implementation. While professional development is an important 
factor related to technology implementation after technology availability, less than 50% of the district 
mathematics coordinators surveyed by Banilower et al. (2013) reported professional development fo-
cusing on technology in mathematics instruction at the district level, and less than 35% of the teachers 
reported that these instances were at a substantial level.

Classroom Connectivity Technology and Teacher Knowledge

CCTs are a wide-ranging set of technological devices that allow teachers and students to wirelessly com-
municate through handheld devices. This connectivity technology affords the teacher the opportunity for 
active learning through exploration of lessons, increasing communication, and formative assessment. 
In the present study, the TI-Navigator was the CCT, and the students typically used a handheld calcula-
tor such as the TI-83 Plus or TI-84 Plus (see Figure 1). This CCT technology in our study features five 
components. First, Quick Poll and Learn Check allow the teacher to send questions to students to gauge 
their learning; here, multiple formats of questions are possible including multiple-choice, true/false, or 
open-ended formats. The third component, Class Analysis, provides the teacher with summaries of stu-
dent responses displayed as bar graphs. Fourth, Screen Capture provides the teacher with a “snapshot” 
of students’ calculator screens, which can be displayed to stimulate discussion. The last component, the 
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Activity Center, affords the teacher the ability to engage students in interactive activities. In this com-
ponent, the teacher has the ability to display a coordinate plane, and students may contribute coordinate 
points or equations that interactively populate the coordinate plane or vice versa.

CCTs potentially make teaching more complex. They provide visible displays of students’ thinking 
and increase the level of information to which the teacher must attend. These rich data necessarily change 
the dynamics within the classroom requiring adjustments in terms of planning as well as formative 
assessment. Thus, the professional development provided in the CCMS program supports teachers in 
implementing the technology in their classrooms by focusing on content knowledge (CK), pedagogical 
content knowledge (PCK) as well as their Technological Pedagogical Content Knowledge (TPACK).

Incorporating technology into the teacher’s instructional strategies is a potential change agent, and 
at the root of that change is the teacher’s attitudes and beliefs about learning mathematics and the role 
of technology therein. Beliefs that there is no real need for technology and that what worked in the past 
in education works today continue to prevail (Bos, 2011). Thus, the goal of professional development is 
often focused on impacting teacher knowledge and beliefs. Teacher knowledge as defined by Shulman 
(1987) includes CK, pedagogical knowledge (PK), and PCK. Further delineations of these knowledge 
constructs have been investigated including TPACK (Mishra & Koehler, 2006), which is defined as 
“that body of knowledge teachers needed for teaching with and about technology in their assigned sub-
ject areas and grade levels” (Niess et al., 2009, p. 7). According to this depiction, TPACK is proposed 
as the integration of technology, pedagogy, and subject matter content knowledge. Further, TPACK is 
elaborated to include technological content knowledge (TCK), technological pedagogical knowledge 
(TPK), and PCK as interacting and overlapping sets of knowledge structures (Koehler & Mishra, 2008). 
It is this confluence of knowledge that must be impacted in professional development programs to truly 
affect instruction (Mouza, 2009).

Ronau and colleagues (Ronau et al., 2010; Ronau, Wagener, & Rakes, 2009; Ronau, Rakes, Wagener, 
& Dougherty, 2009) further elaborate this conceptualization of teacher knowledge to include the intersec-
tion of field, which includes mathematics content knowledge (MCK) and PK (or mathematics content 
knowledge for teaching; MCKT); mode, which includes discernment and orientation; and context, which 
includes individual and environment. Discernment is related to teachers’ ability to orchestrate mathemati-
cal conversations and to make in-the-moment decisions about instruction based upon the feedback they 

Figure 1. Depiction of the TI Navigator within a classroom
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received from their students. “Orientation describes the knowledge of beliefs, dispositions, values, goals, 
and other personal qualities that embody and define an individual’s views and actions toward learning 
and teaching” (Ronau et al., 2009, p. 10). Context involves knowledge of individual and environment 
that influence the learning process.

Pape et al. (2012) argue that CCT makes teaching more complex because it provides teachers with 
significant information about students’ understanding and a context in which teachers may engage stu-
dents in active learning. As a result, implementing CCT in the classroom draws significantly on teach-
ers’ TPACK. Constructing classrooms in which students engage in active learning not only requires a 
great deal of MCK but also MCKT (Ball, 1991a, 1991b; Ball, Thames, & Phelps, 2008; Hill, Rowan, & 
Ball, 2005). While MCK is knowledge of mathematical content, MCKT is knowledge of mathematics 
that supports instruction or knowledge of how to teach, thus reflecting Shulman’s (1987) more general 
construct of PCK. When speaking of content knowledge for teaching with technology, TPACK refers to 
“the integration of the development of knowledge of subject matter with the development of technology 
and of knowledge of teaching and learning” (Niess, 2005, p. 510). This knowledge includes knowing 
how to design and implement mathematical tasks that are supported with technology to maximize and 
assess student learning and professional development to support teachers to engage in such implementa-
tion (Association of Mathematics Teacher Educators, 2009).

To effectively implement CCT within the classroom, we postulate these four interrelated and com-
plementary principles of effective CCT implementation that illustrate the high demands on teachers’ 
knowledge (as described in TPACK) within the connected classroom:

Principle 1: Effective CCT implementation is dependent upon mathematical tasks that support exami-
nation of patterns leading to generalizations and conceptual development.

Principle 2: Effective CCT implementation is dependent upon classroom interactions that focus math-
ematical thinking within students and the collective class.

Principle 3: Effective CCT implementation is dependent upon formative assessment instructional prac-
tices that lead to teachers’ and students’ increased knowledge of students’ present understandings.

Principle 4: Effective CCT implementation is dependent upon sustained engagement in mathematical 
thinking. (Pape et al., 2012, pp. 177-178)

Using graphing calculators in combination with CCTs, teachers are able to provide students with access 
to experiences with multiple representations including tables, equations, words, and graphs. Students’ 
representations and thus their mathematical thinking can be projected for classroom discussion allow-
ing for the co-examination of problem solutions, which makes their thinking visible through classroom 
interactions (Heid, 2005; Pape et al., 2010). The coordination of representations in example lessons and 
orchestrating the classroom interactions charges teachers with drawing on their MCK. “The teachers’ 
sequencing of the activity and discussion requires sophisticated MCKT and an interaction between 
knowledge of subject matter, pedagogy, and discernment” (Pape et al., 2012, p. 185). This examination 
of student work provides for interaction between the first two principles.

In another analysis, we learned that CCTs potentially disrupt the initiate-respond-evaluate nature of 
typical mathematics classrooms (Pape et al., 2010), which contributes to the low achievement of U.S. 
secondary students (Hiebert et al., 2005). To foster productive interactions within the classroom, teach-
ers and students co-construct mathematical and socio-mathematical norms that facilitate participation 
(Yackel & Cobb, 1996). These norms establish the context for the construction of students’ perceptions 
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of mathematical competence (Gresalfi, Martin, Hand, & Greeno, 2009) and are largely a function of 
how teachers perceive mathematics as a domain and their role in teaching and learning mathematics or 
their orientation toward the domain (Ronau et al., 2010; Ronau, Rakes et al., 2009; Ronau, Wagener et 
al., 2009). Further, creation of these norms for classroom interactions opens the classroom to directions 
that may not be anticipated by the teacher, which draws heavily on their MCK and MCKT. “This may 
result from and depend upon important interactions between knowledge of the students as individuals 
and difficulties students encounter with particular mathematics concepts,” which also draws on the 
“interaction between knowledge of students, subject-matter knowledge, PCK, orientation knowledge, 
and discernment knowledge as the teacher makes decisions regarding the flow of the lesson” (Pape et 
al., 2012, p. 187). Likewise, formative assessment (Principle 3) and sustained mathematics engagement 
(Principle 4) require sophisticated knowledge of mathematics, MCKT, orientation, discernment, as 
well as several other knowledge constructs. This discussion clearly indicates the need for professional 
development programs that not only focus on mathematical knowledge but on MKCT, technological 
knowledge, knowledge of students, discernment, and orientation. The present study examined the CCMS 
professional development program to illustrate and describe the ways in which the program supported 
each of these types of knowledge as well as the interaction among them. Given this great need to support 
teacher knowledge growth to effectively engage learners within the context of a connected classroom, 
we now turn to characteristics of effective professional development.

Characteristics of Effective Professional Development

An abundance of work defines the critical elements of effective professional development (Dagen & 
Bean, 2014; Desimone, 2009; Garet, Porter, Desimone, Birman, & Yoon, 2001; Lawless & Pelligrino, 
2007; Scher & O’Reilly, 2009). Because teacher change is a process rather than an event, it must be 
considered in terms of continuous growth over time (Darling-Hammond, 1990); and time for learning 
about, looking at, discussing, struggling with, trying out, constructing, and reconstructing new ways 
of thinking and teaching (Sowder, 2007). As Desimone (2009) suggests, “a research consensus [exists] 
on the core features of professional development that have been associated with changes in knowledge, 
practice, and, to a lesser extent, student achievement” (p. 183). Garet et al. (2001) posit six key factors 
related to effective professional development: (a) content and pedagogical knowledge focus, (b) activities 
that reflect reform, (c) relevance to teacher’s needs, (d) active learning, (e) long periods of professional 
development, and (f) collaboration between learners. Effective professional development must focus not 
only on content, in this case technology implementation within the context of teaching mathematics, 
but on effective ways to teach students this content or ways of effectively implementing the technology. 
Within the context of professional development related to technology implementation, participants must 
be engaged actively in enacting learning sequences with the technology through active learning cycles.

Teachers use technology in ways that are consistent with their belief systems about curriculum and 
instruction. For example, if traditional teachers are learning about how technology can be used as a 
tool for engaging students in student-centered exploration, they are likely to assimilate this technology 
to support the kinds of traditional activities to which they are accustomed, if they use it at all (Ertmer, 
2005). A significant barrier to implementation is distance or the degree of separation between the prac-
titioners’ present practice and the innovation being delivered in the professional development (Zhao, 
Pugh, Sheldon, & Byers, 2002). The degree of match between a particular cognitive technology and a 
teacher’s practice and beliefs underlies the construct of pedagogical fidelity (Zbiek, Heid, Blume, & 
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Dick, 2007). Although pedagogical fidelity has not been an explicit research topic, the construct can be 
used to explain seemingly disconnected or convoluted sets of findings and observations from studies of 
teachers’ thinking, planning, and use of technology in mathematics classrooms. Thus, in this instance 
coherence may reflect this distance, with innovations that approximate the teacher’s present practice hav-
ing a higher degree of possibility for implementation. Penuel, Fishman, Yamaguchi, & Gallagher (2007) 
describe coherence as reflecting the consistency between the professional development and teachers’ 
existing beliefs, knowledge, and attitudes as well as national, state, district, and school-level goals for 
students’ learning, which is another way to consider the distance between the teacher’s present state and 
the intervention. The degree to which the innovation is distant from teachers’ present practice increases 
the need for powerful professional development that may impact teachers’ knowledge of teaching with 
technology.

The final two factors relative to effective professional development include time and collaboration. 
Research has indicated that professional development programs that are over 100 hours across one or 
more academic years have consistent effects on student achievement (Blank & de las Alas, 2009; Yoon, 
Duncan, Lee, Scarloss, & Shapley, 2007). Finally, effective professional development provides teachers 
the essential opportunity to collaborate in their planning efforts. Teachers’ practices are more likely to 
change as they participate in professional communities that discuss new materials, methods, and strategies 
and that support the risk taking and struggle involved in transforming practice (Putnam & Borko, 2000).

Classroom Connectivity in Promoting Mathematics and Science Achievement

The CCMS project was a four-year randomized control trial. We sought to examine the efficacy of an 
intervention that included CCT and professional development by investigating the impact of introducing 
this technology within Algebra I classes on student achievement. One hundred twenty-seven teachers 
were initially chosen to participate and randomly assigned to one of two cohorts: CCT treatment group 
or business-as-usual comparison group. The comparison group teachers were asked to continue teaching 
as usual in the first year and were provided the CCTs in the second year of the study. Data collection 
and analyses used varied quantitative and qualitative techniques in a mixed methods design. The data for 
the present study consisted of videotaped professional development sessions from two weeks of the first 
year and one week of the second year, written feedback from the participants within the first year, and 
an interview with a participant to understand her experiences in relation to the group’s written feedback.

The weeklong professional development summer institutes prior to beginning technology imple-
mentation reflected the Teachers Teaching with Technology (T3) model. The professional development 
instructors were secondary school teachers who had several years of successful implementation within 
their own classroom instruction. Participants also attended the annual T3 International Conference to 
further refine their practice. The CCMS project researchers held a one-day session prior to the T3 con-
ference each year during which they shared issues and successes. Teacher participants were given time 
during this conference pre-session to present lessons that they had developed, and these lessons were 
distributed to all participants. The principal investigators (PIs) disseminated study results as they be-
came available and engaged the participants in discussions of effective use of the technology to support 
learning. The teachers were then allowed to participate in the conference sessions with several of the 
teachers presenting work that they had developed for their classrooms. Finally, several informal profes-
sional development possibilities supported the project including contact with project researchers through 
telephone interviews, a listserv, and online training and technical support provided by Texas Instruments.



196

Preparing Teachers to Implement Technology
 

METHOD

The present study was a qualitative analysis of the professional development sessions across the two 
years of the program. This study was a descriptive analysis that, in addition to describing the professional 
development activities, sought to explore two research questions:

1.  What categories of activities were included in the professional development?
2.  What connections might be drawn between these activities and potential changes in the teachers’ 

knowledge relative to technology integration?

To respond to these questions we examined video recordings of professional development sessions 
from Year One—week 1, Year One—week 2, and Year Two—week 2. Only one of the summer institute 
weeks in Year Two was examined because we felt that it was typical of both weeks during that year. 
Changes across the two years were supported by written feedback from Year One participants as they 
implemented the technology during that first year as well as an interview of a Year One participant.

Participants

One hundred twenty-seven Algebra 1 teachers from 28 U.S. states and two Canadian provinces and 
their students participated in this study. Sixty-one teachers were assigned to the treatment group, and 
66 participants were assigned to the comparison group. Seventy-four percent of the initial sample was 
female, and approximately 80% were White and held mathematics degrees. Years of teaching experience 
ranged from 1 to 36 years with means between 7 and 15 years and medians from 11 to 17 years. From 
this initial sample, 19 participants failed to complete the first year of the project for a variety of reasons 
and withdrew from the study. One participant who represented a convenience sample was recruited to 
participate in an interview. This participant was chosen because the PI team had visited her classroom 
several times during Year One implementation and she was a local teacher who had experienced early 
struggle incorporating the technology but had become fairly proficient across the first year of the study.

Data Sources

The study used three sources of data. First, videotapes of two weeks of Year One and one week of Year 
Two professional development sessions served as the primary source of data. Second, treatment group 
teachers who participated in the Year One professional development completed a survey of their experiences 
at the end of the summer institute. This survey included questions that probed participants’ satisfaction 
with each type of activity and mode of instruction (e.g., T3 instructor embedded instruction versus PI 
lectures) as well as their understanding of the CCT component. Third, one participant was interviewed 
to reflect on these survey data and provide feedback on the professional development program overall.

Data Analysis

Two researchers reviewed the agenda and recorded professional development sessions for each of the 
weeks (Year One—Weeks 1 & 2; Year Two—Week 2). The analysis was a combination of calculating 
time from the agenda and coding the recorded data using predetermined and emergent codes. The sec-
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ond author was not only a participant in the Year One professional development program but a doctoral 
student at the time of the study. The initial codes came from her experience as a participant as well as 
her work coding data for a related study. On some occasions, one of the researchers proposed tentative 
codes for a segment of instructional time, and the two researchers met and viewed the video again to 
form a consensus on the categories. These codes were reviewed and revised through discussion during 
data analysis resulting in a final set of categories. All data were recoded using a constant comparative 
methodology following final revision of the codes (Corbin & Strauss, 2008).

For purposes of the analysis, the two researchers who coded the professional development sessions 
parsed the time of the recording into coherent segments. For example, during one 30-minute segment, 
one of the T3 instructors demonstrated how to use the technology to teach concepts related to linear 
equations in slope-intercept form. The participants were asked to submit an equation to graph a line 
going through the point (0, 2). The 30-minute lesson was considered a segment for analysis. Within 
that activity, the T3 instructor asked the participants to behave as a class of algebra students and create 
example graphs. In this case, the T3 instructor was modeling pedagogy while participants engaged in 
student role-play. Then the T3 instructor also engaged the participants in technology instruction related 
to using the technology to display student calculator responses. Therefore, the segment was parsed into 
several codes with sub-segments, and several sub-segments were double coded as student role-play and 
modeling. Thus, the total amount of time calculated was likely an over estimate of the actual time, and 
the proportion of time reported did not reflect the actual total time. These proportions were therefore 
underestimates of the proportion of the actual total time. This method was a potential limitation of the 
present analysis, but the findings were based on knowledge of these issues and were presented for dis-
cussion purposes only.

Further, teacher-participant practice times were not routinely and consistently recorded, and therefore 
were not available for coding from the recorded professional development sessions. The time allotted 
on the agenda for practice and presentation group work was reported together as practice time. We were 
confident that this process led to a close estimate of the actual time for practice. In Year Two, as a result 
of gathering feedback from first-year participants, instructors and support staff worked in small group 
instruction on individual and common needs. This activity often took the form of practice of previously 
learned skills. While separated from practice because it took many forms, we believed the sum of these 
components potentially provided a reliable estimate of practice time.

Finally, participants’ responses to the exit survey of their experiences were tallied to provide the 
research team with information related to overall satisfaction with the components of the professional 
development, their understanding of the CCT components, and suggestions for changes to the profes-
sional development summer institutes. Further, the teacher interview with one participant was transcribed 
verbatim and used to understand the participants’ exit survey responses. These responses were provided 
to the participant to reflect on her experience during the first year of technology implementation.

FINDINGS

The main purpose of this study is to examine the activities provided in the professional development for 
their potential to impact teacher knowledge relative to integrating technology within their mathematics 
instruction. Thus, we begin by providing a description of the summer institute’s daily schedule as con-
text for the analysis of activities. We describe Year Two—Week 2 because this week most exemplified 
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the professional development following changes made based on participant feedback in Year One of 
the project. Differences in the Year One summer institute will be noted as appropriate. Subsequently, to 
explore the first research question, we describe the categories of professional development activities and 
provide estimates of percentage of total time to reflect their relative inclusion across three weeks of the 
summer institutes. Finally, to respond to the second research question, we begin to theorize about the 
potential for these professional development activities to support teachers’ developing TPACK.

It is important to note that this program was a residential program with participants housed in a 
hotel with a roommate they often did not know prior to arrival. Their days were filled with the profes-
sional development activities, and many reported conversations and work sessions in the evenings. The 
teachers bonded socially during the weeklong summer institute, with this social bonding strengthened 
at the annual TI conferences. Establishing this community was an important element in the continuing 
participation of many of our teachers. As previously noted, the randomized control trial showed advan-
tages for the treatment group with effect sizes ranging from 0.19 to 0.37 (Irving et al. 2016; Pape, Irving 
et al., 2013). Further, we gathered teacher self-report technology use through telephone interviews and 
classroom observations across three years of the program (Irving, 2008; Pape et al., 2010; Pape, Irving et 
al., 2013). A majority of the treatment group participants (95%) in Year One of the study indicated that 
they used the technology once or more times per week with close to 50% reporting usage at the three or 
more times level. This usage included Quick Poll, Learn Check, and Activity Center most frequently. 
Further, teacher reported increases in knowledge about their students as a result of CCT use was posi-
tively associated with the student performance (Pape, Irving et al., 2013).

We also examined implementation for the first two cohorts across two years of the project. Eight 
variables were measured from telephone interview data that were captured in the spring of each year 
(see Irving et al., 2008 for details). A composite score was created based teachers’ self reports of 

1.  The number of days the technology was available;
2.  Frequency of use;
3.  Comfort level with the technology; the number of components used;
4.  Teachers’ reported level of student understanding based on the technology use;
5.  Level of reported instructional changes;
6.  Self-rating of implementation; and
7.  Reported positive student response to the technology.

We found that participants who had high composite scores in Year One also had high composite 
scores in Year Two; treatment teachers’ composite scores increased from Year One to Year Two; and 
there was a significant correlation between the participants’ total implementation fidelity index and the 
log file results, which were gathered by the technology. We concluded that of the persisting teachers, 
approximately 80% were reporting use at what we called the mid-high to high levels, which constitutes 
strong evidence that the teachers who persisted in the project were actually using the technology (Irving 
et al., 2008). Finally, classroom observation data that explored classroom interactions indicate that CCT 
use disrupted the typical classroom interactional patters within the classrooms that implemented the 
technology (Pape et al., 2010).
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Thus, while we acknowledge that connection between the professional development activities, teacher 
knowledge, and differences in learning outcomes reported here is theoretical given the data available, 
we argue that the professional development supported teacher technology implementation, and this 
implementation was related to increased student achievement across three years of the study.

A Description of Year Two, Week 2

The weeklong institute (see Appendix 1 for a description of the institute) began with introductions of 
the research team and T3 instructors focused on their experiences with technology integration within 
their classrooms. This discussion was an important feature of the professional development since these 
individuals could relate real-life experiences from their classrooms. Participants were then introduced to 
the research study, consented to participate in the study, and completed several research surveys related 
to their demographic information, use of technology, and experience with professional development. 
The rest of the morning engaged participants in four activities in a manner similar to that in which they 
might engage a student with the activities. This work provided an opportunity for the T3 instructors to 
model the way they use the technology and to relate stories of their use. It also provided participants 
with experience from students’ perspectives. The way in which we made the pedagogy explicit for the 
participants differed from Year One to Year Two based on Year One participants’ feedback. In Year 
One, the first author debriefed the pedagogy within large-group discussions of the participants’ learning 
experiences immediately following the Algebra I activities. In Year Two, the T3 instructors incorporated 
these discussions more explicitly within their discussions, and the PIs provided brief lectures related to 
the pedagogy throughout the week. During a working lunch, the participants were asked to reflect on 
the pedagogy of the connected classroom that emerged from these experiences.

Following this morning activity, one of the research team members presented Bransford, Brown, and 
Cocking’s (2000) learner-centeredness, knowledge-centeredness, and assessment-centeredness constructs 
that had emerged within earlier connected classroom research conducted by members of the research 
team (Owens, Demana, Abrahamson, Meagher, & Herman, 2004; Herman, Meagher, Abrahamson, & 
Owens, 2013). Then, since participants were responsible for recruiting student participants and admin-
istering student measures, the university’s Institutional Review Board required us to introduce them to 
Collaborative Institutional Training Initiative training on ethical research practices.

Participants were engaged in two additional Algebra I activities as students followed by explicit in-
struction on several of the technological components (i.e., creating a class, sending lists and applications 
to students’ calculators, capturing students’ calculator screens, and submitting a quick poll) by the T3 
instructors. The afternoon ended with a debriefing session, discussion of the participants’ final project 
for the week (which was to develop a series of lessons they would present to their peers), and practice 
on the technological skills that had been reviewed.

The second day again began with the T3 instructors “teaching” the participants as if they were students 
working with six different Algebra I activities. These segments provided participants with experiences 
learning mathematics content through the vehicle of the technology and the connected classroom. It 
also provided participants experience with a number of activities they could easily adapt for their class-
room. Following a break, the participants worked in pairs with an instructor to configure settings within 
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their TI-Navigator system. This small-group instruction was not present in Year One and resulted from 
feedback from Year One participants. Next, one member of the research team presented a lecture on 
the pedagogy of and several affordances of CCT for developing student self-regulated learning (SRL) 
(Pape, Bell, & Yetkin-Ozdimir, 2013). During lunch, participants were engaged in conversations related 
to this lecture followed by another activity that involved debriefing, practice, and group work to develop 
their final presentations. The instructors were available during these sessions to support the participants’ 
independent and group work.

Day three began with small groups of participants, who rotated through six separate activities fol-
lowed by reporting about the highlights of these activities, which was also a change from Year One based 
on Year One participants’ feedback. This discussion focused on the practical pedagogical implications 
of the connected classroom especially for the development of student SRL. The afternoon focused on 
explicit instruction with an additional component of the system, Class Analysis, presented by a T3 in-
structor with classroom examples of how he used this feature. After the afternoon debriefing session, we 
provided the participants with an opportunity to practice with the technology and to work on their group 
presentations. The fourth day began with groups rotating through an additional three activities as well as 
small group instruction on sending and receiving files, incorporating screen shots within WORD docu-
ments, and working with lists in the Activity Center. At this point, several groups were ready to present 
their group projects, followed by an overview of the research at the student level. Following lunch, the 
participants were engaged in a continuation of the SRL and classroom contexts discussion and several 
more group presentations. The final day focused on participant surveys to measure their learning of the 
technology and group presentations.

Categories of Professional Development Activity

For our first research question, we explored the categories of activities included in the professional de-
velopment to gain an understanding of patterns of activities across the two years of the program. Several 
categories of professional development activities emerged from our analysis including administration, 
pedagogical instruction, modeling pedagogy, technological pedagogical instruction, classroom manage-
ment, technology instruction, student role-play, practice, small-group instruction, and presentations. The 
approximate percent of the total time coded or determined from the agenda for each of these activities 
is provided in Table 1. Our description of these categories provides examples to illustrate the activities, 
which we then considered as a system of experiences to theorize about the potential of these activities 
to support teachers’ TPACK development.

The first category of activities during each session was administration. During these segments, the 
researchers introduced the PI and T3 teams, completed paper work required by the research and fund-
ing agency, discussed upcoming sessions, and asked participants to complete research protocols. This 
category of activity was greatest during the first week of Year One at 11% and decreased steadily to a 
low of 4% during week two of the second year of the program.

The second category of professional development activities included pedagogical instruction, which 
was typically in the form of structured lectures or interjected comments from the T3 or PI team members 
specifically addressing mathematics pedagogy. While these discussions were within the context of the 
connected classroom, the focus was more broadly mathematics instructional strategies including taking 
up students’ correct and incorrect responses to foster classroom discourse, formative assessment, and 
classroom contexts that support student development of SRL. The presentations were conducted by a 
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member of the PI team in Year One as an immediate follow-up to an activity in which the pedagogy had 
been modeled and participants may have been asked to participate as Algebra I students. In Year Two, 
these discussions were consolidated into several shorter lectures by one of the PI team and incorporated 
more deliberately within the T3 instructors’ presentation of the activities. These explicit discussions of 
mathematics pedagogy, that were not focused specifically on technology-enhanced mathematics peda-
gogy, were limited in all three institutes ranging from 4% to 6% of the total time coded.

One frequent way in which we delivered pedagogical instruction was through modeling pedagogy. For 
example, when members of the PI team lectured about concepts such as Bransford and colleagues’ (2000) 
centeredness constructs or classrooms that supported SRL development, they frequently engaged the 
participants in ways to explicitly illustrate the pedagogy rather than simply describing teacher behaviors 
in the abstract. These segments, modeling in the absence of implications for technology implementa-
tion, consistently reflected approximately 10% of each the summer institute sessions. Thus, pedagogical 
instruction in the form of discussion, direct instruction, or modeling constituted approximately 15% of 
the time coded across the two years.

The second significant segment was technological pedagogical instruction, which consisted of in-
struction related directly toward technology implementation. These segments reflected time taken by 
T3 instructors to discuss the use of the technology to implement the mathematics pedagogy including 
comments related to using the technology as a classroom management tool. For example, there were 
discussions of how T3 instructors might use screen capture to “see” what the students were doing and 
even taking a print screen to show parents. Another example occurred during PI lectures in which they 
used the technology to enact the mathematics pedagogy. Specifically, the first author engaged the partici-
pants in a discussion related to using the technology to make students’ responses objects of discussion, 
taking up of incorrect or correct answers, formative assessment, higher/deeper levels of questioning, and 
self-regulation. The T3 instructors interspersed this instruction within many other categories of activi-
ties and enacted this instruction largely by modeling instruction that used activities with which they had 
engaged their own students. As stated above, these segments may have been dually coded as modeling 
pedagogy or student role-play when instructors demonstrated how the technology could be used to foster 

Table 1. Percent time by activity

Code Year One Week 1 Year One Week 2 Year Two Week 2

Administration 0.11 0.08 0.04

Pedagogical Instruction 0.06 0.05 0.04

Modeling Pedagogy 0.10 0.10 0.09

Technological Pedagogical Instruction 0.07 0.02 0.02

Technology Instruction 0.24 0.30 0.19

Student Role-Play 0.12 0.12 0.08

Practice 0.19 0.21 0.21

Small group instruction 0.00 0.00 0.22

Participant Presentation 0.13 0.11 0.11

Total in Hours 1.00 1.00 1.00
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classroom interactions, for example. Technological pedagogical instruction reflected 7% of the time in 
the first summer institute but dropped to only 2% of the time in subsequent iterations.

This category also included explicit technology instruction, which related to how to use specific 
components of the technology. This instruction occurred in whole-class lecture situations and was 
sometimes combined with participant teachers when engaged in student role-play. For example, the T3 
instructors provided direct instruction with step-by-step instructions on how to send a document to the 
students’ handheld calculator. On other occasions technology instruction occurred in small group set-
tings with one T3 instructor and a group of participants. This time represented a substantial percentage 
of the overall time of the summer institutes reflecting 24%, 30%, and 19% for Year One—Week 1, Year 
Two—Week 2, and Year Two—Week 2, respectively.

We frequently categorized Student Role-Play as either type of technology-focused instruction, tech-
nological pedagogical instruction, and technology instruction. We therefore depicted this category as a 
subcategory of Technological Pedagogical Instruction. During these segments, T3 instructors frequently 
engaged the participants in role-play as they modeled activities they could use directly within their 
classrooms. For example, the instructor demonstrated the capabilities of the technology system and the 
participants were asked to enter responses into the system as students. We then asked the participants 
to engage in role-play approximately 12% of the time during Year One and only 8% of the Year Two 
summer institutes.

We also provided the participating teachers with a significant amount of time to practice using the 
technology, which we again held as a subcategory of the larger Technological Pedagogical Instruction 
category. During these times, the teachers worked at their own pace usually with a facilitator available 
to provide support as they directly experienced operating the technological system as a teacher. The 
participants’ work on their group presentations was not always distinguished in the agenda. Thus, group 
work to develop the presentation was considered practice, which occupied between 19% and 21% of the 
time across the two years.

In essence then, the focus of the summer institutes was on the use of the technology in pedagogi-
cally efficient ways to stimulate learning or what we have labeled here as Technological Pedagogical 
Instruction. This category constituted 62%, 65%, and 72% for the three institutes discussed, respectively.

Finally, participants developed and presented units of lessons they planned to enact in their class-
rooms. This category, participant presentation, occupied a consistent amount of time across the summer 
institutes ranging from 11% to 13%.

Participant Feedback

The research team collected data from participants through an exit survey of their experiences at the 
conclusion of the Year One summer institutes. These data reflected the participants’ uneasiness with their 
ability to engage students with several of the CCT components. The participants also indicated some 
consideration of the mathematics content that was most appropriate for technology-supported learning. 
These areas included linear relationships and graphing/coordinate plane concepts. The participants also 
expressed concern with teaching areas such as symbol manipulation, geometry, statistics, and probability. 
They requested more focus on advanced Algebra I concepts such as exponential functions, classroom 
management issues, identifying critical junctures in the learning process, and finding activities rather 
than developing lessons as well as broader implications for planning instruction using the CCT. Finally, 
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they indicated the need for greater flexibility in the professional development to allow participants to 
engage with the technology as a teacher as well as student.

In addition to participants’ responses to this exit survey, the research team met with a Year One 
participant to understand her experience with the professional development and early implementation. 
She was provided the Year One participants’ exit survey responses to support her reflection on her own 
experience within the summer institute as well as across Year One implementation.

The participant related difficult early adoption due to a delay in the equipment arrival and set up, 
which created considerable time between the summer institute and implementation. Teachers in her school 
struggled to implement the technology when the systems were available because fully implementing 
CCT required different norms for classroom participation than had been established. The routines of 
the class with and without CCT were believed to require different norms that the teachers had difficulty 
re-imagining and re-developing. Formative assessment in the form of Learn Check was especially dif-
ficult to implement. This teacher reported difficulties in understanding where students’ responses were 
stored once she collected them from her students’ handheld calculators. She indicated that participants 
needed more time practicing with Learn Check. Data from several CCT projects supported this finding, 
but the difficulty was beyond the mechanics of finding the students’ responses. In several projects, teach-
ers’ expressed difficulty with Learn Check related to finding and/or developing appropriate formative 
assessment items to stimulate concept development and to identify student misconceptions at critical 
junctures during the lesson (Irving, Sanalan, & Shirley, 2009; Pape, 2015).

While the participants’ students reported enjoying the technology, developing lessons that fully 
engaged its affordances was time consuming for the teachers. The interviewee reported that the time 
during the summer institute when participants were able “to sit down with the system and play with it 
was the most effective. The demonstrations were great. It [was] very nice to see here is how Quick Poll 
works, but a few weeks later, I have forgotten how to do it.” In addition, she felt that the teachers knew 
what the professional development was asking them to do pedagogically, but she was less confident that 
she and her colleagues left the institute with a clear understanding of how to enact this pedagogy. This 
concern reflected the participants’ responses to the exit survey questions.

This participant’s feedback and in particular the expressed need for more hands-on practice, resulted 
in the most significant change between the two years of the program. In Year Two, 22% of the summer 
institute was devoted to small-group instruction with one of the T3 instructors providing just-in-time 
guidance, instruction, and/or support. Categories that were lowered in percent time to accommodate this 
significant category of activity included administration, technological pedagogical instruction, technol-
ogy instruction, and student role-play. We claim, however, that these small-group segments provided 
participants similar opportunities for learning. The percentages provided are approximate and reflected 
subtle differences in the professional development provided to attain teacher knowledge goals.

Professional Development Activities and Teacher Knowledge

To explore connections that might be drawn between the categories of professional development ac-
tivities and potential changes in the teachers’ knowledge relative to technology integration, our second 
research question, we theorize here about the ways that each category might support teacher knowledge 
growth. The CCMS project incorporated activities that we hypothesized would have an impact on teacher 
knowledge as we designed the professional development. To directly attend to issues of TPACK as well 
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as other broader conceptions of teacher knowledge relative to technology implementation, participants 
were provided instruction on using the TI-Navigator functionalities, ideas for classroom activities, 
models of effective pedagogy that the PIs explicitly reinforced through brief lectures, and opportunities 
to design or enhance lesson plans to incorporate CCT. Central to all of the professional development 
were opportunities to engage in authentic practice by designing, implementing, and disseminating rich 
mathematical tasks using CCT. Finally, the nature of the study afforded teachers both extended time and 
practice, potentially increasing the likelihood of full implementation.

The categories of activities that emerged from our analysis have potential for impacting teachers’ 
knowledge and effective technology implementation. As we have argued, CCT systems make the teach-
ing process more complex because its teaching modality is typically guided discovery and the forma-
tive assessment components provide teachers rich information about students’ present understanding. 
Rather than having information from one student who responds to the teacher’s question, CCT enables 
the collection of multiple data points regarding the class-level understanding. With the exception of 
Administration, these categories provide the starting point for theorizing about the potential impact of 
these activities. The Administration categories marks necessary logistical elements of a professional 
development program but do not contribute to theory building.

The typical day started with T3 instructors leading participants through Algebra I activities that they 
had used in their own classrooms. These activities provided the opportunity for technological pedagogical 
instruction and technology instruction. That is, as the instructors modeled the instruction and participants 
acted in the role of the student, the participants learned not only how to “press the buttons” to run the 
technology but witnessed how these seasoned instructors used the technology with their students. Act-
ing in the role of the student supported the participants’ knowledge of the context and specifically the 
perspectives of the learner. We posit that these activities and the roles in which the participants engaged 
supported their developing PK, PCK, TCK, and discernment. Through these activities, participants 
were offered an opportunity to reflect on the T3 instructors’ pedagogical moves while engaging them 
as learners. In addition, for some participants these activities supported their knowledge of mathematics 
content and PCK in terms of enacting student-centered, inquiry-focused lessons. They witnessed the 
pedagogy, and, more importantly, the pedagogy was explicitly noted and discussed.

Interspersed within these activities, the PI team provided direct pedagogical instruction in the form 
of interactive lectures. These lectures were brief and focused on Bransford and colleagues’ (2000) 
centeredness constructs and contexts that support students’ developing SRL (Pape, Bell et al., 2013). 
As such, we hypothesize that these mini-lectures supported participants’ growing PK and PCK as, for 
example, they were focused on ways to handle students’ correct and incorrect responses. Within these 
lectures, the PIs engaged the participants in role-play frequently to provide examples of the pedagogy 
about which they had been lecturing. One PI held a discussion with participants playing themselves in 
brainstorming how they might apply the principles of the lecture into their classrooms. These segments 
again supported teachers’ CK, orientation, and discernment. Having these models of effective engage-
ment with mathematical concepts as the objects of classroom discourse established a context in which 
participants were able to reflect on their present behavior in relation to the modeled instruction. In ad-
dition, we theorize that they likely led to changes in their orientation toward technology implementation 
as well as their ability to engage with the dialogue to make instructional decisions based on the feedback 
they were provided.
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Practice in Year One, and practice in small-group instruction in Year Two, provided the context for 
participants to act as the teacher. In Year Two segments, additional instructors worked with the par-
ticipants on aspects of CCT with which they wanted support such as developing lessons, transferring 
documents, creating classes, and using Screen Capture. These sessions supported all aspects of teacher 
knowledge as they focused on general and technological PK, discernment, orientation, and context by 
engaging them directly as teacher and student.

SOLUTIONS AND RECOMMENDATIONS

This program reflects our efforts to develop and revise a professional development program that included 
teacher knowledge development for effective technology implementation as its central goal. Specifically, 
seasoned technology implementers engaged the participants in activities that ranged from Algebra I 
activities the instructors used within their own instruction, modeling pedagogy, role-play episodes, small-
group interaction and instruction, and practice developing a unit for their classroom and presenting it to 
their colleagues. We garnered feedback from participants following the first year of the summer institutes 
resulting in the need for more small-group instruction and integration of pedagogical instruction by the 
T3 instructors as they engaged the participants in the activities. Participants were engaged in using the 
technology in varied but specified ways to provide them a well-rounded perspective of learning and 
teaching using CCT as a tool. Our specific recommendations for the field include:

1.  Effective professional development requires a significant balance between pedagogical instruction 
and technological pedagogical instruction. Discussion of pedagogy should be interspersed through-
out the participants’ authentic engagement with the technology. Two common methods typical in 
our professional development sessions were modeling pedagogy and role-play as student learner.

2.  Experienced instructors who have effectively implemented the technology in their classrooms are 
critical for pedagogical, technological, and technological pedagogical knowledge growth. These 
individuals provide the authentic scenarios of CCT use for the participants to exemplify aspects 
of pedagogy/technology integration.

3.  Participants need ample opportunities to practice and demonstrate mastery of the technology and 
pedagogy. This practice and support may be provided in small-groups with instructors or in role-
play scenarios.

4.  Professional development needs to support participants’ understanding of the advantages for 
learning. The activities we engaged our participants in enabled them to take both the perspective 
of the student and alternatively the teacher. This dual perspective may be more persuasive as they 
may see the benefit better from one perspective than the other. By providing both, the professional 
development is more likely to convince the teacher of the innovation’s effectiveness. Further, the 
activities allow participants to experience specific ways the pedagogy and technology can support 
their students’ knowledge growth.

5.  Participants require ongoing supports such as Websites for TI-education; Lesson plan repositories; 
Templates for various components such as Learn Check; Lists of resources, regional and national 
conferences, and professional development opportunities; Resource materials for students (e.g., 
list of commands or instructions); and Help documents for instructors.
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FUTURE RESEARCH DIRECTIONS

The research team is continuing our individual work in these research areas. Various models of effective 
professional development have been examined. For example, teachers in a community college mathemat-
ics department indicated that changing discourse practices at the same time as integrating the technology 
was too difficult given the distance between the teachers’ present pedagogy and the innovation (Zhao et 
al., 2002). Thus, in a follow-up study, Pape (2015) examined a different professional development model 
to support mathematics teachers to implement CCT within their instruction. In this project, he began 
with a year of pedagogical instruction that only hinted to the potential impact of the technology. This 
professional development was focused on classroom discourse, learning through activity, and problem-
solving activities for the classroom. This year of pedagogically focused professional development was 
then followed with the introduction of the technology in an additional two-year program. In another 
study, elementary teachers are being introduced to technology, as part of an Engineering is Elementary 
Ohio: Building 21st Century Learners project. In this case, the participants have been introduced to the 
technology slowly and implementation of the initial units is being documented (Giasi, Irving, Malone, 
& Tiarani, 2015). Continued work with these teachers will investigate how they use annotated videog-
raphy as a formative assessment tool to improve their personal classroom practice. The foundation of 
informed teaching and learning rests on accurate and reliable just-in-time assessments. Modern electronic 
technologies assist in the formative assessment process by providing immediate feedback opportunities 
during instruction to help both students and teachers assess their current understanding and strategize 
about how best to reach their learning goals. The teacher education research community should continue 
to explore how teachers should be introduced to the various aspects of technology integration in order 
to capitalize on these opportunities.

CONCLUSION

The six elements identified by Garet et al. (2001) CK, PCK, reform focus, relevance, active learning, 
sustained involvement, and collaboration were all key features of the CCMS professional development 
plan. The professional development supported continuous growth over time by providing multiple meth-
ods for the participants to interact with members of the research team as well as with each other. The 
residential nature of the summer institutes provided opportunity for significant social bonding among 
teacher participants. Continued contact with PI team throughout the years of the project by electronic 
communications, telephone interviews, and face-to-face interaction at professional conferences helped 
maintain the social bond.

The role-playing approach with the T3 instructors “leading the class” aimed to reduce the distance 
between traditional pedagogical practices and the practices inherent in a connected classroom (Zbiek et 
al., 2007). This approach helped teachers experience the benefits a student might experience in the CCT 
classroom in parallel with the processes the teacher needed to experience in order to create the learning 
opportunity for their students with the technology.

In addition, the professional development attended to the four principles of effective CCT implemen-
tation (Pape et al., 2012). Participants experienced mathematical tasks that supported the examination 
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of patterns and generalizations to support strong conceptual understanding of mathematical concepts. 
The modeling of student thinking and collective class involvement presented in the institutes highlighted 
the importance of classroom interactions in mathematics learning. Formative assessment practice was 
explicitly identified as a key element that the CCT enhanced. And, lastly, the professional development 
modeled and encouraged problem solving that required sustained engagement in mathematical thinking. 
While we are not able to make claims about direct connections between the professional development 
and changes in teacher knowledge related to effective technology integration, we have evidence of 
continued and consistent use (Irving et al., 2008), changes in interactional practices (Pape et al., 2010), 
and significant differences for their students (Irving et al., 2016; Pape et al., 2013). Given the need for 
complex teacher knowledge to implement CCT in the mathematics classroom and these positive results, 
we theorize that the activities we provided supported changes in teacher knowledge that supported them 
to implement the technology effectively and with consistency.

As we have highlighted, no “silver bullet” exists for student learning, and likewise none ensures 
that the professional development opportunities afforded to faculty will result in improved instructional 
practices and ensuing improved student learning. We acknowledge that although faculty buy-in is a nec-
essary condition for growth, even initially high enthusiasm and interest requires sustained and carefully 
planned intention during implementation. In crafting our program, we carefully examined researched 
and successful strategies for professional development and incorporated the suggestions in our agenda.

We infused theory on learning strategies into all professional development sessions in varying de-
grees, provided ample opportunity for practice, and required participants to plan and present a lesson 
before leaving the summer institute. Anticipating that the demands of initiating a school year, techni-
cal difficulties, and lack of collegial support could quickly derail participant enthusiasm, we prepared 
to meet these maladies with telephone interviews for follow-up conversations soon after the semester 
began, arranging accessible technical support, and encouraging participants to participate in pairs from 
the same school building, or at least in buildings in fairly close proximity.

An in-depth video analysis of the professional development sessions provided evidence that our original 
intention was realized in the enacted summer institutes. We recognize those faculties who volunteer for a 
project such as CCMS are likely, by nature, eager to make changes in their classroom practices, and that 
learning is a complex and ongoing undertaking. So, we are cautious about claiming that participants’ 
classroom environments were transformed as a result of the CCMS project. But, we do have reason to 
believe that our careful planning and execution of the professional development opportunities provided 
a framework for sustained implementation of the pedagogy and technology promoted by the principal 
investigators, and participants used that framework to move their practice forward.
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Field: A type of knowledge that includes mathematics content knowledge and pedagogical knowledge 
(Ronau et al., 2010; Ronau, Rakes, Wagener, & Dougherty, 2009; Ronau, Wagener, & Rakes, 2009).

Mode: A type of teacher knowledge that includes discernment (i.e., teachers’ ability to orchestrate 
mathematical conversations and to make in-the-moment decisions about instruction based upon the 
feedback they received from their students) and orientation (i.e., an individual’s views and actions to-
ward learning and teaching) (Ronau et al., 2010; Ronau, Rakes, Wagener, & Dougherty, 2009; Ronau, 
Wagener, & Rakes, 2009).

Modeling Pedagogy: A professional development activity that occurred when participants were 
engaged in activities explicitly focused on illustrating the pedagogy.

Pedagogical Instruction: A professional development activity that refers to instruction related to 
mathematics pedagogy without focusing on technology implementation and was typically in the form 
of structured lectures or interjected comments specifically addressing mathematics pedagogy.

Technological Pedagogical Content Knowledge (TPACK): Teacher knowledge that has been 
defined as the integration of technology, pedagogy, and subject matter content knowledge (Mishra & 
Koehler, 2006).

Technological Pedagogical Instruction: A professional development activity that consisted of 
instruction related directly toward technology implementation.

Technology Instruction: A professional development activity referring to instruction related to how 
to use specific components of the technology.

This research was previously published in the Handbook of Research on Transforming Mathematics Teacher Education in 
the Digital Age edited by Margaret Niess, Shannon Driskell, and Karen Hollebrands, pages 551-576, copyright year 2016 by 
Information Science Reference (an imprint of IGI Global).
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APPENDIX 1

Table 2. CCMS year two-week 2 agenda

Monday AM

8:00 - 8:45 Introduction of Research Team & T3 Instructors (PI Team) 
1. Participant Consent 
2. Questionnaire – Initial Teacher Questionnaire – Demographic Information
3. Questionnaire – Technology Use and Professional Development Survey
4. Goals, measures and protocols

8:45 - 10:15 Algebra I Activities (T3 Instructors) 
1. Do You Get the Point? 
2. Guess My Rule

10:15 - 10:30 Break

10:30 - 12:00 Algebra I Activities (T3 Instructors) 
1. Map Activity 
2. Setting up the TI-Navigator Classroom

12:00 - 1:00 Lunch –Discussion of Pedagogy in TI-Navigator Context

PM

1:00 – 1:30 Classroom Centeredness Discussion (PI Team)

1:30 – 1:45 Research with Human Subjects (PI Team)

1:45 – 2:45 Practice session (T3 Instructors)—Setting up a class and using Activity Center. Report out on how activities experienced today can 
be used in participants’ classes.

2:45 – 3:00 Break

3:00 – 3:45 Technology Instruction (T3 Instructors) 
1. Screen Capture 
2. Quick Poll

3:45 – 4:15 Debrief (PI Team & T3 Instructors)

4:15 – 5:00 Practice session continued (T3 Instructors)

Tuesday AM

8:00 – 10:00 Algebra I Activities (T3 Instructors) 
1. Exploring Families of Functions 
2. Transformation Graphing APP 
3. Optimization – The Garden Problem

10:00 – 10:15 Break

10:15 – 11:00 Practice session (T3 Instructors)—sending information from the teacher calculator; construct five assessment questions, determine 
common student errors, and will share questions with the class.

11:00 – 12:00 Pedagogy & Mathematics Education, developing SRL in the mathematics classroom, characteristics of classroom discourse using 
the TI Navigator, explanations/justifications, immediate feedback, etc. (PI Team Member)

12:00 – 1:00 Lunch –Discussion of Pedagogy in TI-Navigator Context

PM

1:00 – 1:30 Technology Instruction: Learning Check Overview (T3 Instructors)

1:30 – 3:00 Small Group Practice—Learning Check (T3 Instructors) 
1. Standard Choices 
2. Custom Choices 
3. Choices on Image 
4. Fill in the Blank 
5. Open Response 
6. Sequencing

3:00 – 3:30 Debrief (PI Team & T3 Instructors)

3:30 – 3:45 Break

3:45 – 5:00 Internet Exploration and Practice (T3 Instructors)—prepare to present an activity found on Activities Exchange

6:00 – 7:00 Dinner

continued on following page
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Wednesday AM

8:00 – 10:30 Technology Instruction (T3 Instructors) 
1. Installing and configuring TI-Navigator System 
2. Contributing Lists 
   a. Height and Forearm Lengths (using L1 & L2) 
   b. What’s Your Temperature?

10:30 – 10:45 Break

10:45 – 12:00 Practice session (T3 Instructors)—develop two activities – one utilizing a single list, the other using paired data. Participants present 
their independent work.

PM

12:00 – 1:00 Lunch –Discussion of Pedagogy in TI-Navigator Context

1:00 – 2:30 Small Group Alegbra I activities (T3 Instructor) 
1. Parallelograms and Rectangles 
2. Class Star 
3. Time Graph

2:30 – 2:45 Break

2:45 – 3:15 Debriefing (T3 Instructors and PI Team)

3:15 – 5:00 Small Group Work (T3 Instructors)—presentations

Thursday AM

8:00 – 8:45 Algebra I activity (T3 Instructors) 
1. They Keep Disappearing

8:45 – 9:45 Technology Instruction (T3 Instructors)—Sending Lists, Applications, and Programs

9:45 – 10:00 Break

10:00 – 12:00 Small Group Practice (T3 Instructors) 
1. Images for Word documents 
   a. TI – Connect screen capture 
   b. Navigator screen capture 
   c. Computer print screen 
2. Tip Sheets Q & A 
3. Sending and Receiving Files

12:00 – 1:00 Lunch – Group Discussion of Research Procedures

PM

1:00 – 1:30 Technological Pedagogical Instruction (T3 Instructors)—Using CCT to manage homework

1:30 – 3:00 Small Group Practice (T3 Instructors)—Advanced topics in Learn Check and Class Analysis

3:00 – 3:15 Break

3:15 – 5:00 Presentations (Participants)

6:00 – 7:00 Dinner

Friday AM

8:00 – 8:30 Final Institute Evaluation (PI Team)

8:30 – 12:00 Presentations (Participants)

12:00 – 1:00 Lunch – Group Discussions of Presentation

PM

1:00 – 2:00 Wrap-up on research protocols/requirements (PI Team)

Table 2. Continued
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ABSTRACT

Mathematics cannot be reduced to the use of algorithms. The main objective of teaching mathematics 
in school is their application in real world situations. Mathematical modeling was born as an answer 
of this concerned and implies the relation between mathematics and applications. Because of that, 
teachers need to be correctly training in the use of mathematical modeling in their daily lesson plans. 
The aim of this study is to propose a methodology for help teachers purchase mathematical modeling 
as a strategy to teach mathematics. Our methodology is based on the analysis of teachers’ conceptions 
about learning and teaching mathematics and after that promote their evolution. The main character-
istic is the collaborative work between teachers and the researcher in cycles of discussion and classes’ 
implementation. The evidence showed that teachers can actually change their conceptions about what 
is needed for teaching mathematics and design lesson plans using mathematical modeling.

INTRODUCTION

One of the purposes of education is the development of mathematical literacy in students. Since it is 
during elementary school when basic notions of mathematics are introduced, this educational period 
needs to be taken into consideration in order to achieve comprehension of advanced mathematics re-
quired in universities. The Organization for Economic Co-operation and Development (OECD) define 
mathematical literacy as the use of mathematics in a variety of extra-mathematical contexts. According 
to that idea, mathematics methods and mechanical algorithms without context ought to not be promoted 
by educational institutions (OECD, 2010).

Teachers and Mathematical 
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What Are the Challenges?
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In Mexico, the Educational Reform on the basic educational level implemented in 2009 recognized 
that teaching of mathematics must follow the principles above mentioned. The Minister of Education 
described mathematics as a tool that will help students to solve real-world problems. Even more, one 
of the purposes of mathematics classes, in Mexico, is the development of mathematical modeling com-
petencies. Mathematical modeling is defined as a didactical strategy that promotes the applications of 
mathematics (SEP, 2011).

Our research is focused on a phenomenon related to the above mentioned changes to the curricu-
lum. Despite all the information given by the Minister of Education, mathematics is studied as a set of 
algorithms without any relation to real context. One of the main causes of that phenomenon is the huge 
distance from the curricula of elementary school and that of pre-service teachers. In Mexico, pre-service 
teachers’ curricula do not cover the learning of mathematical modeling (SEP, 2011). Beyond the use 
of the concept “mathematical modeling”, pre-service teachers have very few opportunities to reflect on 
the way they present mathematics to their students. The questions that emerge from this situation are: 
Why did the Reform of Education leave the teachers out of the equation? Is it possible for the teacher 
to implement a didactic strategy if he/she does not have the necessary training? How can pre-service 
teachers learn about mathematical modeling?

The present study, based on a doctoral dissertation, presents a training proposal implemented with 
pre-service teachers in Mexico. We consider a change is necessary in the curricula of the pre-service 
teachers’ universities. Nevertheless, it is not enough to memorize the concept of “mathematical model-
ing”, because that will not guarantee their correct application in the classroom. It is necessary to change 
the pre-service teachers’ conceptions of mathematical modeling.

In the following sections, we present, as a result of previous publications, six initial conceptions about 
mathematical modeling from pre-service teachers. Based on that research we described results of the pres-
ent research question: How can the mathematical modeling conceptions of pre-service teachers evolve?

We proposed a methodology that combines a dialog between teachers and researcher in order to in-
troduce the different elements of mathematical modeling through the constant guidance of the researcher 
for their application. The main objectives of the research are:

• To propose a methodology based on a theoretical knowledge that helps teachers evolve their con-
ceptions regarding mathematical modeling.

• To describe the process of evolution of the conceptions and to identify the main elements that 
promoted that.

LITERATURE REVIEW

Mathematical Modeling

Pollak (1969) described mathematical modeling as the process that connects scholar mathematics and 
their applications. The diversity in research on mathematical modeling highlighted the need for a clas-
sification as the one presented by Kaiser and Sriraman (2006). For the present study, we chose to define 
mathematical modeling as a didactic strategy.

In a graphic way, mathematical modeling is composed of eight stages shown in Figure 1 (Rodríguez, 
2010; Rodríguez & Quiroz, 2015). The schema describes in a very detailed way the iterative process of 
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mathematical modeling. In the first stage, named “Real situation,” teachers propose a problem based 
on a real context. Students must then transform this situation into a Mathematical Model, but before, 
Rodríguez recognizes the existence of two stages: the Pseudo-concrete Model and the Physical Model. 
The Pseudo-concrete Model is defined as a mental representation of the phenomena modeling with real-
world terms but also with some mathematical aspects. In this model (Pseudo-concrete model) students 
can also propose a Physical Model, using physics concepts.

The other part of the schema represents how the student solves not only the mathematical model but 
also others models already made. At the end of the cycle, a confrontation between the mathematical 
model and the answer in real world terms is encouraged.

Some of the principal benefits of the relation between mathematics and applications are the promotion 
of student’s motivation, a better understanding of mathematics topics and the development of mathematics 
competencies (Alsina, 2007; Blum & Niss, 1990). Nevertheless, it is necessary to recognize that using 
mathematical modeling is a very challenging and uncommon task for teachers. First of all, research had 
shown that classes in which this strategy is used are longer than traditional ones. Second, using math-
ematical modeling often requires collaborative work among the students, and this kind of organization 
is a challenge per se for teachers. The third challenge concerns the knowledge that teachers must acquire 
about the different contexts and applications of the mathematics topics. For elementary levels, it can 
seem an easy task, but the difficulty increases at higher educational levels (Borromeo, 2006; Palm, 2007).

Despite the difficulties, research has shown successful experiences using mathematical modeling for 
teachers, from pre-school to university levels.

Teacher Conceptions and Their Evolution

In Quiroz, Hitt and Rodríguez (2015) the conceptions about mathematical modeling were evaluated in 
five pre-service teachers. Teachers were asked to design, through a collaborative work, a lesson plan about 
probability for sixth-grade students. After that, one of the teachers implemented the lesson plan while 
the other four teachers observed her. Results showed the conceptions of the five pre-service teachers:

Figure 1. Scheme of mathematical modeling proposed by Rodríguez (2010)
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1.  At the beginning of the class, the teacher must explain the mathematical topic.
2.  Learning process of mathematics consists of adding information, as a cumulative process.
3.  The teacher explains to the students the mathematical model already developed.
4.  Different opinions of the students represent mistakes the teacher must clarify.
5.  At the end of the class, the teacher shows the relationship between mathematics and their applica-

tion, in a superficial way.

The conceptions were analyzed using the Theory of the Conceptual Fields (TCF) developed by Ge-
rard Vergnaud in 1990. According to this theory, conceptions are composed of four elements: schemes, 
symbolic representations, situations and a control structure (Balacheff, 2004). In this way, a situation 
can develop a sequence of schemes (actions) in the students. The schemes are shown through different 
visual or oral representations.

To analyze the evolution of conceptions, we used the ideas of Vygotsky (1978) and Piaget (1926), 
mentioned by Vergnaud in TCF. According to them, designing precise situations allows the emergence 
of obstacles for students. Obstacles provoke a rupture in their conceptions and lead to their evolution. 
Vergnaud (199) claims that a deep destabilization is necessary to learn new concepts and understand 
phenomena. The idea of rupture is very close to the assimilation and accommodation concepts presented 
by Piaget. In this study, we looked for situations that represented epistemological obstacles to the pre-
service teachers. The researcher presented those situations to the teachers.

The conceptions evolution is also supported by Hitt’s (2003) contributions about the importance of 
the collaborative learning. This author shows how working in teams provokes cognitive conflicts that 
affect the conceptions (See Figure 2)

Collaborative Research

We took into consideration to elements in order to design a process that will lead to the work between 
teachers and researcher:

Figure 2. Conceptions evolution
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Lesson Study

According to Mena (2007) and Lewis and Tsuchida (1998) research lessons are a process where teachers 
work collaboratively to improve progressively their pedagogical methods through the examination and 
orientations about their teaching skills. There are three principal phases in this method:

• Planning: Collaboratively, teachers make a lesson planning.
• Implementation: A teacher implements the mentioned lesson in an elementary school classroom. 

Other teachers observe the process.
• Revision: In a meeting, teachers discuss what happened during the implementation. After due 

discussion, they recommend new activities for making a new improve lesson planning improved.

Figure 3 describes how the three phases are executed cyclically. It is recommended that teachers 
repeat the cycle five times: After making a lesson planning, teachers then implement it in the classroom 
and afterward they discuss and change the plan if necessary.

Cycle of Teaching of Mathematics

Simon (1995) establishes that concept learning should be done in a cyclical process named “Cycle of 
teaching mathematics”. According to this idea, teachers possess knowledge about the concept to be 
taught and about the way students learn. So, after the class, teachers generate a Hypothetical Learning 
Trajectory (HLT), a plan to proceed in order for students to learn. HLT is composed of:

• A learning goal.
• Learning activities to be performed by the students.
• Hypothetical learning process.

Figure 3. Lesson study cycle
(Mena, 2007)
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The first element of the cycle is the person’s knowledge of the concept. The second element is HLT. 
The third element is the implementation of the activities in the HLT. A fourth element is an analysis made 
by the teacher regarding what happened in class. Finally, this analysis changes the initial knowledge of 
the teacher (See Figure 3).

A key aspect of Simon’s cycle is the importance of the analysis of the HLT after its implementation. 
The HLT can be modified as much as needed until students learn.

CONTEXTUAL FRAMEWORK

In Mexico, pre-service teachers assist to Escuelas Normales. The teachers that made up our sample studied 
using a curriculum designed in 1997. In this curriculum, there were two subjects related to Mathematics 
Education: Learning and Teaching Mathematics I, and II. The two subjects were studied during their 
second and third semester. These students also had the opportunity to visit elementary schools to observe 
and teach mathematic classes twice a semester during the first part of their studies. During their final 
semester, they worked as auxiliary teachers for the whole year. On those occasions, they designed and 
implemented their own lessons planning.

METHOD

Methodological Approach

Based on the objectives stated before, our methodological approach is qualitative. Our research goal is 
the description, understanding and interpretation of phenomena through the participants’ perceptions 
(Hernández, Baptista, & Fernández, 2010). The research strategy is Collective Case Study because it 
is done to provide understanding using a number of instrumental case studies (Yin, 2003). Five cases 
were observed and they will be presented in the sample section. Our research design is framed in a 
collaborative research where the researcher herself works with the pre-service teachers to provoke an 
evolution of their conceptions.

Sample

Our sample selection was based on the criteria established for case studies. Yin (2003) argues there the 
necessaries cases are chosen to achieve a deeply understanding of phenomena. Five pre-service teachers 
composed the sample. They were 8th semester students of the degree of Bachelor of Elementary School 
Education in Mexico. Their characteristics were:

• They were seventh-semester students of the Bachelor of Education degree.
• They were working as auxiliary teachers in an elementary school.
• Elementary school had similar characteristics (number of students, socio-cultural and economic 

context).
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It should be pointed out that the pre-service teachers that composed the sample were truly interested 
in the activities of the research. They had an intrinsic motivation for learning that showed in their per-
formance during the research.

Instruments

The purpose of data collection is to obtain information from people with the objective of analyzing it, 
understand it and answer the research question (Hernández, et al., 2010). We used three main techniques: 
observation, document analysis, and interview. After a pilot study, these were the instruments designed:

• An Observation Guide (For the Moment of Planning): The researcher videotaped the sessions 
and completed the guide. It is intended to collect information on the conceptions’ components 
(schemas, symbolic representations, and control structure).

• Documents Analysis: Instrument collects information of the mathematical modeling stages in 
lesson plans.

• Final Interview: The researcher interviewed teachers in order to register reflections about con-
ceptions modifications using conceptions’ components from TCC.

The data was analyzed using the strategy proposed by Yin (2003) of examination, classification, 
and recombination of the evidence, always guided by the initial objectives of the study. To validate the 
results we used the technique proposed by Grenier (1990) which is based on comparisons between the 
facts that were observed, not only by the research but also by external researchers.

RESULTS

The results are presented in two categories. First, the design process of the proposal for learning math-
ematical modeling is shown. After that, the results obtained from the implementation are presented.

The Design Process

The objective of the design implemented was for pre-service teachers to learn mathematical modeling. 
The proposal was made through two main elements presented in the theoretical framework: Lesson study 
and the Cycle of teaching mathematics.

Based on both theoretical elements already described, we proposed a model that combined cycles. The 
cycle design had the objective of evolving the conceptions about mathematical modeling of pre-service 
teachers. As Mena claims, we believe that collaborative work among pre-service teachers is necessary. 
During the collaboration, pre-service teachers needed to create HLT that represented their lesson plan, 
as Simon (1995) described.

The stages of the cycle proposed are:
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• Pre-service teachers have knowledge about learning mathematics.
• Pre-service teachers create a HLT to teach mathematical content.
• One pre-service teacher implements the plan made in a classroom. Meanwhile, other pre-service 

teachers observe.
• Pre-service teachers get together and modify the HLT created with the practice experience (See 

Figure 4).
• One pre-service teacher (different from the first one) implements the new HLT in another 

classroom.

An important element in the reunions is the researcher. The researcher’s role is to promote a discus-
sion about specific topics related to mathematical modeling. For example:

1.  The importance of creating problems based on contexts.
2.  The conceptions of the students at the beginning of the class.
3.  The teacher’s role as a guide.
4.  The student’s role in the constructions of their own knowledge.
5.  The elaboration of mathematical models.

Results of the Proposal Implementation

We present the results of each of the five implemented Cycles of Teaching Mathematical Modeling. 
The elements of the cycle are described and the lesson plan of pre-service teachers and the conceptions 
about mathematical modeling are analyzed.

Figure 4. Teaching mathematical modeling cycle
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First Cycle

Researcher Knowledge

In the first cycle the researcher was trying to look for the elements of mathematical modeling in the 
lesson plan that teachers designed.

Hypothetical Learning Trajectory (HLT)

The researcher’s goal was to analyze the initial conceptions of pre-service teachers regarding mathemati-
cal modeling. In order to achieve the objective, the Hypothetical Learning Trajectory was:

• Teachers planned a lesson about a mathematic topic (probability).
• Researcher doesn’t interact with teacher’s first decisions.

Implementation

During the first reunion, pre-service teachers quickly chose the activities. The researcher listened to 
their discussion but didn’t get involved. The lesson plan made by the five pre-service teachers is shown 
in Table 1.

Conception Shown

Using elements of the Theory of the Conceptual Fields, the pre-service teachers’ conceptions in the 
first cycle were:

• In the beginning of the class, teacher must explain the mathematical topic.
• Learning process of mathematics consist of adding information, as a cumulative process.
• Teacher explains to the students the mathematical model already developed.
• Different opinions of the students represent mistakes the teacher must clarify.
• At the end of the class, the teacher shows the relation between mathematics and their application, 

in a superficial way.

Table 1. Lesson plan: Cycle 1

Activities Conducted by the Pre-Service Teacher

• Ask the students to flip a coin and check if it is tale or heads. 
• Register the results in a table. 
• Show how probability is calculated. 
• Show a die to the students. 
• Ask what is the probability to obtain 5 if they roll two dice (She didn’t actually roll the dice). 
• Propose exercises to be solved by the students. 
• Ask for different situations in which probability can be applied in their daily lives.
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Second Cycle

Researcher Knowledge

In the second cycle, there are recognized two types of knowledge in the researcher. Both types are fun-
damental for the second HLT:

• Mathematical modeling process.
• Pre-service initial conceptions.

Hypothetical Learning Trajectory (HLT)

In the first intervention, the researcher decided to get deep into the initial ideas of the teachers about 
the activities to start the lesson. The researcher also observed how important the relationship between 
mathematics and the real world was. This relationship was related to the first stage of the modeling 
cycle: Real Situation.

The activities chosen were:

1.  Read the following articles:
a.  Introduction (Niss, Blum y Galbraith, 2007).
b.  Less chalk, less words, less symbols… more objects, more context, more actions (Alsina, 

2007).
c.  Mathematical modeling, a conversation with Henry Pollak (Pollak, 2007) (See Table 2).

2.  Reflections on the activities conducted in the Elementary school.
3.  Discussion on the activities chosen in the first lesson planning. Discussion focused on the initial 

activities and the importance of the real-world problems to students.

Implementation

Teachers discussed about what happened in the lesson implemented in the elementary school. There 
were a lot of reflections and critiques. One of the main discussions was about the importance of looking 
for activities in which students could have an active learning. After the analysis of the articles selected 
by the researcher, pre-service teachers changed the lesson plan as shown in table 3:

Table 2. Articles: Cycle 2

Article Motives for Selection

Niss, M., Blum, W., & Galbraith, P. (2007). Introduction. In W. Blum, P.L. 
Galbrait, H.W. Henn, & M. Niss (Eds.), (Eds.), The 14th ICTMI study: Modeling 
and Applications in Mathematics Education (pp. 3–32). Berlin: Springer.

This chapter of the modeling book describes the benefits of applications in the 
teaching of mathematics.

Alsina, C. (2007). Less chalk, less words, less symbols... more objects, more 
context, more actions. In W. Blum, P.L. Galbrait, H.W. Henn, & M. Niss (Eds.), 
The 14th ICTMI study: Modeling and Applications in Mathematics Education (pp. 
35–55). Berlin: Springer.

This article shows multiple questions about the best way to choose applications in 
a mathematics lessons. It also includes examples of these applications.

Pollak, H. (2007). Mathematical. A conversation with Henry Pollak. In W. Blum, 
P.L. Galbrait, H.W. Henn, & M. Niss (Eds.), The 14th ICTMI study: Modeling and 
Applications in Mathematics Education (pp. 109–120). Berlin: Springer.

The author, in an interview, makes a critique of the teachers’ answers about the 
use of mathematics. It is concluded how impossible it is to show the beauty of 
mathematics without talking about their utility.
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Conception Shown

• In the beginning of the class, teacher poses a problem related to a real-world context.
• Learning process of mathematics consists of adding information, as a cumulative process.
• Teacher explains to the students the mathematical model already developed.
• Different opinions of the students represent mistakes the teacher must clarify.
• At the end of the class, the teacher proposes a reflection between mathematics and the context 

studied at the beginning of the lesson.

Third Cycle

Researcher Knowledge

In the third cycle, the knowledge of the researcher was not limited to theoretical aspects about math-
ematical modeling. The researcher knows the initial conceptions and also which of them were modified 
in the first cycle. With that knowledge, the researcher chose the activities for this cycle.

Hypothetical Learning Trajectory

The aim of the HLT was to study of themes related to the stage of the modeling cycle: “Mathematical 
model.” Those themes were: a minimum explication from the teacher and a maximum independence of 
the students when they solve problems. The activities chose for the researcher were:

1.  Read the following articles:
a.  Mathematical Modeling: Can It Be Taught And Learnt? (Blum y Borromeo, 2009).
b.  Análisis de praxeologías didácticas en la gestión de procesos de modelización matemática 

en la escuela infantil (Ruiz-Higueras y García, 2011) (See Table 4).
2.  Reflection on the activities conducted in the Elementary school.
3.  Discussion about the activities chosen in the second lesson plan. The discussion was focused on 

the importance of the independent work of the students and the teacher as a guide in the learning 
process.

Table 3. Lesson plan: Cycle 2

Activities Conducted by the Pre-Service Teacher

• Start the class explaining a game. 
• During the game, students roll two dice and see what number is obtained in most of the cases. 
• Ask students to guess the winner number. 
• Show how probability is calculated. 
• Propose exercises to be solved by the students. 
• Ask a question related to the game: “Which number would you choose if we played again?”
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Implementation

The articles allow for reflections about the teacher and student roles. With these activities, pre-service 
teachers started to pose questions about the importance of the student participation and the problem 
solving. The lesson plan changed and it is presented in the Table 5.

Conception Shown

• In the beginning of the class, teacher proposes a problem related to a real-world context.
• Learning process of mathematics consists in adding information, as a cumulative process.
• Teacher lets students solve the problem using different procedures. Nevertheless, teacher explains 

to the students the mathematical model already developed.
• Different opinions of the students represent mistakes the teacher must clarify.
• At the end of the class, the teacher proposes a reflection between mathematics and the context 

studied in the beginning of the lesson.

Fourth Cycle

Researcher Knowledge

In this cycle, the knowledge of the researcher is made up of the mathematical modeling cycle and the 
students’ conceptions of the three cycles. The HLT was designed based on the knowledge of the researcher.

Table 4. Articles: Cycle 3

Article Motive for Selection

      Blum, W., y Borromeo, R. (2009). Mathematical 
Modelling : Can It Be Taught And Learnt? Mathematical 
Modelling, 1(1), 45–58.

The article shows the importance of the teachers’ role in the mathematical 
modeling process. It emphasizes responsibility to generate an autonomous 
work and the ways in which teachers can help with the solution of the 
problems strategically.

      Ruiz-Higueras, L., y García, F. (2011). Análisis de 
praxeologías didácticas en la gestión de procesos de 
modelización matemática en la escuela infantil. Revista 
Latinoamericana de Investigacion En Matemática 
Educativa, 14(1), 41–70.

The article presents an example of a class that uses mathematical modeling. 
The study shows different procedures proposed by the students themselves 
and also the way in which the teacher let them express their ideas.

Table 5. Lesson plan: Cycle 3

Activities Made by the Pre-Service Teacher

• Start the class explaining a game. 
• During the game, students roll two dices and observe what the obtained number is in most of the cases. 
• Ask students to guess the winning number. 
• Organize teams of four. 
• Ask students to solve the problem. 
• Teacher shows the best procedure to calculate probability. 
• Propose exercises to be solved by the students. 
• Ask a question related to the game: “Which number would you choose if we played again?”
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Hypothetical Learning Trajectory

The activities were proposed in the following order:

1.  Solve two problems from the lecture of Greer, Verschaffel y Mukhopadhyay (2007) (See Figure 5, 
Table 6).

2.  Discuss the proces of solving those problems. The objective was to reflect on the different kinds of 
problems and their possible anwers. It was intended to see the logic in the students’ answers when 
they solve the problems.

3.  Read two articules.
4.  Discuss the articles.
5.  Chose the activities for the improved lesson plan.

Implementation

The discussion session was long because pre-service teachers were very quick to argue using different 
points of view. The experience of three cycle of discussion evidence better collaborative work in order 
to choose the activities in the new lesson plan (Table 7).

Conception Shown

• At the beginning of the class, the teacher proposes a problem related to a real-world context.
• Learning process of mathematics consists of a construction process, according to the notion of 

assimilation using constructivism theories.
• Teacher allows students to solve the problem using different procedures and choose the best one 

according to them.
• Different opinions of the students represent mistakes the teacher must clarify.
• At the end of the class, the teacher proposes a reflection on mathematics and the context studied 

at the beginning of the lesson.

Figure 5. Problems proposed to teachers
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Fifth Cycle

Researcher Knowledge

In this fifth and last cycle, the researcher knowledge marks the evolution of conceptions from the dif-
ferent cycles and of the theoretical modeling cycle.

Hypothetical Learning Trajectory

There was one main objective:

1.  A bigger reflection on the importance of listening to the students’ ideas and to make a more detailed 
lesson plan and with teachers questions for each moment. The researcher proposed to analyze the 
two articles described in the Table 8.

Implementation

After the discussion, pre-service teachers modified the lesson plan and the activities chosen are shown 
in Table 9.

Table 6. Articles: Cycle 4

Article Motives for selection

Hitt, F., y Cortés, J. (2009). 
Planificación de actividades en 
un curso sobre la adquisición de 
competencias en la modelización 
matemática y uso de calculadora con 
posibilidades gráficas. Educación e 
Internet, 10(410), 41–55.

This article describes the ACODESA methodology, designed to teach mathematical modeling. 
Pre-service teachers didn’t see the word mathematical modeling but it was analyzed to learn 
how to deal with the mathematical models. According to the methodology, teamwork and a 
group debate are important elements to encourage. After that, students must work individually 
and at the end there is an institutionalization process. 
The pre-service teachers analysed the institutionalization as a final process after a deep 
reflection about the procedures used.

Greer, B., Verschaffel, L., & 
Mukhopadhyay, S. (2007). Modelling 
for life: mathematics and children’s 
experience. In W. Blum, P.L. Galbrait, 
H.W. Henn, & M. Niss (Eds.), 
The 14th ICTMI study: Modelling 
and Applications in Mathematics 
Education (pp. 89–98). Berlin: 
Springer.

The study shows a reflection on the answers of the students to different problems. It details how 
students solve problems with these characteristics: 
           • Problems with solution. 
           • Problems with one solution. 
           • Problems with a numerical solution. 
This lecture allows the reflection on the quick answers of some students. It was intended that 
pre-service teachers reflect on the nature of the students’ answers and their logic. Pre-service 
teachers reflected on the notion of conception, as a word far removed from mistake.

Table 7. Lesson plan: Cycle 4

Activities Conducted by the Pre-Service Teacher

• Start the class explaining a game 
• During the game students roll two dice and see what the obtained number is in most of the cases 
• Ask students to guess the winning number 
• Organize teams of four 
• Ask students to solve the problem 
• Let students to socialize their procedures and choose the best one according to students 
• Ask a question related to the game: “Which number would you choose if we played again?”
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Conception Shown

• At the beginning of the class, teacher proposes a problem related to a real-world context.
• Learning process of mathematics consists of a construction process, according to the notion of 

assimilation using constructivism theories.
• Teacher lets students solve the problem using different procedures and choose the best one accord-

ing to them.
• Different opinions of the students represent mistakes the teacher must clarify.
• At the end of the class, the teacher proposes a reflection on mathematics and the context studied 

at the beginning of the lesson.

DISCUSSION

The following are the results of the first and last – fifth – cycle. By comparing them, we intend to show 
the differences between those two activities conducted by the pre-service teachers.

First Cycle

During the first cycle, pre-service teachers made a lesson plan with activities that emphasized the trans-
mission of information, a restriction in the objects’ manipulation and a superficial work related with 
probability and the real world.

Table 8. Articles: Cycle 5

Article Motive for selection

      Brousseau, G. (1999). Los obstáculos 
epistemológicos y los problemas en matemáticas. 
Recherches En Didactique Des Mathématicques, 
4(2), 165–198.

The inquiry analyzes the students’ mistakes as conceptions. Those conceptions are 
right, coherent and were applied in the past successfully. 
Reading the article had the objective of changing the way pre-service teachers saw 
mistakes in the students’ answers.

      Joshua, S., & Dupin, J. J. (1993). Introduction 
à la didactique des sciences et des mathématiques 
(p. 422). París, Francia: Presses Universitaires de 
France.

The article shows the importance of the questions in order to achieve learning. The 
authors argue about the role of the teacher as a guide, particularly questioning the 
ideas of the students.

Table 9. Lesson plan: Cycle 5

Activities Conducted by the Pre-Service Teacher

• Start the class explaining a game. 
• During the game, students roll two dice and see what the obtained number is in most of the cases. 
• Ask students to guess the winning number. 
• Organize teams of four. 
• Ask students to solve the problem. 
• Let the students socialize their procedures and choose the best one according to students. 
• Ask of the importance of the different procedures made by the students. 
• Ask a question related to the game: “Which number would you choose if we played again?”
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More specifically, pre-service teachers had several ideas about teaching mathematics, which we list 
as follows:

1.  Student Role: One important aspect in discussion with the pre-service teachers was the role as-
signed to the student in the learning process of mathematics. In the first activities chosen, there was 
no student participation, only many explanations about probability from the teacher. There were 
applied activities where the student was a passive actor in the teaching-learning process. Students 
were limited to follow the teacher’s instructions.

2.  Teaching Mathematics: The teacher’s role was very similar to the one of students. In the classroom, 
pre-service teachers explained to the students the mathematical knowledge. In the first lesson plan 
there were activities in which teachers were the main actors and transmitted information to the 
student.

3.  Learning Mathematics: To pre-service teachers, the learning process consisted of adding informa-
tion in a cumulative manner into the students mind. Because of that, the activities designed did not 
consider the students’ conceptions about probability, nor allowed alternative procedures to solve 
the problem.

4.  Real-World Contexts: The link between Mathematics and reality was not important in the first 
lesson plan made by pre-service teachers. They used a “coin game” as an initial activity; neverthe-
less, in the game students could not manipulate the coin nor make questions about the results.

5.  Conceptions About Mathematics: According to the results, for pre-service teachers, mathematics 
has static notions already completed. Those notions had to be explained by teachers and promote 
their repetition.

Fifth Cycle

After the first diagnosis regarding pre-service teachers and their ideas about teaching and learning 
mathematics, we implemented the five cycles of Teaching Mathematical Modeling. Table 10 shows the 
moments in which the researcher discussed the different stages of mathematical modeling.

The results show that during each cycle, pre-service teachers pondered, with the researcher’s help, 
different aspects about mathematical modeling. Thanks to those discussions, the fifth lesson plan was 
very different from the first one. Here we present some considerations about pre-service teachers’ work 
during the five cycles of Teaching Mathematical Modeling.

Table 10. The Cycle and the stages of mathematical modeling

Stages of Mathematical Modeling Cycle in Which They Were Discussed

Real Situation (RS) 2

Pseudo-Concrete Model 4

Mathematical Model (MM) 3

Mathematical Study (MS) 4

Pseudo-Concrete Results (PCR) 5

Model Real Situation-Confrontation 2
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1.  Teaching and Learning Mathematics: The roles assigned to both actors during the educative 
process suffered a lot of significant changes with regard to their initial ideas. Pre-service teach-
ers did not give the teachers an active role, but rather one of designer and a guide in the learning 
process. Students, on the other hand, were considered active persons in the classroom. The class 
started with the proposition of a problem based on a context. Pre-service teachers allowed different 
attempts at procedures to solve the problem.

2.  Learning and Students Conceptions: In the fifth cycle, students were considered the principal 
actors in the learning process. The teacher’s role was to promote the evolution of the initial ideas 
of the students. Those ideas were considered conceptions.

3.  Real World Contexts: In relation to the changes presented, we noticed an understanding about 
the importance of reality in mathematics. Pre-service teachers, after long discussions, agreed that 
mathematics is not a combination of ended facts, but something that ought to be constructed and 
reconstructed from real-life situations.

SOLUTIONS AND RECOMMENDATIONS

We believe the success with the cycle proposed was due to the combination of the theoretical elements 
used. In first place, Lesson Study allows the organization of work in five cycles of planning and re-
structuration of lesson plans. Collaborative work and the constant support between the five pre-service 
teachers with the researcher during the implementation were essential elements in the success of the 
methodology proposed.

Lesson study presents a work in which the five pre-service teachers talked and discussed their ideas. 
In those reunions we encouraged them to change their conceptions. Our results agree with Hitt’s (2003) 
study, as we observed that new conceptions are created when people work in an interactive manner. 
Furthermore, according to Vergnaud (1990) and Brousseau (1986), the changes in the HLT were pro-
moted by a rupture generated by an epistemological obstacle. Changes made in the HLT were related to 
the discussion proposed by the researcher. Lectures chosen by the researcher always lead to discussion 
about relevant information of the mathematical modeling.

There were two more motives for HLT’s success: first, the implementation was followed by multiple 
discussions in each cycle. Also, the papers were well selected by the researcher, based on the teachers’ 
discussions on mathematical modeling. Those papers were the cause of filiations and ruptures.

CONCLUSION

The present paper attempts to shed some light on the daily work of elementary school teachers. Moving 
away from superficial solutions as actual reforms of education, our main concern was to understand and 
analyze teachers’ actions.

Results show that only two subjects related to mathematics in the degree’s curricula (Teachers training) 
are not enough for a complete understanding of relevant aspects of the mathematics teaching-learning 
process.
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Despite actual reforms in education favoring mathematical modeling as a fundamental objective for 
students learning, this process is not taught to pre-service teachers. Because of that, pre-service teachers 
don’t implement it in elementary school classrooms. In Mexico, mathematical modeling is not part of 
the contents of the curricula of pre-service teachers.

Basic teacher training in Mexico provides few opportunities to learn the process of construction 
of mathematical knowledge. Mathematics is limited to the transmission of concepts, that is to say, an 
“encyclopedic” way of teaching.

Analyzing the way pre-service teachers learn mathematics opens new possibilities to further under-
stand the practice and the way teachers work. It was evidenced that the five pre-service teachers were 
strongly committed to their personal learning and in the five cycles they collaborated with the research 
very actively in order to improve their teaching skills.

Our proposal of working with pre-service teachers is feasible to implement in universities where 
future teachers study. The Teaching Mathematical Modeling Cycle allows teachers not only to practice 
in elementary school classrooms, but also to reflect on what happens there and to improve their teach-
ing skills.

The discussion sessions need to be made with the advice of experts (researchers or university teach-
ers). During those reunions special insights related to papers should be shared in order to change some 
of the limited ideas of teaching and learning process of mathematics.

The ideas presented in this research may be followed for future studies to foster the collaboration 
between pre-service teachers and researchers. There are advantages to this type of studies: the researcher 
can be close to the experience of the teachers, and also provide real-world problems to the class. Teachers, 
on the other hand, can get the theoretical elements that will promote a reflection of their own practice.

We consider that our research results about collaborative work between teachers and researchers 
might be conducive to a true change in education.
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KEY TERMS AND DEFINITIONS

Applications: Real world situation where mathematical content is used.
Collaborative Research: Research where teachers and researcher collaborates in order to achieve a 

real change into the teacher’s practice.
Conceptions: Beliefs, attitudes, and consideration about certain topic. According with the Theory 

of the Conceptual Fields they are conformed by a situation, a set of schemas, symbolic representations 
and a control structure.

Evolution of Conceptions: The change of conceptions generated by an epistemological obstacle.
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Lesson Study: Methodology where teachers design and redesign lesson planning in a collaborative 
work.

Mathematical Modeling: Cycle that relates real world problems with mathematics models used or 
created by students.

Teaching Mathematical Modeling Cycle: Cycle of collaboration between teachers and researcher 
that promotes the evolving of conceptions.

This research was previously published in the Handbook of Research on Driving STEM Learning With Educational Technolo-
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ABSTRACT

The process of providing effective ongoing professional development to teachers is an arduous task for 
educational leaders. In areas, such as mathematics, professional learning opportunities must deepen 
teachers’ knowledge of content, pedagogy, and other skills connected to teaching. This chapter provides 
an examination of what teachers learned during a professional development project that was designed 
based off of principles for Learner-Centered Professional Development and addressed components of 
the Mathematical Knowledge for Teaching framework. The project included 3 half-day meetings with 
classroom-embedded activities completed between workshops. An inductive, thematic analysis of work-
shop evaluations indicated that teachers’ learning related to: a) a deeper understanding of the Common 
Core Mathematics Standards, b) exploring mathematical tasks, and c) planning lessons that start with 
mathematical tasks instead of direct teaching.

INTRODUCTION

Professional development has the potential to substantially impact the quality of teaching and learning 
in schools (Loucks-Horsley, Stiles, Mundry, Love, & Hewson, 2010). Yet, the literature base on teacher 
learning is full of a myriad of research studies that cite the importance and effectiveness of ongoing, 
intensive learning opportunities that last at least a year and require an investment of time and financial 
resources to develop teachers’ knowledge and skills (Heck et al., 2008). In large-scale analyses of na-
tional professional development project grants, the duration and length that teachers are in professional 
development had a positive influence on teachers’ enactment of new knowledge and skills (Banilower, 
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Boyd, Pasley, & Weiss, 2006; Garet, Porter, Desimone, Briman, & Yoon, 2001; Heck, Banilower, 
Weiss, & Rosenberg, 2008). Yet, school districts do not always have the resources or opportunity to 
provide lengthy professional development to their teachers. To this end, what is the benefit, if any, of 
less intensive professional development experiences for teachers that do not include as many hours of 
professional learning opportunities?

Learner-Centered Professional Development (LCPD)

In the past two decades much has been published about professional development for teachers (Loucks-
Horsley et al., 2007; Wei, Darling-Hammond, Andree, Richardson, & Orphanos, 2009). Still, there has 
not been a complete unanimous consensus about the specific components that are essential to provide 
the optimal learning experiences for teachers (Polly & Hannafin, 2010; Wei, et al., 2009). In 2000, 
educational leaders adopted the American Psychological Associations’ research-based learner-centered 
principles (Alexander & Murphy, 1998; APA Work Group, 1997) and coined the term learner-centered 
professional development (LCPD; Hawley & Valli, 2000; National Partnership for Educational Account-
ability in Teaching, 2000a, 2000b). LCPD programs are designed around the teachers’ individual and 
collective needs who are participating in the professional development.

In a synthesis of the LCPD Principles and research on teacher learning, Polly and Hannafin (2010) 
found that LCPD programs include the following components: a) emphasis on topics related to student 
learning or areas that students have difficulty learning (Hawley & Valli, 2000), b) teacher choice or 
selection of some of their learning activities (Loucks-Horsley et al., 2010), c) hands-on and active op-
portunities to develop knowledge of pedagogy and content (Garet et al., 2001; Loucks-Horsley et al., 
2010), d) collaborative activities with others (Glazer, Hannafin, Polly, & Rich, 2009; Hawley & Valli, 
2000), e) ongoing activities that occur multiple times (Heck et al., 2008), and f) experiences to reflect on 
their teaching and their students’ learning after trying out pedagogies in their classroom (Borko, 2004).

Prior professional development projects that align with the components of LCPD have been empirically 
linked to teachers’ enactment of pedagogies emphasized during the professional development (McGee, 
Wang, & Polly, 2013; Polly, 2011a; Polly & Hannafin, 2011; Polly, McGee, Wang, Lambert, Pugalee, 
& Johnson, 2013; Fennema, Carpenter, Franke, Levi, Jacobs, & Empson, et al., 1996; Garet et al., 2001; 
Heck et al., 2008), gains in teachers’ content knowledge (Polly, Neale, & Pugalee, 2014; Wang, Polly, 
Lehew, Pugalee, Lambert, & Martin, 2013), and a positive impact on their students’ learning (Polly et 
al., 2013; Wang et al., 2013; Carpenter, Fennema, & Franke, 1996; Fishman, Marx, Best, & Tal, 2003; 
Heck et al., 2008).

While LCPD programs can improve teaching and learning, each of the projects that aligns with 
LCPD have included ongoing professional development projects that have included at least 60 hours 
of workshops or learning experiences in teachers’ classrooms. This chapter examines a professional 
development project aligned with LCPD, but with only 12 hours of professional learning experiences.

LCPD in Elementary School Mathematics

Professional development programs focused on elementary school mathematics must address the broad 
aspects of knowledge that teachers draw on when they teach mathematics (NCTM, 2014; Loucks-Horsley 
et al., 2010). Knowledge frameworks that have influenced the design of professional development in-
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clude the construct of Pedagogical Content Knowledge (PCK; Shulman, 1987) and the Mathematical 
Knowledge for Teaching (MKT) framework (MKT; Ball, Thames, & Phelps, 2008).

Pedagogical Content Knowledge

Schulman’s seminal work posited that effective teachers draw on knowledge of general pedagogy, content, 
and a knowledge construct that reflects the intersection of pedagogy and content. The double venn dia-
gram (Figure 1) reflects the construct. PCK was developed to be independent of subject areas, meaning 
that elementary school teachers may have PCK for literacy, mathematics, science, and social studies.

In mathematics, PCK in the classroom is content specific compared to general pedagogical knowledge 
(PK). For example, consider two teachers working on subtraction with their second grade students. The 
first teacher facilitated a class discussion of students’ strategies by asking students to share how they 
solved the problem. This would be an illustration of general pedagogical knowledge (PK), since in all 
subjects it is reasonable to have students share their answers and how they found the answer. However, 
another teacher had students share how they solved the problem, and then followed the conversation by 
leading a discussion about the question, “Which of these strategies relates to what we know about place 
value with tens and ones?” This question and the teachers’ facilitation of a discussion reflects pedagogical 
content knowledge (PCK), since the conversation is now focused on a specific aspect of mathematics.

Studies related to PCK have indicated a gray area between research-based pedagogies and what some 
may consider ineffective pedagogies (Polly, 2011b). Specifically, if a teacher repetitively gives students a 
plethora of low-level questions on worksheets and facilitates the conversation about mathematics, these 
pedagogies are not ideal, nor are they research-based, but still relate to the intersection of mathematics 
content and pedagogies. When designing LCPD programs in mathematics, PCK can help frame the design 
of learning activities if professional development facilitators acknowledge the need for activities to focus 
in the center of the double venn diagram, and align to both content and pedagogy as much as possible.

Figure 1. Pedagogical content knowledge framework
(Mishra & Koehler, 2006)
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Mathematical Knowledge for Teaching

Seeking a mathematics-specific framework for teaching, the Learning Mathematics for Teaching group 
at the University of Michigan developed a research-based framework on the knowledge that teachers 
draw on when they teach mathematics (Ball, Thames, & Phelps, 2008). The diagram in Figure 2 reflects 
the framework.

The left side of Figure 2 reflects content knowledge which has been split into three areas, common 
content knowledge which are general definitions, a strategy to solve a problem, or mathematical knowl-
edge that is not specifically connected to teaching. Knowledge at the mathematical horizon encompasses 
content knowledge that is related to other concepts, such as repeated addition and multiplication. Mul-
tiplication is on the mathematical horizon of addition for teachers in Grades 1 and 2. Lastly on the left 
side, the specialized content knowledge refers to knowledge of various mathematical representations 
and strategies to solve problems that are less common, including using tools such as hundreds boards, 
number lines, or alternative algorithms based on place value concepts.

The right side of the diagram reflects what Schulman would have referred to as pedagogical content 
knowledge (Thames & Ball, 2010). In terms of pedagogies, there is a need for teachers to know the cur-
riculum, which includes grade-level specific standards and curricular resources that are available. The 
knowledge of content and teaching refers to how to teach specific content in various ways, including 
knowledge of tools, strategies and resources to draw on. The knowledge of students refers to how stu-
dents typically come to understand or where they struggle as it relates to specific mathematics concepts.

Researchers working on the MKT framework based this framework off of extensive video analyses 
of mathematics teaching, interviews, and surveys with teachers. Further, they developed and validated 
an instrument to assess teachers’ MKT and found that teachers’ scores were positively associated with 
gains in student learning (Hill & Ball, 2004).

MKT provides a framework for professional development facilitators as it provides a more specific 
set of components than the PCK framework, which is more general. While there are more components 

Figure 2. Mathematical knowledge for teaching framework
(Thames & Ball, 2010)
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of MKT than PCK to address during the design and implementation of professional development, it is 
reasonable to expect that all aspects of the MKT can be addressed to some extent during a professional 
development program.

Description of the Professional Development Program

Each teacher participated in a 12-hour professional development experience that included 3 face-to-face 
workshops that were 3 hours each and 3 hours of classroom-embedded professional learning activities. 
The content of these workshops and classroom-embedded activities were decided by district leaders and 
the author, and aligned to the MKT framework (Table 1) and the LCPD Principles (Table 2).

Below are descriptions of the professional development experiences that were included in the project.

Solving Cognitively-Demanding Mathematical Tasks

Teacher-participants solved cognitively-demanding mathematical tasks (NCTM, 2014; Stein & Smith, 
1998) that were multi-step and often open-ended with multiple correct answers during each workshop. 
The topics embedded in each of the tasks were related to the grade level’s Common Core Mathematics 
Standards and included both specialized mathematical knowledge as well as mathematical knowledge 

Table 1. Description of Professional Development Content

Professional 
Development Activity

Focus Focus from the MKT Framework

Workshop 1 Focus: Solving cognitively-demanding mathematical tasks, 
unpacking grade-level Standards, strategies to teach specific 
concepts.

Specialized content Knowledge, 
Knowledge of Curriculum, Knowledge 
of Content and Teaching, Knowledge of 
Students

Classroom-embedded 
activity after 
Workshop 1

Select or design then pose a cognitively-demanding mathematical 
task to your class. Examine students’ mathematical thinking 
during the lesson and their work after the lesson. Bring the task 
to Workshop 2.

Knowledge of Content and Teaching, 
Knowledge of Students

Workshop 2 Focus: Unpacking grade-level standards, Examining curricular 
resources, Designing a lesson using the Thinking Through a 
Lesson Protocol (TTLP) 
Other: Solving mathematical tasks, strategies to teach specific 
concepts.

Specialized Content Knowledge, 
Mathematics at the Horizon, Knowledge 
of Curriculum, Knowledge of Content and 
Teaching, Knowledge of Students

Classroom-embedded 
activity after 
Workshop 2

Design a full mathematics lesson that follows the TTLP. Examine 
students’ mathematical thinking during the lesson. Bring back 
student work to Workshop 3.

Knowledge of Content and Teaching, 
Knowledge of Students

Workshop 3 Focus: Examine student work, consider students’ mathematical 
thinking related to their lesson, develop a rubric for the lesson 
they taught. 
Other: Solving mathematical tasks, unpacking grade-level 
Common Core Standards, strategies to teach specific concepts

Specialized Content Knowledge, 
Mathematics at the Horizon, Knowledge 
of Curriculum, Knowledge of 
Content and Teaching, Knowledge of 
Students

Classroom-embedded 
activity after 
Workshop 3

Modify the lesson for future use and upload to Google Drive to 
share with district leaders.

Knowledge of Content and Teaching, 
Knowledge of Students
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on the horizon for teachers. All of the tasks posed would be categorized as cognitively-demanding based 
on the mathematical task framework (NCTM, 2014; Stein & Silver, 1988).

During workshops, the process of task exploration included allowing teachers to collaboratively 
explore tasks, discuss with others strategies that their group used to solve tasks, analyzing strategies as 
a whole group, and then brainstorming modifications to the task to better align the task to their grade-
level standards, support task exploration for struggling students, and provide extensions to the task for 
high performing students. Throughout the exploration of mathematical tasks, the author posed tasks 
and supported task exploration, as teachers might, by posing clarifying questions such as, “What is the 
problem asking you?” and “How can the information that you have help you solve this task?”

For example, in a Grade 1 workshop teachers explored the following task, which was adapted from 
the YouCubed website (http:///www.youcubed.org; Stanford University, 2015). A bunny rabbit can 
hop either 1 foot or 2 feet at a time. How can the bunny travel a total of 6 feet? Find as many possible 
answers using either manipulatives or pictures to prove your work. While exploring this task, teachers 
used snap cubes, graph paper, or unlined printer paper to represent the problem. In some cases, teachers 
also provided an equation. For instance, 6 jumps of 1 foot would be represented by 1+1+1+1+1+1=6, 
while 3 jumps of 2 feet each would be represented by 2+2+2=6.

After strategies were shared and analyzed, teachers worked together to modify the task to create ideas 
for struggling and high performing students. Students talked about the importance of representations and 
tools, such as number lines, the cubes that they used, or other strategies, as well as how they may make 
the total distance traveled larger for some students. Teachers also worked with math on the horizon as 
some teachers tried to figure out algebraically how many actual solutions there were to make sure that 
they found them all.

An outcome of the first workshop for each grade level was for teachers to select or design and then 
implement a cognitively-demanding mathematical task to their students. They discussed this experience 
during the second workshop and this idea of cognitively-demanding tasks was discussed in depth during 
both the second and third workshops.

Table 2. Alignment of the Project to LCPD

LCPD Principle Description of Alignment

Focused on student learning All activities focused on the critical areas of the Common Core Mathematics Standards.

Teacher ownership Teachers chose what Standards or concepts that they wanted to work with for the classroom-embedded 
activities.

Active learning of 
knowledge of content and 
pedagogy

Teachers solved mathematical tasks, examined their grade-level Standards, and analyzed various strategies 
to solve math problems.

Collaboration Teachers collaborated in every aspect of the workshop.

Ongoing Teachers met for 3 3-hour workshops across a 7 month period.

Reflective Teachers spent time in Workshop One reflecting on how their students were doing generally in 
mathematics. In Workshops Two and Three they reflected on their experiences posing cognitively-
demanding mathematical tasks and teaching lessons that started with a task.

http://www.youcubed.org
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Unpacking Grade-Level Standards

During each of the workshops teachers spent time analyzing their grade level Unpacking the Common 
Core Mathematics Standards document that had been written by the <state blinded> Department of 
Education’s Mathematics Department. The Unpacking document provides a description and examples 
for each Standard, and is the state’s starting point for creating assessments. In the workshops, the author 
would often pose a task or provide an activity for teachers and then have teachers determine which 
Standard(s) it aligned to. These activities, many teachers reported, were the first times that they looked 
at the Unpacking document or spent time focused on which Standards specific activities align to.

As teachers were discussing the Standards, the author posed questions about the connections or 
relationships between Standards in earlier and later grades in order to provide a vertical focus of the 
mathematics concepts. For example, in the first Grade 2 workshop teachers were looking at the expec-
tations for subtraction fluency. The author asked the questions, “What experience have students had in 
previous grades?” and “What are the expectations in Grade 3 related to these concepts?” These questions 
and the process of examining and discussing prior and future grades’ Standards help teachers to better 
understand how the Standard in their grade level aligned and fit into students’ development of those 
mathematics concepts.

Strategies to Teach Specific Concepts

As part of every workshop teachers solved tasks using multiple strategies with a focus on concrete/
hands-on, pictorial, and symbolic/equation focused strategies. Teachers had concrete manipulatives 
and paper readily available in every workshop and were encouraged to solve tasks using all concrete, 
pictorial, and symbolic strategies. After solving tasks in these different ways, there were discussions 
about the mathematical knowledge that students would need in order to use each strategy successfully.

Further, many teachers brought up the question about what they should do if students struggled using 
a specific strategy. For example, in the second Grade 5 workshop teachers were working on multiplying 
fractions using graph paper to draw pictures of the situation. One teacher asked, “If my students can’t 
draw pictures but can just use an algorithm why do they need the picture?” The author asked the room 
of teachers for responses, which led to a 20-minute conversation about the benefit of having students to 
use pictures to support their understanding of the algorithm.

Thinking Thru a Lesson Protocol

The Thinking Thru a Lesson Protocol (TTLP; Stein, Bill, & Hughes, 2008) is a research-based process 
of developing a mathematics lesson plan. The protocol starts by unpacking Standards and identifying 
mathematical goals for the lesson. Next, the teacher selects a cognitively-demanding mathematical task 
to pose to start the lesson, and considers the strategies that students may use as well as their potential 
struggles and how to support students through questioning. The TTLP also includes aspects of brain-
storming questions to ask to lead a discussion of the task as well as follow-up tasks and activities to 
provide further experiences with the mathematical concepts.
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During the second workshop for each grade level, the author used an abbreviated form of the TTLP 
and focused on the idea of starting the lesson with a cognitively-demanding mathematical task prior 
to any modeling or direct teaching. This was a concept that was different from teachers’ typical way 
of planning a lesson, which led to a lot of discussion about the rationale behind this approach and the 
potential benefit to students of doing mathematics at the beginning of a lesson instead of watching the 
teacher instruct and model strategies. The outcome of the second workshop was for teachers to return 
to their classroom to teach a lesson that they had collaboratively planned using the abbreviated TTLP 
format. They were charged with bringing back student work and their lesson to the third workshop to 
debrief and reflect.

Analyzing Student Work

Based on the lesson that teachers taught after Workshop 2 they returned to Workshop 3 with student 
work from the lesson that they taught. Teachers spent time in Workshop 3 trading student work with their 
colleagues that they collaboratively planned with, and spent time examining students’ varying strategies. 
The discussion led teachers to discuss where students struggled, succeeded, and what teachers did in 
that lesson and subsequent lessons to support students’ learning.

In the workshop, the author then facilitated the process of creating a rubric with teachers. First, 
teachers sorted their student work into three piles, student work that teachers felt met the benchmark or 
expectations for the lesson, student work that partially met the benchmark, and student work that did not 
meet the benchmark. Based on these sorts, teachers then came up with descriptive statements for work 
that met, partially met, and did not meet the benchmark. Due to time constraints, the rubrics were not 
fully developed, but the activity closed with teachers discussing with one another about how they might 
grade or score the work samples that they collected using the descriptive statements.

Research Questions

This chapter examines what teachers took back to their classroom from a Learner-Centered Professional 
Development (LCPD) program that was framed around the Mathematical Knowledge for Teaching (MKT) 
framework. The design of the study used an iterative process influenced by design-based research. Feed-
back was collected after each of the 3 half-day meetings and the professional development design was 
influenced by the feedback. Based on the designs, this study covers the following research questions:

1.  After each of the three workshops what did teachers report learning that they would implement in 
their classroom?

2.  How were the workshops planned to align to LCPD Principles, the MKT framework, and address 
teachers’ feedback?

METHODS

This study includes an iterative design, in which teacher feedback was collected after each of the three 
half-day professional development workshops that was held. This section describes the professional 
development, data sources, and the process of data analysis.



245

Examining What Elementary School Teachers Take Away From Mathematics Professional Development
 

Context

The professional development project was implemented in a large suburban school district just outside 
of a major city in the southeastern United States. The district had not had any district-wide mathematics 
professional development in the past 5 years, and their scores on the state End-of-Grade tests had either 
plateaued or dropped after the adoption of the Common Core State Standards during the 2012-2013 
school year. The district includes 30 elementary schools who educate students in Grades Kindergarten 
through Grade 6. Student performance on mathematics and reading tests is above the state average, but 
there is a history of low performance on state end-of-grade tests for students who are African-American 
and Hispanic. Further, while many schools have a high percentage of students who pass the state test 
annually in Grades 3-5, the amount of student growth has not been high in recent years.

In the fall of 2014, district leaders contacted the author about ways to support teachers’ mathemat-
ics instruction. Based on limited resources and the interest in designing and implementing professional 
development during the 2014-15 school year, district leaders and the authors agreed to hold a series of 
professional development workshops with follow-up activities during the year. Workshops were grade-
level specific, and one teacher per grade level per school attended. Some schools also sent building-level 
instructional facilitators as well.

Data Sources and Analysis

Written feedback from teacher-participants was the primary data source for this study. Written feedback 
was collected after each workshop in response to the questions, “What did you learn from this work-
shop?” Further, notes from the author following the workshops and conversations between the author 
and district leaders were treated as secondary data analyses.

All data was analyzed using an inductive, thematic process (Coffey & Atkinson, 1996). For question 
one, data was entered into a spreadsheet with column headers as a) the workshop number, b) grade level, 
c) the written teacher feedback. The teacher feedback was then analyzed using an open-coding process. 
Following the first round of coding the data, codes were consolidated if they were similar. For example, 
teaching diverse learners and differentiating instruction were combined into the code differentiation 
for diverse learners. Once codes were consolidated, the author reviewed the data within each code to 
identify frequently occurring ideas which became themes. The themes were then verified by revisiting 
the original data source.

For question two, data analysis included summarizing the findings for question one as well as notes 
recorded by the author after workshops, and notes from conversations between district leaders and the 
author. These findings are summarized in the findings section in order to provide perspective about the 
decisions on what would be emphasized and included in future workshops.

FINDINGS

Data analysis indicated several findings. In the following section, I summarize and include data excerpts 
that were the most prominent.
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WORKSHOP ONE

Question One: What Teachers Learned

As shown in Table 1, Workshop One for all grade levels focused on teachers’ solving cognitively-
demanding mathematical tasks, analyzing the Unpacking the Common Core Standards document, and 
considering various strategies for teaching mathematics. Data analysis indicated themes related to solving 
mathematical tasks, strategies to teach concepts, and understanding the standards.

Solving Mathematical Tasks

A theme found in the feedback from all grade levels was the level of rigor in the mathematical tasks 
that they explored during workshops. Teachers included comments, some positive and some negative, 
about the amount of mathematical thinking that they were forced to engage in, as well as the level of 
rigor expected in the Common Core Mathematics Standards.

A Grade Five teacher wrote,

I did not expect to come to a half-day workshop and do so much math. The tasks were hard, multiple 
step, and well beyond what I feel that my students can do. Yet I see the point about how the expectations 
for my students need to be high.

A Kindergarten teacher wrote, “When we solved the tasks on place value and the number system I 
saw where I had some misconceptions about how our number system works. It helped me to feel like 
my students do when they do hard math.”

Both of the teachers’ comments above focus on the mathematical content knowledge aspects of the 
Mathematical Knowledge for Teaching (MKT) framework. Teachers on the whole felt that the math-
ematics that they had to do in the workshop deepened their own understanding of mathematics related 
to what they taught. As seen above in the fifth grade teacher’s comment, though, some teachers did not 
report seeing a clear connection between the mathematical tasks in the workshop and their grade level 
standards and curriculum.

To that end, a Grade One teacher wrote, “I get the idea of working on multi-step subtraction with 
larger numbers. However, I did not see how it connects to the work that we do since we work primarily 
with smaller numbers.”

Comments coded in the rigor category echoed these statements, where teachers did not report posi-
tive feedback about working with mathematics concepts on the horizon.

Strategies to Teach Concepts

Workshop One also included opportunities for teachers to use, discuss, and analyze strategies to teach 
concepts, which focuses on the Knowledge of Teaching and Content aspect of the MKT framework. 
The data in this code varied; some teachers reported learning brand new strategies to teach the concepts 
that were included in the workshop, while some teachers reported having had experiences prior to the 
workshop and that the strategies were simply a repeat.
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A Kindergarten teacher said, “The idea of solving word problems using counters on number lines and 
ten frames was a new idea to me. I had used counters by themselves, but not with other tools.”

A Grade Four teacher said, “The strategies that we used to work on multi-digit multiplication will 
help me as I go back and review this work with my students. It would have been nicer to have this at the 
start of the school year.”

Other teachers felt that they did not gain any new strategies. A Grade Five teacher commented, “I had 
already seen these strategies from my instructional facilitator. It was obvious others in the room needed 
them, but I didn’t get anything new from this.”

Further, a Grade Two teacher said, “The Unpacking document has all of these strategies. While it was 
nice to discuss these as a group today, I could have gotten the same ideas by reading from it.”

The data coded as strategies included a mix of comments such as the ones above. Based on the fact 
that administrators had nominated various ranges of teachers, some expert and some novice to attend, 
the teachers in the room had varying backgrounds which influenced their experience.

Understanding the Standards

All of the data coded related to standards was positive as all of the data sources reported gaining a better 
understanding of their grade level expectations. Teachers reported getting a better sense about the goals 
and rationales of the Standards as well as what students should be able to do in order to demonstrate 
that they have met the Standards.

A fifth grade teacher wrote,

The benefit of today was a better understanding of the expectations for decimal work and exponents. 
I had taught these standards at a more basic level than what we discussed today so I can go back and 
now increase the rigor of what we are doing.

Further, a Kindergarten teacher noted, “I have been teaching a lot of first grade content. My students 
are very good at math, but today gave me ideas on how I can be sure that my students have mastered 
the Kindergarten concepts.

Both of the teachers above shared that they learned more about the grade-level specific expectations. 
Teachers reacted in the workshops as if they had not seen the state Unpacking documents before, and 
this was their first experience looking at descriptions and examples of the Standards.

Summary of Workshop One

Workshop One focused heavily on exploring cognitively-demanding mathematical tasks, analyzing the 
state Unpacking the Common Core Standards documents, and exploring strategies to teach the math-
ematics concepts. Teachers’ feedback varied, as some teachers reported that they learned more about 
their grade-level standards, and the level of rigor expected in their classrooms. However, some teachers 
reported negative comments about doing mathematics that was on the horizon and not closely connected 
to concepts in their grade-level as well as comments about seeing strategies that they have already seen 
and use in their classroom.
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Question Two: Plans for Workshop Two

When the author and district leaders reviewed feedback and made plans for Workshop Two, the group 
agreed to focus more on the design and planning of mathematics lessons. District leaders reported the 
district-wide need for teachers to experience and work on planning lessons that were focused more on 
cognitively-demanding mathematical tasks and less on teachers modeling and demonstrating to students 
how to solve problems.

Further, district leaders reported that there should be a continued emphasis on mathematical strategies 
that include concrete and pictorial ways to solve problems. District leaders pointed out that while teacher 
feedback indicated that some teachers already knew some strategies, these approaches to solving problems 
were not being consistently observed in classrooms. For workshop two, there was an intentional decision 
to have teachers solve problems with an algorithm as well as other strategies and better understand why 
the algorithm works as it relates to other strategies and approaches. Further, district leaders gave the 
author the standards and concepts that teachers would be teaching so that the mathematical tasks better 
aligned to what teachers were currently or what they would be teaching.

Another decision that was made for Workshop Two was to allow teachers to have adequate time to 
collaboratively plan a lesson that they would then go back and teach, and hold them accountable for 
collecting student work for Workshop Three. While this was part of the original plan, the use of the ab-
breviated TTLP framework and what teachers would do in their classroom was not decided until after 
Workshop One.

WORKSHOP TWO

Question One: What Teachers Learned

Workshop Two focused on the planning and design of a mathematics lesson that was built around start-
ing with a cognitively-demanding mathematical task. Further, activities that were focused on during 
Workshop One, including mathematical tasks, unpacking the standards, and analyzing strategies, were 
still included in the workshop. Data analysis indicated themes about planning a lesson, solving math-
ematical tasks, and understanding the standards.

Planning a Lesson

All of the data associated with the code planning included comments from teachers in which they 
learned more about planning a math lesson focused on mathematical tasks. These comments aligned to 
the Knowledge of Teaching and Content and Knowledge of Students of the MKT framework. All com-
ments in this code included teachers reporting that this approach to teaching mathematics was different 
from how they teach.

A Kindergarten teacher wrote, “I am used to modeling a lot up front. By giving them a problem to 
solve to start math is going to come across as unusual. I hope they are o.k. with it.”

A Grade Two teacher commented, “There seems like a lot of benefit in getting students doing math 
problems at the start of a lesson. I am excited about trying this and seeing how they do with it.”
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Some teachers reported more skepticism about this approach to teaching mathematics. Most of the 
skeptical comments were in Grades 3 through 5, where there is a high-stakes state test at the end of the 
year.

A Grade Four teacher wrote,

This idea of starting a lesson with a math task, discussing it and then posing more math tasks is so dif-
ferent than what I do know. My students may struggle a lot with the problem solving process and want 
me to help them a lot. 

A Grade Five teacher wrote, “I learned about this starting with a task approach. My students need a 
lot of modeling and up front teaching so I don’t think they will do well. I will try it once but they will 
struggle.”

As part of the professional development program requirement teachers collaboratively planned a 
lesson using the abbreviated TTLP and started the lesson with a cognitively-demanding mathematical 
task. As seen above in the quotes teachers reported a range of feelings about this idea of starting with a 
task instead of direct teaching.

Solving Mathematical Tasks

Similar to the feedback from Workshop One there were multiple comments about teachers’ experi-
ences solving mathematical tasks, which aligned with the Knowledge of Specialized Mathematics and 
Knowledge of Mathematics on the Horizon from the MKT framework. Teachers’ comments were more 
positive than the Workshop One comments about mathematical tasks.

Grade Five teachers, which were especially negative about solving so many tasks during Workshop 
One, reported more positive comments about solving tasks in Workshop Two focused on multiplying 
fractions.

One Grade Five teacher wrote,

I am about ready to start teaching this concept so it was helpful to solve some very hard problems in a 
few different ways to help me grasp the content. I have a sense now on what I need to do during my unit.

Another Grade Five teacher commented, “Solving these hard tasks is more beneficial to us when 
we are in the midst of or about to teach this in our classroom. The tasks were a better fit today than the 
first workshop.”

Teachers in all grade levels reported benefit in solving tasks prior to looking at the Standards. One 
Kindergarten teacher wrote, “I learned more about the relationship of addition and subtraction by doing 
the opening task. From there when we got into Kindergarten standards it made more sense on how I can 
use addition to help students better understand subtraction.”

Some teachers reported learning about the rigor involved with mathematical tasks and shared connec-
tions to their classroom-embedded assignment of posing a cognitively-demanding task to their students. 
A Grade Three teacher wrote,
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Having posed harder problems to my students since the first meeting I now have a better appreciation for 
how my students feel. I am learning myself how to approach these problems and the value that I and my 
students get by struggling through some tasks and figuring out how to solve them. [The author] doesn’t 
give us strategies and it makes it harder, but when I am able to solve the task I feel like I have learned 
more compared to if he had just said, ‘here is how you do it.

Understanding the Standards

Data from Workshop Two related to Understanding the Standards focused on teachers learning more 
clarification of Standards from the state Unpacking the Common Core Standards document that was 
confusing to teachers. This aligned to the Knowledge of Curriculum and Knowledge of Students aspects 
of the MKT framework. One Kindergarten teacher stated, “The various types of subtraction situations 
is hard to determine. It helped to spend time looking at the Unpacking and determine what my students 
need to learn this year and what can wait until next year.”

A Grade Three teacher noted, “The work that we did today on division problem types was helpful. I 
had no idea that some of those situations were things that I should cover with my students.”

In some cases teachers reported learning about the Standards in light of using resources that were 
not aligned to the Standards.

A Grade five teacher noted,

A lot of the resources that we use in our school do not focus as much on the ideas in the Unpacking 
document. I now know that we need to be more careful about choosing lessons and activities to make 
sure that they align to the Standards.

A Kindergarten teacher noted, “The tasks that my grade level gives are way above Kindergarten 
standards. It will be good to go back and talk to them about making sure that our activities align to what 
our students should be doing.”

Teachers’ comments that aligned to this code focused on better understanding grade level expecta-
tions and the alignment of resources. As teachers studied the standards more they reported developing 
a deeper understanding of the grade-level expectations for their students and a stronger sense on what 
good activities look like to address those standards.

Summary of Workshop Two

Teachers’ feedback from Workshop Two focused on planning a mathematics lesson, which was a new 
theme, and two old themes, solving mathematical tasks and understanding the standards. Teachers reported 
that the planning process in the workshop was new to them, and some expressed skepticism and comments 
that could be viewed as negative. Teachers’ wrote positive comments about mathematical tasks and the 
standards. Some teachers commented that they saw a stronger connection to solving mathematical tasks 
and their teaching since the tasks in the workshop aligned to the content that teachers were working on.

Teachers also reported that they learned more about the specifics of the Common Core Mathematics 
Standards. Some teachers referenced that they had their understanding of types of problems clarified, 
while some teachers made the connection that some curricular resources that they were using did not 
align well to the actual Standards.
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Question Two: Plans for Workshop Three

The feedback from Workshop Two was more positive than the feedback from Workshop One. The author 
and district leaders felt that focusing on concepts that they were in the midst of or preparing to teach was 
one of the key factors to the positive feedback. The group, however, did acknowledge the skepticism 
and slight negativity about teaching mathematics through a task-based approach using the abbreviated 
TTLP framework. As a result, they made an intentional decision to revisit the TTLP framework and 
process of planning a lesson during Workshop Three. They also made the decision to provide teachers 
with opportunities to examine lessons and resources and be evaluative about their alignment to both the 
Common Core Standards as well as the idea of teaching more with mathematical tasks and less with 
direct instruction.

The group also decided that the focus on assessment should still be central to the activities, and that 
teachers should have some experiences looking at student work, analyzing students’ strategies, and col-
laboratively reflecting on how their lesson went, especially this approach to teaching a lesson by starting 
with a mathematical task. The plans for Workshop Three also included a great deal of conversation about 
whether or not teachers should write another lesson plan just to gain practice. While the group felt that 
that would be beneficial, a full plan was not written in order to keep the focus on assessment.

WORKSHOP THREE

Question One: What Teachers Learned

Workshop Three focused on examining student work from teachers’ classrooms as well as looking at 
what it means to assess students’ mathematical thinking. Teachers spent a good bit of time examining 
students’ strategies, talking about what examples met their benchmark, and then discussing what assess-
ment could look like in their grade level. Teachers’ feedback about what they learned after workshop 
three focused on four themes. Two themes were new: students’ strategies and assessing during teaching, 
while two themes were old, planning a lesson and solving mathematical tasks.

Students’ Strategies

Teachers’ feedback in this code focused on what teachers learned about the various ways to solve math-
ematical tasks. These comments align to the Knowledge of Students aspects of the MKT framework. 
As teachers spent time looking at each other’s students’ work there were many comments during the 
workshop that teachers were seeing strategies that their students had not used.

These were also reflected in the written feedback. For example, a Grade Two teacher wrote, “By 
looking at students’ work from other schools I noticed that their kids were using strategies to solving 
problems that I had not thought of before.”

Some of these comments focused on general problem solving processes, while some focused on 
specific strategies that were concept focused. A Grade Four teacher noted,
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I learned from another teacher about the SOLVE strategy for solving word problems. One teacher in my 
group has all of her students use this process to identify what is in the problem, solve the problem, and 
then explain what their answer means.

A Grade One teacher also wrote, “I learned from another teacher today about how to use a part-part-
whole mat to solve problems. It is a creative idea that I am going to try tomorrow.”

Some comments, however, focused on concept specific strategies. For example, a Grade Four teacher 
wrote, “A teacher in our group had her students use rectangles and number lines to solve their addition 
of fractions problems. By doing both, her students were able to check their work and make sure they 
got the right answer.”

A Grade Two teacher wrote, “I saw a lot of student work today with the open number line on it. I 
knew the strategy but thought it was too hard for my students. I want to try it now, though.”

Teachers’ comments about strategies included aspects of learning from their peers through the process 
of looking at student work. The collaborative process allowed teachers to discuss students’ strategies and 
how their lessons went. As a result, teachers realized that the collaborative lesson was taught in slightly 
different ways, which led to rich conversation about how students solved the tasks, and how teachers 
supported students’ thinking.

Assessing During Teaching

Another new theme that emerged during the feedback from Workshop Three was assessing during teach-
ing, which sometimes is referred to as formative assessment. This aligns to the Knowledge of Students 
and Specialized Content Knowledge aspects of the MKT framework. Teachers reported that they had 
learned about ways to assess students while teaching a mathematics lesson.

While formative assessment is thought to be a more common practice in the younger grades, some 
primary grades teachers reported learning new processes. A Kindergarten teacher wrote, “I learned 
about ways to manage and structure my classroom to make it easier to assess my students while they 
are doing activities.”

A Grade One teacher wrote, “I typically assess all of my students at the end of the week or a unit, but 
I want to try these ideas of observing and filling out checklists on a more frequent basis.”

Teachers in the upper grades also reported learning about formative assessment, but the comments 
included more skepticism. A Grade Five teacher commented, “Ideally the idea of assessing students 
during work is nice, but with 28 students that range in ability, I don’t see how that will work. I learned 
some things that maybe I can try next year.”

A Grade Four teacher wrote, “Once I figured out how to make it work with my students I like the 
idea of assessing my students as they work. I have to think about how to actually make it happen in my 
classroom, though.”

Teachers’ conversations with each other and their process of considering how to assess students both 
after and during work on mathematical tasks led to teacher-reported learning about the ideas. However, 
teachers, especially those in upper grades, reported a need to consider and more thoughtfully think about 
how it would actually work in their classroom with their students.
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Planning a Lesson

Planning a lesson was a theme after Workshop Two and also after Workshop Three. This theme aligned 
to the Knowledge of Teaching and Content and Knowledge of Students of the MKT framework. Here 
after Workshop Three, teachers reported more positive comments about planning a lesson by starting 
with a mathematical task than they had immediately after Workshop Two. Since teachers taught a les-
son in this new manner between Workshop Two and Three, that experience could have led to their more 
positive comments.

A Grade One teacher wrote,

Having talked to others who were new to this format and thinking about my own time I learned more about 
how to support my students while they solve a task at the start of the lesson. I still feel the need to jump 
in and teach, but I want to try and stick to just asking questions to let students explore and solve the task. 

A Grade Four teacher wrote,

Since I taught this way for the first time two months ago I have tried this approach at least a few times 
a week. I am getting more comfortable with it, and my students enjoy this much more than if I begin by 
teaching examples.

While a majority of the teachers were positive, some teachers still reported skepticism about the ap-
proach. A Grade Five teacher commented, “I feel that this approach works for some students, but not all. 
Some of my students depend on me to give them an example that they can follow before getting to work.”

Solving Mathematical Tasks

During Workshop Three teachers solved at least one cognitively-demanding mathematical task, even 
though the task exploration was not as much of a focus as in the two previous workshops. Still, com-
ments from teachers reported learning that aligned to this code. This theme aligns to the Specialized 
Content Knowledge, Mathematical Knowledge on the Horizon, and Knowledge of Students aspects of 
the MKT framework. The data that aligned to this theme focused on learning multiple ways to solve 
mathematical tasks.

A Grade Four teacher wrote about a task about multiplying a fraction by a whole number.

I solved this task like I teach my students to by drawing multiple pictures of the same fraction and then 
counting pieces. When we talked about this at my table, though, a few teachers had drawn only one 
picture and used colors to indicate the multiplication. As we kept discussing this, I realized that their 
approach matches the problem better, and some of my students may see the concept better that way. 

While feedback aligned to this theme in previous workshops focused more on the rigor and the expe-
riences of solving tasks as learners, nearly every comment in this theme focused on teachers’ acknowl-
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edging either multiple approaches to solving the task or potential struggles that their students may have 
on a related task based on the concepts embedded in the task they were solving. A Grade Two teacher 
wrote about their experience exploring three-digit subtraction using various strategies.

The task that we did reinforced the idea that three-digit subtraction is much more complex than two-
digits if we have to regroup in the hundreds, tens, and one’s places. The strategies that we talked about 
as a whole group helped me to see the potential struggles that my students will have if I only focus on 
the traditional algorithm. 

Summary of Workshop Three

Workshop Three focused on looking at student work and considering assessment. Data analysis indicated 
that teachers reported learning new themes related to students’ strategies and assessing during teach-
ing, as well as previous themes of planning a lesson and solving mathematical tasks. Teachers reported 
learning about the idea and processes of assessing during teaching, but some teachers were skeptical of 
how it would work in their own classroom.

Teachers’ feedback included connections between themes related to solving mathematical tasks and 
multiple strategies to solving tasks. Their comments about solving tasks during workshops acknowledged 
the benefit of solving a task in multiple ways as well as potential issues that their students may face.

Question Two: Plans for Future Professional Development

Since only three workshops were scheduled comments after Workshop Three focused on the next steps 
and directions for professional development as a whole. The group of the author and district leaders felt 
that while the 30 teachers per grade level, 180 in all, and the handful of instructional facilitators may 
have benefitted from the experience, this was just the beginning of ongoing mathematics professional 
development for teachers. There were, and still are, ongoing discussions about whether to repeat the 
experience with another 180 teachers, or to focus on a different set of professional learning experiences 
that could include these teachers and others who were interested as well.

Further, since district leaders had participated in the workshops and also attended other professional 
development on mathematics instruction, they felt that their capacity had been built to start facilitating 
summer workshops as well as professional development in the following year. While some had facilitated 
past workshops, most had not, so their feeling of being capable enough to design and lead professional 
development that was similar to what they had experienced was a positive outcome.

DISCUSSION AND IMPLICATIONS

Based on the findings shared above in light of the LCPD Principles and the MKT framework there are 
some themes that warrant further discussion and have implications for future work. They include: a) the 
design of mathematics LCPD programs, b) classroom-embedded professional development activities, 
and c) addressing aspects of the MKT framework.
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Design of Mathematics LCPD Programs

The LCPD Principles provide a research-based framework that informs the design of professional learn-
ing activities for teachers (Polly & Hannafin, 2010). The framework provides designers of professional 
development with components to include in programs (Polly & Hannafin, 2010, 2011). Table 2 provided 
an alignment between the project in this study and the LCPD framework. In the LCPD framework the only 
Principles mentioned refer to areas of student learning or where students tend to struggle and knowledge 
of pedagogy and content. Based on the themes in this study described earlier, teachers reported learning 
about areas related to student learning as well as knowledge of both pedagogy and content.

The only aspect of duration that did not completely align to LCPD Principles was the duration and 
number of hours in the professional development program. Past research indicates that LCPD programs 
with duration and an ongoing format lead to greater implementation of teachers’ practices and also 
student learning outcomes (Banilower et al., 2008; Garet et al., 2001). Banilower et al. (2008) found 
that generally 30 hours of professional learning are needed to influence teachers’ practices and 80 hours 
are needed to influence students’ learning. Based on the limitations of time and resources, this project 
only included a 12-hour professional development experience, which falls considerably short of both of 
those recommendations. Still, teachers reported learning a great deal about mathematics teaching and 
learning from their experience.

This study was limited in that it only looked at teachers’ reported learning. Based on teachers’ feed-
back, the LCPD program in this study shows potential in its impact on teachers. However, a more in 
depth study is needed. Subsequent research would be advantageous, specifically to examine teachers’ 
instruction through observations and other artifacts of practice as well as student learning through a 
common assessment.

Classroom-Embedded Professional Development Activities

While the past two decades have called for classroom-embedded professional development activities 
there has been little research that has specifically focused on the influence of professional learning that is 
embedded in teachers’ classrooms. This project included 3 one-hour experiences focused on classroom-
embedded professional development, which included posing cognitively-demanding mathematical tasks, 
teaching a lesson that was focused on opening with a mathematical task and collecting student work, 
and refining the lesson for future use. These experiences aligned with the focus of the whole program 
and provided teachers with an opportunity to put into practice what they were learning.

At the end of Workshop Three teachers’ comments related to planning lessons were more positive 
than after Workshop Two. While some teachers still shared some skepticism, most teachers favorably 
reported about learning to plan lessons focused on starting with a cognitively-demanding mathematical 
task. This finding supports the results of the seminal Cognitively Guided Instruction project which found 
that some teachers’ beliefs about adopting new instructional practices did not change until teachers tried 
and used the practices with their own students in between workshops (Carpenter et al., 1996). More recent 
studies have also found that teachers need multiple times planning and teaching mathematics lessons in 
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new ways, as well as support from a professional developer, before they can successfully teach lessons in 
ways that align with the goals of the professional development (Polly & Hannafin, 2011; Polly, 2011b).

Future LCPD mathematics programs should continue to include classroom-embedded professional 
development activities that have been carefully thought out and align well to the goals of the project and 
the workshop activities. Research on the impact of these activities could be examined using iterations of 
the same professional development project with some teachers working on classroom-embedded activities 
and workshops, while others only participate in workshops. Preliminary findings from a study focused 
on mathematics formative assessment indicates that the presence of classroom-embedded activities was 
associated with a higher fidelity of implementation of the emphasized pedagogies (Author, in press).

Addressing Aspects of the MKT Framework

The MKT framework provides a more specific description of the knowledge that teachers draw on when 
teaching mathematics. The present study was designed based on LCPD Principles to address all of the 
aspects of the MKT framework, with a focus on the aspects related to Pedagogical Content Knowledge, 
specifically Knowledge of Teaching and Content, Knowledge of Students, and Knowledge of Curriculum. 
The project also addressed teachers’ knowledge of content.

Based on the workshop feedback, teachers reported learning a great deal about the aspects of MKT on 
the right side of the diagram (Figure 2). Teachers reported deepening their understanding of the Common 
Core Mathematics Standards (Knowledge of Curriculum), planning mathematics lessons (Knowledge 
of Teaching and Content) and strategies to teach content (Knowledge of Teaching and Content and 
Knowledge of Students). The LCPD approach in this project actively put teachers in situations to deepen 
their knowledge of content and pedagogy. Teachers spent the workshops busily solving tasks, analyzing 
strategies, and examining their grade-level standards. The most negative pushback from teachers was 
after Workshop One when some reported not seeing a clear connection to solving mathematical tasks 
that were not related to content that they were currently teaching or directly aligned to their grade level 
(Mathematics on the Horizon). Teachers also reported some skepticism, but not overtly negative comments 
about teaching mathematics in the new format of starting with a cognitively-demanding mathematical task 
(Knowledge of Teaching and Content) and assessing students during teaching (Knowledge of Students).

Teachers’ feedback related to exploring mathematical tasks improved during Workshop Two and 
Workshop Three. With the group of teacher-participants it is unknown if a longer duration of profes-
sional development or more experiences planning lessons in this new format or working on formative 
assessment would lead to more positive, less skeptical reports about planning and assessing. Prior stud-
ies have cited that more ongoing, comprehensive learning experiences with opportunities to reflect on 
their own practice lead to higher enactment of pedagogies (Author, 2011, 2013; Fishman, et al., 2003; 
Wei, et al., 2009).

Future studies should further explicate the influence of specific aspects of the MKT framework dur-
ing professional development on teachers’ reactions, their instruction, and their students’ learning. For 
example, if professional development programs focused only on the right side of the diagram, the side 
related to Pedagogical Content Knowledge and intentionally did not address mathematics on the horizon 
or specialized content knowledge what would the impact be?
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CONCLUSION

Professional development continues to be heralded as a vehicle to greatly improve teachers’ instruction 
and their students’ learning. In this current age of high-stakes assessment and accountability there is a 
need to examine what components of professional development are likely to lead to higher enactments 
of research-based pedagogies and gains in student learning. This present study examined the influence 
of a learner-centered professional development (LCPD) program that was designed to address aspects 
of the Mathematical Knowledge for Teaching (MKT) framework.

While the study was limited to teachers’ report of what they learned as well as notes from conver-
sations between the professional developer (author) and district leaders, the findings provide valuable 
information about what teachers focused their learning on- the exploration of mathematical tasks, the 
planning of mathematics lessons using a new format, and strategies to teach specific mathematics con-
cepts. Teachers also reported gaining knowledge related to assessment, but many did not report knowing 
enough to actually enact those pedagogies in their classroom.
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KEY TERMS AND DEFINITIONS

Classroom: Based Professional Development: Professional learning opportunities for teachers that 
are based on activities that they complete in their classroom with students.

Common Core State Standards for Mathematics: A set of standards sponsored by the National 
Governor’s Association and Chief Council of State School Officers, initially adopted by 46 states in the 
United States.

Learner-Centered Professional Development: Professional learning opportunities for teachers 
based on the APA learner-centered principles.

Mathematical Knowledge for Teaching: A construct denoting the various aspects of knowledge 
associated with teaching mathematics.

Mathematical Tasks: The problems or activities that learners engage with.

This research was previously published in the Handbook of Research on Professional Development for Quality Teaching and 
Learning edited by Teresa Petty, Amy Good, and S. Michael Putman, pages 62-84, copyright year 2016 by Information Science 
Reference (an imprint of IGI Global).
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ABSTRACT

The purpose of this chapter is to present a systematic observational research on the math teachers’ 
assessment practices in the classroom. This research is a specific phase of an international project 
(FAMT&L - Comenius Multilateral Project) and it is aimed to promote the use of formative assessment 
in teaching mathematics to students aged from 11 to 16. The observational study is carried out by a 
plan of systematic observations of teachers’ behaviour in the classroom with the help of video record-
ing. Thanks to a specific tool of video analysis (a structured grid), developed using indications from 
international literature and experiences of teacher training in the five Partner countries involved (Italy, 
France, Holland, Switzerland and Cyprus), we managed to gather many different indicators on good 
and bad practices for the formative assessment of mathematics teachers. Furthermore, the analysed 
video will be used in in-service teacher training courses in order to promote a correct use of formative 
assessment and to improve achievements in learning mathematics.
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FRAMEWORK ON FORMATIVE ASSESSMENT IN 
MATHEMATICS TEACHING AND LEARNING1

Assessment in classroom has always been a key tool in order to promote, or to hinder, democratic values 
at school. An education system that does promote quality and equity for the learning achievements of its 
students, uses assessment as a key element to qualify the action of teaching in a democratic way, both 
at the beginning and during the process of teaching-learning; moreover it will consider the differences 
among the students and their possible learning difficulties as opportunities to make the teaching actions 
flexible in order to reach goals of quality for all (Vertecchi, 1976; Grandi, 1977; Weeden, Winter, & 
Broadfoot, 2002).

As we can read in Crahay and Issaieva (2013), it has to be a kind of assessment which adheres to a 
principle of equality of achievements (Bloom, 1968; Black & Wiliam, 1998; Guskey, 2005), hence to 
an idea of “fairness” in teaching, by offering more to whom possesses less.

This need of fairness in achieving the competences for citizenship (OECD, 2012; 2015; Eurydice, 
2012) is more evident in every education system when considering basic competences and at high and 
junior high school level, before the completion of the compulsory cycle of studies. In particular, rel-
evant problems appear in the field of math teaching, with important gaps in the conduct of the specific 
teaching-learning processes.

ASSESSING MATHS LEARNING: A DIDACTIC AND A SOCIAL PROBLEM

In Italian school practice, the assessment of Mathematical learning has been and in fact is yet tradi-
tionally oriented to a summative function, performed by means of written open tests (only recently the 
use of multiple choice tests is increasing) and oral-at-the-blackboard interrogations. Hence, is focuses 
primarily on students’ products (results of calculations, presentations of proofs, …). On the other hand, 
formative assessment, as it will be detailed below, requires being careful mainly of students’ processes. 
In this sense, we may say that in Italy math teachers have no formative assessment tradition, and in fact 
there is no systematic presence of it in pre-service training, and it is sporadic also in in-service training.

It must be noted that assessment, in math, has a crucial role in determining students’ beliefs and at-
titudes, which in turn influence students’ achievements (Di Martino & Zan, 2002; Bolondi & Ferretti, 
2015). Therefore recovering a formative dimension for assessment is a strategic goal for maths teacher 
and it may became a fundamental tool for switching all the didactic focus from the contents (the math-
ematical objects) to the actors (the students).

Maths activity in the classroom involves many components: discourses, technologies, visual represen-
tations; it is performed through explorations, work on specific tasks, explanations. Formative assessment 
takes place in this complexity of actions. Then it is important to train teachers to observe significant 
elements of this complexity, and for this purpose video analysis is a natural tool.

As examples of situations that are worthwhile to analyse, we may list:

• Administration of a written task, with discussion about it (the content, the form);
• Administration of a written task, with explanation of the objectives of the activity;
• Administration of a written task with the explicitness of the evaluation criteria;
• Individual interview with the use of tools of observation and interaction;
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• Self-assessment, written or oral;
• Classroom time devoted to peer assessment with shared criteria (for instance, Group A evaluates 

and discusses the tasks of a student of Group B, better with no crossing);
• Classroom discussion about the feedback of written test of formative assessment;
• Interaction among the class, the teacher and the student interviewed during an individual interview;
• Discussion groups in the class about a problem;
• Discussion in a group on the feedback of a task performed by the group;
• Discussion at the end of a task;
• Students’ or group’s reports of a performed task to the class;
• Return of a corrected task, with explanation of strengths and weakness points of the student.

Formative Assessment: A Support to Promote 
the Processes of Teaching-Learning

Since its origins (Scriven, 1967; Vertecchi, 1976), the main function attributed to formative assessment 
(FA) has been to use it as a regulator tool for teaching and learning.

Referring to the current international scientific debate on this issue, we can say that formative assess-
ment is characterized specifically as an assessment for learning (Weeden, Winter, & Broadfoot, 2002; 
Allal & Laveault, 2009). This means that it has to be an assessment which is functional to backing up 
and promoting learning; it is embedded in the teaching-learning process in a dynamic way, modify-
ing the teaching actions by following the needs of the students. The aim will never be just to attribute 
marks, or to make a résumé on the abilities of a student; formative assessment helps a teacher to gather 
information, to improve and make her/his teaching more effective.

Thus, when a teacher uses formative assessment, s/he is implementing two fundamental actions 
(Vertecchi, 1976):

• A diagnostic analysis of the achievements (knowledge, abilities) that the student is acquiring and 
which meta-cognitive strategies the student is following;

• Reconstructing the teaching routes by following the student’s needs and differentiating times and 
methods of the didactic process.

Thanks to this diagnostic function, formative assessment analyses the learning situations and can give 
information in order to take coherent and effective decisions. It focuses on the “errors” of the student 
and of the teacher, by considering them as resources for designing and re-designing interventions in 
view of the teaching goals.

This kind of assessment which has to be implemented continuously during the teaching process re-
quires a high level of professionalization of the teacher. Such as a coach in the training of an athlete or a 
team (Bennet, 2010; 2015) who proposes activities and tasks to the trainees (as a trial for their abilities), 
detects and immediately corrects their errors (by discussing with the trainees about them), understands 
the specific needs and gives formative feedback.

As every assessment procedure (Gattullo, 1967), also FA is characterized by three steps (Gitomer 
& Zisk, 2015, p.3):



264

The Use of Videos in the Training of Math Teachers
 

• An initial step of cognitive representation of which data we want to collect (“what we are trying 
to measure”);

• A step of specific gathering of data, by empiric observation (“how we collect evidence”);
• The interpretation of the data (“how we make sense of the evidence”).

Collecting evidence is an unavoidable phase (Ruiz-Primo & Furtak, 2004), inasmuch as it charac-
terizes FA as a specifically evaluative action, either if it is formally or informally done (informally as 
in the course of a teacher’s day-to-day activities) (Bell & Cowie, 2001; Duschl, 2003; Shavelson et al., 
2002). Without a willing gathering of evidence we would not be doing FA, but just a teaching activity.

The next step, data interpretation, is equally important. Doing summative assessment this step would 
end in the attribution of marks or of a judgment, doing FA any judgment is suspended. It is formative 
feedback that must take place in this moment, instead: the teacher’s answer to the needs/requirements of 
the student. Researches show that feedback – together with FA – is the crucial element, which contributes, 
in a statistically significant way, to improve the results in the students’ learning (Hattie & Timperley, 
2007; Hattie, 2009; 2012; Huelser & Metcalfe, 2012).

For this reason, the teacher’s practices in class are particularly important, both in the moment when data 
about the students’ achievements are gathered and analysed, and when interpreting the data, elaborating 
hypotheses about the kind of mistakes the students do and implementing feedback actions to help them 
in the critical steps in their apprehension. All this is really fundamental in the teaching of mathematics.

The feedback activity is a complex set of actions by the teacher, not easily described by a set of 
rules or given operations; for this reason, research in this field are particularly relevant and stringent: it 
is necessary, in fact, to clear up, in detail, which are the most effective conducts that the teacher has to 
implement in classes activities when facing a “stumbling” student.

Via the feedback, the teacher should manage to make the student’s errors explicit, and make them 
valuable as an asset in the learning process; in the meanwhile, the teacher has to sustain the students’ 
motivation to learn and to mobilize all their meta-cognitive strategies in order to overcome the obstacles. 
Here the didactic mediation is substantial; the teacher must use several and differentiated didactic tools, 
give additional explanations, sustain the students’ aloud reasoning (Weeden, Winter, Broadfoot, 2002; 
Bennet, 2010; Doabler et al., 2014).

Several researches about teachers’ behaviour highlight that they agree about the fundamental role 
of FA for the quality of teaching, nevertheless – in their practice – they follow more often summative 
assessment praxis. Also, in spite of the fact that they use FA in their ongoing activities, they may use 
superficial tests, propose mechanical answers, or give a feedback that is too generic (Looney, 2011, p.10). 
In fact, they seem not to be prepared to interpret the evidence they have about their students’ learning 
and often they attribute to external reasons the impossibility to implement FA (too many students in 
their classes, too large curricula to teach, organizational difficulties in their schools) (OECD, 2005).

The Importance of the Classroom Observation of Teachers’ 
FA Practices to Improve Their Professionalism

The experience in the schools shows that FA is not a natural habit for the teachers and there is a need to 
improve the teachers’ practices of FA.
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In order to achieve this, it is essential to acquire a deep knowledge of what happens in class during 
assessment activities, so to pinpoint “good” and “bad” practices and to plan effective paths for teachers 
training and staff development.

To better understand the object of the detecting phase of the research, it can be useful make explicit 
what we mean with “good and bad practices” in FA.

We consider a “good” practice of formative assessment a practice which actually gives a feed-forward 
to the teacher and the students, providing an improvement of the teaching-learning processes in progress. 
For instance, in line with our theoretical framework, it is a good practice if the teacher, while presenting 
a task that will be formally evaluated, shares the criteria of assessments with the students. Moreover, we 
consider a “good” practice if, during the administration of a task, the teacher gives enough time so that 
every student can work on the test/task and monitors the good use of time and if, during the assessment, 
the teacher records facts and observations related to students’ behaviour.

In our framework it is stressed the importance of peer and self-assessment as formative forms of 
assessment; so, for example, we consider a good practice when the teacher interacts with the peer and 
self-assessment process of the students.

Therefore, on the other hand, for us, these are examples of what we consider practices not suitable 
for a really formative assessment: teachers that don’t share the aim and the object of the assessment, that 
don’t keep care if the students actually understand the tasks and don’t accept students’ observations, that 
bound their feedback only to numerical marks.

Furthermore, teachers should assure a relaxing relation mood in classroom and don’t generate anxiety 
and any situations of competition among student.

At last, we assume that the formative assessment must generate feedback on the teaching and learning 
processes, so it is important that teachers use also the summative results in order to create an occasion 
of formative assessment: in this way, for example, the use of errors found in summative assessments can 
become a tool for a “good” practice of formative assessment.

Thus the FAMT&L project is aimed to analyse specifically the assessment behaviour of the teachers 
and this is why having videos of the activity in class and analysing them is a very important tool.

The systematic observation of the behaviour of teachers in their classes dates back to work of Skin-
ner and Bandura about teaching models and programmed instruction; it is from here that also the use 
of videos starts, above all with the strategy of microteaching, tuned up in 1963 by two researcher – K. 
Romney e D. Allen – at Stanford University (Allen, 1967).

Up to these days, many researches show that microteaching (Calvani et al., 2011) is quite effective 
and, more in general, so it is the observation of the teacher in class, with video analysis (of their own 
and other colleagues’ practices) in order to promote teachers’ changing of behaviours and to increase 
their professionalization (Rossi et al. 2015), and this also in the specific case of the teaching of math-
ematics (Casabianca et al., 2013; Walkowiak et al., 2014;). In particular, these strategies realize a tight 
link between theory and praxis, yield to a “view from outside” of the teacher with respect to themselves 
and to reconsidering what they did through a “reply” of their activity, via the recorded video sequences 
(Altet, Charlier, Paquay, & Perrenoud, 2006). All this:

• Allows a deeper reflection by the teachers on their own pratices and is a better answer to their 
needs of formation (Meyer, 2012; Ertmer, Conklin, & Lewandowski, 2002; Mottet, 1997);

• Guides any teacher to identify improvement strategies (much more than what the mere analysis of 
their students’ results could do) (Kane et al. 2011).



266

The Use of Videos in the Training of Math Teachers
 

This perspective is adopted by the researchers in the US (and Anglo-Saxon countries in general) 
(Guernsey & Ochshorn, 2011), and in particular by the major American professional associations (see 
the New Teacher Project; the New America Foundation, the TeachStone), but also by the research in 
Francophone countries about assessment and self-assessment of teachers (cf.. Laveault & Pasquay 2009; 
Paquay et al. 2010).

Thus also in the complex area of studies on FA, video-analysis strategies could give a valid contribute 
to act efficiently for the renovation in class assessment practices.

Research carried out by Kane et al. (2011) has attempted to explore the connections between the 
teaching practices of teachers and the student performances. It is precisely from these studies that the 
need for specific observational procedures emerges, in order to focus on the actions of the teachers in 
classroom, in particular on assessment practices. This is important both in the early phase of collecting 
information on students’ learning, and in the specific phase in which the teacher is engaged in formative 
feedback to the student.

Observation in classroom aims to detect the assessment strategies used by the teachers during the 
teaching-learning process:

• How the teacher conveys tasks and criteria for the assessment to the students;
• How the teacher presents and hands out the assessment tests;
• How the teacher gathers information in class about students’ learning;
• How the teacher corrects the valuation tests and the relative mistakes;
• How the teacher conveys a formative feedback to the students.

Via such observations it is possible to ponder about which are the good practices and which are not 
in FA; the analysis and the reflection with the teachers will help to achieve effective actions in teacher 
training.

Therefore, the training for teacher’s in-service that was designed for the project FAMT&L uses the 
procedures of observation in the classroom as a tool to support the teacher professionalism, by sustaining 
the teachers in specific situations, in order to design and to improve their FA practices.

The FAMT&L Project and Its Phases

The project of research, which this chapter refers to, is the LLP Comenius Project “FAMT&L - Formative 
Assessment in Mathematics for Teaching and Learning” and it has as its main object the use of formative 
assessment in the process of teaching-learning and the role it assumes in particular didactic practices of 
mathematics teachers at the middle level of school (students aged from 11 to 16).

The five member partners involved in the project are the Alma Mater Studiorum University of Bo-
logna in Italy, the University of Applied Sciences and Arts of Southern Switzerland, the University of 
Cergy-Pontoise in France, the University of Cyprus, and the Netherlands’ Hogeschool Inholland.

Research is based on a descriptive design, with the use of observational studies and surveys in order 
to understand analytically math teachers’ beliefs and practices and to detect training needs that require 
courses aimed at promoting a correct use of methodologies and tools to conduct correct formative as-
sessment activities.

The phases of the work designed to achieve the objectives, consisted in:
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• Survey on the beliefs and practices of students and teachers of mathematics about the evaluation 
of learning in the classroom;

• The design and the implementation of a web repository for teacher training, to support the adop-
tion of a proper use of formative assessment in situations of teaching and learning of mathematics;

• The development of a training model for mathematics teachers;
• The subsequent testing and validation of the same.

Thus, the analysis started with the administration of questionnaires to teachers and students of each 
Partner’s Country to gather information about beliefs and practices on assessment.

Furthermore, during the first phase (exploratory study), we conducted some case studies, with the 
help of video recording, to develop and try out an observational tool (a structured grid) to analyse as-
sessment practices in the classroom.

At present, in the second phase, we are carrying out a systematic observation study on a larger sample 
of video sequences of teachers in the five Partner countries involved (Italy, Switzerland, France, and 
Holland).

A specific tool (a structured grid described in the next paragraph) has been defined for such analysis; 
by using indications from international literature and experiences of in-service training, we managed to 
gather many different indicators on good and bad practices for the formative assessment of mathemat-
ics teachers.

Via video-analysis, and the use of the observation grid, research pinpoints the habits of teachers about 
gathering information on the students’ learning process, about correcting errors and using feedback to 
support learning.

With the videos collected about formative assessment situations, researcher will create a web-repository 
and design a teacher training program based on the use of such repository.

The project of the pilot training model started with the analysis of the results of a qualitative inves-
tigation about the beliefs and practices of mathematics teachers (in particular about the assessment in 
classroom), compared with the beliefs of their students.

In this work we will focus on the process of gathering and analysis of videos made in class, and then 
on the creation of a repository which will has to be able to include those and other didactic material to 
be used in training courses which will aim to promote FA in the practices of in service math teachers.

The videos collected for the web repository consist in recordings of real class situations, when math-
ematics teachers of the associated schools were performing assessment practices.

Examples of “interesting” situations that were considered are: the submission of a proof to students, 
the conduction of a written, oral or practical task, the correction of an assigned task (in group, individual 
or in pairs), the reflection on the mistakes that were made in a test; the teacher’s formative feedback 
during the work on an individual exercise, etc.

From these “long” recordings a number of short video-sequences were obtained. The short sequences 
will be the main training tool for the platform implemented for the training pilot course and will be anal-
ysed through systematic observations, so as to detect the presence or absence of indicators of behaviour 
which we defined in detail.

The tool that was built for the analysis of the video-sequences constitute a coding scheme that allows 
a meta-dating of each sequence, and a more specific micro-analysis, which can be used for individual 
or group interpretations with trainee teachers.
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In the next sections we will consider the operations of observing and analysing the videos we gathered 
by using a tool that was specifically created and tuned for this aim. This analysis allows archiving and 
metadata analysing of the micro-sequences and also led to a system of annotating the videos facilitating 
their storing in a web repository. These systematic processes should give an easy way to find specific 
materials in the repository, and also to integrate them into “pilot” training courses which should be a 
guide to promote a correct use of FA as a tool to improve the teaching of math.

In fact, this was the idea that guided the recording-analysis of the videos: to be able to use the ana-
lysed video-sequences as part of training courses for in service teachers. Such courses are aimed to the 
acquisition of specific skills in the use of formative assessment as an element that improves the quality 
of teaching.

In line with what emerges from the debate on teacher training, we can notice that the observation 
by the teachers of their own practices would allow them to change their behaviour by themselves and 
encourage processes of reconsideration on assessment and teaching.

A TOOL FOR OBSERVATION OF TEACHERS’ ASSESSMENT 
PRACTICES AND VIDEO ANALYSIS

The correlation between the research on teachers’ beliefs and the first phase of the observational research 
allowed to understand what kind of misconceptions the teachers have about formative assessment in 
the classroom.

What is shown is a common penchant towards the use of traditional practices of summative assessment 
and a difficulty in perceiving formative assessment as an useful tool to improve teaching and learning.

The difficulties in conceiving the efficacy of formative assessment have also been found while watch-
ing the video analysis of the first cases in consideration.

Many of the natural situations of mathematics teaching in the classroom, analysed through videos, 
point out an use of assessment with the following characteristics:

• It is specifically aimed at summative assessment, in order to give marks;
• It is not rigorous. The cases observed in natural environment show gaps in the “measuring” learn-

ing and an incorrect use of feedback to the student (labelling);
• It is poor at recording analytically the learning difficulties of each student.

The first results highlighted by the systematic observation of the videos allow us to understand the 
features of “bad” and “good” practices for formative assessment and to design specific interventions 
for teachers training.

Clearly, in order to get valuable information for our research, we had to build a tool for observation 
and analysis which could also be used to analyse the videos taped in class and for the archiving and 
categorizing of video sequences that can actually be used in future training courses.

Every video we got gets equipped with metadata which allow its categorizing and a sequent descrip-
tive analysis (caring for correlations) that will help us define the profiles of assessment practices in the 
classroom.
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Thus the grid we used has been structured with many levels. At the first level we find the data apt to 
“identify” the video files, so to allow a first archiving: Video’s identification code; Country; Language; 
Type: audio/video (length, format); Creation date; Author; School level target; Number of pupils in 
classroom, Presence of students with particular educational needs.

At the next level we use categories which allow to get deeper in a qualitative analysis as much as we 
consider many variables which get into play in such a specific and complex process as assessment is.

From an environmental perspective (Bronfenbrenner, 1979), this observation grid allows us to gather 
different indicators on assessment practices of mathematics teachers, grouped in five macro-categories:

1.  Mathematics’ contents (contents and capabilities which are the object of the teaching);
2.  Time of assessment (before, during or after a specific learning activity);
3.  Setting of assessment (with all the students in the classroom, with groups of students or with each 

individual student);
4.  Kind of tools for data gathering of students’ skills (written tests, oral exams, behavioural observa-

tion, etc.);
5.  Phases of formative assessment (presentation of the assessment activity; gathering of information; 

correcting errors; feedback). (presentation of the assessment activity; gathering of information; 
correcting errors; feedback).

In the first category we consider information on the mathematics contents which are the teaching 
subject for each lesson/situation. With a view on the complexity of the teaching-learning process, clearly 
activities in this category cannot just be considered as contents in mathematical knowledge (maths objects), 
but we had to widen our horizon in order to take into account the abilities and skills that the students 
put into play in the learning process. Thus, we adopted a two-dimensional frame contents/capabilities, 
a scheme based on the OECD-Pisa approach (OECD-Pisa, 2013). For contents: Numbers; Spaces and 
shape; Uncertainty and data; Relations and functions. For capabilities: Communication; Mathematizing; 
Representation; Reasoning and Argumentation; Devising strategies for problem solving; Using symbolic, 
Formal and technical language and operations; Using mathematical tools.

The second category (time) is useful in order to allocate where the (formative) assessment activity 
takes place in the longer time of the whole lesson. The setting (third) category considers the context of 
the formative assessment. This is needed since both categories, time and space/context (where we con-
sider also the predisposition of the class group), are variables which can condition the didactic process 
and, if pedagogically planned and sufficiently suited to the specific learning situation, can have a very 
positive role in facilitating the apprehension.

The tools that the teachers use in their assessment activity are very important too (the fourth category 
is dedicated to them); in fact, in order to guarantee a correct and rigorous valuation, the teachers must 
use tools that are suitable and functional to gather data on what the students have learned.

The last category is perhaps the most interesting and the most characterizing for our tool/grid because 
it gathers several kinds of behaviours and actions which will be considered as indicators to be observed 
in the different phases of the assessment procedure.

This grid has been revised in time and it is still subject to “additions”, above all additions to the list 
of observable indicators. In fact, the researchers were able to complete and validate it via the systematic 
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use of it in video-analysis, hence in observing specific actions and behaviours of teachers and students 
in class, during processes of assessment.

This tool has been proved to be very useful and also well implemented. It has been integrated in the 
online repository which contains short analysed extracts from the videos, so it makes easy the analysis 
itself and the metadata to insert in the videos, which can be found using single “words” of the grid as 
research and gathering criteria.

The repository (which will be better described in the next section) can at this time be accessed only 
by the researchers working with our project, because they are working to analyse videos and upload 
them on the present platform. As soon as the number of videos and other material will be adequate in 
order to be a valuable support for formative activities dedicated to teachers of several countries, the 
repository will become public.

Videos for Teacher Training on Assessment: Web 
Repository and E-Learning Platform

The grid described above has been set up specifically for micro-sequences (short videos) so to have a 
valuable tool for observation and analysis. To identify the observable indicators is a complex activity 
which has engaged all the partners in several attempts and working hypotheses and which produced a 
list of descriptions of situations which cannot be exhaustive since it is not possible to foresee all the 
meaningful possible situations that can happen in class. Hence there are blanks of the grid which have 
been left “open” for future comments and notes.

The University of Cergy-Pontoise (Paris) has been working video-analysis for years, hence their 
specific expertise and their hardware and software tools have been a very valuable support for our work. 
With their indications as a starting point, we carried out a research and a study of the most well-known 
software systems (both free and not) that are available for the analysis of human behaviour with the help 
of video recording (for example The Observer XT by Noldus Information Technology, or iCoda, only 
for Apple computers, and the free software Transana and Anvil).

Within the limits of our money resources and with the specific needs of our project, we realized a 
specific system for FAMT&L, which took its inspiration from the several software we have examined. 
Such system is a real repository which allows, on one hand, to gather the videos which have been en-
dowed of metadata and analysed into a sort of on line catalogue which allows to easily search and find 
the archived material using different criteria of searching. This way of organizing with metadata appears 
to be very functional also to gather quantitative data for statistics elaborations, to a macro-level, since it 
allows to find the total number of videos containing a particular value of some indicator.

On the other hand, this on line system permits also to get an easier visualization of the video sequences, 
of the categories used to label them and of the behaviour indicators that can be observed in the video itself.

The videos which have been gathered and analysed using this grid are systematically archived in 
the repository which has been designed for the web and implemented in order to be inserted in training 
programs specifically directed to in-service Math teachers (but it can also be used in pre-service training 
situations). We considered school grades corresponding to ages 10-16.

In order to allow the systematic use of the videos and of the other materials in pilot courses for the 
training of in-service teachers from the several countries in the project, we realized also a platform (Es-
pace) which will permit to supply formative routes both on line and in person. At the beginning, such 
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pilot courses will be tested in every country with in-service teachers and they will have a common model, 
to which the different materials (in different languages) will be adapted. Our perspective is though that 
those materials and courses could be adapted more specifically to different contexts and also be used in 
forming the future teachers.

In the learning environment (e-learning platform), different types of tools for teachers will be avail-
able: examples of learning contexts, video situations of mathematics teaching, assessment tools, training 
courses, etc.

All these educational materials can be used to promote a proper use of formative assessment in the 
teaching-learning situations; this platform will be the support for the training of mathematics teachers 
associated with the project.

The training program is based both on teaching general knowledge related to the field of didactic 
design and assessment practices, and on specific knowledge of mathematics education, with particular 
regard to formative and summative assessment, and assessment for learning. In fact, we think that it is 
the appropriate use of a correct FA methods and techniques is a key element to make the teaching of 
Mathematics more effective and innovative.

CONCLUSION: THE VIDEOS IN THE TEACHER TRAINING, 
BETWEEN THEORY AND PRACTICE

In the last years the teachers’ professionalism is a subject of debate and international research (Perrenoud, 
2002; Anderson, 2004; Darling-Hammond & Bransford, 2007; Koster & Dengerink, 2008; European 
Commission, 2002, 2003, 2005, 2012; OECD, 2005; UNESCO, 2005); and this research has been central 
in the matter of teacher training, as a strategic factor to improve the national educational systems (see 
Richardson & Placier, 2002; Darling-Hammond, 2006; Darling-Hammond et al., 2007; Coggi, 2014).

In particular, a good part of the scientific debate about teachers training activities seems to focus 
on a fundamental “crux” given by the relationship between theory and praxis, between knowledge and 
competences, i.e. by the research of how to form the teachers in such a way to get that the information 
they gain will really develop into new behaviours and competences that will enter into play in their 
everyday teaching practices.

In this line of thought, it is particularly relevant the concept of recursivity between theory and praxis, 
meaning an alternation between distinct (but at the same time interrelated) steps in a specific learning 
process (Atlet, 2003) which are able to translate theoretic knowledge and methodology into an action and 
also, at the same time, reflection on the action itself, a reflection that, in turn, becomes new knowledge, 
and so forth. There are several different contributes to this debate, based on interdisciplinary studies 
(in Pedagogy, Psychology, in Neuroscience) as the ones of Evidence Based Learning2, which offered a 
quite structured setting of knowledge about the most effective teaching methods, or as the most specific 
investigations aimed to point out the crucial factors in teaching behaviours in order to valuate and pro-
mote their efficacy, see the Gates Foundation’s study (2013) or the work by international projects such 
as PISA, TIMMS, PIRLS (Pearson, 2012).

Many of those studies seem to validate the idea that a fundamental step for the professionalization of 
teachers is the identification of the most suitable ways to conceptualize their explicit practices in teach-
ing (Rossi, 2014) by means of recursive processes, integrated and interdependent among them (Seidel 
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and Stürmer, 2014), as are observation, comprehension, anticipation or prediction (Rivoltella, 2014) of 
what happens and can happen after a specific action.

From here several indications stem about the most effective methodologies to promote the co-presence 
of theory and praxis in the teachers training (both in-service or pre-service). Such are the practices of 
laboratory activities and/or traineeship (Betti et al., 2014) and many techniques that can be based on the 
use of specific support tools, as, in particular, the videos.

Usually the training activities which are based on the use of videos are defined “video education”, an 
expression which covers an ample range of teaching experiences, starting with the first movies in the last 
century, to the use of television and analogue supports (VHS) and then to digital (CD/DVD) and tele-
matic ones (PC and multimedia) to end up with the Internet and the so-called Web 2.0 (O’Reilly, 2005).

The presence of videos in training activities for teachers is more and more common, with several 
modalities in their use (Masats and Dooly, 2011):

• As both an object and a tool for observation and analysis, to show a subject to the teachers (we 
speak of video-viewing, in this case);

• As an example or display, when the video shows the practices and the behaviour of experienced 
teachers in specific situations (video modelling);

• As a record of the teachers themselves, which is shared with the others, making it an occasion of 
comparison and debate with collegues or with a trainer (video coaching).

These modalities open several implications. The videos’ content can be quite different: a teacher 
records her/him-self, use recording of colleagues or other experts, focus on specific didactic practices 
or behaviours, attitudes, interactions. Moreover, the videos can be presented as an example of everyday 
teaching activity (Carbonneau & Hétu, 2006; Clarke et al., 2008), or as a “best practice” which rarely 
could be directly observed, or as a specific experience or experimentation (Santagata & Guarino, 2011). 
Also the length of the proposed videosequences can vary, from very short excerpts to longer and com-
plex sequences.

Several studies, anyway, confirm the effectiveness of video-based interventions in the training of 
teachers: videos become a tool which is able to integrate and support, via the visual activity, the direct 
observation and the learning of good teaching practices of which, otherwise, there could only be a de-
scription, oral or written (Santagata, Zannoni, & Stigler, 2007).

In the last years the didactic technique of microteaching has gained much credit; actually it is a 
technique that dates back to the experiences in the ‘60-’70’s by K. Romney and D. Allen at Stanford 
University. Allen himself defines (1975) microteaching as a method which consists mainly in having 
the trainee teacher to present to a small group of students a short time teaching session, concentrated on 
a specific subject. The short session is monitored from trainers which use videorecording as main tool. 
This will allow the supervisors of the microteaching session to show to the trainees, via the analysis of 
the teaching sequence, which abilities will help them to solve the problem in their teaching practice end 
the errors they can do in their activities. Such an analysis can promote and facilitate a reflexion on what 
is done in the class, which contributes to an improvement of the teaching practices. This attention to the 
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reflexivity as an attitude of the teachers to analyse and think over about their own practices, is essential 
to get an educational success (Dewey, 1961), and is what allows us to speak of the teachers as reflective 
practitioners (Schön, 2006; Damiano, 2007), and of a professional knowledge of their own (Calvani, 
Bonaiuti, & Andreocci, 2011).

Thus it is impossible not to see how effective the use of videos can be in the teachers training, but 
it is also important that this use take place within a well structured educational path, characterized by:

• A clear and thought over choice of the learning objectives that one wants to achieve with the train-
ees teachers (Blomberg et al., 2013; Seidel et al., 2011; Rossi, 2015);

• The production or selection of the videos best suited to the defined objectives;
• A good support and guide to the vision, comprehension and analysis of the video;
• Elaborating suitable tools for evaluation, appropriate to the objectives (Calvani et al, 2014).

Following these ideas, the FAMT&L project is aimed now at the elaboration of a pilot model of a 
course for mathematics teachers that can be followed in part as a distance course and in part in person. 
Such a course should integrate and use the analysis of videos made in class with teachers involved in 
the project with different modalities, but all oriented to the achievement of specific formative targets.

As we have already said, the idea that guided the recording-analysis of the videos was to be able 
to use the analysed video-sequences as part of training courses for in service teachers that can acquire 
specific skills in the use of formative assessment as an element that improves the quality of teaching.

In line with the debate on teacher training, the observation of teaching practices by themselves would 
allow changes in their behaviour and encourage processes of reconsideration on assessment and teaching.

In fact, the pilot course that will be developed will seek to use the video sequences analysed in order 
to promote critical thinking of teachers in training.

The model of the course will be tested and its efficiency verified with mall group of mathematics 
teachers in the several partner countries, so that it can be proposed as a model to be adopted also in other 
activities, both for in-service or pre-service teachers.

In the repository will take place videos and other materials which could be used in several different 
activities:

• Activities of self-training, for expert teachers;
• More “formal” activities, where teachers are guided using analysed videoes to promote develop-

ment of assessment skills;
• Activities in which the teachers may decide to be filmed to start a process of critical reflection on 

their teaching and evaluation methods so to be able to improve themselves.

Currently, the international research team is analysing the videos in the partner countries. The ele-
ments that are emerging are particularly interesting and underline the importance of observation in the 
classroom as a means for increasing the teacher professionalism.
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ABSTRACT

This chapter describes the design, development, and testing of a successful mathematics game-based 
intervention, Math Snacks, for students in grades 3–7. This program shows the impact of an integrative 
approach of developing Technological Pedagogical Content Knowledge (TPACK), where interactive 
digital media are combined with inquiry-based activities in classrooms facilitated by teacher involve-
ment. Teachers played a key role in development and testing of Math Snacks, both by using them in their 
classrooms and by teaching core mathematics concepts connected to each module during annual sum-
mer camps. Via this multi-faceted participation, teachers experienced a change in their understanding 
of how digital tools can connect with inquiry-based pedagogy, mathematical content and pedagogical 
knowledge to facilitate successful learning for students. Teachers began to approach multimedia and 
games as part of an inquiry-based pedagogical approach for mathematics learning, rather than seeing 
games as tools for student practice after learning a concept.
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INTRODUCTION

The Math Snacks suite of games, animations and learning tools engages students with critical math 
content. Produced in collaboration among mathematics educators, mathematicians, learning specialists 
and game developers, Math Snacks supplements instruction by making core math concepts more acces-
sible and conveying topics in a creative, visual, and applied way. For example, in Game Over Gopher 
the learner distracts space gophers from eating a prize carrot by placing feeders at points, or vectors, 
along the coordinate grid. Ratio Rumble features a Bejeweled-like board that starts with simple recipes 
for two-part, whole-number ratios, and gradually guides students toward mastery of three-part ratios 
and ratios with fractions and decimals. Scale Ella is an animated superheroine who uses the power of 
scale factor to set things right when the villain Scaleo transforms their length, width, and height. Each 
of the modules focuses on a core math concept and aligns with Common Core Mathematics Standards 
(CCSS-M). Each module is accompanied by teacher and learner guides, a teaching protocol, and an 
instructional video.

Teachers participated in development of the materials, were involved in research on the effective-
ness of the tools, and continue to use the successful game-based intervention designed to address gaps 
in the conceptual understanding of mathematics for students in grades 3–7. Specifically, this chapter 
focuses on changes in teachers’ understanding of how games can be used when connected to integrated 
mathematics pedagogy and content to support new ways to facilitate mathematics learning. During de-
velopment of the Math Snacks tools, teachers designed related inquiry-based materials to complement 
the concepts targeted by the games. They also tested Math Snacks materials in their classrooms, during 
summer camps, and met with the researchers to share how they used the games.

The background for this project shares how research began prior to the development of student and 
teacher conceptual understanding of specific mathematics content. The theoretical framework for this 
project provides specific information on how the digital games blend mathematical and pedagogical 
knowledge to provide new ways for teachers to teach and students to enjoy and access mathematics. A 
description of teachers’ roles in assisting developers to create a successful mathematics intervention 
that connects games with classroom-based inquiry shows the success in teaching mathematics concepts 
that have been challenging in traditional mathematics teacher-directed classrooms. While the study was 
not initially grounded in the TPACK framework (Koehler & Mishra, 2009; Niess, 2013), the study of 
teacher’s interaction with games while teaching mathematics can be further understood by referring to 
the evolving work in this area and Niess’s (2005, 2013) work in studying the integrated approach of 
teacher development in technological pedagogical content knowledge (TPACK).

BACKGROUND

The design of Math Snacks began with an investigation of common gaps in students’ understanding of 
math concepts in grades 3–7. The mathematics education research team in the Institute for Excellence/
Equity in Mathematics and Science Education (IEMSE) at New Mexico State University analyzed the 
results of 24,000 student scores on the New Mexico Standards-Based Assessment (NMSBA). On this 
test, half of the items were open-ended or short answer questions, so it was possible to see student mis-
conceptions in mathematical thinking in ways not possible on multiple-choice-only tests. Researchers 
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looked at the analysis of test results in several different districts and puzzled over almost identical pat-
terns of strengths and weaknesses in student performance across districts, regardless of economic status, 
number of English Language learners, or size of the district. For example, students across all districts 
had particular trouble with number concepts and operations, as demonstrated by low average score points 
on test items focused on operations with decimals and fractions. Similar patterns of common mistakes 
were found across the districts in all of the mathematics strands, including geometry, data, and algebra. 
This research provided a road map for developers interested in designing materials to address common 
student misconceptions. These findings became the basis of an NSF-awarded grant for the development 
of innovative media, resulting in modules called Math Snacks.

The finding of these common gaps in mathematical conceptual understanding motivated the research 
team to examine additional data to confirm the areas of mathematics weaknesses through classroom 
observations. Researchers examined the results of over 800 hours of classroom observations by trained 
teacher researchers using an observation instrument, the Observation of Learning Environments (OLE) 
(Valdez, 2012). The OLE was based on criteria suggested by Tarr et al. (2008), stating that an ideal 
classroom environment for learning mathematics had a combination of high standards and student-
centered and inquiry-based teaching strategies. This classroom observation tool was also influenced by 
work from Kinzer, Virag, Morales, and Korn (2012) who developed an Innovation Configuration Map 
to guide school–university partnerships aimed at improving mathematics teaching and learning. As part 
of the observations, extensive field notes were also provided.

The findings from the observation research confirmed that the areas in which students struggled, 
based on the analysis of answers on the NMSBA, also seemed to be the areas for which teachers lacked 
deep understanding. This result was not the fault of the teachers, since they had experienced the same 
mile-wide and inch-deep curriculum (Schmidt, McKnight, & Raizen, 1997) in their own education and 
had had few opportunities to think deeply about the math they were learning.

Additional Contextual Factors

The mathematics education research team at New Mexico State University had been working together 
for more than 12 years. It took about two years for mathematics educators and mathematicians to un-
derstand each other’s language and several years to move from what felt like a half day of math and half 
day of pedagogy to fully integrated teaching by teams of mathematicians and educators. The Institute in 
which we, as authors of this paper worked (http://stem.education.nmsu.edu), had been involved in part-
nerships between mathematicians, mathematics educators, researchers, school leaders and districts and 
had a well-developed research agenda that had evolved through three previous NSF-funded mathematics 
education reform initiatives. These strategies included collaborative work with district partners including 
administrators and teachers, collaborative teaching by mathematicians and educators, and a strong foun-
dation in connecting mathematics content to pedagogical knowledge in mathematics (Shulman, 1986).

In terms of this project, the pedagogical content knowledge (PCK) and the integration of mathemat-
ics content had been well established in previous work, materials and instruments. Materials had been 
developed within a constructivist learning approach and were being used in several statewide mathematics 
teacher professional learning projects. What is unique about this Math Snacks intervention program and 
what is needed as theoretical grounding for the researchers’ work with teachers involves three additional 
theoretical components: 1) using inquiry-based learning as a pedagogical approach for extending the 

http://stem.education.nmsu.edu
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learning of each core concept that makes up each Math Snacks game or module, 2) using interactive 
digital games and inquiry to teach mathematics content, and 3) TPACK development, as evidenced by 
the explicit use and acknowledged affordances of the technology, the Math Snacks games, as they were 
integrated by teachers in the teaching of mathematics content.

The Pedagogy of Inquiry-Based Learning and 
Knowledge Building/Construction

The theoretical basis for the Math Snacks Intervention program is constructivist and grounded in inquiry-
based learning, as well as knowledge building (Scardamlia & Bereiter, 2008). Current theory-based 
pedagogy supports metaphors that consider the construction of knowledge rather than the transmission 
of knowledge (Greeno, Collins, & Resnick, 1996; Van Meter & Stevens, 2000). In addition, the proposed 
knowledge construction, a.k.a. knowledge building, engages multiple cognitive and affective processes 
and may be aided by the use of technology as well as learners’ interactions in learning-centered classroom 
environments (Wertsch, 1985, 1998). The affordances of games for learning are connected to what is 
known about how people learn (Bransford, 2000) and how teachers can stimulate that learning through 
inquiry-based practices such as scaffolding, problem-solving, and asking appropriate questions at each 
stage of the learning process (inquiry-based teaching).

Inquiry is a teaching method that has been around since Socrates began to teach students all subjects 
by asking well-structured questions. Unfortunately, this method has lost its popularity within the grow-
ing accountability and testing movement in the U.S. By using carefully designed games connected to 
inquiry-based learning, problem solving can be reintroduced into the classroom as a core foundation 
for mathematics learning. The American Association for the Advancement of Science has identified 
the goal of inquiry-based learning as “to make all students scientifically literate, able to apply scientific 
knowledge to improve their own lives, deal with an increasingly technological world and make science-
related decisions as responsible citizens.” One of the benefits of inquiry is that it is student-driven, but 
instructor-controlled. Inquiry-based learning is not unguided, as some critics have asserted; rather, 
teachers provide the lesson framework and often the original data sources that can be used to address 
an issue (or at least guidance on how to find useful resources). Students are invited to ask, answer, and 
communicate their own questions even though they may have an incomplete schema about a particular 
topic. In doing so, students are free to make mistakes in a safe, collaborative environment, realize what 
they already know and what they need to learn, and gradually learn which guiding questions to ask. 
Through repetition of that process, students build confidence and critical thinking skills, including the 
ability to identify whether they have complete information and whether the source of their information 
is credible, and can further identify whether an argument is based on data or opinion. Accordingly, stu-
dents become better able to draw logical conclusions, identify variables and their impact, and achieve a 
basic level of quantitative literacy.

Using Interactive Digital Games and Inquiry to Teach Mathematics

The potential of inquiry-based learning inspired the Math Snacks development team in their design of 
the project’s games and modules, since inquiry can help to build both mathematical practices and con-
tent learning for students. The Math Snacks team looked at the affordances of technology for learning 
mathematics via the use of the multimedia properties and engagement made possible by games.
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Multimedia devices offer users multiple learning paths, conceptual reinforcement, and several layers 
of opportunities for cognitive enhancement, such as sound, image, text, etc. (Dede, 2009; Gee, 2003). 
The continual, conceptual reinforcement offered by digital learning environments increases intellectual 
engagement. The applied, real-world-like experiences help audiences synthesize and absorb information 
more effectively, providing suspense and engagement, giving instant feedback and deepening understand-
ing (Annetta, Murray, Laird, Bohr, & Park, 2006; Stephenson, 2013; Summit on Educational Games, 
2006). These “active ingredients” of multimedia devices set them apart from current practice and may 
provide an alternative pathway to engaging students in mathematics, especially students who have not 
been well-served by traditional mathematics (Moses & Cobb, 2001; Weissglass, 1998,). Serious games 
and inquiry-based video games, animations, mobile apps and websites have the potential to help increase 
learners’ conceptual understanding better than traditional education practices (Breuer & Bente, 2010; 
Dede, 2009; Gee, 2003, 2007; Schmitz, Klemke, & Specht, 2013; Trepka, 2008).

Playing games provides opportunities for young people to learn in different ways from those tradi-
tionally valued in formal school settings (Kirriemuir, 2002), and gameplay can actually benefit school 
performance. Pillay (2003) found that playing recreational computer games might influence children’s 
performance on subsequent computer-based educational tasks. Studies indicate the potential for mobile 
devices to engage learners and positively affect knowledge gains in math content (Kalloo & Mohan, 
2012; Kim & Chang, 2010). Hofstein and Rosenfeld (1996) suggest that learning contexts and learning 
methods should be mixed in order to provide a good blend of learning experiences. They further suggest 
that informal leaning can help students create a link to their classroom learning.

Educational researchers have reviewed ways math games can be effective tools for engaging math 
learners and supplementing instruction (Ota & DuPaul, 2002) and documented the effects of educational 
games on general learning and motivation (Ke 2008a; Vogel et al. 2006). Though many available math 
games emphasize simple math drill or practice, more refined math learning games have the potential to 
increase students’ motivation and engagement in a variety of contexts: Pareto et al., (2012) have shown 
that a “teachable agent”-based math game positively affected students’ math comprehension, but did 
not improve student attitudes toward math. However, collaborative and competitive activities carried a 
stronger motivational influence for students to play the game. In contrast, in a summer math program with 
fourth and fifth graders, Ke (2008b) found that computer math drill games, even though more simplistic 
than commercial role-playing games, and even when not yielding learning gains, significantly enhanced 
students’ positive attitudes toward math learning. Kim and Chang (2010) found differential-learning 
gains with a math game, whereby English language learners in a U.S.-based classroom derived more 
benefit from using a math game than did their native English-speaking counterparts. A meta-study by 
Young et al. (2012) underscored this variability of results between different games purporting to teach 
math. Research on the classroom effectiveness of Dimension-M, a drill-and-practice pre-algebra and 
algebra game, over an 18-week period, demonstrated that playing the game leads to higher achievement 
on math measures (Kebritchi, Hirumi, & Bai, 2010). These researchers also found that students who 
played educational games in the classroom setting exhibited greater motivation for doing mathematics 
than students who played educational games in school labs only.

Another analysis (Devlin, 2011) describes how games address the National Research Council’s five 
recommendations for conceptual understanding and mathematics proficiency (Kilpatrick, Swafford & 
Findell, 2001): 1) conceptual understanding; 2) procedural fluency; 3) strategic competence; 4) adaptive 
reasoning; and 5) productive disposition. Devlin also applies Gee’s 36 video game learning principles 
(Gee, 2003, 2007) to games for mathematics and concludes that both the cognitive and affective learn-
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ing of mathematics are supported by game use. Devlin concludes that improved dispositions towards 
mathematics as a result of playing a well-designed educational video game may help students feel better 
about learning math. Highlighting the importance of self-efficacy, he states, “To my mind, a productive 
disposition is the single most important outcome to aim for in K–12 mathematics education” (p. 163).

TPACK in the Math Snacks Intervention Program

TPACK is a framework that builds on Shulman’s work with pedagogical content knowledge (PCK) 
and integrates the use of technology with content-based teaching and learning. TPACK stands for 
Technological Pedagogical Content Knowledge. The initial acronym was TPCK (Koehler & Mishra, 
2006; Niess, 2005), updating to TPACK in 2007 (Thompson & Mishra, 2007). The framework (Figure 
1) acknowledges the complexity of teaching and can be used to understand and address the intersection 
of “content, pedagogy, and technology,” “plus the relationships among and between them” (Koehler & 
Mishra, 2009, p. 62).

“The interactions between and among the three components, playing out differently across diverse 
contexts, account for the wide variations seen in the extent and quality of educational technology in-
tegration” (Koehler & Mishra, 2009, p. 62). Though TPACK was not a formal component of the Math 
Snacks Intervention Program, this chapter illustrates the interactions and relationships in the project 
among mathematics content, inquiry-based learning (along with knowledge building/construction), 
and the technology of games. Further, this chapter provides an opportunity to reflect upon evidence of 
teachers’ development of TPACK, an area of inquiry which the researchers have identified as relevant 
to the Math Snacks project and in which they are currently pursuing more research.

Figure 1. Technological Pedagogical Content Knowledge (TPACK)
(Reproduced by permission of the publisher, © 2012 by tpack.org).
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THE DESIGN AND DEVELOPMENT OF MATH SNACKS

What is often lost in mathematics education, in both K-12 education and in teacher preparation, is the 
overall structure of the subject. Just as “a picture is worth a thousand words,” a few major mathematical 
ideas are worth dozens of specific terms, formulas, and procedures. For example, one big mathematical 
idea used in Math Snacks is that measurable quantities (length, mass, time, money, and so forth) can be 
clearly represented, understood, and manipulated with a number line. This simple idea is foundational 
for graphical representations ubiquitous in science, engineering, business, and many other fields. It is 
also foundational for understanding functions, trigonometry, calculus, and more advanced mathematics. 
The general concept of a number line encompasses many similar representations, such as bar diagrams, 
gauges and dials, and coordinate graphs.

The main mathematical idea with number lines involves quantities and their relationships, visually 
represented with a line or a pair of lines. The many details that arise include fractions and decimals. 
Students better understand the meaning of fractions and decimals as numbers describing quantities in 
between the whole units of measure. To put it another way, fractions and decimals naturally arise as 
sensible tools for describing the points on the number line which are between the counting numbers 1, 
2, 3, and so on. However, fractions and decimals are notoriously problematic subjects for students from 
fourth grade onward, because traditionally they have been required to memorize and practice dozens of 
rules and procedures – for example: common denominators, least common denominators, multiplying 
straight across, inverting and multiplying, dividing to convert a fraction to a decimal, comparing deci-
mals, lining up the decimals to add but not to multiply, counting decimal places, or shifting the decimal 
when you multiply or divide by 10. Little time is left to think deeply about any one concept, even if 
that concept relates to an important building block in mathematics learning (Ted Stanford, personal 
conversation, August 21, 2015).

The approach of Math Snacks has been to tackle a few key, high-mileage mathematics concepts, and 
connect them to the “pictures” that are worth the “thousand words.” These pictures or video images 
or game characters are what Tall and Vinner (1981) call concept images, which have been shown to 
be effective in facilitating learning in mathematics. Such images help students to ground key concepts 
in their short- and long-term memories after working with these representations in each Math Snacks 
module. For example, one of the developers’ first priorities was to tackle number lines, because of their 
utility in making sense of all the things students have to learn about fractions and decimals. The video 
Number Rights was made so that students would start thinking of fractions as legitimate numbers, not 
as some weird, hard school math topic with a bunch of arbitrary rules. The game Pearl Diver was made 
so that students could actively visualize and interact with the structure of the number line and the ways 
of naming its points.

Additional Math Snacks Resources

Part of the plan for the development of Math Snacks resources, models and tools was to build games that 
would help students learn concepts first through media and gameplay. The developers and researchers 
initially planned to write follow-up activities themselves, but saw the potential of teachers to contribute to 
this effort. As a result of working with classroom teachers in their classrooms, the research team invited 
10 to 12 teachers to serve as Mathematics Teacher Leaders in camps each summer.
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The teachers worked in pairs to learn and teach games to the students invited to the camp. Camps 
ranged from 60 to over 100 student campers. Each team of teachers took two games and, working as a 
team, taught students during the morning and facilitated follow-up inquiry-based activities connected 
to the concept taught in each snack. In the afternoons the teachers met to discuss which strategies had 
worked to help deepen the understanding of target concepts by the students. They worked together to 
make adjustments in their plans for the next day.

Math Content Used in Math Snacks

Prior to designing the Math Snacks games, the research team spent time studying pivotal math concepts 
needed in fourth- to seventh-grade students based on previous research on student standardized test 
scores, which showed weaknesses in specific areas in mathematics. As the educators, developers, and 
mathematicians reflected on and examined what teachers and students were struggling with in mathemat-
ics, they also asked questions about why students were not getting these concepts and to what extent 
the problem was a lack of deep understanding of the concept (content knowledge) versus a pedagogical 
content problem (the pedagogy of mathematics teaching). The Math Snacks research team spent a se-
mester refining the desired educational outcomes for the Math Snacks products. This design document 
established research-based lists of common gaps in mathematical understanding, the team’s approach 
to mathematics teaching and learning, the affordances of games, and the national math standards at that 
time. All of this background fit nicely within the Common Core standards that were introduced nation-
ally during the five-year Math Snacks project.

Mathematics Learning Outcomes in Math Snacks

As suggested by the Learning Games Design Model (Chamberlin, Trespalacios & Gallagher, 2014), 
the development team first engaged in immersion, a process through which all members of the design 
team come to fully understand the content, as well as related games and gameplay mechanics useful 
for encouraging learning in that content area. Over the course of a couple weeks, the team had daylong 
meetings to first understand the content that needed to be taught, and then articulate that content into 
a meaningful design document. Math educators and mathematicians taught lessons to the entire team 
and engaged them in the types of problem-solving that challenged learners. Through this process, the 
team came to understand what conceptual understanding of the content looked like, specific ways in 
which learners misunderstand the content and what that looks like, and what the learner can do if they 
truly understand the concepts. This process led to the document in Table 1, “Math Snacks Goals and 
Learner Outcomes,” that articulated specific content, as defined by learner outcomes. The developed 
Math Snacks modules focused on specific goals and outcomes, most of which are addressed at some 
level in elementary and middle school and related to the CCSS-M.

With the content goals and approach well defined, the design team fully recognized the content needed 
to address in technology-supported learning tools, as well as supplemental materials. This framework 
also helped the teachers understand the goals of Math Snacks.

A critical part of the design process was testing everything with our target students and testing in 
classrooms with teachers. The design process continued throughout the three years, until all the content 
had been addressed. The process is more fully articulated in Bridging Research and Game Development: A 
Learning Games Design Model for Multi-Game Projects (Chamberlin, Trespalacios, & Gallagher, 2014).
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Table 1. Math Snacks goals and learner outcomes

Learner Outcomes Based on Their Understanding of the Concepts, Learners Will Be Able to:

1. Numbers • Give visual representations of (draw pictures of) whole numbers, fractions, and decimals. 
• Provide a context for the usefulness of fractions and decimals. 
• Decompose numbers in different ways and use these decompositions to solve problems in various contexts. 
          o e.g. 8 = 2 + 6 = 0 + 8 = 10 − 2 = 7.5 + .5
• Demonstrate facility with the base ten system for representation of numbers, such as the thousands, hundreds, 
and ones places as well as the thousandths, hundredths, tenths places. 
          o e.g. Explain difference between 683.34 and 68.334

2. Operations • Provide visual representations of the four operations, especially on the number line. 
          o e.g. Draw a picture of what it means to multiply 4 × 10 or 4.5 × 10 on a number line.
• Demonstrate or give examples of how the operations on fractions and decimals follow sensibly from the 
operations on whole numbers. 
• Use visual representations and contextual situations to demonstrate the similarities and differences between 
operations. For example: 
          o The inverse relationship between addition and subtraction (they undo each other). 
          o The inverse relationship between multiplication and division (they undo each other). 
          o The distributive relationship between multiplication and addition/subtraction (7 times 215 is the same 
as 7 times 200 plus 7 times 15 or 7*215 = 7*200 +7*15). 
• Choose the appropriate operation for a given situation. 
          o Multiplication – area model; 
          o Multiplication – rows by columns; 
          o Division- – Sharing 3 cookies with 4 kids; 
          o Addition – increasing in value; 
          o Subtraction – decreasing in value.

3. Ratio and 
Proportion

• Identify ratios when used in a variety of contextual situations. 
• Provide visual representations of ratios 
• Solve common problems or communicate by using rate, particularly unit rates. 
          o e.g. Cost of gas per gallon; Number of miles traveled per hour; Number of candies per bag.
• Explain why ratios and rates naturally relate to fractions and decimals 
          o e.g., Even if you begin with whole numbers, like 5 cans of soup for 3 dollars, you need a fraction to 
represent the unit rate of 1 2/3 dollars per can, using PER unit measurement. 
• Give visual representations or contexts that explain the difference between additive vs. multiplicative 
comparisons, and choose which comparison is appropriate for a given situation. For example, a 6-ft man is 
standing next to a 3-ft child. The man is 3 ft taller than the child (additive). The man is two times taller than the 
child (multiplicative). 
• Use scale factors to change the width, depth and height of a given object, including scale factors with 
fractions and decimals.

4. Number Line • Place whole numbers, fractions, decimals and mixed numbers on a number line, recognizing they are all on 
the same number line. 
• Using a number line, give examples of mathematical operations with related pictures or contextual examples. 
• Recognize and use different representations of number lines, including vertical, horizontal, scales or dials. 
• Demonstrate facility with scale on the number line. For example: Increasing the length of a dog by a scale 
factor of 2.5 or 250%. 
• Use the number line for measurement and estimation. 
• Use two, parallel number lines to represent multiplication, proportions, direct variation, linear functions and 
percentages.

5. Measurement • Apply units on a number line to measure length. 
• Use ratios and proportions to change units. 
• Demonstrate differences between length, perimeter and area by using the number line and the coordinate 
plane.

6. The Coordinate 
Plane

• Demonstrate the relationship between the coordinate plane and the number line. Both the horizontal axis and 
vertical axis are number lines. Locating points in the x-y plane is similar to locating them on a number lines in 
one dimension (make sure to include fractions and decimals when plotting points). 
• Graph ordered pairs, and interpret the meaning of the ordered pairs in context. 
• Graph linear relationships. Relate points to a table, a contextual situation, and an equation.
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Pedagogical and Technological Criteria for Math Snacks Games

At the end of the design work and testing during the Math Snacks project, the researchers involved had 
a solid idea of the characteristics of the games that had led to success for mathematics learners. Table 2 
describes optimal game design structure as well as providing examples of the application to Math Snacks 
games. These criteria integrate the desired mathematics content to be taught, the use of inquiry and 
pedagogical content, and the specific affordances of games (the main digital tool used in Math Snacks).

Math Snacks Products

Currently, Math Snacks products include six animations and five games, all of which are available in 
English and Spanish and are free to watch and play online (http://mathsnacks.org). This chapter focuses 
specifically on the games (Table 3). In addition to the extensive learning tools, each snack includes 
several supporting materials for classroom use. The design team did not create Math Snacks to be used 
independently by the learner but always envisioned them as part of a larger, extended classroom learn-
ing experience.

In creating support materials, the team facilitated hands-on activities based on the concepts introduced 
by the animations and games, provided guidance for teachers in using the tools, including videos on 
how to teach with each snack, and helped guide learners from conceptual understanding to application 
of that knowledge to solve problems. These support materials were iteratively developed over the first 
few years and the final products were influenced by teacher contributions and testing.

The Study of Teacher Involvement in Math Snacks

Teachers played an important role in the development and testing of Math Snacks. After the initial de-
velopment of the games, teachers were recruited to assist in the development and refinement of student 
learner guides. This group of 10 to 12 teachers worked together to write content for the initial teacher 
and student guides. From the beginning, the philosophy of the team was to provide games and associated 
inquiry questions that had an accessible entry point for all students, but that also a high ceiling so that 
challenges for more knowledgeable students also existed. The questions in each learner guide provide 
scaffolding so that students felt comfortable at the beginning and were not intimidated as questions be-
came progressively harder. Once each learner guide was initially developed, teachers were then asked 
to use the guides in their classrooms and report back the results. Teachers were able to identify which 
questions were accessible and which ones led to frustration for the students. This process allowed the 
development team to modify the questions as needed to make them as useful as possible in ordinary 
classrooms and to provide the appropriate guidance for the teacher in the Teacher Guides.

Math Snacks Summer Camps and Development

Perhaps the most powerful role for teachers in the development of Math Snacks was their role as lead 
teachers during the annual Summer Math Snacks Camps. From 2010 to 2014, there were seven Math 
Snacks Camps. These camps served a variety of research and development purposes, including: observa-
tion of teaching strategies and student learning, design and refinement of teaching and learning materi-

http://mathsnacks.org
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Table 2. Conceptual framework for math learning in games

Content Example

Multiple approaches to 
solving problems

Games should provide more than one way to solve a problem. For example, in Monster School Bus, 
players decide on their own approach to grouping whole numbers to 10, and then decimals to 1. In Game 
Over Gopher there are many different tools that can be used to stop the gopher from eating the giant 
carrot. It is up to the user to choose which tool to use and where to put the tool for the most effective 
deterrent to gopher eating.

Inquiry approach in learning Teachers using the games are encouraged to ask inquiry questions during and after gameplay. For 
example, if a student is stuck in a game the teacher is encouraged not to correct his work but to ask 
questions such as “What have you tried so far?”; “Why do you think that idea didn’t work?” Learning 
that mathematics teachers are not always comfortable with using inquiry in instruction, the Math 
Snacks project created both Teacher Guides and Teaching With videos to model the use of inquiry 
questions during and after gameplay. Learner guides are project-based and require individual and group 
mathematics discourse and problem-solving. All games are designed to encourage learners to wonder 
why or how something works, and then understand the best approach.

Extensive user testing for all 
aspects

Multiple users should test all games and activities. Perhaps the most important users are the students. Try 
to set up a lab for students to come to after school or in the summer and ask the students which characters 
they like, what actions they want to see happen, and what additional actions would be cool. However, it is 
also important to test with teachers and principals, who can be gatekeepers for some characters or actions 
they would not want to see in a school. Other developers are also good testers for your game. Sometimes 
you will have to change things that the kids like to make them acceptable to school district supervisors

Embedded vocabulary All of our games use a lot of math vocabulary; however, the vocabulary is integrated where it is most 
relevant. Instead of “defining” a term for the learner, the snacks allow the user to understand its meaning 
in context. The “origin” of a graph is never defined, for example, but after using the Iceburg Lettuce tool, 
users know exactly what the origin is and how to define it themselves.

Multiple representations of 
numbers and operations

Most of the games have multiple representations of numbers. For example, Gate shows number 
combinations in three ways: as a numeral, as a graphic representation, and on a number line at the bottom 
of the game. In sharing multiple representations across games, learners can manipulate numbers in the 
ways that make the most sense for them.

Easy entry, high ceiling This is a design principle first used by the LOGO creator Seymour Papert. All of the games have an easy 
and inviting entry so kids can start playing successfully without instructions in the early levels. Kids who 
know the basic concepts can move quickly to higher levels.

Limited “instruction” Each game, in the manner of a Montessori tool, leads the user to the right steps with guided scaffolding 
in gameplay. In Ratio Rumble, kids are able to play within a few minutes, without tutorials or wordy 
instructions. The same is true of most of the games.

Immediate natural feedback When students make a mistake in a game it is important NOT to give an exciting response like the 
character in Hangman being hung. Instead students should be able to try again to get the game to work 
for them. Here is an example from Ratio Rumble: when users build an incorrect ratio, they don’t receive 
any kind of error messaging. Instead, it is clear visually that the ratio doesn’t “take.” The succinct 
feedback means that when the correct ratio is built, users move quickly, without losing time to irritating 
negative feedback.

Application of game-based 
content into activities

Hands-on classroom activities guide students in applying concepts learned in playing Game Over Gopher 
into more meaningful application. In the classroom activity Scavenger Hunt, the students control the 
gameplay, with the first player naming a secret point on a grid, and the second player finding it with 
clues from the first player.

Individualized time for doing 
the games

In the final study of the last Math Snacks project, embedded data showed that students repeated the 
games until they could achieve the level or rewards they wanted. Achievement on math skills was 
correlated with game level reached, and anytime access to the games outside of class granted students the 
ability to play at their own speed.
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als, instrument validation, and lesson plan refinement. In addition to these intentions, some ancillary 
outcomes were related to teacher pedagogy that became evident in the camp setting.

Each camp was structured as a five-day experience where students worked in a classroom setting 
from 8:30–11:30 a.m. Teachers, most of whom had some familiarity with Math Snacks from classroom 
testing, were invited to teach one or two of the Math Snacks games to several groups of students in the 
mornings. The camp was designed so that students rotated through at least two Math Snacks modules 
based on the age of the students. Teachers worked in pairs and had sessions with an outreach professional 

Figure 2. Math Snacks games

Table 3. Observed criteria for exemplary classroom teaching of mathematics

The enacted lesson provides opportunities for students to make conjectures about mathematical ideas.

The enacted lesson fosters the development of conceptual understanding.

Students explain their responses or solution strategies.

1Multiple perspectives/strategies are encouraged and valued.

The teacher values students’ statements about mathematics and uses them to build discussion or work toward shared understanding for 
the class
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prior to participating in the camp so they could plan, with assistance if necessary, what they would teach 
during the camp.

Specifically, in years three and four, the paired teachers were invited to share some of their own 
ideas for following up on the Math Snacks games by designing group learning activities. The team 
considered having teachers and students together in real-time learning experiences to be an especially 
effective form of professional learning, and this forum was enhanced by daily debriefing sessions with 
the Math Snacks team. These debriefing sessions were sometimes used for professional development 
purposes, other times to gather information about student learning, sometimes to refine products, and 
always to provide a space for the teachers to share ideas. The Math Snacks development and research 
team members primarily served as observers during the morning session and facilitators of the debrief-
ing sessions in the afternoon.

Some of the ideas that teachers and students created also became powerful bonus activities for each 
of the games. For example, after playing the Monster School Bus, students set up a real neighborhood 
on the playground and moved in the most efficient way to pick up their classmates at each house stop. 
After playing Game Over Gopher, the teachers helped students draw an x-y axis with chalk on the 
playground and created a treasure hunt using x,y coordinates as clues for finding cards that included a 
description of a treasure. Developing the games with teachers and students contributed many rich ideas 
to the final products.

Student Engagement and Development of Teacher and Student Materials

The focus of the camp was to determine how the use of Math Snacks animations and games, along with 
inquiry-based activities, could help classroom teachers to support student learning. In some cases teach-
ers followed lesson plans developed by the Math Snacks staff; in other settings, the teachers developed 
their own lessons. Many of the lessons that evolved in real time in the summer camps became part of 
expanded learner guides and contributed to our Teaching With Math Snacks videos.

The Math Snacks staff focused on observing teaching strategies, student language, student interaction 
with the materials and evidence of actual learning. If students were observed struggling on a particular 
aspect of a game or a learning tool, the staff worked with the teachers to make adjustments to the materials 
to encourage a deeper understanding of content. For example, the game Gate was piloted at Math Snacks 
Camp. In the beginning, Gate was known as Number Dungeon and it was very difficult, even in early 
levels. Students were observed playing the game for the first time and after some exposure. As a result 
of these observations, the leveling of the game shifted, the input methods were adjusted and the concepts 
covered were elevated through the addition of extra levels in gameplay for higher achieving students.

RESEARCH METHODS, DATA SOURCES, AND DATA ANALYSIS

The primary research questions for these studies were:

1.  How do teachers teach with the games?
2.  How do students learn with the games?
3.  How should the assessment instruments and teaching materials for the games be developed?
4.  What additional studies in the future involving teachers, math learning and games are needed?
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Multiple data sources were used to gather data for responding to these questions.

• Pre and Post Math Content Tests: The research team developed a short math content test for 
each of the games. The tests contain both multiple choice and open-ended questions. The tests 
were administered in an O X O model.

• Observation Tools: The research team developed a classroom observation tool for use in the sum-
mer camps to evaluate teaching and learning with games. The three P.I.s, Drs. Karin Wiburg, Ted 
Stanford, and Barbara Chamberlin, spent at least 14 hours observing students and teachers during 
the daily camp sessions. The external evaluator, Dr. Martha Martini, and three doctoral research 
assistants also attended the camp daily to observe. Each observer, regardless of his or her capacity, 
used the Math Snacks Camp Observation Form when evaluating a session.

• Engagement Log: Each observer was asked to check student engagement every 15 min. throughout 
the day. If a student was not engaged, the observer was asked to make a note of the circumstances.

• Teacher Debriefs: At the end of each day, the Math Snacks staff and the teachers held a debriefing 
session to discuss the teaching and learning that took place that day. The head of the development 
group and the research group attended most of these sessions.

• Student Focus Group: On the final day of camp, the students participated in a focus group about 
their experience at camp and specifics about the games. Each focus group was recorded and notes 
were taken by one of the Math Snacks team members.

• End of Camp Student Survey: On the final day of camp, each student was asked to fill out an 
online survey about his or her camp experience.

• End of Camp Teacher Survey: On the final day of camp, teachers were asked to fill out an online 
survey about their camp experience.

• The External Evaluator: From Wexford, Martha Martini, observed for three days at the camp 
and provided an external evaluation of the camp for the Math Snacks staff.

The research team analyzed the pre and post content tests, student and teacher surveys, focus group 
transcripts, observations, and engagement logs. The team also received feedback from our external 
evaluation team, Wexford, Inc. Approximately 20 observation forms were filled out by the researchers 
on Game Over Gopher, 7 for Monster School Bus, 14 for Gate, and 10 for Ratio Rumble. The engage-
ment logs were filled out daily for each grade level group.

Student Outcomes

During the last year of the summer camp, and after the instruments had been previously validated, 80 
fourth, fifth and sixth grade students took a pre- and post-test related to the math concepts in the Math 
Snacks games. The students showed gains from pre- to post-test on math concepts related to all four 
games. Although seventh graders showed some gains, their knowledge of the math concepts was high 
from the beginning, allowing little room for growth. The largest gains were made by fourth and fifth 
graders on Gate, Monster School Bus and Game Over Gopher, with some students getting almost twice 
as many points on the post-test as the pre-test.

Preliminary results indicate that students who were not already exposed to the math concepts in the 
games made the greatest gains when introduced to these math concepts using games and special supportive 
learning activities designed by the camp teachers. For some boys, especially, it seemed easier for them 
to learn challenging math concepts from the games than from traditional paper-and-pencil mathematics. 



293

Transforming Mathematics Teaching Through Games and Inquiry
 

Additional analysis continues through future summer camps made possible by a new funding cycle for 
Math Snacks. These anecdotal findings suggest there may be benefits in introducing new mathematics 
concepts through interactive games and discovery rather than in traditional teacher lecture fashion.

Additional student data include the following:

• 74% of the students said that playing the video games was the best part of Math Snacks Camp.
• 90% of the students told their parents about the games after camp.
• 70% of the students played games at home after they left camp.
• 50% of the students told their friends about the games when they left the camp.

Instrument Validation and Student Learning

At the beginning of each camp in years 2 and 3, students were given an assessment, before and after 
the camp to measure learning gains on specific math concepts that were the target of that summer’s 
camp. During the years two and three, the assessments were also given as a way to pilot and validate 
the instruments for measuring gains in knowledge of the targeted mathematics concepts. In the first two 
years, teachers and students participated in inquiry-based learning activities related to the Math Snacks 
animations. In the third and fourth year, the teachers and students worked with the Math Snacks games.

During the camps, students took specific assessments as a way to pilot instruments that were later used 
in larger studies. The Measure of Mathematical Learning II and the Measure of Mathematical Learning 
III were validated during the summer camp experience. The team was able to identify valid questions 
and eliminate those questions that were not valid for measuring the targeted math concepts. The test 
developers were also able to create better instructions for the students, and test for an appropriate length 
to obtain the math measurements.

Teacher Outcomes

Our goals for the summer camps were to work with teachers to combine exemplary math games with 
classroom-based inquiry supported by technology tools, in this case interactive digital games. The Math 
Snacks team intended to make rich games with easy entry points and high ceilings that could support 
students in learning important concepts even if they missed a day or two of mathematics lectures. The 
goals for the games were to encourage more inquiry, offer no quiz games (or games that simply rewarded 
students for answering a question or that encouraged memorization), and to actively engage teachers 
with the students while they watched how they used the technology of Math Snacks animations and 
games. Teacher Guides with suggested lesson protocols, as well as videos showing teachers using the 
Math Snacks materials, were designed to assist in teaching mathematics with technology in new ways. 
Findings from the use of the OLE observation tool, as well as the work of Tarr, Reys, Reys and Chávez 
(2008), who wrote about the criteria for exemplary math classrooms, informed Math Snacks development.

Impact On Teachers’ TPACK Development

Over 50 teachers participated in the Math Snacks summer camps, some for all three years. Although 
each camp was slightly different, there was one common thread throughout all of the camps, which 
was a demonstration of teachers’ TPACK development. This common thread was a shift from teachers 
using the technology, the Math Snacks games, as a reward for students who completed their work, to 
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the use of the Math Snacks games as a tool for learning mathematics content via games connected with 
inquiry-based pedagogy that the teachers used as follow-ups to the games. The games were also avail-
able to students after school via the public website (mathsnacks.org) for those students with access to 
computers, either at home or in public libraries in the city.

During the daily debriefing sessions, teachers commonly made comments about this shift in their 
thinking. For example one teacher expressed that before the Math Snacks camp experience, she used 
games only as a reward, but after the experience she understood how games could be used as a learn-
ing tool. Another teacher wanted to teach the content before the kids could play a game because they 
were used to games being used as a tool for “practice.” After the Math Snacks Camp, teachers saw that 
the game could be used as a teaching tool for introducing new content and that it was not necessary to 
cover the content before gameplay, but rather to encourage discussion about the content during and after 
gameplay. In addition to these two shifts in teacher TPACK development, teachers began to understand 
that “noise” during gameplay was evidence of learning, since students naturally helped each other to 
progress in the games. Contrary to popular belief, the use of technology and games can create a more 
interactive classroom than seen in traditional lecture classes. When students were encouraged to have their 
volume turned up so other classmates could hear the sounds during gameplay, they were more likely to 
interact with each other and help each other with both the dynamics of gameplay and the understanding 
of the mathematics content. When students were asked to turn down the volume or wear headphones, 
this peer-to-peer interaction did not take place, and the opportunity for students to help each other and 
learn from each other was limited.

Identified Needs Regarding Implementation

In working directly with teachers through the Math Snacks user testing, camps and classroom observa-
tions during the five-year development period, several recurring trends emerged regarding the challenges 
of integrating animations and games into the classroom. After the first two years of development, the 
team recognized the importance of providing additional support to teachers in order to ensure that Math 
Snacks would become a strong partner for learning. Without knowledge of inquiry-based teaching, many 
of the teachers struggled to present the materials in ways that allowed students to discover the meaning 
of the mathematics in each of the modules.

The team was committed to putting the Math Snacks intervention on-line, and it was not possible to 
hold in-person Math Snacks Camps for all of the teachers who wanted to learn how to do inquiry with 
games and animations. The observation of the need for additional teacher support led to a more extended 
collection of teacher support materials than originally planned. The team had planned to create videos 
to describe Math Snacks and help teachers decide if they wanted to use them in their classroom. Initial 
plans also included developing Learner Guides for students to transfer their conceptual knowledge to 
problem solving. Throughout development and discussion, the team expanded their teacher support tools 
to include increased pedagogical support. Teacher Guides — initially brief, providing only standards 
and answers to the Learner Guides — grew to include vocabulary, recommended teaching activities, and 
guidelines in using the animations and games. The team decided to create the Teaching With videos to 
demonstrate specifics about each game and animations, and model appropriate inquiry pedagogy, since 
many of the teachers were only familiar with the traditional math classroom involving teacher lectures 
followed by student practice. These Teaching With videos showed real teachers teaching real students 
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in a classroom setting. The making of these videos to show models of implementation became a major 
activity in the third and fourth year of the project and required shifting some funds to this effort to make 
these videos as powerful and useful as possible.

SOLUTIONS AND RECOMMENDATIONS

During the five-year development process, the team applied a specific interdisciplinary design model 
to shape the design of the tools, articulate research-based learning objectives, conduct formative and 
summative evaluation and create technology tools based on extensive input from teachers and learners.

As a result of observing teachers teaching and students learning in classrooms and during summer 
camps, the Math Snacks team working with the summer camp teachers developed a list of key recom-
mendations for teaching games in the classroom.

• When teaching with animations, watch once for fun as a class, then watch again, pausing to dis-
cuss throughout. It was not uncommon for a class to watch an animation a few times, pausing at 
critical vocabulary points, or discussing “what just happened there?”

• Ask students to define vocabulary after playing the game. It can be tremendously valuable for stu-
dents to identify math vocabulary used in games after they have heard the terms used in context. 
In fact, it was surprising how much math vocabulary students gained after just playing the games. 
The games are designed to expose students to vocabulary through gameplay. During gameplay, 
teachers might stop the class, and ask the students to list the math terms they’ve heard so far, 
prompting further discussion before the class returns to the game.

• Get students moving. Engage in activities where students collect their own data, as related to the 
games. When a class engages in a technology activity together, they have a shared experience and 
understanding. Teachers can build on that by then asking students to expand what they learned. 
For example, in the animation Bad Date, two characters track how many words they said to each 
other as a ratio. In class, students can talk for 2 minutes, tracking how many words they each say, 
and building their own ratio. In discussing the process, the teacher can lead the learner through 
important questions, such as “what is considered a 1:1 ratio?” Similarly, after playing the game 
Monster School Bus, where players pick up monsters of various sizes to fill a 10-frame, students 
can stage an in-class Monster Bus. After each learner is given a card with a number written on it, 
the “bus driver” can run around “picking up” students with the correct numbers. All of the Math 
Snacks have some kind of activity where kids are actively participating in data generation, col-
lection, or movement-based learning. When students are engaged on hands-on learning and have 
some control over what they are doing, the concepts become much more meaningful to them.

• Get students talking. When students talk about the games or the animations, they also talk about 
the math. Teachers should make sure games are played with the volume turned up, and should fos-
ter discussion among students. Discussion can include what students like about a game or anima-
tions, as well as the math in it. If a student seems to struggle with one aspect of a game, rather than 
guiding them directly, teachers can pose a question to the class, “Who found a solution to level 
3 in Gate? Does anyone have successful strategies?” This discussion encourages students to talk 
to each other about their progress, encouraging them to build their own understanding. Partner 
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teachers regularly expressed their surprise that the discussion frequently went in a slightly differ-
ent direction than planned, but through open discussion, the students really were able to clarify 
their understanding of the mathematics within the game. As another teacher in the Teaching with 
Monster School Bus video said, “Kids are going to want to play these games differently. Let them. 
Some will want to get all the stars on one level and move on, and others just want to get one star 
and move on. Get them talking about their strategies, and talking about why they play the games 
the way they do.”

• Teachers should be actively engaged when students play and watch. While it may be tempting 
to use games as a “time filler,” when the teacher or other students are doing something else, it is 
tremendously valuable for teachers to walk around the class, interacting with the students as they 
play the games. It helps the teacher to visually assess the progress of each student, noting when 
one learner seems further behind than others, and talking with the learner to identify any specific 
barriers. Teachers can also ask students for advice in how to finish a difficult level, or encourage 
them to reflect on a successful or unsuccessful strategy. This interaction also facilitates classroom 
discussion and inquiry. The teacher can also take notes of specific things going on during game-
play, and use recorded notes to facilitate discussion once the class comes together again. In the 
Teaching with Gate video, the teacher shows beautifully how to stop the class in the middle of 
gameplay to have a short discussion about some things he observed during the game. “I saw some-
one trying to create this number. How many ways could this be done?” After a short discussion, 
and some suggestions on how to place the hands on the keyboard for best strategy, the students 
return to gameplay.

• Trust the games to help teach the concept. Particularly with games, teachers can feel that technol-
ogy should give students practice, rather than introduce concepts. This is not the case with Math 
Snacks, which is intended to lead to inquiry and student exploration within the game and after-
wards. It is ok for students to feel a little confused, even fail a level — in fact, this is often desir-
able. Several times, when students had to repeat a level, teachers would stop the class and teach an 
idea on the board. A stronger approach would be to let the students struggle with it just a bit in the 
game, and allow them to reach their own understanding. Games are designed to help learners solve 
problems, and perseverance is important for both gameplay and math learning. In fact, persever-
ance in problem solving is a key value in the new Common Core Math Standards. Teachers can 
take the role of helping the learner to identify the problem, and think through solutions, rather than 
simply showing them the answer. As expressed by one of the teachers in the Teaching With video 
for the game Gate, “What do we do when we are stuck?” Later the same teacher realized, “This is 
about thinking about the game, not me showing you how to play the game.” Later this teacher was 
observed asking kids who have a problem, “What have you tried so far?”

• Use games as part of a larger, multi-day learning activity. Raise some critical questions for the 
class before they play the game, in a short discussion to guide the students in ways to look to the 
game for solutions. For example, before exploring Game Over Gopher, a teacher could draw a 
simple grid on a board, with a dot in the middle, then ask students how they would describe to 
each other where that dot is. Without introducing the idea of a labeled axis, the teacher has pre-
sented a problem that needs to be solved, leading a learner to understand the value of coordinate 
points on a grid, and hungry to understand the mechanics of using them.
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All of the Math Snacks learning tools are freely available at mathsnacks.org . The Teacher Guides 
and Teaching With videos provide specific examples of each of these strategies for each of the anima-
tions and games. All of the student materials are also now available in Spanish, and during the final 
year of the project these Spanish materials were tested for their usefulness in helping English Language 
Learners in the math classroom. Teachers found the materials in Spanish to be very helpful for their 
Spanish-speaking students.

Transformed Teaching and Learning

In 2014, a final experimental study to look at the effectiveness of the Math Snacks Intervention was 
conducted with 741 fifth grade students and 48 teachers in one urban border district in Southern New 
Mexico using four Math Snacks games and related inquiry lessons. This study showed significant posi-
tive gains in learning of the targeted math concepts for students using the Math Snacks Intervention. A 
delayed intervention model was used so that all students in the district had equal access to Math Snacks 
lessons but at different times. A pre-test was given to all students to measure conceptual understanding, 
then teachers were assigned to Group A and Group B. Teachers in Group A were given access to the 
Math Snacks, and encouraged to integrate all of the learning activities into during the first five weeks 
as part of their regular instruction. During this time, teachers of students in Group B were asked to con-
tinue with only their existing, approved curriculum. Then, all students were given a post-test. During 
the second five weeks, teachers of students in Group B were asked to integrate Math Snacks into their 
teaching. At the conclusion, all students were tested a third time. In this way, all students had access to 
Math Snacks, and researchers could evaluate the impact of Math Snacks on each group, compare a group 
with access to Math Snacks to a group without access, and see if it made a difference when in the school 
year Math Snacks was introduced.

At the beginning of the study, students in groups A and B were nearly identical at test one (Pre-treatment 
equivalency). Following the Math Snacks Intervention, Group A – who used Math Snacks – showed 
much greater gains on the post-test than group B. Test three was administered after group B received 
the Math Snacks Intervention and shows that while group A’s performance improved on test three (i.e., 
maintained skill), group B was able to catch up with group A. During the delayed-intervention final 
study of game use, all Math Snacks games were played online through a web browser, and embedded 
data were collected from 690 of the 741 students in the study (93%). Embedded data collected during 
gameplay revealed students played an average of 4 hours and 51 minutes on all games, including time 
students spent playing games at home. Of the students who played games outside of class, on average, 
34% of their gameplay time was spent at home (114 of 218 minutes).

During this final study an extra observer was hired so that teachers could be observed twice in two 
settings, once in the normal mathematics classroom and once while using and teaching with Math Snacks 
Games. Observers used the Observation of Learning Environment2 (OLE). This instrument looked at 
teacher behavior and student behavior in ways that reflected an inquiry-based mathematics learning 
environment. While the OLE2 provided detailed observations related to teacher and student behaviors, 
the mathematics team from the science, technology, engineering and mathematics (STEM) center, 
Mathematically-Connected Communities (MC2), wanted to make the criteria for the ideal mathemat-
ics teaching and learning environment evident to the teachers. The criteria that the MC2 team believed 
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would lead to a student-centered and powerful mathematics learning environment were also used in the 
development of the OLE Instrument and are shown in Table 3.

The expectations for teachers to change their pedagogy as a result of interaction with digital tools 
require extensive opportunities for professional learning for teachers. Just looking at these expectations 
would probably not be helpful without some kind of job-embedded or summer in-depth professional 
learning for teachers.

In the final study, changes in teaching strategies were seen in observations of all teachers, who were 
observed while using Math Snacks games and teaching a lesson in the classroom without games. There 
were 49 teachers involved in the large final study, and a large set of differences was observed among 
the teachers. However, there were no statistical differences in student math gains based on differences 
in teacher proficiency as measured on the OLE. In previous studies using the OLE scores for studying 
teacher practice, there was a significant correlation between a highly proficient OLE score and that 
teacher’s students’ scores on project-designed and state tests. Highly rated teachers had students who 
were more likely to score well on a standardized test (Korn, Uribe, Wiburg & Morales, 2013). Perhaps 
the use of well-designed games with structured inquiry provided enough context and experiences for 
all students that the level of teacher expertise was not a contributing factor for student learning. Further 
research is needed involving teachers teaching with games and inquiry.

The Math Education research group in all their projects follows a model of providing teacher profes-
sional learning by engaging teachers in teaching students and then providing opportunities for the teachers 
to discuss their own teaching. They also provide opportunities for teachers to observe teacher leaders, 
most of whom have completed a two-year academy facilitated by mathematicians and mathematics 
educators. The importance of the IEMSE group is that multiple issues involving teachers in improving 
mathematics teaching are provided in addition to the Math Snacks work. A separate NSF-funded grant 
(MC2-LIFT) was used to provide teachers with a two-year Leadership Institute for Teachers, team taught 
by mathematicians and educators. The sixty teachers who finished each of the two institutes were invited 
to serve as teacher leaders in new programs.

FUTURE RESEARCH DIRECTIONS

With a well-developed research agenda, and access to partner districts and teachers who have worked 
with IEMSE for several years, the Math Snacks team is in excellent position to continue to design pro-
grams that link technology, mathematics content, and pedagogical content. One of these new grants, 
MathLab, is funded by flow-through state money from the U.S. Department of Education for the next 
two years. As in the Math Snacks summer camps, students are invited to attend summer MathLabs taught 
each morning by experienced teachers. These lessons are viewed by teachers via video in an adjacent 
room and followed by discussions with the teachers about what happened in the observed lessons. In the 
afternoon, the teachers are involved in additional professional learning on a specific concept that needs 
further support in classrooms. For example, place value is the topic for second grade teachers, who will 
also be part of a professional learning experiment this summer, to understand place value themselves 
by working with a base 6 number system. The provision of teacher professional development which 
includes observations and reflections on their own and others’ teaching is a recommendation that we 
think should be included in future work with pedagogical content, mathematics content and the integra-
tion of digital tools.
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While a large amount of anecdotal and observational data was gathered on the teachers, the Math 
Snacks project was not initially focused on changes in teachers’ knowledge or practice as a result of us-
ing games and inquiry for mathematics teaching. In our current new grant: Math Snacks Early Algebra 
(NSF #1503507), research is planned to answer an additional question about how the use of games in 
classrooms is changing the mathematics learning environment. The new grant, which started September, 
2016, provides strategies and time for classroom observation of teachers’ development of TPACK in 
order to understand how teachers use the technology-based games and the pedagogy of inquiry-based 
learning to alter the teaching of mathematics content at their specific grade levels, and how this changes 
the mathematics learning environment.

The design of the research will include more focus on the effect of using a future intervention product 
on teachers, teaching, and classroom learning behaviors.

CONCLUSION

Games and extended learning activities provide an environment for restoring a focus on student-generated 
discovery and problem solving that is missing in many classrooms today. The current emphasis on ac-
countability and testing, forces teachers and students to focus on teaching and learning small units of 
memorable behavior, like knowing the parts of a microscope, rather than the purpose of using a micro-
scope. Inquiry-based learning environments were present in the 1970s and 1980s in the nation’s reaction 
to the Russian Sputnik and the desire to nurture more mathematics and science students, but are no longer 
practiced in many mathematics classrooms. Games and animations such as Math Snacks, along with 
inquiry-based pedagogy, are keys to getting students to learn mathematics more deeply. The combination 
of technology-based games, focused on a content area with inquiry-based pedagogy, provides a model 
for teachers to learn to teach mathematics differently.

In discussing teacher development of technology-enhanced pedagogical content knowledge (TPCK), 
Niess (2005) asks, “What program models support teachers in gaining the skills, knowledge, and beliefs 
that support teaching different subjects with technology?” As evidenced in this chapter, use of Math 
Snacks is such a program model. Overall, the Math Snacks Camp experience proved to be a valuable 
tool for research, product development, student learning and shifting teacher praxis in terms of how they 
saw technology-based games as a strategy for teaching mathematics content, rather than just as a reward 
for those fortunate enough to finish a lesson.

NOTE

Math Snacks materials were developed with support from the National Science Foundation (0918794). 
Additional Math Snacks development is now funded by the National Science Foundation (1503507). The 
presence of long-term teacher specialists and district partnership was also supported by a Math Science 
Partnership Grant that provided five years of funding to complete in-service teacher education for teach-
ers who wanted to improve their mathematics knowledge (NSF # 0928867). Any opinions, findings, and 
conclusions or recommendations expressed in this material are those of the author(s) and do not neces-
sarily reflect the views of the National Science Foundation. Some materials were originally prototyped 
or discussed as part of a cooperative agreement from the U.S. Department of Education (U295A050004).
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KEY TERMS AND DEFINITIONS

Game-Based Learning: Often used to contrast a type of game-play that is different from gamifica-
tion, game-based learning reflects learning that occurs when immersed in gameplay, usually specific to 
a content area or type of behavioral change. Gamification is the application of game-like mechanics to 
provide incentives for doing a certain type of behavior (such as awarding points in a frequent flier program 
or having different friends compete to complete the most steps on their motion tracker). Game-based 
learning reflects deeper learning and transformation, and generally includes an immersive environment 
in which learners solve problems, explore and reflect. It can include both the game, and companion 
activities that build on what the game introduces.

Inquiry-Based Teaching: Inquiry-based instruction, in which teachers engage students in investi-
gations and problem-solving, is part of foundational education reform. The type of learning requires 
teachers to shift emphasis from textbooks to exploring questions that are student-centered and can be 
answered empirically. The inquiry-based strategy uses authentic questions that are generated from student 
experiences (Crawford, 1999).

Math Snacks: A series of educational games and animations focusing on key concepts in math learn-
ing. Produced in collaboration among mathematics educators, mathematicians, learning specialists and 
game developers, Math Snacks supplements instruction by making math more accessible and conveying 
topics in a creative, visual, and applied ways. Each of the modules aligns with Common Core Standards 
and is accompanied by teacher and learner guides, a teaching protocol, and an instructional video.

OLE (Observation of Learning Environment): Tool for observation of classroom learning environ-
ment that sets high standards for student-centered and inquiry-based teaching strategies.

Serious Games: Also frequently called educational games or our preferred term, transformational 
games, games designed to change learner’s knowledge, understanding or behavior.
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The Mathematics Reform Curriculum: A mathematics curriculum that focuses on conceptual 
learning of content for students by focusing on fewer concepts that are taught and learned at a deep level. 
This curriculum is in response to research studies of mathematics education in high-performing countries 
that suggest mathematics curriculum in the United States must become substantially more focused and 
coherent in order to improve mathematics achievement in this country. The resulting Standards (Intro-
duction to Common Core Standards for Mathematics) aim for clarity and specificity. There are many 
ways to organize curricula. The challenge, now rarely met, is to avoid those that distort mathematics 
and turn off students (Steen, 2007).

TPACK: An integrative approach of developing technology, pedagogy, and content knowledge in 
teachers.

This research was previously published in the Handbook of Research on Transforming Mathematics Teacher Education in the 
Digital Age edited by Margaret Niess, Shannon Driskell, and Karen Hollebrands, pages 52-77, copyright year 2016 by Infor-
mation Science Reference (an imprint of IGI Global).
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ABSTRACT

This study attempted to determine the effects on mathematics performance of learner-interface interaction 
with mobile-assisted learning in mathematics. It also determined the relationship between these interac-
tions and students’ mathematics performance. It revealed that students solved more complex problems 
as they went through the intervention period, and that they solved more than 50% of the problems cor-
rectly. Participants had little prior knowledge of linear equations. However, after the intervention period, 
students achieved a normalized class learning gain of 41%, which was higher than the 30% minimum. 
Testing of difference between means confirmed that the difference between posttest and pretest scores was 
significant. Most of the skill sets were correlated with time used in solving linear equations. Moreover, 
identifying equivalent mathematical expressions required all three forms of learner-interaction, for 
students to become familiar with this skill. Recommendations future studies are presented.
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INTRODUCTION

The proliferation of relatively inexpensive mobile devices has provided new forms of learning for students. 
The capabilities of the educational software in mobile devices create opportunities for learners to learn 
at their own pace, and at their convenience. They make learning materials more accessible (Valk, Rashid 
& Elder, 2010), anytime and anywhere (Martin & Ertzberger, 2013), for learners who are on the move 
(Attard & Northcote, 2011; Park, 2011). Educational mobile applications are now capable of providing 
learners with assessments and feedback, without a teacher present (Bellotti, Kapralos, Lee, Moreno-Ger, 
& Berta, 2013). These mechanisms support learning activities that avoid learner embarrassment. Their 
availability as educational materials is so flexible that students may utilize them before, during, or after 
classroom sessions (Aker, Ksoll, & Lybbert, 2012).

This form of learning (i.e., mobile learning or m-learning) enforces learner-centered educational 
paradigms that, in turn, empower students to develop their own skills and knowledge, and direct them 
toward meeting their educational objectives (Sharples, Taylor, & Vavoula, 2007).M-learning facilitates 
active participation of learners in constructing their own learning experience (Dela Pena-Bandalaria, 
2007). Traxler (2007) commented that learners control their learning, so that it is “just-in-time,” “just 
enough,” or “just-for-me.” This type of learning may provide corrective actions and feedback, whenever 
the learner needs them. In other words, m-learning allows learners to be responsible for their own learn-
ing (Valk et al., 2010). Overall, the purpose of m-learning is to improve engagement with the course 
(Attard & Northcote, 2011; Male & Pattinson, 2011; Pollara &Broussard, 2011; Boyinbode, Ng’ambi, & 
Bagula, 2013) and the academic success of the students (Penuel et al., 2002; Crompton & Burke, 2014).

Several studies report the results of engagement through the educational use of mobile devices. For 
example, Kiger, Herro, & Prunty (2012), Zhang, Trussell, Gallegos, & Asam (2015), and Taleb, Ahmadi, 
& Musavi (2015) discussed positive outcomes of mobile learning interventions. On the other hand, Bak-
ker, Van den Heuvel-Panhuizen, & Robitzsch (2015) showed that mini-games used by students at home 
had no significant effects on students’ mathematics performance. Further, Wu et al. (2012) reviewed 
the studies of Doolittle & Mariano (2008) and Ketamo (2003), and showed that the latter two studies 
arrived at results unfavorable to mobile learning.

M-learning has a democratizing effect on the learning experience of students (Valk et al., 2010), the 
capability of providing useful responses, and an impact on the motivation of the students to engage in 
a course (Taleb et al., 2015). However, it is still unclear how mobile-assisted learning in mathematics, 
with adaptive feedback mechanisms, can affect mathematics performance of learners, in the context of 
self-regulated learning. The present study attempted to address this research gap, in light of these situ-
ations. Toward this goal, it sought answers to the following questions:

1.  What is the learner-interface interaction with the software, in terms of types and number of prob-
lems solved, number of days spent in utilizing the software, time used in solving the problems, and 
number of hints utilized in solving equations?

2.  What is the mathematics performance of the students before and after the intervention period?
3.  How much would the students learn from the intervention period?
4.  Is there a significant difference in the mathematics performance of the students before and after 

the intervention period?
5.  Is there a significant relationship between the learner-interface interaction with the mobile-assisted 

learning in mathematics and the mathematics performance of the students?
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LITERATURE REVIEW

Self-Regulated Learning and Mathematics Performance

Heward (1987, p. 517) defined self-regulated learning (SRL) as “personal and systematic application 
of behavior change strategies that result in the desired modification of one’s own behavior.” Further, 
Zimmerman (1998, p. 73) defined SRL as “self-generated thoughts, feelings, and actions for attaining 
academic goals.” Researchers agree that learners are active participants in their own learning (Draves, 
1980; Pape, Bell, & Yetkin, 2003; El Haddiuoi and Khaldi, 2012). Learners manage their own learn-
ing activities, with the aim of achieving their learning outcomes (Agran, 1997), through self-discipline 
(Cheurprakobkit, Hale, & Olson, 2002) and self-initiative (Zimmerman, 1998; Cheurprakobkit et al., 
2002). In short, learning starts with the learners (Draves, 1980).

Studies have addressed SRL as it relates to the field of mathematics. Camahalan (2006) investigated 
the impact of a Mathematics SRL Program that aimed to help 60 selected children from the Philippines. 
The researcher found out that students who had undergone the thirty-session SRL program achieved 
significant improvement in mathematics. Ocak and Yamac (2013) investigated the predictors and ex-
planatory relationship between SRL strategies, motivational beliefs, attitudes towards mathematics, and 
academic achievement among204 fifth-grade students in Turkey. Using the Motivated Strategies for 
Learning Questionnaire and the Mathematics Attitude Scale as data-gathering tools, they obtained the 
following findings. First, they showed that metacognitive self-regulation, self-efficacy, task value, and 
intrinsic goal orientation influenced attitudes towards mathematics. Second, they found that self-efficacy 
and test anxiety predicted the students’ mathematics achievement. Lastly, the researchers reported that 
task value, self-efficacy, and intrinsic goal orientation influenced SRL strategies.

Meanwhile, Rabab’h and Veloo (2015) determined that mathematics learning strategies (MLS), 
composed of mathematics self-regulation, mathematics attitude, mathematics motivation, mathematics 
self-efficacy, and mathematics anxiety, could predict mathematics achievement. The researchers disclosed 
that all except mathematics anxiety had significant effects on mathematics achievement of the students.

Engagement in Mobile Learning and Its Impact on Mathematics Achievement

Kiger et al. (2012) investigated the impact of mobile learning intervention (MLI) on the mathematics 
performance of third-grade students at a midwestern elementary school. One group of students under-
went the traditional method of teaching (e.g., Everyday Math and daily practice using flashcards), and 
another group of students utilized Everyday Math, and web applications for the iPod Touch for daily 
multiplication practice. The latter group used MLI for 9 weeks, including math applications such as 
Multiplication Genius Lite, Mad Math Lite, Pop Math, Flash To Pass, Math Drills Lite, Math Tappers: 
Multiples, Multiplication Flashcards To Go, Brain Thaw, Math Magic, and FlowMath. The study dis-
closed that on a multiplication test, students who underwent MLI outperformed students who underwent 
regular instruction.

M-learning was shown to be beneficial for at-risk students. Using three mathematics mobile applica-
tions that employed scaffolding strategies to support learning of decimals and multiplication, Zhang et 
al. (2015) showed that there was significant improvement in at-risk students’ learning. The researchers 
further revealed that the usage of m-learning reduced the mathematics achievement gap between strug-
gling students and typical students.
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M-learning can also be utilized in a form of games. Kalloo and Mohan (2012) conducted a mobile 
game-based learning research project that aimed to assist high school students in learning mathematics. 
The game covered the topics of factors, directed numbers, simplification of expressions, factorization, 
and equation solving. The software incorporated learning strategies such as Lessons, Examples, Tutorials, 
Quizzes, and Games. Lessons and Tutorials allowed the student to learn mathematical concepts. On the 
other hand, Examples and Quizzes enabled the student to work on exercises and quizzes, respectively. 
All topics had corresponding games. The objective of the game was to ensure that every time the stu-
dents played, they were actually practicing a particular skill. Log activities were captured for every use 
of the mobile game. Log files revealed that the game feature was the most utilized feature of the mobile 
application.

The game-like features and the ubiquity of the applications might also influence the motivation and 
participation of students in mathematics subjects. Hence, the impact of m-learning on motivation and 
participation of students was also studied. Taleb et al. (2015) showed that m-learning had positive effects 
on motivation toward mathematics of 329 students in Tehran. The relationship between using m-learning 
devices and students’ participation in mathematics was positive and significant. The study concluded 
that m-learning technologies could provide diversity of training methods in the field of mathematics.

On the other hand, Bakker et al. (2015) showed that online mathematics mini-games had different 
impact results, depending on how they were implemented—for instance, integrated in a lesson in a school 
(Eschool); playing at home without intervention at school (Ehome); or playing at home with interven-
tion at school (Ehome-school). Path analysis on the data gathered from 719 participants revealed that 
mini-games were most effective in the Ehome-school implementation; the effect of mini-games using 
the Eschool implementation was only on insights in multiplicative number relations; and the Ehome 
implementation had no effects.

Electronic Feedback and Students’ Academic Achievement

Electronic feedback — subsequently referred to as feedback — is a computer-generated message in re-
sponse to a learner’s action (Mory, 1996). The value of feedback is that it may assist learners to achieve 
their learning goals, and increase their motivation to achieve such goals. Feedback is effective when 
learners need it; receive and have enough time to use it; and are willing and able to use it (Stobart, 2008). 
Gordijn and Nijhof (2002) determined the effects of complex, computer-based feedback (i.e., correct/
wrong feedback, with correct answer, explanation, and interactive teaching) on 537 students in the 
Netherlands. They found that the feedback mechanism was effective, but did not significantly increase 
posttest results of students.

Corbalan, Paas, & Cuypers (2010) investigated the effects of different levels of feedback on mathemati-
cal problems on students’ perceptions, learning, and motivation. There were three types of feedback: on 
the final solution step, on all the solution steps at once, and on all the solution steps successively. The 
researchers found that feedback on all solutions steps was perceived as more helpful than feedback on 
the final solution step. Also, feedback on all problem-solving steps led to more effective learning and 
higher motivation than did the feedback on the final solution step.

The study of Van der Kleij et al. (2012) randomly assigned students to three conditions: knowledge 
of correct response (KCR) + elaborated feedback (EF); delayed KCR + EF; and delayed knowledge of 
results (KR). They found that students paid more attention to immediate, rather than to delayed, feedback. 



309

Learner-Interface Interactions With Mobile-Assisted Learning in Mathematics
 

Moreover, students’ attitude and motivation influenced positively the time spent in reading feedback. 
Lastly, it was disclosed that students perceived that immediate KCR + EF feedback was more useful for 
learning than KCR alone.

Synthesis of Literature Review, Research Framework, and Hypothesis

Self-regulated learning allows learners to organize and develop their own learning environment. From 
the perspective of the learners, this environment is nonthreatening and convenient. The availability of 
relatively inexpensive mobile devices, combined with the adaptive feedback mechanisms, may enable 
support for this kind of learning environment. This study developed and implemented mobile-assisted 
learning software named Equation Sensei (ES). This mobile application may assist students in solving 
problems in linear equations at their own pace and convenience.

As shown in Figure 1, students were allowed to use the application for 10 schooldays (two weeks). 
Learner-interface interactions, such as types and number of problems solved, number of days spent in 
utilizing the software, time used in solving problems, and number of hints utilized in solving equations, 
were captured in the internal database of the application. The study hypothesized that the interaction of 
the learners with the software would have an impact on their mathematics performance. Furthermore, 
the study attempted to determine which of the learner-interface interactions had a significant relationship 
with the mathematics performance of the students. In light of these goals, there were two hypotheses 
tested in this study:

1.  There was no significant difference between the mathematics performance of the students before 
and after the intervention period;

2.  There was no significant relationship between learner-interface interactions and the mathematics 
performance of the students.

METHODOLOGY

Research Design, Locale, and Subjects

This descriptive study was conducted in a high-school department of one private university in Manila. The 
high school department had 111 students. Forty-four students were excluded from the sample, because 
they had participated in the pilot test of the research instrument. Thus, 67 high-school students were 

Figure 1. Research framework of the study
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considered as the population of the study. All of them had an android device (smart phones or tablets). 
The participants were Grade-7 students taking introductory algebra. However, only 33students (49%), 
equal to one class section, completed the experiment. The participants were 14 male and 19 female 
students, whose ages ranged from 11 to 13 years old.

Data-Gathering Procedure and the Research Instruments

There were three sets of data gathered in the study. The first set of data involved the mathematics per-
formance of the students. A pretest was given before the intervention period, to determine the students’ 
prior knowledge of linear equations. A day after the intervention period, a posttest was administered.

The tests were adapted from Matsuda et al. (2012), and had 61 items each, covering the five skill sets 
in linear equations. The tests were reported to have high Cronbach’s α values (≥0.90) that indicated high 
reliability of the test questions. The skill sets were equation solving (10 items), term identification (21 
items), equivalent expression (20 items), next step (5 items), and error identification (5 items). There 
were two versions of the tests. The tests were assigned to students at random, with an equal number of 
students assigned to each type of test (except for one group with one excess type of test), and students did 
not take the same test version twice. The content of the tests was content-validated by two high school 
algebra teachers of the school, who agreed that the questions were appropriate to the level of students, 
and to the Introductory Algebra curriculum.

Students used the software while they were at home, and could use it at their own convenience for 10 
days prior to their introduction to linear equations. In this manner, the influence of teachers’ intervention 
on the results of the study was isolated. Students were asked not to seek help from their classmates, but 
could utilize their mathematics textbooks. This was the intervention period, whose duration was based 
on the number of days that teachers dedicated to teaching linear equations, as indicated in the syllabus.

During the intervention period, students used Equation Sensei (ES)—a mobile-based learning software 
application for linear equations (See Figure 2). The software has short lectures on solving linear equations, 
as shown in Figure 2-a. If the student is ready to solve an equation, he/she may use the Solve Equation 

Figure 2. The Equation Sensei (ES)
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part of the software (See Figure 2-b), its major part. Students have an option to solve their own input 
problem, or to solve a problem generated by the software. As the students go through the computation, 
the software checks line by line to see if the solution is correct or not. If the solution is correct, it will go 
to the next step of the computation. Otherwise, ES will prompt that the execution is incorrect, and will 
ask if the student needs a hint (Figure 3-a). If the student seeks a hint, Equation Sensei will generate a 
hint to correct the mistake (Figure 3-b). The software hint is adaptive; that is, the hint varies, depending 
on the student’s mistake. All problems the students solved were logged (See Figure 2-c).

As shown in Figure 3-b, the student does not change the sign of the variable x when transposed to 
the left side. On the other hand, if a student wants to correct the mistake by himself/herself, he/she can 
simply input the correct step. The process will continue until the correct value of the unknown variable 
is achieved (Figure 3-c). Students can leave the problem anytime by pressing the back button of their 
devices. This will mark an unsolved problem. The database of the software stored all problems (solved 
and unsolved), hints used, and time spent using the software. These learner-interface interaction activi-
ties were the second part of the data.

The software was installed on students’ smart phones or tablets. Students could stop using it when-
ever they wanted; they were not forced to use the software, and were instructed to use it only when they 
felt like using it. In other words, they managed their own learning throughout the experiment. Teachers 
received the students’ scores from the experiment, but those scores were not included in the computa-
tion of their course grades. Lastly, students were requested not to use learning materials other than their 
textbooks (e.g., Internet, books, other software, etc.) while learning linear equations. This was to isolate 
the effects of other interventions and learning materials, and was explained during the orientation before 
the experiment.

Figure 3. Sample feedback of Equation Sensei
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Measures and Statistical Treatment of Data

The interaction of students with ES was measured in terms of type and number of problems solved, 
number of days spent in utilizing the software, time used in solving problems, and number of hints 
utilized in solving equations. The problems the students solved were categorized into three types. As 
shown in Table 1, the first type involved addition/subtraction of integers to both sides of the equation, 
to find the value of the variable x, where the numerical coefficient of x is 1. Sample equations like x + 2 
= 3 and x – 3 = 5 fall into this category. The second schema involved multiplication or division of real 
numbers to get the value of x. For example, the value of x can be solved when both sides of the equa-
tion 2x = 4 is multiplied by 1/2, or divided by 2. The third type of problem combines the previous two 
schemas. All problems were logged in the database. Frequency counts and percentages were employed 
to describe these data.

The self-regulated learning theory guided this study. Hence, students were not obliged to use the 
software on a daily basis. In fact, students may have had different numbers of days of engagement with 
the software. Moreover, students may have spent different amounts of time solving a problem, so time 
spent (in seconds) was gathered. (This was also the reason why number of days spent in tutoring was 
excluded in the correlation analysis.) The last variable of engagement was the number of hints used in 
solving equations. Hints were instructive, adaptive, and corrective in nature, to guide the student to a 
correct solution. Frequency counts and percentages were used to describe these data.

A test of difference between means (repeated measures) was employed to determine the significant 
difference between the pretest and posttest results of the students. However, before proceeding to this 
test, the study used the Shapiro-Wilk test and skewness z-value to determine the normality of the data. 
In order to determine if the data is normal, the following conditions must be attained. First, the Shapiro-
Wilkp-value must be at least 0.05. Second, the skewness z-value should be somewhere between -1.96 
and +1.96 for 0.05 error level (Hair et al., 1995). In addition to statistical significance, Cohen’s d was 
used to measure the effect size of the treatment, since it can provide practical significance independent 
of sample size (Cohen, 1988). A Cohen’s d ≥ 0.8 is considered a large effect size (Cohen, 1988; Dancey 
&Reidy, 2002).

Moreover, class average normalized gain <g> was computed to determine how much the students 
learned from the intervention period, and the formula is shown in Equation 1: the ratio of performance 
of a group to the maximum achievable improvement (Colt et al., 2011). A learning gain of 30% is the 

Table 1. Problem schema

Problem Schema (PS) Form Samples

PS1: Addition/Subtraction x + A = B x + 2 = 3
x – 3 =5

PS2: Multiplication/Division Ax = B
x/A = B

2x =4
x/2 = 3

PS1 + PS2 Ax + B = C
Ax + B = Cx + D

3x – 2 = 7
9x – 2 = 11x – 2
2(3x – 1) = 4
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defining minimum value at which the educational intervention could be regarded as effective (Hake,1998; 
Prather, 2009; Colt et al., 2011):

< >=
−
−

g
Posttest scores Pretest scores
Number of items Pretest

  
   sscores

 (1)

Due to the small sample size, Spearman’s rho correlation was employed to determine the relationship 
between students’ engagement with mobile-assisted learning software, and mathematics performance. 
All statistical tests adopted a 0.05 level of significance with 95% reliability, to determine the significance 
of the findings.

RESULTS

Interaction of the Students With the Software

Table 2 shows the problem schemas solved by the students during the intervention period. Participants 
posted 2,016 problems. Participants solved most problems on the PS1 + PS2 schema (f = 1,246, 62%). 
The simplest schema (PS1) got the lowest number of problems solved (f = 347, 17%). Participants got 
a passing mark (at least 50%) on both PS2 (60%) and PS1+PS2 (58%) schema. Nonetheless, the per-
centage of problems solved correctly on the first schema was almost passing (PS1, 49%). Overall, the 
participants had a passing mark (57%).

It is interesting to note that during the first day of the intervention period, participants could solve 
50% of the problems correctly (See Figure 4). On the second day, 59% were solved correctly. However, 
on the third and ninth day, only 48% and 49% of the problems were solved correctly, respectively. None-
theless, these scores were almost passing. Participants got the highest percentage on the fifth day of the 
experiment, where 72% of the problems posted were solved.

The number of problems posted for the last ten days is shown in Figure 5. Four hundred thirty-one 
problems were posted on the first day of the experiment. This was the highest number of problems posted 
for the 10-day intervention period. The lowest number of problems (f = 24) was posted on the last day. 
We observe that as the number of problems decreased, the number of participants using the software also 
decreased. This is not surprising, since participants were instructed that they could leave the experiment 

Table 2. Problems solved

Problem 
Schema

Problems 
Solved

Problems Solved 
Correctly

% of Problems Posted Over Total 
(2,016)

% of Problems Solved 
Correctly per Problem 

Schema

PS1 347 170 17 49

PS2 423 253 21 60

PS1 + PS2 1,246 725 62 58

TOTAL 2,016 1,148 100 57
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whenever they wanted. Participants may have opted to leave offusing the software, either because they 
perceived that they had already learned the topic, or they just wanted to discontinue using the software. 
To determine whether the decay was due to the first reason, differences in pretest and posttest math-
ematics performance and learning gain were computed. These are discussed in the succeeding sections.

Table 3 shows the other forms of engagement of the participants in using the software. On average, 
participants spent 39 minutes using the software for the whole duration of the experiment. It was shown 
that for the entire intervention period, each participant could use an average of 74 hints when solving 
a problem. Dividing the total number of hints (n = 2,442) by the total number of problems (n = 2,016) 
shows that 1.2 hints were utilized for each problem posted.

Figure 4. Percentage of problems solved correctly for the ten-day intervention period

Figure 5. Number of problems solved and number of students using the software during the ten-day 
intervention period



315

Learner-Interface Interactions With Mobile-Assisted Learning in Mathematics
 

Mathematics Performance

The mathematics performance of the students was measured in terms of pretest and posttest. The p-
values associated with Shapiro-Wilk for both tests were greater than 0.05. Moreover, the skewness of 
z-values for both tests (z-value(pretest) = -1.55; z-value(posttest) = -0.01) were both between -1.96 and 
+1.96. Hence, the data exhibited normal distribution. As such, at-test could be used. As shown in Table 
4, participants had a mean pretest score of 30.8 during pretest. After the intervention period, they had 
a posttest mean score of 43.3. The mean score difference of 12.5 was found significant (t-value(32) = 
8.14, p< 0.05). The computed Cohen’s d of 1.77 was far greater than the 0.80 threshold. The highest 
individual learning gain obtained was 86%. One participant obtained -32% individual learning gain. The 
class average learning gain <g> was 41%. This value is greater than the 30% minimum at which the 
educational intervention could be regarded as effective.

Meanwhile, Table 5 shows the Spearman’s rho correlation (r) between learner-interface interactions 
and the mathematics performance (posttest) of the students. Number of problems solved was correlated 

Table 3. Learner-interface interaction with Equation Sensei

Interaction Mean

Time Spent Using the Software 39 minutes

Hints Used in Solving Problems 74 hints (total hints = 2,442)

Table 4. Difference between pretest and posttest mathematics performance

Mathematics Performance Mean Difference t-Value df Sig.

Pretest 30.8
12.5 8.14 32 0.000

Posttest 43.3

Shapiro-Wilk (pretest): p = 0.053
Shapiro-Wilk (posttest): p = 0.526
skewness z-value (pretest) = -1.55
skewness z-value (posttest) = -0.01
Cohen’s d = 1.77

Table 5. Correlation between learner-interface interactions and mathematics performance (posttest)

Mathematics Performance
Learner-Interface Interaction

No. of Problems Solved Time Spent Solving Problems No. of Hints Utilized

Equation Solving 0.240 (0.179) 0.374 (0.032) 0.119 (0.511)

Term Identification 0.341 (0.052) 0.382 (0.028) 0.047 (0.794)

Next Step 0.367 (0.036)* 0.376 (0.031) 0.229 (0.201)

Equivalent Expression 0.385 (0.027)* 0.394 (0.023) 0.374 (0.032)

Error Identification 0.110 (0.542) 0.241 (0.176) -0.005 (0.977)

*p< 0.05
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with identifying the next step in solving a linear equation (r = 0.367, p< 0.05) and identifying equivalent 
expressions (r = 0.385, p< 0.05). There were positive relationships between time spent solving problems 
and posttest results in terms of equation solving (r = 0.374), term identification (r = 0.382), next step 
(r = 0.376), and equivalent expression (r = 0.394). All correlations were unlikely to have arisen from 
sampling error (p< 0.05). Number of hints utilized in solving equations was related to error identifica-
tion (r = 0.374, p< 0.05).

DISCUSSION

This study investigated the effects on mathematics performance of learner-interface interactions with 
software. It also determined which learner-interface interactions were related to mathematics performance. 
Analysis of the log data revealed that participants tended to solve more problems in a more difficult 
problem schema (PS1+PS2). Interestingly, they could solve correctly more than 50% of the problems in 
this schema. The overall percentage of problems solved correctly indicated a passing mark (i.e., at least 
50%). Dissecting the analysis per day of intervention showed that participants solved fewer, yet more 
difficult problems, as they went through each day of the intervention. This suggests that the software is 
able to assist students in solving more difficult problems as they progress in the intervention, an initial 
indication that ES is an effective learning tool.

It must be noted that the study followed the SRL paradigm. The result in Figure 5 suggests that students 
exhibited an SRL style, as the number of problems posted and the number of participants decreased from 
the first day up to the last day of the intervention period. It can be argued that, just as in a classroom 
setting, teachers may give more problems to reinforce and practice the concept of the topic. As students 
get more acquainted with the topic, and progress in acquiring the needed skills, the number of problems 
to be solved may be fewer. Similarly, students may feel the need to do more problems on the first day. 
Eventually, as they become more skilled with the topic, the need to solve more problems decreases. In 
other words, they may have the same learning experience when using the software, since the software 
was able to provide immediate feedback on the problems they were solving.

To further back up this claim, difference in the pretest and posttest scores, <g>, and Cohen’s d were 
computed. Test of difference (repeated measures) indicated that the mean difference of 12.5 was signifi-
cant, and not due to sampling error. The Cohen’s d value of 1.77 was greater than the 0.80 threshold, an 
indication that the difference was not only significant, but also large. Hence, the effect of the intervention 
period helped the learners improve their mathematics skills more than 1 standard deviation.

The class normalized learning gain <g> further shows that the intervention period was effective: 
<g> shows that, on average, the whole population gained 41%. This means that 41 percentage points 
out of 100 possible percentage points were gained from pretest to posttest, confirming that the effect 
size of the intervention is really large. Therefore, based on the three statistical measures, the assistance 
mechanism of the ES is very effective for guiding students in solving linear equations across all problem 
schemas. This finding supports previous studies (Gordijn &Nijhof, 2002; Corbalan et al., 2010) show-
ing that feedback is effective in helping students. It is also consistent with previous studies’ results that 
m-learning has an impact on students’ mathematics achievements (Franklin &Peng, 2008; Kieger et al., 
2012; Taleb et al., 2015). Informal follow-up interviews with the students revealed that they continued 
using the software even after the experiment. They further commented that they used the software to 
test if answers for their homework were correct.
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Spearman’s rho correlation showed that the majority of the skills set was positively correlated with 
time spent tutoring. The results were unlikely to have arisen from sampling error. Thus, it can be expected 
that learners’ engagement with ES enables them to achieve positive mathematics performance, in terms 
of solving an equation, identifying terms, identifying the next step in a solution, and identifying similar 
mathematical expressions. It can also be expected with certainty that as students post more problems in 
ES, their skills in identifying the next step in a mathematical solution and identifying similar mathemati-
cal expressions would be affected positively. There is also evidence showing that the number of hints 
requested by the learners was beneficial in identifying similar expressions.

The study provided evidence that learners’ engagement with the ES was enough to learn four of five 
skill sets for linear equations. Thus, we conclude that the software supports the self-regulated learning 
strategies of the student. The software may not have positive influence on error identification (i.e., iden-
tifying the error in a solution and providing a reason why such solution is erroneous), since this skill set 
involves mastery of the subject. Among all the skill sets, this is the most difficult skill.

Meanwhile, it can be observed that identifying similar expressions for mathematical expressions was 
influenced positively by all three learner-interface interactions. Identifying equivalent expressions is a 
mathematical skill set in which students have to identify whether two mathematical statements are the 
same. The result suggests that students becoming proficient in identifying similar terms in an equation 
can be attributed to the number of problems they posted, time spent in solving problems, and the num-
ber of hints requested in solving an equation. Conversely, in order to become proficient with the skill 
of identifying equivalent expressions, learners are expected to post more problems, spend more time 
with the software, and utilize the hint capability of the software. In other words, identifying equivalent 
mathematical expressions demands more learner interaction with the ES. This finding is important, 
since the success of students in a mathematics course depends on their ability to identify factors (Hall 
& Ponton, 2005).

CONCLUSION AND RECOMMENDATIONS

Test of difference between means showed that there was a significant difference in students’ mathemat-
ics skills before and after using the software. Learning gain revealed that students could acquire a high 
increase in learning due to the intervention. Further, the difference in the mathematics skills was not 
only significant, but also large, as indicated by Cohen’s d. Thus, the usage of mobile-assisted learning 
for mathematics was proved effective for students who exhibited a self-regulated learning style. Based 
on this finding, the first hypothesis, stating that there was no significant difference between the math-
ematics performance of the students before and after the intervention period, was rejected. Therefore, 
the software is capable of assisting students in learning linear equations.

The results of Spearman’s rho correlation test showed that the number of problems posted had a 
positive and significant relationship with identifying both the next step in a solution and the equivalent 
mathematical expressions. It was further revealed that the number of hints had positive and significant 
influence on identifying equivalent mathematical expressions. Finally, it was shown that a majority 
of the skill sets was influenced positively by the time spent using the software. Hence, the second 
hypothesis, stating that there was no significant relationship between learner-interface interaction and 
the mathematics performance of the students, was partially rejected. In short, engagement with ES will 
result in positive learning gains.
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It is recommended that other variables such as self-initiative, self-discipline, and motivation may 
be incorporated into future studies. An investigation on self-efficacy after using the software may be 
initiated. Lastly, the software may be distributed to at-risk students, and their mathematics performance 
may be investigated as well.

Limitations of the Study

The results of the experiment are very promising, in terms of its educational value. However, the study 
was limited to only one classroom setting. This implies that there are other variables that might influ-
ence engagement of learners in mobile-assisted mathematics learning, which were not included in the 
present study. Self-initiative, self-discipline, and motivation may be investigated in the future. While the 
software provides a significant and high learning gain to self-regulated learners, it is unclear if other types 
of learners, such as at-risk students, would achieve the same effects. Likewise, the design of the study 
limited its findings. A larger sample size is recommended, in order to include other types of learners.
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ABSTRACT

To promote the academic success of middle school students, the authors examined the effects of computer 
uses on mathematics self-efficacy and mathematics performance of students, paying focused attention 
to immigrant students. They analysed the effects of computer use for schoolwork and gaming of middle 
school students applying a Structural Equation Modeling (SEM) to Trends in International Mathematics 
and Science Study (TIMSS) USA. The results showed that when students frequently used computer for 
schoolwork, they revealed high mathematics self-efficacy, which in turn led to high mathematics perfor-
mance. On the other hand, the students that used computer for gaming frequently indicated low math-
ematics self-efficacy and mathematics performance. The authors’ study results highlight the importance 
of guiding students to use computers properly, which is directly and indirectly associated with students’ 
self-efficacy and performance in mathematics.
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INTRODUCTION

A large amount of American youths’ lives is devoted to computers and digital games. According to a 
national survey, American children and teens aged from 8 to 18 spent 2 hours and 43 minutes per a day 
using computers and playing digital games for recreational purposes (Kaiser Family Foundation, 2010). 
Contrastingly, American youths used computers only 16 minutes per day for schoolwork. This study 
was motivated by the imbalanced use of computer by teenagers and examined the disintegrated effects 
of computer use for schoolwork and gaming by teenagers, particularly 8th graders.

More importantly, we explored the differentiated effects of computer use for immigrant students as 
well as native-born students. Our main focus was on the immigrant students who are making exponential 
growth in the US and need more special attention to promote academic success. As noted in many studies 
(Aud et al., 2013; Kim, & Chang, 2010) immigrant students frequently report difficulties in adapting 
themselves to the US schools. They consistently display low academic performance from their early 
schooling and also show a large performance gap in later grades (Chang, & Kim, 2009).

While this study’s main outcome was the mathematics performance of students, the role of self-efficacy 
as a mediating variable of the computer effect on mathematics performance was also explored. As many 
researchers reported in their studies (Fast et al., 2010; Yailagh, Lloyd, & Walsh, 2009), self-efficacy 
is known as a critical factor of academic performance of students. This relationship was delineated in 
our analytical model in which a path from the type of computer use by students was directing students’ 
self-efficacy, and another path leading to students’ school performance. The importance of research 
on students’ mathematics performance and mathematics self-efficacy was supported by the following 
motivation: First, mathematics performance of the US students is comparatively low among the Orga-
nization for Economic Cooperation and Development (OECD) countries (Kelly et al., 2013). Second, 
the majority of immigrant students including English Language Learners (ELL) in the US show a seri-
ously large performance gap in mathematics despite the false expectation for mathematics; which even 
immigrant students would easily catch up with native-born (native) students right after they overcome 
the difficulties in English language learning (Aud et al., 2013).

This study used nationally representative data from Trends in International Mathematics and Science 
Study (TIMSS) USA that was collected by the National Center for Education Statistics (NCES) to arrive 
at the study’s goal of high generalizability. For a statistical analysis, we adopted a Structural Equation 
Modeling (SEM) that was suitable to explore the influence of two types of computer use on students’ 
mathematics performance which was mediated by students’ mathematics self-efficacy. As important 
covariates, we included parents’ educational level and student gender in the model. Figure 1 presents 
the diagram of the study analytical model.

The following overarching research questions guided this study:

• Does computer use for schoolwork make direct effects on mathematics self-efficacy and math-
ematics performance of immigrant and native-born students as well as indirect effects on math-
ematics performance through mathematics self-efficacy?

• Does computer use for gaming make direct influences on mathematics self-efficacy and math-
ematics performance of immigrant and native-born students as well as indirect effects on math-
ematics performance through mathematics self-efficacy?
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LITERATURE REVIEW

Mathematics Performance and Self-Efficacy of Immigrant Students

Many students in the US do not reach the mathematical proficiency level (Kilpatrick, Swafford, & Find-
ell, 2001). Compared with students in other OECD countries, American students have shown relatively 
low mathematics performance (Kelly et al., 2013). To make things worse, immigrant students including 
English Language Learners (ELL) showed lower mathematical performance than native-born English-
speaking students. According to the National Assessment of Educational Progress (NAEP), immigrant 
students who were enrolled in any language assistance programs in 8th grade display a lower mathematics 
performance score with 244 points out of the total 500 points as compared with their English-speaking 
peers who had 286 points (Aud et al., 2012). Many studies showed that immigrant students who speak 
languages other than English as their primary language at home began with a lower mathematics perfor-
mance in kindergarten and showed a slower growth rate over the elementary school years; resulting in 
a big disparity from their native English-speaking peers in the eighth grade (Chang, 2008; Halle, Hair, 
Wandner, McNamara, & Chien, 2012; Kim, & Chang, 2010). Making an effort to improve the low per-
formance of immigrant students is imperative considering the unprecedented growth rate of immigrant 
students in the US school population. As of the academic year of 2010-2011, there were 4,693,818 im-
migrant linguistic minority students enrolled in public K-12 schools, comprising of about 9.8 percent 
of the total US students (Aud et al., 2013).

Along with mathematics performance, students’ mathematics self-efficacy can be an important fac-
tor to determine the school success of immigrant students. As self-efficacy refers to students’ belief in 
their own competency to achieve a successful outcome in a given task (Bandura, 1986). Mathematics 
self-efficacy has been known as a critical factor for mathematical performance directly (Fast et al., 2010) 
and indirectly (Yailagh, Lloyd & Walsh, 2009). In particular, Park, Lawson and Williams (2012) showed 
that mathematics self-confidence was an important predictor for mathematics performance of Hispanic 
immigrant 8th graders. Unfortunately, there is not much research that has studied the role of mathematics 
self-efficacy for immigrant students. The findings of this study are expected to fill the knowledge gap 
of computer use and the self-efficacy of the immigrant students.

Figure 1. Hypothesized SEM model
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Computer Use for School Work

Studies have shown that students benefitted academically from using computers for their school work. 
The study done by Papanastasiou and Ferdig (2006) showed that students tended to demonstrate high 
mathematical performance when they expressed their comfort in using computers for writing papers and 
students frequently used computers for word processors. A few researchers, although not many, showed 
that there is a need to give more opportunities to immigrant, including ELL students to use computers for 
their own learning. Kim and Chang (2010) showed that the frequent use of computers for mathematics 
was a significant predictor for mathematics performance of immigrant and ELL students. The authors’ 
longitudinal analysis indicated that when immigrant students used computers for mathematics frequently, 
their mathematics scores increase over the time from kindergarten through fifth grade. Compared with 
their English-speaking peers, immigrant students including ELL students demonstrated significantly 
higher growth rate of mathematics performance, thus, narrowing mathematics gap between ELL and 
native-born English speaking students. Similarly, Freeman (2012) showed a positive effect of educational 
computer use on mathematics performance of Hispanic immigrant students in 9th and 10th grades. In the 
study, immigrant students in the experimental condition used computers to learn and practice mathematics 
concepts and to take tests. Compared with immigrant students who learned mathematics in a traditional 
classroom setting, immigrant students who used computers for mathematics demonstrated significantly 
higher mathematics performance.

Also, some studies investigated the relationship between computer use for education and mathematics 
self-efficacy. Topcu (2011) compared mathematics self-efficacy of students who learned mathemat-
ics using computers with students who received mathematics instruction in a traditional way without 
computers. Tenth graders in the computer group showed significantly higher mathematics self-efficacy. 
Conversely, Isiksal and Askar (2005) found mixed results. The authors examined mathematics self-
efficacies of 7th graders in three groups: the conventional group who learned mathematics without any 
computers, the computer group who received mathematics instruction using dynamic geometry software, 
and the computer group who used excel to learn math. Compared with the conventional group, dynamic 
geometry group demonstrated significantly higher self-efficacy toward mathematics. However, there was 
no difference in self-efficacy between the traditional group and the excel group. By exploring Hispanic 
immigrant students, Freeman (2012) found the potential of computer use to improve self-efficacy for im-
migrant students. According to Freeman, immigrant students who used computers to learn mathematics 
displayed a significant increase in mathematics self-efficacy, while perceiving mathematics as a subject 
that provides benefits for their future.

Computer Use for Game

According to the national survey done by the Kaiser Family Foundation (2010), the growth rate of using 
digital games among American youth age, 8 to 18 has been accelerated during the 10-year period of 1999 
to 2009. Time playing digital games increased from 25 minutes per day to one hour and thirteen minutes. 
The rapid growth of using digital games has been of a grave concern among educators and parents be-
cause of their potentially adverse effect. In 2010, about 21 percent of youths were categorized as heavy 
users of media including digital games and they were known to spend about 16 hours per day. About 
17 percent of youths were light users, who used the media less than 3 hours per day. The heavy users 
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showed lower grades than light users (Kaiser Family Foundation, 2010). Also, studies showed a negative 
relationship between heavy digital gaming and self-efficacy. Similarly, a low level of self-efficacy was 
noted among 14 to 18 year-olds who played digital games too much (Festl, Scharkow, & Quandt, 2013).

Parents’ Education Level

Several studies have provided consistent evidence that parent education is a critical factor for the academic 
performance of their children. According to Davis-Kean (2005), a higher level of parental education was 
associated with a higher academic achievement of their children among Caucasian and Black students, 
who were between the ages of 8 to 12. Dubow, Boxer and Huesmann (2009) showed a longitudinal 
effect of parental education on their children’ school performance. According to the authors, Parents’ 
educational level measured at the age of 8 of their children significantly associated with educational 
success of the children even at the age of 48.

In particular, Becker (2000) explored the association between parents’ education level and their 
children’s computer time among school-aged children. Becker showed that parents’ educational level 
could influence the amount of time their children used computers for educational purpose. Parents who 
graduated from a university or college were more likely to install educational software on their comput-
ers at home.

Regarding the relationship between parents’ education level and their children’s amount of gaming, 
researchers have found mixed results. Hofferth (2010) showed a significant role of mothers’ education 
level among 6- to 12-year old children. Children with mothers who obtained a bachelor’s degree played 
digital games less than children with mothers who did not receive any postsecondary education. On the 
other hand, Babey, Hastert, and Wolstein (2013) found no association between parental education level 
and the amount of time their children used computers for fun. The study done by Meijgaard, Shi and 
Simon (2013) showed that a significant relationship between parents’ educational attainment and their 
children’s computer use for non-educational purpose among Hispanic students, but not among Cauca-
sian students. However, research for parental education and immigrant student’s computer use is not 
enough to determine the association between them. We believe parents’ educational level and students’ 
using computers for gaming should be further examined by taking into consideration other demographic 
characteristics, such as immigrant status.

Student Gender

Researchers who have studied gender differences in mathematical performance and self-efficacy have 
not reached a consensus. Researchers such as Chang and Kim (2008; 2010) analyzed national data and 
showed that fourth and tenth grade boys were significantly better in mathematics. On the other hand, 
Ganley and Vasilyeva (2011) did not find gender difference in 9th graders’ mathematics performance. 
Hyde, Lindberg, Linn, Ellis, and Williams (2008) did not note differences in state-administered tests 
to students in 2nd to 11th grade. Similarly, studies on gender differences in mathematics self-efficacy 
found mixed results. While Sáinz and Eccles (2012) found higher self-efficacy in boys, Isiksal (2005) 
did not detect any gender difference in self-efficacy.

In contrast, studies for computer use for gaming consistently show gender difference. Homer, Hayward, 
Frye, and Plass (2012) stated that boys aged 10 to 15 years spent more time playing digital games than 
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girls. Willoughby (2008) also showed the same gender pattern among high school students. Moreover, 
Willoughby’s study showed that high school girls tend to decrease in the amount of time they spend 
playing digital games over time, but high school boys did not show any decrease in the amount of time 
spent gaming.

METHODOLOGY

Data Sources and Variables

This study used an international database, the Trends in International Mathematics and Science Study 
(TIMSS); which has been managed and published by the International Association for the Evaluation 
of Educational Achievement (IEA). The TIMSS contains mathematics and science performance scores 
from fourth and eighth grade students of the OECD countries. For this study, we selected the USA 
eighth grade data collected by National Center for Education Statistics (NCES) in 2003 because the 
data contain information on students’ behavior of computer use. The more recent TIMSS data collected 
in 2007 and 2011 have variables on teachers’ computer use, but do not contain variables on students’ 
computer behavior in school. The USA TIMSS data we used for this study contain 8,912 8th graders 
from 202 US schools.

As the major endogenous (dependent) variable, we chose mathematics performance scores which 
were estimated by five plausible values. Plausible values estimate a probability distribution for a student’s 
ability rather than assessing the student’s ability directly. The five plausible values provide benefits when 
the abilities of individuals are assessed by a small number of items, which are not enough for precise 
evaluation of their ability.

Mathematics self-efficacy was another endogenous variable which also worked as exogenous (inde-
pendent) variable in the analysis model, therefore creating a mediating variable. For the mathematics 
self-efficacy variable, we created a composite variable by combining five indicator items which were: “I 
usually do well in mathematics,” “I learn things quickly in mathematics,” “Mathematics is more difficult 
for me than for many of my classmates,” “Mathematics is not one of my strength,” and “Sometimes, 
when I do not initially understand a new topic in mathematics, I know that I will never really understand 
it.”(1=Agree a lot; 2=Agree a little; 3=Disagree a little; 4=Disagree a lot). The first two items were 
reversely coded. The five items showed relatively high reliability statistics with a 0.83 Coefficient Al-
pha. The composite variable was composed of the average response of the five items that have options 
to choose from 1(Lower self-efficacy) to 4 (Higher self-efficacy).

As major predictor variables to understand students’ mathematics performance and self-efficacy, we 
chose two types of computer uses, computers used for school work and computers used for gaming. In 
the model, those two variables were specified as mediator variables which were working as endogenous 
and exogenous (predictor) variables. The computer use for schoolwork was measured by the frequency 
of using a computer to write school reports which was a 5-point scale (1= Everyday; 2= At least once a 
week; 3=Once or twice a month; 4= A few times a year; 5=Never). This variable was reversely coded 
for the analysis. Computer use for gaming was the amount in hours that students used computers for 
gaming and was rated on a 5-point scale (1=No time; 2=Less than 1 hour; 3=1-2 hours; 4=More than 
2 but less than 4 hours; 5=4 or more hours).
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Additionally, we included parents’ education level (1= No formal education; 8 =Doctoral or equivalent) 
which is the average of mother’s and father’s education levels and gender variables (0=male; 1=female) 
as important contextual (exogenous) variables.

In addition, we explored the differential effects of the two computer variables on immigrant students 
and conducted a separate analysis for the immigrant group to compare with native-born students. In this 
study, we identified immigrant students as those who were not born in US (0=native-born; 1=immigrant).

Analysis

For preliminary analyses, we first conducted descriptive and bivariate correlation analyses. We also 
conducted independent samples t-test to examine the difference between immigrant and native-born 
students in mathematics performance score and self-efficacy, without considering other covariates and 
produced graphs for visual presentations of the differences.

As mentioned before, our study used a nationally representative data to reach analysis results with 
high generalizability. In the analysis, we applied the total student weight (stuw) and stratification (strati) 
which represent the total 8th grade population in USA before conducting any analyses. For the proper 
analysis of five plausible variables of mathematics performance with the weight, we used AM statistical 
software (Cohen, 2005) to conduct a preliminary analysis including descriptive statistics and indepen-
dent samples t-test. To obtain appropriate bivariate correlation coefficients for two variables, we applied 
three types of correlation analyses using R software (R Core Team, 2015). Pearson’s correlation analyses 
were applied to the relationship of two continuous variables which numeric ranges are greater than 15. 
For example, the correlations among mathematics plausible values and the correlations of mathematic 
plausible values with parents’ education (it was treated as a continuous variable because it was the aver-
age of father’s and mother’s education levels making more than the 15 option range) were analyzed with 
Pearson’s. Poly-serial correlation analyses were used for the relationship of one continuous variable with 
a categorical variable or an ordinal variable with less than 15 options. Specifically, we applied Poly-
serial correlation analyses for the correlations of mathematics plausible values with computer uses, the 
correlations of mathematics plausible values with gender, and the correlations of mathematics plausible 
values with immigrant status. Poly-choric correlations were applied for the associations of an ordinal 
variable with another ordinal variable or a categorical variable. The correlations of computer use with 
gender or immigrant status and the correlation of gender with immigrant status are the examples of Poly-
choric correlations (R Core Team, 2015). As a main analysis, we used Mplus Version 7.11 (Muthén & 
Muthén, 2013) for Structural Equation Modeling (SEM), which estimates direct, indirect and total effects 
of variables, while treating the design effects of TIMSS.

In the main analysis using SEM, we examined the direct and indirect relationships among the variables 
of the study: students’ mathematical performance, mathematics self-efficacy, computer uses, parental 
education, and gender. According to Kline (2005), SEM is a statistical model which allows us to explore 
a causal relationship among observed variables when (1) the cause precedes the effect in time; (2) the 
direction between the cause and effect is precisely defined; or (3) the relationship between the cause 
and the effect still exist even with other variables controlled for. Our study could be the second and third 
case in which SEM can be properly used. Using SEM, we constructed two models of immigrants and 
native-born students with the following hypothetical paths: First, parents’ educational level and student 
gender would significantly influence students’ computer use for schoolwork and for gaming. Second, 
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the types of students’ computer use either for schoolwork or gaming would influence both students’ 
mathematics self-efficacy and mathematics performance. Third, mathematics self-efficacy would be a 
significant predictor of mathematics performance. Last, computer uses for schoolwork or gaming would 
create an indirect effect on mathematics performance that is mediated by mathematics self-efficacy.

RESULTS

Preliminary Data Analysis

The weighted cases of data for this study was 3,447,236 8th grade students. The mean mathematics 
score was 503.92 (SD = 78.91) out of a maximum score of 1,000. The average mathematics self-efficacy 
composite score of four items was 2.90 out of a maximum 4.00. On average, these students used comput-
ers for schoolwork a little more than once or twice a month (Mean = 3.17, SD = 0.96). These students 
played computer games for about less than one hour on a normal school day before or after school (Mean 
= 2.29, SD = 1.22) (see Table 1).

Table 2 showed three different types of correlations among different types variables: Pearson, 
Polyserial, and Polychoric. Correlation results showed a significant association between the two types 

Table 1. Descriptive statistics

Math Performance Math Self-Efficacy Computer for 
Schoolwork

Computer for Gaming Parent Education

N(weighted) 3447236 3408394 3325395 3375389 2782949

Mean (M) 503.92 2.90 3.17 2.29 5.79

Standard Deviation (SD) 78.91 .76 .96 1.22 1.76

Table 2. Bivariate correlation

1 2 3 4 5 6 7 8 9 10 11

1. Math1 1 Pearson Pearson Pearson Pearson Pearson Polyserial Polyserial Pearson Polyserial Polyserial

2. Math2 .92** 1.00** Pearson Pearson Pearson Pearson Polyserial Polyserial Pearson Polyserial Polyserial

3. Math3 .92** .92** 1.00 Pearson Pearson Pearson Polyserial Polyserial Pearson Polyserial Polyserial

4. Math4 .92** .92** .92** 1.00 Pearson Pearson Polyserial Polyserial Pearson Polyserial Polyserial

5. Math5 .92** .92** .92** .92** 1.00 Pearson Polyserial Polyserial Pearson Polyserial Polyserial

6. Self-
Efficacy

.45** .45** .45** .45** .46** 1.00 Polyserial Polyserial Pearson Polyserial Polyserial

7. Computer 
for 
Schoolwork

.07** .07** .07** .07 .07** .09** 1.00 Polychoric Polyserial Polychoric Polychoric

8. Computer 
for Gaming

-.09** -.10** -.10** -.10** -.09** -.002** .01** 1.00 Polyserial Polychoric Polychoric

9. Parent 
Education

.31** .31** .30** .31** .31** .15** .14** -.03** 1.00 Polyserial Polyserial

10. Gender -.06** -.05** -.05** -.05** -.06** -.14** .07** -.31** -.03** 1.00 Polychoric

11. Immigrant -.25** -.25** -.25** -.24** -.25** -.08** -.03** -.03** -.23** -.03** 1.00

* denotes a significance level at 0.05
** denotes a significance level at 0.01
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of computer use and two endogenous variables (math performance and math self-efficacy). As shown 
Table 2, computer use for schoolwork had positive relationships with mathematics performance, re-
vealing consistent Pearson’s coefficients for all five plausible scores (r = .07, p<.01) and mathematics 
self-efficacy (r = .09, p<.01). Contrastingly, computer use for gaming showed negative associations 
with mathematics performance (for two plausible scores r = -.09 and for three plausible scores r =-.10, 
p<.01) and mathematics self-efficacy (r = -.002, p <.01).

Out of all students, 288,036 were immigrant students, comprising 8% of the total 3,101,853 students 
(see Figure 2). As shown in Table 3, Independent samples t-test results indicated that the immigrant 
students (Mean=459.04) had significantly lower mathematics performance (T=294.77, p<.01) than their 
native-born peers (Mean=508.93). Similarly, immigrant students (Mean=2.78) had revealed significantly 
lower mathematics self-efficacy (T=90.82, p<.01) compared with the native-born students (Mean=2.91).

SEM Analysis for Native-Born Student Model

SEM analysis for Native-Born Student Model revealed the excellent fit statistics, showing empirical 
results supported our hypothesized SEM model. Chi-Square value was not significant with Χ2 (36) = 
31.34, p>.05 indicating a good match between observed data and reproduced data (Schumaker & Lomax, 
2010). Root Mean Square Error of Approximation (RMSEA) showed an excellent fit of the Model as 

Figure 2. Proportion of immigrant and native-born students

Table 3. T-tests to compare math performance and self-efficacy between native-born and immigrant 
students
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its value of 0 is less than .07 (Browne & Cudeck, 1993). Also, Normed Fit Index (NFI) and Compara-
tive Fit Index (CFI) revealed good fit statistics with its respective values of 1 greater than .95 (Meyers, 
Gamst & Guarino, 2006).

Effects of Computer Use for Schoolwork of Native-Born Student Model

Figure 3 shows direct effects of our exogenous variables in detail. First, we examined direct effects of 
computer use for school work on our dependent variables: mathematics self-efficacy and mathematics 
performance. Computer use for schoolwork revealed a significantly positive association with mathematics 
self-efficacy (β=.07, p<.01). Therefore, students who used computers for schoolwork more frequently 
demonstrated higher mathematics self-efficacy. However, computer use for schoolwork did not show a 
significant association with mathematics performance.

In addition to the direct effect of computer use for schoolwork, we examined its indirect effect on 
mathematics performance. We explored whether computer use for schoolwork influenced mathematics 
self-efficacy, which in turn affected mathematics performance (See the Table 4 for details). We found 
significant indirect effect of computer use for schoolwork on mathematics performance (β=.03, p<.01), 
in contrast with its insignificant direct effect. In other words, students who used computers for school-
work tended to demonstrate high mathematics self-efficacy, which in turn affected their mathematics 
performance. In sum, the total effect of computer use for schoolwork on mathematics performance 
became significant (β=.03, p<.01) when its effect was mediated by mathematics self-efficacy. Its total 
effect was small (d=.03) which was less than .02 according to Cohen’s standards (1988).

Effects of Computer Use for Gaming of Native-Born Student Model

Computer use for gaming made negative direct paths with both mathematics self-efficacy and mathemat-
ics performance. Students who used computer for gaming more frequently tended to show significantly 
low mathematics self-efficacy (β=-.03, p<.05) and low mathematics performance (β=-.10, p<.01). The 
indirect effect of computer use for gaming on mathematics performance was also significant (β=-.01, 
p<.05). The magnitude of its indirect effect was less than its direct effect, having the effect of computer 

Figure 3. SEM analysis results for native-born student model
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use for gaming was primarily direct (β=-.10). In total, computer use for gaming had a significantly nega-
tive effect on math performance (β=-.11) when combining its direct effect and indirect effect through 
mathematics self-efficacy. According to Cohen’s standards (1988), its total effect has a small effect size 
(d=-.11).

Effects of Other Predictors of Native-Born Model

In addition to effects of two types of computer uses, we examined the effects of parents’ educational 
level, student gender, and mathematics self-efficacy. Parents’ educational level made significant paths 
to computer use for schoolwork (β=.14, p<.01), computer use for gaming (β=-.04, p<.01), mathematics 
self-efficacy (β=.13, p<.01), and mathematics performance (β=.25, p<.01). Gender was a significant 
predictor of computer uses for schoolwork (β=.06, p<.01) and for gaming (β=-.23, p<.01) and mathemat-
ics self-efficacy (β=-.11, p<.01). Compared with male students, female students used computers more 
frequently for schoolwork and less frequently for gaming. Female students displayed significantly lower 
mathematics self-efficacy than male. Mathematics self-efficacy was a significant predictor of mathematics 
performance (β=.43, p<.01). Among exogenous variables on mathematics performance, mathematics 
self-efficacy was the strongest factor with a medium effect size (d=.43). Among exogenous variables 
on mathematics self-efficacy, parent education was the strongest factor with the effect size of (d=.14).

Table 4. Direct, indirect and total effects of native-born student model

Effect Direct Effect Indirect Effect Total Effect R2

On Math Performance .29**

    Self-Efficacy .43** .43**

    Computer for Schoolwork -.00 .03** .03*

    Computer for Gaming -.10** -.01* -.11**

    Parent Education .25** .06** .31**

    Gender -.02 -.02** -.04**

On Self-Efficacy .04**

    Computer for Schoolwork .07** .07**

    Computer for Gaming -.03* -.03*

    Parent Education .13** .01** .14**

    Gender -.11** .01** -.10**

On Computer for Schoolwork .02**

    Parent Education .14** .14**

    Gender .06** .06**

On Computer for Gaming .05**

    Parent Education -.04** -.04**

    Gender -.23** -.23**

* denotes a significance level at 0.05
** denotes a significance level at 0.01
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SEM Model Analysis for Immigrant Student Model

Similar to the fit statistics results of Native-Born Student Model, Immigrant Student Model showed the 
excellent fit statistics (Χ2 = 35.09, df=36, p>.05; RMSEA =0; NFI =1; and CFI=1).

Effects of Computer Use for Schoolwork of Immigrant Student Model

Figure 4 provides the whole picture of the SEM model for immigrant students. Computer use for 
schoolwork showed a significant effect on mathematics self-efficacy (β=.13, p<.01) which was similar 
to the outcome of the native-born student model. Importantly, the immigrant student model showed a 
bigger coefficient of computer use for school work on mathematics self-efficacy (β=.13, p<.01) than the 
native-born student model (β=.07, p<.01). Immigrant students who used computer for schoolwork more 
frequently demonstrated higher mathematics self-efficacy than those who used computer for schoolwork 
less. Similar to the native-born student model, computer use for schoolwork did not have a significant 
direct effect on math performance.

Table 5 shows the indirect effects of computer use for schoolwork on mathematics performance 
mediated via mathematics self-efficacy; showing similar results to the native-born student model. The 
indirect effect of computer use for schoolwork via mathematics self-efficacy on mathematics performance 
(β=.05, p<.01) was significant, differing from its insignificant direct effect (β=.04, p>.05). Therefore, 
students who used computers for schoolwork more frequently displayed high mathematics self-efficacy, 
which was associated with high mathematics performance. With regards to total effects, one conspicu-
ous difference of the immigrant student model from the native-born student model is that the computer 
use for schoolwork showed a stronger effect (β =.10, p<.05) in the immigrant student model than in the 
native-born student model (β =.03, p<.05).

Effects of Computer Use for Gaming of Immigrant Student Model

Using the immigrant student model, computer use for gaming revealed negative coefficients on mathemat-
ics self-efficacy and mathematics performance, indicating immigrant students who used computer for 
gaming frequently displayed both low mathematics self-efficacy and mathematics performance, but the 

Figure 4. SEM analysis results of immigrant student model
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effects were not significant. The indirect effect of computer use for gaming was β=-.03 (p>.05), while 
the direct effect was larger with β=-.05. Immigrant students who used computers for gaming were more 
likely to have lower mathematics self-efficacy, which influenced mathematics performance negatively. 
The difference of the immigrant student model from the native-born student model with regards to the 
total effect of computer use for schoolwork was the effect in the immigrant student model (β =-.08, 
p>.05) was weaker than that in the native-born student model (β =-.11, p<.01).

Effects of Other Predictors of Immigrant Student Model

Parents’ educational level showed a significant association with computer uses for schoolwork (β=.10, 
p<.05), mathematics self-efficacy (β=.18, p<.01), and mathematics performance (β=.24, p<.01). Student 
gender showed a significant association with computer use for gaming (β=-.24, p<.01) and mathematics 
self-efficacy (β=-.12, p<.01), indicating that immigrant girls displayed a significantly lower mathemat-
ics self-efficacy and played computer game less frequently when compared with immigrant boys. As 
in the native-born student model, mathematics self-efficacy was a significant predictor of mathematics 
performance (β=.43, p<.01). Regarding the total effects, overall, the immigrant student model displayed 
a similar pattern to native-born student model. To summarize the results of the immigrant student model, 
mathematics self-efficacy was the strongest variable of mathematics performance with a medium effect 
size (d=.43). For mathematics self-efficacy, parent education was the most significant variable (d=.19).

Table 5. Direct, indirect and total effects of immigrant student model

Effect Direct Effect Indirect Effect Total Effect R2

On Math Performance .30**

    Self-Efficacy .43** .43**

    Computer for Schoolwork .04 .05** .10*

    Computer for Gaming -.05 -.03 -.08

    Parent Education .24** .08** .32**

    Gender .02 -.03 -.01

On Self-Efficacy .06**

    Computer for Schoolwork .13** .13**

    Computer for Gaming -.06 -.06

    Parent Education .18** .01 .19**

    Gender -.12** .02 -.10*

On Computer for Schoolwork .02

    Parent Education .10* .10*

    Gender .06 .06

On Computer for Gaming .06**

    Parent Education .04 .04

    Gender -.24** -.24**

* denotes a significance level at 0.05
** denotes a significance level at 0.01
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DISCUSSION

In search for ways to promote the academic success of middle school students, we examined two types 
of computer uses: computer use for schoolwork and computer use for gaming. Using nationally repre-
sentative data, we built a SEM model to explore the direct and indirect effect of these computer uses 
on mathematics self-efficacy and mathematics performance, while controlling for parents’ educational 
level and student gender.

Aligned with the previous work on the potential of computer use for schoolwork (Kim, & Chang, 
2010; Merchant, Goetz, Cifuentes, Keeney-Kennicutt, & Davis, 2014; Papanastasiou & Ferdig, 2006), 
we found its significant effect on mathematics performance. At the same time, we found its significant 
association with mathematics self-efficacy which previous studies have shown as a critical factor for 
academic success (Fast et al., 2010; Yailagh, Lloyd, & Walsh, 2009). Importantly, we found that com-
puter use for schoolwork positively influenced mathematics self-efficacy, which affected mathematics 
performance through the mediating process. This finding on indirect effects add rich information on 
existing studies on the direct effect of the purposeful use of computers for education (Kim, & Chang, 
2010; Isiksal & Askar, 2005; Topcu, 2011).

Despite its potential to promote academic success directly and indirectly, teens were found to spend 
very little time, only 16 minutes per day using computers for schoolwork, according to the national sur-
vey (Kaiser Family Foundation, 2010). Thus, educators should make efforts to promote the educational 
use of computers among students and incorporate it in the curriculum. This study also found that male 
students used computers for schoolwork significantly less than female students, although computer use 
for schoolwork is a significant predictor of mathematics self-efficacy and performance. We suggest that 
we should find a way to encourage male students to use computers for schoolwork more often.

In contrast with the results for computer use for schoolwork, we found an adverse effect of computer 
use for gaming on student success in mathematics as shown in prior studies (Chang, & Kim, 2009; Festl, 
Scharkow, & Quandt, 2012; Odaci, 2011). The frequent use of computers for digital gaming was associ-
ated with low mathematics performance and low mathematics self-efficacy both directly and indirectly. 
With our findings, we exhort that we should find a way to guide students away from computer use for 
gaming. American youths aging from 11 to 14 years old were reported to spend one hour and twenty-
five minutes per day playing digital games (Kaiser Family Foundation, 2010). In spite of prevalent use 
of digital games and its adverse effect, many students were left without any rules regarding their time of 
playing games: only 30% of youths were found to have some rules (Kaiser Family Foundation, 2010). 
Moreover, we should search for a way to limit the time that male student use computers for gaming, 
which was found in previous studies (Homer, Hayward, Frye & Plass, 2012; Willoughby, 2008).

In this study, we paid special attention to immigrant students due to their ever-increasing number 
in US population and their comparatively low academic performance. The study results showed that 
compared with native-born students, immigrant students demonstrated significantly lower mathematics 
performance, which is consistent with previous findings (Halle, Hair, Wandner, McNamara, & Chien, 
2012; NCES, 2011). Importantly, we added empirical evidence of low mathematics self-efficacy among 
immigrant students to educational research. We believe that these finding would add important informa-
tion on self-efficacy of immigrant students on which little research has been conducted, despite its proven 
importance for the academic success for students (Fast et al., 2010; Yailagh, Lloyd, & Walsh, 2009).

Our results also showed that mathematics self-efficacy of immigrant students were associated with 
parents’ educational level, students’ gender, and mathematics performance of the students. In our prelimi-
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nary analysis, immigrant students displayed lower mathematics self-efficacy than native-born students. 
Out of these immigrant students, educators need to pay attention to female students and students with 
parents of lower educational level. These students demonstrated even lower mathematics self-efficacy. 
It is imperative for educators to make efforts to promote mathematics self-efficacy of the immigrant 
students, which in turn may improve their mathematics performance.

We found that computer use for schoolwork could be one important way to directly promote immi-
grant student’s mathematics self-efficacy and indirectly promote mathematics performance. These results 
suggested computer use for schoolwork could be a potential intervention to narrow the performance gap 
between immigrant and native-born students. Considering the importance of computer use for schoolwork 
for immigrant students, educational instruction should adopt computers in a way that helps immigrant 
students overcome linguistic and cultural obstacles. It should also introduce good computer programing 
that is embedded with multilingual and multicultural features (Ntelioglou, Fannin, Montanera, & Cum-
mins, 2014; Prinsen, Volman, & Terwel, 2007; Proctor, Dalton, & Grisham, 2007).

One step further, we highlight the importance of teachers who can play an active role to promote 
immigrant students’ mathematics performance and computer use. First of all, teachers should take part 
in professional development that will equip the teacher with knowledge and skills to utilize computers 
adequately for immigrant students (Ganesh & Middleton, 2006).

We also suggest to collect data on students’ behavior on computer use and their mathematics self-
efficacy and performance in order to examine their relationship. Due to the availability of student’s com-
puter behavior, we used TIMSS data collected in 2003. Students in TIMSS 2003 data played computer 
games for less than one hour while students in TIMSS 2010 played computer games for one hour and 
twenty-five minutes. Considering the increased consumption time on computer games by youths, it is 
very important to examine these effects on mathematics success using more recent data.
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ABSTRACT

By taking into consideration the significance of the socio-economic contexts, this research investigates 
teachers’ perceptions of the role of graphing calculators, as mediating tools, to help facilitate mathemat-
ics instruction of students from two different SES backgrounds. The main source of data are in-depth 
semi-structured interviews with four teachers, two from each SES school. In general, the participants’ 
perceptions of the role of the graphing calculator were dependent on the context within which it was 
used. Also, the participants played a crucial role in determining the nature of graphing calculator use 
with the low-SES school’s participants appearing not to involve their students in lessons that capitalized 
on the powerful characteristics of graphing calculators. To tease out the role of the situation context, 
a four-component framework was conceptualized consisting of teacher, student, subject matter, and 
graphing calculator use. The components of the framework were taken to be continuously in interaction 
with one another implying that a change or perturbation in one of the components affected all the other 
components. The continuous interactions of the components of this framework suggest that equity issues 
in connection to the nature of graphing calculator use should be an ongoing process that is continuously 
locating strategies that will afford all students appropriate access and use of graphing calculators.

INTRODUCTION

The National Council of Teachers of Mathematics [NCTM] (2000) has, over the last thirty years, been in 
the forefront in advocating for reform in mathematics curriculum, instruction and assessment to improve 
the mathematics achievement of all students. Through its published Standards and its official policy 
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statements, the NCTM has called for high expectations and strong support in order to ensure mathematics 
success for every child. Although the National Assessment of Educational Progress (NAEP) indicates that 
scores in mathematics and science have improved over the last 20 years, a closer examination of student 
data reveals a persistent performance disparity among at-risk students defined mainly by socioeconomic 
status (SES) and race (Lubienski, 2001; Struchens & Silver, 2000).

Race and socioeconomic status have long been associated with disparities in students’ mathematics 
achievements. According to Lubienski (2001), the National Assessment of Educational Progress (NAEP) 
categorizes students’ race as one of the following: White, African American, Hispanic, Asian/Pacific 
Islander, and American Indian (including Alaskan Native). In addition, NAEP classifies schools as high 
or low SES depending on the percentage of students eligible for free/reduced lunch. Since eligibility for 
free/reduced lunch is based directly on family income, this implies that majority of the students who attend 
high (low)-SES schools are those with high (low)-SES. Studies show that schools that enroll students of 
low-SES have a mean academic achievement that is significantly lower than that of schools with more 
affluent and high SES students (Strutchens & Silver, 2000). In addition, many researchers argue that 
there is a strong correlation between race and SES with a disproportionate number of low-SES students 
being minorities (Strutchens & Silver, 2000). Due to this conflation of race and SES, Strutchens and 
Silver (2000) posit that it is sometimes difficult to untangle the two variables to explain the variations 
in students’ academic achievements. However, many have argued that compared to race, SES is a more 
important demographic factor to use as a basis for examining the differences in academic achievement 
(Lubienski, 2001; Struchens & Silver, 2000).

In addition, Krashen (2005) suggests that SES, per se, is not the cause of the discrepancy in the achieve-
ment of low-and high-SES students; rather it is the factors typically associated with SES that cause this. 
These factors, which are more likely to be associated with low-SES students than high-SES students, 
include low expectations of students, ill-prepared teachers, lack of coordination among school, parents 
and community on behalf of students, stereotyping, students’ negative self-image and attitudes, race 
and identity issues, shortage of resources and less adequate facilities and biased curricula and pedagogy 
(Martin, 2000; Perry, Steel & Hilliard, 2003). It is worth noting that these factors do differentially affect 
the learning opportunities of low SES students. Several studies have shown that in order for students to 
achieve they must have appropriate learning opportunities (e.g., Tornroos, 2005). Appropriate learning 
opportunities refer to not only the chances presented to the students to study mathematical topics but 
also how those topics are taught, that is the quality of instruction afforded to the students to enhance the 
acquisition of the knowledge and skills of the topics covered (Tornroos, 2005).

The NCTM (2000, 2005) recommends the essentiality of ensuring that today’s classrooms provide 
technology-supported learning opportunities for students to learn more sophisticated mathematical 
ideas. These opportunities among students include not only the physical presence of the technology in 
the classroom, but also the teacher’s appropriate use of the technology in ways that encourage student 
engagement and learning, ultimately affecting their achievement (Abramovich, 2014). Thus, opportunity 
to learn is an important contributing factor in learning outcomes. Indeed, studies reveal that there exist a 
strong relationship between opportunity to learn and student performance and achievement in mathemat-
ics (e.g., Tornroos, 2005). For this reason, equity issues arise due to a differential opportunity to learn 
among the high SES and low SES students since, consistent with the aforementioned argument, this in 
turn leads to a differential gap in their academic achievement and performance. It is for this reason that 
Mickelson and Southworth (2005) argue that ensuring a closure of this achievement gap would require 
educational reforms that would ensure that all children have equal opportunities.
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The term equity, defined in the context of education, has had a number of different meanings, with 
past researchers emphasizing education access concepts such as equal resources, quality teachers, and 
opportunity to learn (e.g., Century, 1994; Secada, 1994). Gutierrez (2002) suggested that equity refers 
to fairness and having the same high expectations or standards for all students. She further argued that 
equity does not mean sameness rather “the inability to predict mathematics achievement and participation 
based solely on student characteristics such as race, class, ethnicity, sex, beliefs, and proficiency in the 
dominant language” (p. 153). Recently researchers have begun to draw from the sociocultural approach 
to examine issues of equity in mathematics education through the analytic lens of identity (e.g., Stinson, 
2006). From this perspective, researchers consider the social and cultural features of the learning contexts 
within which traditionally marginalized students participate in mathematics and how this shapes how 
they position themselves as learners and doers of mathematics and how they are positioned by others.

These definitions seem to be centered on the Equity Principle proposed by the NCTM (2000) in the 
Principles and Standards for School Mathematics which calls for high expectations and learning oppor-
tunities, accommodating differences to help everyone learn mathematics, as well as to provide resources 
and support for all classrooms and students. Moreover, the NCTM Research Committee (2005) contends 
that researchers should concern themselves less with the multitude of equity definitions, and more with 
research on understanding the causes and effects of inequity as well as the strategies that effectively 
reduce undesirable inequities of opportunities and achievement in mathematics. This study invokes 
equity as those strategies aimed at providing appropriate learning opportunities to at-risk students with 
the aim of improving their achievement in mathematics.

LITERATURE REVIEW

In the discussion of the Equity Principle, the NCTM (2000) offers specific tools for achieving equity in 
the mathematics classroom with technology being one such tool. The NCTM argues that, “technological 
tools and environments can give all students opportunities to explore complex problems and mathematical 
ideas” (p. 13). The use of technology in classrooms has, thus, been recommended as useful in helping 
engage at-risk students in challenging and learning that encourage them to use complex thinking skills 
(Hennessy & Dunham, 2002).

The assertion by Penglase and Arnold (1996) that the graphing calculator is more prevalent than any 
other forms of technology in the classroom because of price, portability, and ease of use holds true today. 
In addition, the NCTM (2000) has advocated the use of technology, including the graphing calculator, in 
the teaching and learning of mathematics for all students. Further, the NCTM (2000) argues that calcula-
tors are essential tools for teaching, learning, and doing mathematics. A number of studies have addressed 
the role of the graphing calculator in the teaching and learning of mathematical concepts. The consensus 
of research reviews is that students who use graphing calculators display better understanding of func-
tion and graph concepts, improved problem solving, and higher scores on achievement tests for algebra 
and calculus skills (e.g., Abramovich, 2014; Doerr & Zangor, 2000; McCulloch, 2011; Rachel, 2014).

That said, it is important to mention that the graphing calculator, like any other technological tool, 
is more than just the physical resource in the sense that the nature of its use is shaped by the situational 
context within which it is used (Hennessy & Dunham, 2002). Indeed, as Pengalese and Arnold (1996) 
pointed out, the nature of graphing calculators’ use cannot be isolated from the many other variables 
involved in classroom dynamics and therefore researchers are urged not to treat the graphing calculator 
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use and effects aside from the context in which it is being used—the particular learning environment. 
For this reason, it is important, when examining the use of graphing calculators to also pay attention 
to the context of that use. In light of this, however, few studies have focused on the nature of graphing 
calculator use within various socioeconomic contexts, which is the focus of this study. Indeed, while 
graphing calculator access is generally high, unlike other technological devices like computers, issues 
pertaining to equity arise from the nature of graphing calculator use.

Thus, while the availability or the physical access to graphing calculators is necessary, it is not a 
sufficient condition to ensure equitable mathematics learning. The extent of instruction incorporating 
graphing calculators received by students, as well as the opportunity that they have to make use of the 
graphing calculator’s mathematical functions, is what the NCTM envisions as not only the availability 
but also the appropriate use of technology that can promote equity in mathematics classrooms. In other 
words, this envisioning ensures that students are not just involved in learning activities that merely re-
quire mathematics that could be accomplished with or without a graphing calculator, but rather they are 
involved in learning activities that capitalize on the powerful characteristics of the graphing calculator. 
Teachers’ perceptions towards the graphing calculator have been found to significantly affect the way 
the graphing calculator is integrated into learning activities (Lee & McDougall, 2010). Students’ percep-
tions and confidence levels also play a significant role in how and when they use technology (Hennessy 
& Dunham, 2002). Consequently, the various contexts and classroom learning environments, within 
which the graphing calculator is used, can differentially affect and determine the nature of graphing 
calculators’ use.

By taking into consideration the significance of the socio-economic contexts within which the graph-
ing calculator is used, this research attempted to investigate teachers’ perceptions of the role of graphing 
calculators, as mediating tools, to help facilitate the understanding and internalization of new knowledge 
in the mathematics instruction of students from different SES backgrounds. The goal of this study, thus, 
was to draw to the attention of mathematics educators some of the red flags that stand in the pathway 
of ensuring not only the availability but also the appropriate use of graphing calculators that can in turn 
promote equitable mathematics education. The research questions for this study were:

1.  What are the perceptions of teachers of the role of graphing calculators in the mathematics instruc-
tion of students with different SES? What are their perceptions of the local constraints pertaining 
to the use of graphing calculators?

2.  What are the teachers’ perceptions of the factors that influence their decisions regarding the use 
of graphing calculators in different SES contexts?

In addressing these questions, a comparison was done of the perceptions of the participants, at both 
high-and low-SES schools, of the role or use of graphing calculators in mathematics instruction. In ad-
dition, the situational context was investigated as to how it appeared to have enhanced or constrained 
the use of graphing calculator at both the high-and low-SES schools. Pertinent to this discussion and 
of prime importance is how the situational context appeared to have influenced the ways in which the 
graphing calculator was used. This refers to not only the availability but also the appropriate use of 
graphing calculators, discussed previously. In other words, what was the nature of graphing calculator 
use at both schools?
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THEORETICAL FRAMEWORK

A sociocultural theoretical perspective guided this research. According to sociocultural theory, learning 
is socially and culturally situated in contexts of everyday activities (Vygotsky, 1978) and is the result 
of a dynamic interaction between individuals, other people, and cultural artifacts or tools, all of which 
contribute to the social formation of the individual mind and lead to the realization of socially valued 
goals. The mechanism through which the external sociocultural activities are transformed into mental 
processes is called mediation. Vygotsky (1978) described the basic elements of such a system as the 
subject (the individuals engaged in the activity use), mediating artifacts or tools (the technical tools, 
symbols, language, prior knowledge and people to help the subjects engage in the activity) and the object 
(goal to be achieved from the activity). Using this theoretical view, researchers attempt to explain the 
relationship between the individual and the system. Individual development is viewed as dependent on 
the social interactions that are a part of the daily activities in any given culture. These daily activities 
include the everyday cultural experiences that are subject to social conditions, such as SES, and the poli-
cies that affect neighborhood conditions. A sociocultural perspective allowed the examination of teachers’ 
perceptions of the graphing calculator use as a mediating tool to facilitate the mathematical learning of 
low-SES and high-SES students situated within different sociocultural classroom and school contexts.

RESEARCH METHODOLOGY

In order to investigate the research questions in-depth face-to-face semi-structured interviews were 
conducted with four participants. The purpose of the interviews was to use questions, conversations as 
well as discussions in order to gain insight into the participants’ perceptions of the research themes. 
More specifically, the interviews were aimed at getting a glimpse of how the teachers used graphing 
calculators as tools to mediate mathematical learning in particular classroom environments. According 
to Smith and Smith (2006):

Qualitative interview research enables inductive analysis; the interviews provide a detailed narrative, 
which allows the researcher to interpret and draw his/her own inferences. It allows the researcher to 
capture the perceived experiences of the people and interpret their stories, recognizing that the accounts 
were filtered through the researcher’s concept of reality. (p. 37)

An interview protocol was designed with key questions, which were categorized according to the re-
search interests of this study and used for reference and as prompts when and if necessary. The participants 
were asked questions regarding to how and why they decided if and when the graphing calculators would 
be used. It was also of interest to investigate the participants’ opinions regarding their past experiences 
and/or future expectations with respect to teaching a class or lesson that they felt lent itself to the use of 
graphing calculators. All the interviews were audio recorded and transcribed.

The four participants were chosen purposively on the basis of several factors. First, they had to come 
from different SES schools: two from a low-SES school and two from a high-SES school. Also of im-
portance was the requirement that the participants would be reasonably knowledgeable regarding the use 
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of graphing calculators and would be already using them in their classrooms. It was also important for 
the participants to have at least two years of experience in teaching mathematics coupled with experi-
ence in using graphing calculators. The experience requirement was based on the assumption it would 
enable the teachers to have not only a better understanding of how, when, and for what activities to use 
the graphing calculator in mathematics instruction, but also an understanding of the factors that enhance 
or constrain the use of graphing calculators.

All the participants, two females and two males, were White and their ages ranged from 24 to 35 with 
all self-reporting a middle class background. Lorna and Lance taught at the low-SES school, Liberty 
high school, while Hakeem and Heather taught at the high-SES school, Hopetown high school. In order 
to protect the anonymity of the participants, all the names used in this study are pseudonyms. The two 
different SES schools were within 10 miles of each other in the northeastern part of United States. Ac-
cording to the State School Report Card, Liberty high school, the low-SES school, served at least 1000 
students in grades 9-12. About 53% of the students were African Americans, 26% were white and the 
rest belonged to other ethnicities. Approximately 50% of the students were eligible for free or reduced 
lunch. Additionally, at the high-SES school, Hopetown high school, 96% of the approximately 700 
students were white, while the other races shared the remaining percentage. Compared to Liberty high 
school, about 10% of the students were eligible for free or reduced lunch. A summary of the participants 
is shown in Table 1.

Grounded theory methods, which involve the constant comparative method of analysis, were used 
to analyze the data. The main idea behind the constant comparative method, according to Bogdan and 
Biklen (2003), is coding all data while continually comparing each piece of information with previously 
categorized data. It is from these comparisons that emerging categories begin to form. Categories were 
initially developed by searching through the data for patterns as well as for topics the data covered. 
The categories that were searched for and coded include: perceptions of teachers of the use of graphing 
calculator as a tool for mathematics instruction, local constraints on the use of graphing calculators and 
influences of using graphing calculators. The analysis compared and contrasted the data falling in each 
category, within and between the participants of both the high-SES and low-SES schools.

By taking into consideration the local sociocultural contexts of the classrooms and the schools within 
which the participants and their students were situated, this analysis is consistent with a sociocultural 
perspective of learning in the sense that the nature of the graphing calculator use, as a mediating tool to 
facilitate mathematical learning, was strongly influenced by the various classroom and school milieu.

Table 1. Summary of participants in the study

School Teacher Education Years Teaching Math

Hopetown High School (high-SES) Hakeem Dual BS (Math and special Ed) 5

Heather BS (Math) 
MS (Math Ed)

3

Liberty High School (low-SES) Lorna BS (Math) 6

Lance BS (Math) 
MS (Math Ed)

11
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RESULTS

In identifying the use of the graphing calculator as perceived by the participants, the categories specified 
in the results of Simmt’s (1997) study were adopted with slight modification. This is because the par-
ticipants’ perceptions of the uses of graphing calculators were found to be similar to the uses that Simmt 
reported in her study. In Simmt’s study, the participants were six in-service teachers who were teaching 
the transformation of the quadratic function. The categories of the uses of the graphing calculator were 
different even though the teachers had the same availability and the same curricula requirements for the 
unit. These categories were: (a) checking work, (b) plotting graphs of functions, (c) finding graphical 
solutions, (d) understanding word problems, (e) exploring beyond the concept being taught, (f) providing 
a picture. Because (b) and (c) were not found to be different, the two were collapsed into one category: 
finding graphical solutions. In addition, (a), (e) and (f) were appropriately rephrased to read: checking 
working initially done by hand, exploring deeper, richer mathematics, and visualization respectively. 
Finally, no one example of (d) was found from the data but an additional use of the graphing calcula-
tor—motivation—was revealed.

Moreover, the following factors that served as local constraints, as perceived by the participants, 
on the use of graphing calculators were found: fear of the erosion of computation skills and calculator 
dependency, planning time factor, students’ lack of basic skills, students’ lack of discipline, availability 
of graphing calculators outside school, low standards of state exams. Also, the factors influencing the 
participants to use graphing calculators were found to be: teachers’ perception of teaching and learning 
mathematics, topic of study, state requirements, collegiality, and teachers’ expectations of students.

Participants’ Perceptions of Graphing Calculator Use

Table 2 shows how the participants’ perceptions of graphing calculator use were categorized.
All the participants perceived the graphing calculator as a tool for checking work done by hand (see 

Table 2). For example, Heather said that the graphing calculator was a tool to “make sure that you are 
doing it right…to check a funky answer like a decimal,” while Hakeem believed he had to make sure 
that his students were able to solve problems “by hand…after that I will be like, ‘let us plug that equation 
in…let us go to our table when x is equal to 7...’ and then I will ask them to look at that…” He perceived 
the graphing calculator as a checking device to confirm answers solved algebraically. He shared this 
perception with Lorna who believed that students needed to acquire algebraic skills first and later “they 
can use the graphing calculator as a check [tool] to say that ‘does this work or not’.” The notion that the 

Table 2. Participants’ perception of graphing calculator use

Low-SES School High-SES School

Lance Lorna Hakeem Heather

Checking work initially done by hand Yes Yes Yes Yes

Finding graphical solutions Yes Yes Yes Yes

Exploring deeper richer mathematics No No Yes Yes

Visualization No No Yes Yes

Motivation No No Yes Yes
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students needed to have a firm understanding of the underlying mathematical concepts before using graph-
ing calculators seemed to be quite pervasive in the comments made by the participants. Hakeem noted:

Well, I always teach them the basics first, they always do everything by hand first because if they don’t 
understand what the calculator does...later on if they don’t understand the domain and range of a func-
tion, they are not going to be able to figure out what the correct window is for once they get to math B, 
so I try to really make sure that they understand that stuff first. 

Thus, Hakeem, like the other participants believed that it was important for the students to learn and 
understand the concepts first and be able to work out problems by hand, and then later on they could 
use graphing calculators to verify solutions to the problems.

All the participants believed that the graphing calculator should be used as a tool to find graphical 
solutions. They mentioned that they used the graphing calculators to, among other things, find the solu-
tions to a system of equations and to find the output of a function given the input. For example, Lorna 
described how she showed her students how to solve a system of simultaneous equations by graphing 
the functions and looking for the point of intersection. Hakeem said that when given a system of equa-
tions to solve, it is “a lot nicer for them to be able to put it into the graphing calculator and be able to 
get out the answer quickly and be able to see that there is two linear equations that cross at one point,” 
sentiments which were echoed by Heather and Lance. Thus, the participants believed that the graphing 
calculator was a useful tool in investigating graphical solutions for a system of equations.

Only Heather and Hakeem perceived the calculator as a tool to explore deeper and richer mathemat-
ics. To achieve this, they presented their students with hands-on activities to explore using graphing 
calculators thereby making them more active participants in the classroom. They also brought in some 
real-world examples so that students would relate the mathematics they were learning to the real world. 
Hakeem gave this example: “I love to teach parabolas first and then later on I give real world applica-
tions like the example…’a guy plays, he hits a homerun, what is the shape of the graph [of the path 
of the ball]?’ You know, we go through, plot a parabola using a graphing calculator…” Heather said 
that the graphing calculator “helps more to learn because you can see more, the students can visualize 
and be like, ‘oh, that is what you meant,’ or, ‘okay I got you’.” These participants, from the high SES 
school, explained that by giving the students real-world examples, the question the students normally 
ask “where will I ever use this?” takes on a different meaning. They participants also believed that the 
students were capable of doing higher-level math given proper tools like the graphing calculator and 
that graphing calculators helped to promote a deeper understanding and discovery learning among the 
students. On their part, Lorna and Lance, from the low SES school, gave students’ lack of discipline in 
the classroom and their lack of basic skills as the reasons why they do not favor this use. Lorna noted:

You don’t have to do all the higher-level math. You need to make sure they have mastered their skills. 
With the low level if you don’t do that then you end up with discipline problems because now you have 
gone too fast for them and they are becoming a discipline problem…

This issue of lack of skills and discipline was quite pervasive in the comments made by Lorna and 
Lance. In the context within which they taught, they saw these issues acting against the potential benefits 
of graphing calculators. Lance remarked:
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These guys need the basic skills instead of the advanced more or less this is how you use it here. They 
have a hard time…they need paper and pen skills…just trying to do it on a piece of paper. So for us…
for myself… I am more concerned about just giving the basic skills. 

Therefore, Lorna and Lance believed these two issues pertaining to students’ lack of skills and lack 
of discipline needed to be dealt with first in order to render the students capable of doing higher-level 
math with appropriate tools like the graphing calculator.

Consistent with their perceptions about their students lacking in basic skills, Lorna and Lance did 
not believe that the graphing calculator was useful as a tool for motivation. This is what Lorna said:

I am not convinced…working on skills and confidence…I think skills and confidence are better than 
technology any day of the week…If a kid has problem in engaging you can do everything on the kid …
as long as you do not deal with the problem of engaging… there are certain things that are still basic… 
we give them calculators and have gone beyond basic skills and there is no basic skills and there is no 
self-esteem build up. All they know how to do is type numbers on the calculators. 

Lorna reiterated the factors that she perceived as counteracting the possible benefits of graphing 
calculators. She believes that dealing with these problems should precede the use of graphing calcula-
tors. In contrast to the perceptions of Lorna and Lance, Heather and Hakeem perceived the graphing 
calculator as a tool for motivation. Heather explained that she thought that the graphing calculator was 
“a great, great tool… before you had to rely on the teacher to talk and show… now you can actually have 
the kids do it themselves…” while Hakeem said that “it is nice change of pace…” and that “the more 
the different ways we can use to teach the course material, the more [the number of] students we will be 
able to motivate and get them to do math, and I really think that this is one good thing about it…” The 
participants from the high SES school, thus, believed that the graphing calculator was an effective tool 
for instruction and that their students were able to do higher-levels of mathematics, when motivated to 
do so, with the help of proper tools.

Participants’ Perceptions of Local Constraints

Table 3 shows how the participants’ perceptions of local constraints to graphing calculator use were 
categorized.

The notion of erosion of computational skills and dependency on graphing calculators was quite 
pervasive in the comments made by the participants (see Table 3). For example, Hakeem explained that 
he thought the graphing calculator helped the students in so many areas but it ruined their computation 
skills and that sometimes he felt the device was “worshipped like a god. I cannot tell you the number 
of times where I said, ‘that may be the answer to the question that you asked, but you asked the wrong 
question…’ about halfway through I will be sick of saying that, and I will still have to say it.” Hakeem 
gave an example of how students erred in believing that the square of a negative (real) number was a 
negative value because that is what the graphing calculator gave them. Giving a similar example, Lance 
pointed out that the students erred because, when feeding the calculator with values to find the square 
of a number, the students did not “plug in the values properly.” Hakeem and Lance, thus, felt too much 
dependency on graphing calculators caused the students to gloss over the answers they got using graphing 
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calculators without questioning those answers and as a result, this prohibited their thinking. Lorna, on 
her part felt that the graphing calculator was not always helpful because although it provided shortcuts:

It avoids skill development…when we learn how to use the calculator we are told it is great… it is higher 
thinking but I think they have gotten in the wrong direction and they are moving backwards away from 
it…we are going back to basic skills because [the graphing calculator] was supposed to make the kids 
think higher and it was supposed to investigate and really all it has done is to get the answers.

Lorna was not convinced that graphing calculators could help her students develop high thinking 
skills. Due to her beliefs about the role of basic skills in mathematics education, which she perceived 
her students to be lacking in, she believed that the traditional model of teaching using drill-and-practice 
activities was much better than the technology enhanced model that allowed students to explore and 
investigate mathematical concepts. In addition, Heather was frustrated that students were using graph-
ing calculators to do problems whose solutions she believed already should be “in their heads” like 
“adding negative two plus zero.” Like the other participants, she was concerned that if students used 
the graphing calculator too much they would become dependent on the calculator, even for relatively 
simple calculations and end up not only lacking an understanding of the mathematical processes but 
also failing to develop a strong skill base.

While the participants acknowledged the use of graphing calculators helped to save them instructional 
time on the one hand, they complained that it took away their time to prepare and plan the lessons on 
the other. For example, while referring to the time he spend coming up with a demonstration for the 
Pythagorean theorem, Hakeem said: “I think it takes up more of my time. Setting up the demo for Py-
thagorean theorem, that probably took me a couple planning minutes for me to do it…”

The participants also complained about the time to teach the students to be proficient in using the 
graphing calculators. Heather said that she had to teach her students how to use the graphing calculator 
because “sometimes the user doesn’t understand or doesn’t know how use it,” while Lorna saw another 
dimension to this by saying that dedicating time to do this, though inevitable, would be drifting from 
the initial goal of “teaching the students math,” to “teaching them technology,” mentioning that what 
her students needed most were the basic skills.

Table 3. Respondents’ perceptions of local constraints

Low-SES School High-SES School

Lance Lorna Hakeem Heather

Fear of erosion of computational skills Yes Yes Yes Yes

Planning time Yes Yes Yes Yes

Students’ lack of basic skills Yes Yes No No

Students’ lack of discipline Yes Yes No No

Physical access outside school Yes Yes No No

Low standard of exams Yes Yes No No

Student distraction Yes Yes Yes Yes

Student resistance Yes Yes No Yes
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All the participants mentioned that they found it problematic when, as Heather and Lorna put it 
respectively, the students began to “play games” and “type letters” during instructional time instead of 
participating in the lesson. Hakeem said that when his students were using graphing calculators he tried 
to be “aware of the game playing” in order to make sure that the students were on task. By turning the 
graphing calculator to a toy, the participants felt that it became an entertainment artifact instead of what 
it was supposed to be—an educational tool.

All the participants but Hakeem mentioned that their students showed reluctance and resistance to 
using graphing calculators. For example, Lance found it problematic those times when the students 
resisted the tool. He said:

There are times that they don’t like it at all…there are times they just type in words on the calculator 
not paying attention to what I was saying. So some of the times, its like if I found them doing that...I am 
like…they are just not using them in the right way…so what is the sense? 

It can be inferred from this statement that the students’ reluctance and/or resistance could be attributed 
to what Lance perceived to be their lack of attentiveness and lack of understanding of their responsibil-
ity as active learners in the classroom. Attributing this resistance to the students’ lack of understanding 
of the technical aspects of the graphing calculator technology, Heather said that there were times when 
the students “get frustrated and they won’t do it on their graphing calculators…” Lorna had a different 
take on this issue:

And I will tell you that the kids once they learn how to solve for x, they do not want the shortcut. They 
want to show you that they can solve for x, they want to show you…like I have taught it before and they 
were like, “I don’t want to do that…why don’t I…” They want to show you that they are successful in 
math and once they learn how to solve for x they don’t want even want the shortcut… 

She added that most of her students came to high school without having been successful in math-
ematics. It can be inferred from her statements that these students preferred the pen-and-pencil method 
because they felt more confident and successful in their practiced method of working through the prob-
lems without the aid of graphing calculators.

According to the participants from the low-SES school, the majority of their students, unlike those 
of the high-SES school, did not have graphing calculators at home. Lance found this problematic:

Very few of my students have their own graphing calculators… so, that is hard…that is why I can’t teach 
them too much on that…‘cause if they were gonna go home and do it, they cannot do it, so why teach 
them; why show them this great information when they cannot use them at home? 

This may explain Lance’s reluctance to engage in innovative instruction using graphing calcula-
tors that could benefit the students. Although he believed students’ access to graphing calculators was 
necessary, which he thought should start in middle school, he was convinced it was not sufficient. He 
believed that besides, and indeed before the experience with graphing calculators, students needed to 
have the basic skills in mathematics.
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The low standards of exams was another problematic issue to both participants at the low-SES school. 
They believed that the standards of the state exams had been set too low in order for the students from 
inner city schools to pass. Lance thought that there were no incentives to use the graphing calculators 
as an investigation or visualization tool and expressed his frustrations rather blatantly: “…so why am I 
gonna bust my butt to teach them some of the high-level stuff…I may as well work on the basic stuff for 
them…I mean that is what the state is telling me basically.” Since Lance saw the state as lowering the 
exam standards so that students could pass by “merely guessing the multiple choice-section of the exam,” 
he did not see the need to involve the students in learning that would take advantage of the powerful 
characteristics of graphing calculators.

Participants’ Perceptions of the Factors Influencing 
the Use of Graphing Calculators

Table 4 shows how the participants’ perceptions of the factors influencing the use of graphing calculator 
were categorized.

From all of the participants’ comments, it was inferred that their philosophy of teaching and learn-
ing mathematics in turn influenced their perception of the role of graphing calculator in mathematics 
instruction (see Table 4). Lorna had this to say about her students’ use of the graphing calculators to 
solve a system of equations:

I couldn’t even get them to develop the understanding as to why the intersection was the answer…they 
really…it was…they were getting the answer but I didn’t feel it helped them mathematically, I felt like 
it got them the answer and if the goal of the class was to get the answer then we were good but the goal 
of the class was to have an understanding and I do not think it [graphing calculator] gave them that…
they never really…these kids are low level…and we are skipping the process of learning math and giv-
ing them calculators to get answers. 

Lorna’s philosophy of teaching mathematics was to have her students not just write down the answer 
but also to understand the process of getting it. Since she perceived her students as lacking in basic skills, 
she believed that they needed to gain those skills first before using the graphing calculators in order to 
gain an understanding of the process of solving mathematical problems.

Lance perceived mathematics to be a process consisting of bits and pieces and his responsibility, 
as a teacher, was to ensure that these pieces were brought together in order to move to the next level. 

Table 4. Factors influencing the use of graphing calculator

Low-SES School High-SES School

Lance Lorna Hakeem Heather

Teachers’ philosophy of teaching and learning mathematics Yes Yes Yes Yes

Topic of study Yes Yes Yes Yes

State requirements Yes Yes Yes Yes

Teachers expectations of students Yes Yes Yes Yes
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He believed that these bits and pieces required basic skills in mathematics, which he also perceived his 
students to be lacking in. As a result, he believed that the students needed to acquire “some basic un-
derstanding, some basic math skills” before using the graphing calculator in the process of integrating 
the bits and pieces of mathematics.

Moreover, Hakeem’s view of teaching mathematics was through scaffolding as illustrated below:

Well, I think scaffolding works very well for me and it is just like when you are building up a building 
and you start off with a whole bunch of stuff so that you can build a strong foundation with beams and 
support and then once those are in place you start going down the steps…that is what I view myself… 

For this reason Hakeem first laid the foundation, which provided the framework for modeling and 
teaching the students to use a variety of techniques including the use of graphing calculator, to solve 
real-world problems. He perceived his students as being able to do all levels of mathematics given proper 
tools like the graphing calculator and that learning should be tied to real-world applications.

Heather mentioned that she viewed mathematics as having fun, and that the graphing calculator 
made it possible to investigate fun activities. She also believed that students were able to do all levels of 
mathematics given proper tools and that the graphing calculator was such a tool.

The participants shared the belief that some lessons lent themselves to the use of graphing calculator 
better than others. For example, Lorna said:

During the graphing unit, I use it everyday. So right now we are in the span where we do use it every 
day…so they use it to get their tables, they will use it to get their solutions to a system of equations, and 
that is just about it. 

Hakeem had this to say:

When I get to the graphing unit, I use them frequently…when I get to probability and statistics; I use 
them probably three out of five days...there are certain topics that may really lent themselves to the use 
of graphing calculator…there is solving functions on graphing calculators but I don’t want students to 
be bothered by it when I am starting off and we are just learning how to get the foundation…

It appeared that another motivation to use the graphing calculators came from the state directives, 
which required all students to have access to graphing calculators during the state exams. Lorna noted 
that it would be unfair for the students not to experience the use of the graphing calculator when they 
were bound to use during exams: “…just because the state says that they can use on the state exams, so 
it is not fair for them not to have it…so, because the state has set that precedent we have got to do that.” 
Heather wanted to make sure that: “…everybody passes the regents exams although I haven’t had any of 
my kids who have done the regents exam yet…” Hakeem also expressed the same feeling: “…the state 
emphasizes that we use graphing calculators, so I think that because of that we have to emphasize the 
use of them in classrooms.” Lance appeared to agree with the other participants by stating that:
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It was more or less that everything was going towards that, being able to use the graphing calculator 
and now we can be able to do all this graphing, something like that… it was almost like a new wave 
type of thing…now you can be able to look at a table, be able to graph, be able to change the x and the 
y axis, so it was something new, you were always being told to use technology as much as you can…this 
was a perfect way to do it.

The participants’ expectations of their students appeared to have influenced them also. The partici-
pants at the high-SES school believed that their students could do high-level math with the help of tools 
like the graphing calculator. For example, Heather believed using graphing calculators would give the 
students “an extra jump, now before they get to the next math course or anything higher.” This shows 
that her high expectations of the students influenced her perception of the graphing calculator use.

The expectations of the participants at the low-SES school of what the students could or could not 
learn with the help of the graphing calculator stemmed from their concerns about the students’ lack of 
basic skills. For example, referring to the role of graphing calculators in the advancement of mathemati-
cal teaching and learning, Lance remarked: “…they do not have the necessary skills to do all that stuff 
[high-level mathematics]…they need to get the skills first before they start using the calculator…” The 
participants at the low-SES school, therefore, believed that, without these foundational skills, the students 
were not able to learn high-level mathematics even with the help of graphing calculators.

DISCUSSION AND CONCLUSION

The results of this study indicate the participants’ perception of the role of graphing calculator was 
dependent on the situational context within which it was used and that the participants played a crucial 
role in determining the nature of graphing calculator use in mathematics instruction. In order to tease 
out the role of the situational context with regard to the factors that enhanced and/or constrained the use 
of graphing calculators, a four-component framework was conceptualized. This framework consists of 
four components: teacher, student, subject matter, and graphing calculator use (see Figure 1).

The components of this framework were taken to be continuously in interaction with one another 
implying that a change or perturbation in one of the components affected all the other components. This 
study sought to determine the conditions that coalesced to bring forth the situational context within which 
the participants used the graphing calculator and how the interactions of the components influenced the 
nature of this use.

According to this framework, the teacher’s role in integrating graphing calculators into classrooms 
is pivotal since it is the teacher who guides instruction and shapes the instructional context in which the 
graphing calculator is used. The teacher’s perception of the use of graphing calculator, perception of 
students, perception of the role of basic skills in mathematics, and experience with graphing calculators 
also contributes to the conditions bringing about the teacher’s interaction with the situational context. 
Thus, the decisions s/he makes pertaining to the use of graphing calculator directly affects how the 
teacher and the students interact with the graphing calculator and with one another to perform different 
tasks. Taking the situational context at the low-SES school, for example, some of the conditions that 
combined to create the context in which the graphing calculator technology was integrated into math-
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ematical instruction include students’ lack of basic skills and poor mathematical background, indiscipline 
and immaturity. The results of the study indicate that, unlike the participants at the high-SES school, 
the participants at the low-SES school, failed to involve their students in lessons that capitalized on the 
powerful characteristics of graphing calculators including the potential of the graphing calculator as an 
investigation tool, a visualization tool or a tool for exploring and discovering mathematical concepts. 
This shows how the interactions with the context affected the participants’ perceptions regarding the 
use of graphing calculator.

While comparing her students with those of a high-SES school, whom she perceived as having a strong 
mathematical background and strong math skills, Lorna argued that the graphing calculator use was dif-
ferent in the two contexts in the sense that at the high-SES school the graphing calculator was used to help 
students learn higher-level math while at the low-SES school it was used to help students get answers. 
This shows how Lorna’s perception would change if the context was different. According to Lorna, a 
perturbation of the situational context would occur through holding the students to high expectations, 
tackling the discipline and immaturity, and working on improving the students’ mathematical skills; a 
change that she argued should begin at middle school. This perturbation would bring about a change in 
the interactions among the components in the model, ultimately affecting the nature of using the graph-
ing calculator. Therefore, the school and classroom environment afford certain conditions that influence 
the teacher and students’ actions and interactions with the graphing calculator within the classroom.

One can, therefore, trace the entanglement and interconnection that exists between the context and 
the contextual components and the use of graphing calculator. For example, a child from a low-SES 
background is more likely to have a poor mathematics background and a low skill base. This child is 
also likely to be in a school where the teachers do not hold students to high expectations and may in 
fact, throughout his/her high school life be tracked into lower-level classes where the appropriate use of 
graphing calculators is limited. The child is also more likely to not have the physical access to a graph-
ing calculator at home.

Figure 1. A four-component model of mathematical learning using a graphing calculator
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The participants’ interaction with the subject matter is also worth noting because, similar to Simmt’s 
(1997) findings, their philosophies of teaching and learning mathematics influenced their perceptions 
of the use of graphing calculators. Moreover, some of the topics lent themselves to using the graphing 
calculator like the graphing unit showing how the subject matter influenced how, when, and for what 
activities the graphing calculator was used.

The results also indicate that that, unlike the lack of consensus of the participants in Fleener’s (1995b) 
study on whether or not calculators should be used until students had achieved conceptual mastery, these 
participants all seemed to agree that conceptual mastery should precede the use of graphing calculators. 
In addition, the participants feared students’ dependency on graphing calculators and their negative effects 
to the students’ computational skills. This seems to contradict findings of existing research, which indi-
cate the contrary. This disconnect can be attributed to the challenge the participants faced of integrating 
graphing calculators into instruction and/or their own beliefs about graphing calculators. For this reason, 
teacher education programs should give teachers opportunities to reflect on their personal philosophies 
and beliefs about graphing calculators (Lee & McDougall, 2010), combined with reflection on their 
beliefs about mathematics, its teaching and learning (Simmt, 1997). According to Kastberg and Leatham 
(2005), these opportunities to reflect should be accompanied by opportunities to experience teaching 
and learning with graphing calculators. One of the ways of doing so is through exposure to research on 
how teachers have effectively used graphing calculators in their classrooms (Doerr & Zangor, 2000). 
These considerations will, thus, ensure the perturbation of teacher’s beliefs so that they are informed by 
the current research and connected to their own mathematical understandings.

With this framework, one can identify the circumstances where internal or external factors constrained 
or enhanced the participants’ use of graphing calculators and how the interaction of the components 
influenced the nature of graphing calculator use. Since the perturbation in one of the interactions affects 
all the other interactions, it is important to determine the requisite changes and perturbations that would 
result in the effective use of the graphing calculator as a tool of educational reform. In other words, ef-
forts should be made to ensure that teachers engage their students in the types of instruction and learning 
opportunities that entail appropriate use of the graphing calculators. This is important for the use of the 
graphing calculator, as a tool of educational reform, to achieve the NCTM’s (2000) equity goal, rather 
than to end up exacerbating the already existing inequities between students of high-SES and low-SES 
schools. The continuous interactions of the components of this framework, thus, suggest that equity is-
sues in connection to the nature of graphing calculator should be an ongoing process that is continuously 
locating for strategies that will afford all students appropriate access and use of graphing calculators. 
This framework also points out that the challenge of integrating graphing calculator into mathematics 
teaching and learning is related to humans than technology, and that the nature and impact of graphing 
calculator use can best be understood when studied in the context in which it takes place.
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ABSTRACT

This paper explores the potential of dynamic statistics software for supporting the early teaching and 
learning of statistical and probabilistic concepts integrated within the mathematics curriculum. It shares 
the experiences from a case study that implemented a data-driven approach to mathematics instruc-
tion using the dynamic data-visualization software InspireData©, an educational package specifically 
designed to meet the learning needs of students in the middle and high school grades (Grades 4-12). 
The authors report on how a group of fourteen (n=14) Grade 4 (about 9-year-old) students used the af-
fordances provided by the dynamic learning environment to gather, analyze, and interpret data, and to 
draw data-based conclusions and inferences. Findings from the study support the view that mathematics 
instruction can promote the development of learners’ statistical reasoning at an early age, through an 
informal, data-based approach. They also suggest that the use of dynamic statistics software has the 
potential to enhance statistics instruction by scaffolding and extending young students’ stochastical and 
mathematical reasoning.
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INTRODUCTION

The expanding use of data for prediction and decision-making in almost all domains of life makes it a 
priority for mathematics instruction to help students develop their statistical reasoning. Leaders in math-
ematics education have, in recent years, been advocating a much wider and deeper role for statistics in 
school mathematics (Shaughnessy, Ciancetta, Best, & Canada, 2004; Makar & Ben-Zvi, 2011) since, as 
pointed out in the Common Core State Standards of Mathematics (CCSS-M, 2010), “statistics provides 
tools for describing variability in data and for making informed-decisions that take it into account” 
(p.79). It is now widely recognized that the foundations for statistical reasoning, including fundamental 
ideas of inferential statistics, should be laid in the earliest years of schooling rather than being reserved 
for high school or university studies (National Council of Teachers of Mathematics [NCTM], 2000).

Statistics has been established as a vital part of the K-12 mathematics curriculum in many countries. 
However, instruction of statistical concepts is still highly influenced by the formalist mathematical tradition. 
Deep-rooted beliefs about the nature of mathematics “as a subject of deterministic and hierarchically-
structured knowledge” (Makar & Confrey, 2003) are imported into statistics, affecting instructional 
approaches and curricula and acting as a barrier to the kind of instruction that would provide students 
with the skills necessary to recognize and intelligently deal with uncertainty and variability. Intuition and 
mindset about data are systematically ignored in mathematics classroom (Meletiou-Mavrotheris, 2008).

Thus, to promote the development of early statistical reasoning, there ought to be fundamental 
changes to the instructional practices, curricular materials, tools and cognitive technologies employed 
in the classroom to teach statistical and probabilistic concepts. Mathematics instruction should encour-
age statistical inquiry rather than teaching methods and procedures in isolation. The emphasis should be 
on the statistical investigation process. The teaching of the different statistical tools should be achieved 
through putting students in a variety of authentic, purposeful contexts where they need these tools to 
make sense of the situation. Instruction should focus on helping learners understand how one could use 
these tools in making comparisons, predictions, and generalizations (Rubin, 2005). Through exploration 
and experimentation with authentic data, children can begin to develop the ability to provide persuasive 
data-based arguments, as well as generalizations which extend beyond their collected data.

Advances of technology provide mathematics teachers with powerful new tools and opportunities 
for the teaching of challenging statistical and mathematical concepts to young learners. The appearance, 
in particular, of dynamic learning environments, provides an enormous potential for making compli-
cated ideas accessible to young learners. These technological tools are, in fact, designed explicitly to 
facilitate the visualization of mathematical concepts by providing a medium for the design of activities 
that integrate experiential and formal pieces of knowledge, allowing the user to make direct connec-
tions between physical experience and its formal representations (Meletiou-Mavrotheris, 2003; Pratt, 
1998; Paparistodemou & Noss, 2004). Having such a set of tools widely available to students has the 
potential to significantly change the curriculum—to give students access to new topics and insights by 
removing computational barriers to inquiry (Rubin, 1999). There is evidence that use of such software 
in the mathematical classroom promotes conceptual change in students and leads to the development 
of a more coherent mental model of mathematical concepts, including key statistical and probabilistic 
ideas (Bakker, 2004; Hammerman & Rubin, 2003; Meletiou-Mavrotheris, 2013).

In this article, we explore the opportunities provided by a dynamic data-visualization package for 
supporting the teaching of statistics and probability at primary school. We share the experiences from a 
teaching experiment that explored the following research question: How can the affordances provided 



361

Early Statistical Reasoning
 

by a dynamic statistics learning environment be utilized in the early years of schooling to scaffold and 
extend children’s stochastical and mathematical reasoning? The study adopted a data-driven, project-
based approach to mathematics instruction using the dynamic data-visualization software InspireData© 
(Hancock, 2006) as an investigation tool. It investigated ways in which young children can use the features 
of a dynamic statistics software package to formulate conjectures regarding real datasets of personal 
interest, and to test these conjectures through gathering, analyzing, and interpreting data, and drawing 
data-based conclusions and inferences.

LITERATURE REVIEW

Research on teaching, learning and student cognition, highlights that the process of teaching and learning 
in the sciences is complex and cannot be easily reduced to a set of algorithms and procedures (Leach & 
Scott, 2000). The construction of positive attitudes and meaningful understanding of mathematics and 
other scientific disciplines is supported by instruction that is collaborative, active, interactive, reflective, 
constructive and contextual (Bransford & Donovan, 2005). These characteristics of learning may be 
realized through an inquiry-based approach that goes far beyond the learning of mathematical concepts 
and basic manipulations (Artigue et al., 2010). In inquiry-based mathematics instruction students engage 
in authentic problem solving activities. They diagnose problems, make conjectures, plan and carry out 
investigations to test their conjectures, distinguish alternatives, construct models, debate with peers, and 
form coherent arguments (Felicia, 2009).

Technological advances have provided the opportunity to create entirely new learning environments 
in mathematics by significantly increasing the range and sophistication of possible classroom activities. 
Although traditional, teacher-centered approaches to mathematics instruction still dominate, there have 
been several attempts to improve mathematics instruction through the integration of contemporary learning 
technologies that support more constructivist, inquiry-based pedagogical approaches, with very promis-
ing results. A continuously growing body of research literature indicates that appropriate and strategic 
integration of technological tools in the classroom can motivate students and enhance their learning of 
mathematical concepts and processes (Cheung & Slavin, 2011; Li & Ma, 2010).

One promising approach explored in recent years is the potential for dynamic mathematics software 
as tools for transforming mathematics pedagogy at the school level. The family of educational soft-
ware in the teaching of mathematics that came to be known as dynamic software (dynamic geometry, 
dynamic statistics, dynamic algebra) and which integrate dynamic graphical displays with underlying 
computational models of fundamental mathematical structures, provide educators with the opportunity 
to teach mathematics in a manner aligned to the current technological environment we live in. These 
technological tools are designed to explicitly facilitate the visualization of mathematical concepts by of-
fering a learning environment that allows the construction and flexible usage of multiple representations 
of mathematical ideas. All objects of dynamic software are continuously connected and, thus changes 
in one representation are automatically reflected in all related representations. This dynamic nature pro-
vides a medium for the design of activities that integrate experiential and formal pieces of knowledge, 
allowing the user to make direct connections between physical experience and its formal representa-
tions (Meletiou-Mavrotheris, 2003; Paparistodemou, Noss, & Pratt, 2008). The direct manipulation of 
mathematical objects and synchronous update of all dependent objects facilitates learning by allowing 
users to ask “what if…?” questions, make conjectures, and then easily test and see these conjectures in 
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action (Ben-Zvi, 2000). Strong research support exists for the efficacy of dynamic computer graphics as 
instructional media that support active construction of knowledge by learners rather than forcing them to 
accept information provided by the computer without deep processing (e.g., Arzarello & Robutti, 2010; 
Heid & Blume, 2008; Hoyles & Noss, 1994, Jones, 2012; Mariotti, 2001; Yerushalmy, 2006; Zbiek et al., 
2007). The study reported here adds to this body of literature by exploring the affordances of a dynamic 
statistics software package, namely InspireData©.

While focusing mainly on the instruction of statistics and data analysis, dynamic statistics software 
support other Common Core Content Standards as well as the Standards for Mathematical Practice. 
Examples of dynamic statistics software include Fathom© (Finzer, 2001), Tinkerplots© (Konold and 
Miller, 2005), and InspireData© (Hancock, 2006). These software packages have been developed by 
leading experts in statistics education. They have been designed “from the bottom up”, building on the 
foundation of what learners already understand (Konold, 2010). Their design drew on current construc-
tivist theories of learning as well substantive academic research about the way students at school level 
learn and process statistical concepts and the main difficulties they face (Biehler, Ben-Zvi, Bakker, & 
Makar, 2013).

Dynamic statistics software can do much more than producing fancy graphs. They could, through 
a data-driven perspective, help students internalize key mathematical concepts across the school cur-
riculum while at the same time developing data literacy skills. Their integration into the mathematics 
curriculum can bring data analysis into the classroom in meaningful, relevant and accessible ways that 
could help convince students of the usefulness of mathematics. Attributes like the ability to dynamically 
link multiple data representations, to provide immediate feedback, and to transform a whole representa-
tion into a manipulable object, have affordances towards more constructive pedagogical approaches than 
traditional statistical packages, where students are restricted to a single representation of data. Technology 
goes far beyond the role of mere means for data display and visualization to become a tool for thinking 
and problem solving. Students can experiment with statistical and mathematical ideas, articulate their 
informal theories, use the theories to make conjectures, and then use the experimental results to test and 
modify these conjectures. This leads to a shift in the focus from learning statistical tools and procedures 
(e.g., graphical representations, numerical measures) towards more holistic, process-oriented approaches. 
Statistics can be presented as an investigative problem-solving process that involves formulating ques-
tions, collecting data, analyzing data, and drawing data-based conclusions and inferences (Franklin et 
al., 2007). There is ample research evidence (e.g. Gil & Ben-Zvi, 2011; Hall, 2011; Ireland & Watson, 
2009; Konold & Lehrer, 2008; Meletiou-Mavrotheris, 2003; Paparistodemou & Meletiou-Mavrotheris, 
2008; Meletiou-Mavrotheris & Paparistodemou, 2015) that use of dynamic statistics software promotes 
the development of important data literacy and analytical skills, and of more coherent mental models of 
core mathematical concepts (e.g. theoretical probability, experimental probability, relative frequency, 
percent, fraction, measures of center and spread, algebraic relationships, line of best fit, etc.).

Features of the Dynamic Statistics Software InspireData©

InspireData©, the dynamic statistics software employed in the current study, is an educational pack-
age specifically designed to meet the learning needs of students in the middle and high school grades 
(Grades 4-12). It is a commercial extended version of TableTop (Hancock, 1995), a data analysis ap-
plication whose development was funded by the U.S. National Science Foundation for TERC, a leading 
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educational research and development lab committed to improving mathematics and science teaching 
and learning. The dynamic software is a powerful tool for data collection and manipulation that supports 
STEM initiatives and 21st century skills, and aligns with standards for mathematics (but also science and 
social studies). It is designed to help students from primary school through high school build critical data 
literacy skills through their exposure to authentic data collection, analysis, and interpretation. InspireData© 
is very user-friendly, offering an easy-to-learn interface that encourages student activity. The software 
gives learners many ways to collect, explore, and represent data. We report elsewhere (Kleanthous & 
Meletiou-Mavrotheris, 2014) how it engages children when it is implemented in a mathematics classroom 
learning activity and makes learning a richer, more meaningful experience. Learners can use InspireData© 
straightforward spreadsheet-style interface to easily enter or import data from experiments or research 
activities (see Figure 1-left). They can also use the software web-based data collection capabilities to 
create and publish their own e-surveys to collect data online, with the data being automatically added 
to a database that they can download for jumpstart analysis. The software also offers multiple ways of 
analyzing data. Children can visualize data using multiple dynamic graphing tools such as Venn, bar, 
pie, axis, stack, and time series plots (see Figure 1-right).

They can also use basic statistical tools such as mean, median and summary counts, to summarize 
data and support conclusions. They can easily change variables and plot types, determining the most 
appropriate way to explore their data. This encourages children to ask questions, draw data-based con-
clusions, and continue exploration. Within the same software package, students can also easily prepare 
reports and presentations with their analysis results. The software package also provides expanded teacher 
and classroom support, including 100+ content-rich databases to get started quickly, a library of lesson 
plans and classroom projects aligned to specific Common Core Standards of Mathematics, as well as 
customizable templates that allow teachers to track student performance over time, identify classroom 
trends, and support data-driven decision making.

Figure 1. InspireData© Table View (Figure 1-left) and Plot View (Figure 1-right)
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METHODOLOGY

Conceptual Framework

The conceptual “Framework for Teaching Statistics within the K-12 Mathematics Curriculum” (GAISE 
Framework) (Franklin et al., 2007), guided the study design. The foundation of this framework, which 
has been developed by a group of leading statisticians and mathematics educators through an American 
Statistical Association project, rests on the NCTM Principles and Standards for School Mathematics 
(2000). The framework focuses on building learners’ conceptual understanding of the statistical process 
by emphasizing and revisiting, with increasing sophistication through the grade levels, a set of central 
statistical ideas. It adopts a spiral approach to the curriculum, so that instructional programs from pre-
kindergarten through high school encourage students to gradually develop understanding of statistics as 
an investigative process that involves the following components:

I.  Clarifying the problem at hand and formulating questions (hypotheses) that can be answered with 
data,

II.  Designing and employing a plan to collect appropriate data,
III.  Selecting appropriate graphical or numerical methods to analyze the data: summarizing the data, 

making conjectures, drawing conclusions, making generalizations, and
IV.  Interpreting the results of the analysis and relating the interpretation to the original question.

The spiral organization of content advocated by the GAISE Framework helps children to build under-
standing of statistics as a comprehensive approach to data analysis. Through their participation in authentic 
educational activities such as projects, experiments, computer explorations with real and simulated data, 
group work and discussions, students eventually learn where the “big ideas” of statistics apply and how.

Context and Participants

A case study research design was employed in this study. It was judged that this research strategy was 
well suited for exploring, discovering, and gaining insight into young children’s perceptions, actions and 
interactions with the dynamic statistics software InspireData© and with each other.

This case study was a teaching experiment that took place in a fourth-grade mathematics classroom 
in a rural primary school in Cyprus, during the Spring 2013 semester. Fourteen Grade 4 students (about 
9 years old) participated in this research. The research took place over a period of three weeks. There 
was one meeting per week in the school computer suite and each meeting lasted about 80 minutes. The 
first author carried out the teaching experiment in the school’s computer suite as a teacher-researcher.

Consistent with the theoretical perspective on statistics instruction at the school level (Franklin et al., 
2007), the teaching experiment was focused on building students’ statistical reasoning through genuine 
statistical endeavors that enabled children to experience the “big ideas” of statistics. It aimed at fostering, 
while at the same time also investigating, students’ ability to collect and represent data and to propose 
and justify conclusions and predictions based on data (National Council of Teachers of Mathematics, 
2000; Common Core Standards in Mathematics, 2010). Students were exposed to genuine data collec-
tion and analysis, computer-based experimentation, intensive use of visualizations, group work, and 
whole class discussions.
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Children had little prior experience with data collection, representation, and analysis using technol-
ogy. They only had some previous experiences with graphing ‘by hand’, like collecting data from their 
class, making simple graphs (usually bar graphs) by using grid paper, and drawing conclusions. Their 
only prior exposure to InspireData© was a short tutorial which introduced them to the main features of 
the software. They became acquainted with the software while analyzing data in this study.

Data Collection and Analysis Procedures

A variety of qualitative data gathering techniques were employed in order to assess students’ learning 
and motivation as a result of interacting with the dynamic statistics software: researchers’ observations, 
informal interviews of selected students (the interviewing took place while students were working in 
pairs on analyzing their data), students’ work samples (e.g. slides of plots produced by students in In-
spireData©), and students’ responses to a post-experimental questionnaire on probabilities administered 
upon completion of the study.

The study sought to identify and understand students’ interactions with the dynamic statistics software, 
and the ways in which these interactions influenced their statistical reasoning. The method of analysis 
involved inductively deriving the descriptions and explanations of how students interacted with the 
software, and approached selected ideas of mathematics and statistics. We attempted to verify or refute 
the conjectures inherent in the design of InspireData® by investigating the degree to which the features 
and structure of the software influenced students’ approaches to statistical investigations, and how this, 
in turn, affected their individual schemes for key concepts of statistics. These interpretations were cor-
roborated by the insights gained from examining the data collected from other sources. The descriptions 
derived formed the study findings that are outlined in the next section.

FINDINGS

The study adopted a hands-on, project-based approach using technology as an investigation tool and 
social activity focusing on making data-based arguments (Stohl & Tarr, 2002). A core element of the 
teaching experiment was the functional integration of the dynamic statistics software InspireData© with 
existing core curricular ideas. Students participated in several data-centered activities, in contexts fa-
miliar to them, which provided them with opportunities to investigate real world problems of statistics 
using technology. They formulated statistical questions of interest to them, and devised and carried 
out classroom projects to answer their research questions. Working collaboratively, they employed the 
features of InspireData© to collect, analyse, and explore data, and to formulate and evaluate conjectures 
based on the collected data.

Throughout the teaching experiment, we noticed through observation that children’s interest and 
motivation was high (Kleanthous & Meletiou-Mavrotheris, 2014). They were all actively involved with 
the teaching experiment learning activities. Using the different features provided by the software they 
were able to formulate questions of personal interest that could be answered with data. Children easily 
managed to collect data, organized and analyzed it systematically in order to answer the research ques-
tions they had in hand. They were able to represent data in different types of plots in order to find the 
best way to represent meaning and to develop data-based conclusions.
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One of the main activities during the teaching experiment is the “Probability with Venn Plots” Sce-
nario described next. In this scenario, students used InspireData© to collect and analyse numerical and 
categorical data about their class, and to draw conclusions about the probability of different compound 
events. This activity is illustrative of how easy an educational dynamic software such as InspireData© 
makes it for young students in a mathematics class to conduct an original research project with personal 
meaning, thus contributing towards the building of basic data literacy skills.

Probability With Venn Plots Scenario

This lesson plan (adapted from the library of lesson plans available in InspireData©) explored basic 
probabilities using Venn plots. A Venn plot, one of the types of data plots available in InspireData©, 
offers students a powerful way to depict collections of sets and represent their relationships by separat-
ing objects into groups based on their characteristics. Venn plots show all possible logical relationships 
between mathematical sets and can be used to identify the commonalities and differences between people 
or objects. Students employed InspireData© to create and interpret Venn plots with either two or three 
loops (i.e. displayed the relationships between either two or three variables), containing information 
about themselves. They used their created Venn plots to visually compare and contrast information and 
examine relationships, and to write probabilities of various events in both fraction and percentage forms.

The teacher-researcher began the class by asking students to record an estimate for the probability that 
a randomly selected student in their class had black hair AND more than one pet. She informed students 
that they would discover the answer of this and other similar questions by the end of the class session. 
She let them know that they would investigate the relationship between Venn plots and probabilities us-
ing personal data, in order to provide answers to questions such as the following: “If all student names in 
our class were put into a hat and one was pulled out at random, what is the probability that the student:

1.  Has brown eyes?
2.  Has at least one sibling and at least one pet?
3.  Is female and has black hair?
4.  Has brown eyes, black hair and less than 4 siblings?”

With the teacher-researcher’s assistance, students developed a survey to collect information about 
themselves (gender, hair color, eye color, number of siblings, number of pets). They set up a table in 
InspireData© for compiling their data. They then entered the data using the Survey feature provided 
by the software. This feature sets up a survey so that student respondents can see a question or prompt 
(there is also an e-survey tool that allows the user to publish the survey online, but it was not employed 
in this study).

After entering the data, the class worked together to analyze it, first as a whole class and then in 
pairs. At first, the teacher-researcher opened the database containing the compiled survey data and led 
a whole-class demonstration of creating and interpreting multiple-loop Venn plots using InspireData©. 
The demonstration included creating plots with three Venn loops, as well as changing the operator as-
sociated with a numerical field.

The teacher-researcher first constructed a 1-loop Venn Plot with the constraint set to Hair Color=Black. 
The class discussed what the two sections contained in the plot mean. She then showed children how to 
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add a Count calculation to the plot, and they discussed the meaning of the obtained numbers. To confirm 
the numbers displayed in the Venn plots, children who had black hair raised their hands. The teacher 
then added a second loop to the Venn plot with the constraint Gender = boy, and the class discussed the 
meaning of the four sections now contained in the plot. Finally, she added a third loop to the Venn plot 
with the constraint Number of pets > 1, and they discussed the meaning of the eight sections contained 
within the plot.

With the teacher-researcher’s prompting, students used the constructed 3-loop Venn plot to answer 
the initial question posed to them at the beginning of the lesson (black hair AND more than one pet). 
The children compared their original estimates to the actual probability.

After demonstrating how to use the Slide Sorter to Capture a slide, the teacher-researcher split students 
into pairs and provided them with the database containing the data for the entire class. She directed them 
to create a different 2-loop and 3-loop Venn plot, and to capture their slides. Some examples of the graphs 
students created with InspireData© tools follow (reported in Kleanthous & Meletiou-Mavrotheris, 2014).

Examples From Students’ Work With InspireData©

Using their constructed Venn diagrams, the students were able to see how each case study student (rep-
resented by a picture) belonged to a Venn diagram according to a certain criterion. For example, students 
could see how boys and girls having brown eyes belonged to the same Venn diagram, of children with 
brown eyes. When the criteria changed for each Venn diagram, the pictures moved dynamically on the 
students’ computer screen to match the criterion given. In Figure 2, students could see how boys and 
girls having black hair were grouped in the same Venn diagram. Some cases of girls who did not have 
black hair were not included in the Venn diagrams, because the second Venn diagram had the constraint 
Gender = boy. Finally, in Figure 3, students could see two cases of boys that were left outside the Venn 
diagrams because they had neither brown hair, nor brown eyes, and their number of siblings was not 2 
either (it could be more or less).

These Venn diagrams, a unique tool offered by InspireData©, helped students to visualize the data. 
With prompting from the teacher-researcher, the children also attempted to draw informal inferences 
“beyond the data at hand”. Although the speculation about larger sets was occurring on the initiative of 

Figure 2. Students’ use of Venn diagrams for gender, hair color, and number of pets
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the researcher, children were able to go beyond their data and draw general conclusions (e.g. about the 
probability of children in the whole school having at least one sibling and at least one pet, the probability 
that a Cypriot child has blue eyes and how this compares with the probability that a child from Sweden 
has blue eyes, etc.). The seeds of inferential reasoning were seen in children responses.

Children also discussed the possibility to utilize the potential offered by InspireData© for designing 
e-surveys and uploading them online, in order to conduct a survey of all students in their school. They 
created an e-survey with the same questions they had included in the class survey (number of siblings, 
number of pets, hair color, eye color and gender) and they uploaded it online. Unfortunately, there was 
not enough time during the teaching experiment for other students from the same school to complete the 
survey. Nonetheless, it could potentially be used for collecting data from other students and for analyzing 
a bigger dataset and making comparisons.

Main Findings From the Post-Assessment

At the end of the teaching experiment, the teacher researcher distributed the worksheet shown in Figure 
4 (reported in Kleanthous & Meletiou-Mavrotheris, 2014), which included several probability ques-
tions. For each question, students had to make a Venn plot, write a complete sentence which would state 
the probability in both ratio/fraction and percentage forms and then capture a slide. The mathematical 
concepts that were emphasized in this learning activity were probabilities as fractions and percentages, 
and the part-whole relationship.

Table 1 summarizes students’ responses on probability questions. As shown in Table 1 below, all 
students answered correctly questions 1, 2, 3, 9 and 10. The wording of questions 1 and 2 was short and 
the students had only one criterion in mind so it was easier to find the answer in the dataset. Question 3 
was also easy to spot in the dataset because everybody in the classroom had at least one sibling and at 
least one pet. Question 9 was referring to a single case of a blonde male student with black eyes, which 
stands out from the dataset, thus the students responded correctly. We think the same strategy was used 
by students for question 10: nobody in the classroom had more than 4 pets, no siblings and brown hair, 

Figure 3. Students’ use of Venn diagrams for hair color, eye color and number of siblings
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so the students probably found the correct answer (i.e. 0), perhaps just by looking at the first criterion 
(i.e. more than 4 pets) while ignoring the other two (i.e. no siblings and brown hair).

Apparently, the most difficult question for the students was question 11. Nobody could answer this 
question correctly and we interpret that to be a result of the wording of the question. The phrase ‘no more 
than 2 pets’ implies three different scenarios: 0 pets, 1 pet or 2 pets and perhaps this was confusing for 
the students. Moreover this question had another criterion ‘no more than 2 siblings’, which again refers 
to 3 different scenarios: 0 siblings, 1 sibling or 2 siblings. Thus, we believe this question misled the 
students because of its wording and this might be the reason why they were unable to answer correctly. 
Question 8 was the next more difficult question for the students because it uses the phrase ‘at least’ in 
its wording. ‘At least 3 pets’ implies 3 pets or more (3≤) and ‘at least 2 siblings’ implies 2 siblings or 
more (2≤). These two criteria were given at once in the same question and that is probably why only 25% 
of the students could answer correctly. Lastly, question 6 had a 50% failure, possibly because it gives 

Figure 4. The post-experimental questionnaire given to the students

Table 1. Students’ responses to the probability questions in Figure 4

What Is the Probability That the Student… Answers         % of Correct Answers

1. Has black eyes? 2/14 (100%)

2. Has brown eyes? 5/14 (100%)

3. Has at least one sibling and at least one pet? 100% (100%)

4. Is female and has black hair? 5/14 (62.5%)

5. Has more than 3 siblings and more than 3 pets? 0 (87.5%)

6. Has brown eyes, black hair and less than 4 siblings? 2/14 (50%)

7. Has brown eyes and no siblings? 0 (87.5%)

8. Has at least 3 pets and at least 2 siblings? 1/14 (25%)

9. Is male and has black eyes and blonde hair? 1/14 (100%)

10. Has more than 4 pets, no siblings and brown hair? 0 (100%)

11. Has no more than 2 pets and no more than 2 siblings? 3/14 (0%)

12. Has green eyes and is female? 2/14 (62.5%)
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students three criteria at the same time, and we think it was difficult for some students to remember all 
three criteria to find the answer. The wording of the question uses the phrase ‘less than 4 siblings’ which 
implies 0 siblings, 1 sibling, 2 siblings and 3 siblings. Perhaps some students also consider 4 siblings as 
a possible answer and they ignored the phrase ‘less than 4’.

To sum up, we found that the phrases ‘no more than’ and ‘at least’ were the most difficult for the 
students to interpret, and although they had the dataset in front of them on their computer screen, they 
were unable to answer correctly. Possibly, we should have avoided probability questions requiring ‘less 
than’ or ‘greater than’ as a constraint, since these children had very little prior exposure to probabilities.

An interesting point about questions 4 and 12 was raised in the classroom during the teaching experi-
ment. Some students were wondering if they should use as the population number 14, which was the 
population of the whole classroom, or 6 which was the number of girls in the classroom. So some students 
answered in question 4: 5/6 (5 out of six girls have black hair) instead of 5/14 and in question 12: 2/6 (2 
out of six girls have green eyes) instead of 2/14. This instance is indicative of students’ understanding 
of the part-whole relationship and how fractions should be used to express probabilities. The students 
were not sure which number to use as the denominator of the fraction because they couldn’t understand 
which is the number of the population (i.e. 14) and which is the number of the sub-sample of girls (i.e. 6).

As students’ responses to the post-experimental questionnaire indicated, they were struggling to master 
basic concepts of probabilities. This is not surprising given that the children were at an age in which ad-
ditive reasoning still predominates over proportional reasoning. Undoubtedly, however, their endeavors 
with real data with personal meaning helped them in extending their reasoning towards “part-whole” 
relationships. The part-whole concept is important not only for building stochastic reasoning, but it is 
also a vital aspect of many topics in the mathematics curriculum (Watson, 2006).

DISCUSSION

Data literacy has become a fundamental skill for living in an information era where important decisions 
are made based on available data. In order for students to develop a data-oriented mindset and robust 
data literacy skills, there ought to be significant changes to the instructional methods and tools typi-
cally employed in the classroom to teach statistical concepts. In particular, technology should assume 
a much more central role in statistics teaching and learning. Recognizing this need, the current study 
investigated the potential of the dynamic statistics software InspireData®, an educational package spe-
cifically designed to support statistics instruction in early grades. Reflecting the recent shift in statistics 
education research from a focus on specific skills and procedures towards a greater focus on statistical 
reasoning and thinking embedded in the process of a statistical investigation (Makar & Rubin, 2009; 
Franklin et al., 2007), the study was designed to examine ways of exploiting the affordances provided 
by the dynamic statistics learning environment in the mathematics classroom to help lay the foundations 
of data literacy in the early years of schooling.

The qualitative methodology employed in this case study, its small scale, and its limited geographical 
nature, mean that generalizations to cases that are not very similar should be done cautiously. However, 
the study findings do suggest that the adoption of a hands-on, project-based approach to statistics does 
have the potential to enhance mathematics instruction by making statistical reasoning accessible to 
young learners.
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Similarly to other researchers (e.g. Dass, & Spagnolo, 2016), we found that use of a technological 
tool like InspireData, can set mathematical content in real world contexts that can help students experi-
ence mathematics and statistics in the way envisioned by the CCSS-M. All children in our study were 
able to raise original questions and to use InspireData© to seek answers to these questions by analyzing 
data in multiple ways that would be difficult otherwise. Moreover, there are strong indications in our 
study to support the belief that utilization of the affordances provided by a dynamic statistics software 
such as InspireData©, can indeed scaffold and extend children’s informal stochastic reasoning (Ben-Zvi, 
2006) by encouraging them to build, refine, and reorganize their intuitive understandings about statistics.

Some crucial aims of the Common Core Standards for Mathematics for statistics and probabilities 
that we tried to address with this teaching experiment were the following: students should be able to 
“use random sampling to draw inferences about a population; draw informal comparative inferences 
about two populations; investigate chance processes, and develop, use and evaluate probability models” 
(p.47). We asked the students to draw inferences from a small sample (i.e. their classroom) for the whole 
school and to draw informal comparative inferences about two populations (e.g. how the probability of 
a Cypriot student to have blue eyes compares to the probability of a student from Sweden to have blue 
eyes). We also encouraged them to investigate chance processes by asking them to find the probability of 
choosing a student’s name from a hat at random, that has certain characteristics, and to provide answers 
about probabilities in fraction and percentages.

Another important aim of the Common Core Standards for Mathematics is for students “to understand 
independence and conditional probability and use them to interpret data” (p.80). According to the Com-
mon Core Standards, students should be able to use the rules of probability to compute probabilities of 
compound events in a uniform probability model. This was one aim that the students of this study had 
a difficult time to achieve and some of them were unable to answer correctly to relevant questions. We 
noticed that our students gave wrong answers to the post-experimental questionnaire when the phrases 
‘at least’ and ‘no more than’ were used in the questions. Arguably, these compound events were more 
difficult for the students to grasp. The students had to understand that, “just as with simple events, the 
probability of a compound event, is the fraction of outcomes in the sample space for which the com-
pound event occurs” (Common Core Standards for Mathematics, p.51). Perhaps this was difficult for 
our students to understand because of their age (9 years-old, Grade 4) whereas this aim in the Common 
Core Standards addresses older students (Grade 7).

Nevertheless, the study findings support the view that mathematics instruction can promote the 
development of learners’ data literacy skills at an early age, through an informal data-based approach, 
rooted in the statistical investigation cycle (Wild & Pfannkuch, 1999; Meletiou-Mavrotheris & Paparis-
todemou, 2015), and supported by appropriate technological tools. The design of the study, guided by 
the GAISE Framework (Franklin, 2007), proved helpful in extending children’s statistical reasoning. 
The 9-year-old students in the study experienced statistics as an investigative process. They formulated 
questions of interest to them, and used the dynamic statistics software InspireData© to collect data to 
answer these questions. They analyzed and interpreted the data, linking their data-based conclusions 
and inferences back to the questions under investigation.

The presence of the dynamic software facilitated students’ interest in the statistical investigation. It 
gave them the opportunity to explore data and draw data-based arguments and inferences in ways that 
would not have been possible for them without the software (Hammerman & Rubin, 2003). The Venn 
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diagrams they drew with the help of InspireData© were not only drawn easily and quickly with the 
software, but the value-added in using the software was the dynamic movement of the data on the stu-
dents’ computer screens. This visualization of the data helped children to express intuitive ideas about 
proportional reasoning, a fundamental yet difficult topic in middle school mathematics curriculum, 
which is crucial to students’ later success in algebra. At the same time, the genuine endeavors of the 
young learners with multivariate data using InspireData© as an investigation tool helped them begin to 
develop their informal statistical reasoning.

CONCLUSION

Educational technology has an important role to play in promoting the development of informal statisti-
cal reasoning in the early grades. Dynamic statistics software such as Inspiredata©, which are aligned 
with constructive views of learning, allow children to informally explore advanced statistical ideas in 
contexts that are both rich and meaningful to them. They provide young learners with tools they can use 
to construct their own conceptual understanding of statistical concepts – tools for not only data display 
and visualizations, but also thinking and problem solving (Makar & Confrey, 2007). Use of such soft-
ware, in combination with appropriate curricula and other supporting material, can help students build 
informal understanding of basic statistical and probabilistic concepts and develop a strong conceptual 
base on which to later build a more formal study of statistics.

Collecting, analysing, and representing data can also help children extend their understanding of other 
key mathematics content standards (e.g. fractions, percentages) and some of the Common Core Standards 
for mathematical practice (e.g. making sense of problems and persevering in solving them, constructing 
viable arguments and critiquing the reasoning of others, reasoning abstractly and quantitatively etc).

According to the Common Core Standards for mathematics, “technology plays an important role in 
statistics and probability by making it possible to generate plots, regression functions, and correlation 
coefficients, and to simulate many possible outcomes in a short amount of time” (p.79). One of the 
unique characteristics of InspireData©, which makes it stand out from other dynamic statistics software 
packages, is the tool for drawing Venn diagrams that helps students visualize their data and see where 
the data intercept. This is a promising feature for primary mathematics educators, who struggle to teach 
this mathematical plot to their students. With the use of Inspiredata© the students can see on their com-
puter screen their data moving dynamically from one Venn diagram to another according to the criterion 
given. Furthermore, Inspiredata© has the potential for designing e-surveys and uploading them online. An 
important aim of the Common Core Standards for mathematics is for students to “make inferences and 
justify conclusions from sample surveys” (p.80). Thus, these two features, the Venn diagrams and the 
tool for designing e-surveys make Inspiredata© a promising dynamic statistics software package, which 
could be used for teaching a variety of Common Core Standards for primary mathematics.
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ABSTRACT

This chapter discusses the technology vision of the Common Core State Standards (CCSS) and shares 
guidelines for choosing apps that are most appropriate to meet those objectives. Towards this end, a 
specific rubric for evaluating the effectiveness of different apps is presented. Advantages of existing apps 
that can be incorporated into iPad instruction to enhance conceptual learning and drill mathematics 
processes are reviewed. Common disadvantages of existing apps are also highlighted. Specific examples 
of how to make the use of the iPad most efficient and avoid common pitfalls of some purported learning 
tools are also discussed. The chapter concludes with areas still in need of further research.

In this changing world, those who understand and can do mathematics will have significantly enhanced 
opportunities and options for shaping their future. Mathematical competence opens doors to productive 
futures. A lack of mathematical competence keeps those doors closed…. All students should have the 
opportunity and the support necessary to learn significant mathematics with depth and understanding. 
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INTRODUCTION

Technology is essential to mathematics curricula, influencing the mathematics taught and enhancing 
students’ learning (NCTM 2000, p. 24). The technology-enabled learning setting is an educational 
environment supported by mathematical technologies, communicative and collaborative tools, or a 
combination of both (Arbaugh, et al., 2010). In this chapter, mathematical technologies refer specifically 
to digital content accessed via handheld tablet devices and the apps they support. The Common Core 
State Standards’ Standards for Mathematical Practice promotes the strategic use of appropriate tools 
and technology, which include digital applications, content, and resources (CCSSO, 2010). The advent 
of iPads in a mathematics classroom marks an avenue for this advancement.

For more than two decades mathematics education has been undergoing changes. In 2010, the Coun-
cil of Chief State School Officers (CCSSO) presented the latest document for reform in mathematics 
education. This document has had an enormous impact on school mathematics. It articulates a vision 
of learning and the habits of mind expected of all students. Central to the document’s position is the 
infusion of technology through The Standards for Mathematical Practice. The use of technology should 
not be regarded as a separate content or strand in mathematics curriculum; it should be a main compo-
nent of the instructional arsenal of tools for deepening student understanding of learning and teaching. 
Emerging technologies, like the iPad, can enlarge the scope of content students can learn and broaden 
the range of problems that students are able to tackle (Ball &Stacey, 2005; NCTM 2008b) but technology 
alone cannot be a replacement for the full conceptual understanding of mathematics content. Learning 
mathematics is maximized when teachers employ technology to focus on mathematical thinking and 
reasoning (NCTM 2009, n.d.). Ultimately, it is the teacher who will shape mathematics for the students 
they teach. The teacher’s beliefs about what mathematics means to them and about how students make 
sense of mathematics will affect how they approach instruction. Among the necessary components 
needed to change the mathematics classroom and implement the vision of CCSS are expectations that 
teachers create an environment that offers all students an equal opportunity. This process likely requires 
differentiated instruction that balances conceptual understanding with procedural fluency. This shift is 
necessary to ensure active student engagement and promote technology-supported learning activities 
that include appropriate choices of available apps to facilitate the implementation of the lessons.

Preparing mathematics teachers for achieving these goals with technology-equipped classrooms in 
the 21st century is a complex task. It is important that teachers develop a model of teaching and learn-
ing that goes beyond the specifics of a single technological tool so that they are able to make informed 
decisions about the appropriate use of technology. Teachers today must learn challenging content and 
specialized pedagogies to successfully implement the 2010 adopted Mathematic Standards. For many 
teachers, the tablet is a new and unfamiliar instructional tool, and they must acquire sophisticated strate-
gies for instruction that require the use of the tablets as a tool. The proper selection of appropriate apps 
is of the foremost importance to successful implementation of the tablet as a learning device. The app 
must not only cover the mathematics content and drills but the conceptual component of that content to 
promote successful learning.

The mandates of CCSSM have made it necessary to integrate technology into the curriculum. Thus, 
in more and more schools today, technology is recognized as an instructional tool, not as a subject of 
instruction. Still, many educators, less familiar and less comfortable with technology than their students, 
struggle to seamlessly integrate a growing list of technology tools into their regular class curricula. So, 
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to help one make the best use of technology in schools and classrooms, Grandgenett, Harris, and Hofer 
(2010; 2011) proposed seven technology supported activities that can be used with appropriate tech-
nologies to address mathematical content. The following table, from Van de wall (2012, p. 114), is an 
adapted summary of those tools and pedagogies used to engage students in meaningful use of technology, 
as proposed by Grandgenett & Harris (2011). They provide ways to determine how digital tools can be 
used to enhance student participation and learning.

PROMISES AND PITFALLS OF TABLETS

The emergence of tablet PCs in 2010 and the exponential development of educational apps and their 
availability have provided the opportunity to create a new learning environment to implement the above 
listed technology supported learning activities. Furthermore, they have redefined what it means to 
implement engaging strategies in the mathematics classroom. The ready availability of commercial and 
free apps enable mathematics teachers to bring an investigative environment to their classrooms that 
encourages active learning on the part of students. K-12 schools have started to use iPads to create more 
individualized learning activities and personalized assessments and to create more student-centered 
learning environments (Berson, Berson,& Manfra, 2012). It is incumbent on educators to redesign their 
lesson plans to incorporate mobile devices and avoid potential pitfalls of the myriad of app options. 
Tablets with applications that purport to be educational tend to keep children occupied, and appear to 
help motivate children to learn, must be carefully analyzed to ensure that they are not merely games or 
simply offer drills that can be accomplished with a pen and paper. Appropriate selection of apps entails 
recognizing games that really drill programs that allow students to practice with skills that are assumed 
to have been taught. Many of these are set in gaming formats that make them exciting for students who 
like video games, thus, keep the students engaged and motivated. These apps evaluate responses im-
mediately, and in some cases will provide hints and opportunities to correct responses.

Teachers should also be trained to recognize and specifically seek out apps that work for students 
individual learning styles. Since everyone learns differently, teachers should customize students’ iPads 
with material that fit their level and learning type. The unique opportunity to make personalized learn-
ing environments available in a technology-enabled classroom should not be squandered. Examples of 
how the tablet can be implemented as a tool for differentiation include selecting podcasts from iTunes 
for the auditory learner while his kinesthetic neighbor engages with apps that lets one use manipula-
tives to develop a concept. Awareness and attention to different students’ learning styles is crucial for 
successful tablet implementation. The right app for one student may not be right for another. Adjusting 
to the different levels of students is also important, and possible, with selection from a wide range of 
apps at different grades. Teachers can select levels for students in a way that tailors content and provides 
the right challenge. Teachers must make sure to differentiate simple drills and tasks for students to help 
them practice basic math skills from complex problem-solving tasks.

In addition to selecting apps that allow students to practice skills, teachers can pick from diverse 
platforms for students to work with new ideas and demonstrate understanding to provide teachers with 
feedback on each student’s progress. Teachers can get an idea of student conceptual understanding by 
finding Apps that allow the teacher to garner data in real-time, which not only saves time, but more 
critically offers the student immediate feedback that is often easier for them to interpret than nebulous 
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Table 1. Technology –supported learning activities

Description of Technology Support Activity Sample Digital Tools/Resources

1. Consider and Make Sense of New Information

Gain information from a student or teacher or presentation activity Document camera, interactive demonstration whiteboards, 
presentation applications (Keynote, Powerpoint,Prezi), video 
(Animoto, Jing,YouTube, SchoolTube, TeacherTube, Vimeo), or 
other media tools

Gather information from reading a passage(s) E-textbooks, portable document from a digital or printed text 
format (pdf) files, text files, websites

Engage in discourse with peers, teachers, or experts related to 
concepts, processes, or practices

Math Forum’s “Ask Dr. Math,” online discussion groups and 
social networking tools (VoiceThread), Blackboard CollaborateTM, 
GoToMeeting, GoogleVoice and Video Chat, Second Life

Look for, develop, and generalize relationships Virtual manipulatives (NLVM), in patterns and repeated 
calculations 
Illuminations activities, spreadsheets, Calculators

Select and use online and research tools 
strategically to solve problems and deepen

Online databases (ERIC, Sirs, Worldbook, Gale Researcher, Math 
Forum’s MathTools, NROC), Web searching, simulations

Strive to understand the characteristics, context, or meaning of 
problems

Concept and mind mapping tools 
(Freeplane, Inspiration, Kidspiration)

2. Practice Various Techniques

Use tools to compute numerous items or Do strategy-based drills 
and practice

Scientific/graphing calculators, large quantities spreadsheets, 
WolframAlpha AAAMath, FASTT Math, First in Math, MathXL 
iFlash,computation apps on handheld/tablet devices

Do strategy-based problem-solving puzzles Virtual manipulatives, brainteaser websites (CoolMath4Kids), 
online Sudoku

3. Interpret and Explore Concepts

Make conjectures, develop arguments, and Dynamic geometry software highlight different approaches for 
solving problems (Geometer’s Sketchpad, GeoGebra), widgets 
(Explore Learning), blogs, podcasts, wikis, concept and mind 
mapping tools, online discussion groups and social networking 
tools (VoiceThread), email

Categorize information to examine relationships Explain 
relationships in representations

Concept and mind mapping tools, databases/spreadsheets, drawing 
tools 2-D and 3-D animations, online discussion groups and social 
networking tools (VoiceThread),video (iMovie, Windows Movie 
Maker), Global Positioning Devices (Google Earth), Engineering 
calculation software (Mathcad)

Estimate and approximate values to examine relationships Basic/scientific/graphing calculator, spreadsheets, online savings 
calculators, classroom response systems (clickers)

Examine and interpret a mathematics-related Video sharing communities phenomenon (YouTube, TeacherTube, 
SchoolTube iTunesU), graphing applications, portable Data 
collection devices/tools

4. Produce Artifacts and Representations

Demonstrate understanding of a mathematical concept, topic, or 
process

Interactive whiteboard, online concept, topic, discussion groups 
and social networking tools (VoiceThread), video (iMovie, 
Windows Movie Maker, YouTube), document camera, software 
(Keynote, PowerPoint), podcasts

Produce a written document or journal entry describing a concept, 
topic, or process

Word processing application (with report Math Type), 
collaborative editing tools (Google docs), concept or mind 
mapping tools, blogs, wikis, social networking tools

continued on following page
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teacher feedback. Tablets have the potential to make information and resources immediately accessible 
to learners, and while that was always the case with textbooks, tablet technology makes this information 
more easily searchable, richer with multimedia representations, and potentially move students to become 
more socially involved beyond the classroom. Many schools invest funds for purchasing tablets because 
of the PARCC testing that is to be computer-based, a transition in line with the assessment methods 
mobile technologies afford which have been adopted by numerous states.

The massive amount of Apps available must be sifted through for accuracy and sorted by quality when 
planning a lesson or when students are expected to develop a specific mathematical concept. Using an 
App as a teaching tool requires evaluation criteria for the teacher as a discerning educator. Evaluating 
apps mean evaluating math content, not the game the student may be playing. Identifying an app by 
its title or activity does not ensure effectiveness. There is a need to keep in mind the CCSS vision for 
understanding mathematics and ask if a given app is promoting conceptual understanding beyond drill-

Description of Technology Support Activity Sample Digital Tools/Resources

Develop a mathematical representation Spreadsheets, virtual manipulatives, concept, or mind mapping 
software, graphing calculator

Pose a mathematical problem to illustrate a mathematics concept 
of relationship

Word processing application, online discussion group, social 
network tools, email

5. Apply Mathematics to the Real World

Review or select a strategy to solve a problem Online help sites (Math Forum, Math.com, WebMath), TI, Casio 
(calculator), Key Curriculum Press (geometers Sketchpad), 
Wolfram Alpha online communities/guidebooks

Apply mathematical knowledge to test-taking Test-taking and survey software, situation classroom response 
systems

Apply a mathematical representation to model a real-world 
situation

Spreadsheets, graphing calculators, virtual manipulatives, portable 
data collection devices/tools

6. Evaluate Student Work and the Work of Others

Compare and contrast mathematical strategies or determine the 
most appropriate for particular situations

Inspiration, Kidspiration

Test a solution and check to see whether it makes sense within the 
context of a situation

Scientific/graphing calculators, spreadsheets

Make conjectures and use counterexamples to build a logical 
progression of statements to explore and support their ideas

Geometer’s Sketchpad, GeoGebra, Excel, online calculators

Evaluate mathematical worth through the use of technology-
supported feedback

Online discussion groups, blogs

7. Create Products and Resources

Engage in peer teaching of a mathematics concept, strategy, or 
problem

Presentation software (Keynote, PowerPoint, Prezi), interactive 
whiteboards, video (Animoto, Jing, YouTube, SchoolTube, 
TeacherTube, Vimeo)

Develop a solution pathway Concept or mind mApping tools, collaborative writing tools 
(GoogleDocs), wikis, social networking tools

Develop a creative project, invention, or artifact Word Processor, animation tools, Geometer’s Sketchpad, 
GeoGebra

Create a mathematical process for others to use Computer programming, iMovie, Windows Movie Maker, 
screencasts (Jing, Quicktime)

Table 1. Continued
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based practices. Does it meet the learning objective? Is the level appropriate for the student? Does it 
give immediate feedback? Is it customizable so that differentiation in the activity will be available? An 
evaluation Rubric for iPad/iPods published by Harry Walker of John Hopkins University and revised 
by Kathy Schrock provides some guidance for teachers to address the range of potential advantages and 
make good selections. The following chart is a good resource to think about as one evaluates possible 
apps to facilitate a lesson:

An excellent way for teachers to implement all the advantages of mobile learning is to encourage use 
of the apps that now accompany many textbooks. While the material is the same as what is in the text-
book, these APPS help students understand how to solve math problems because they can view videos 
explaining the material as many times as they need. For example, in Houghton Mifflin Harcourt with 
HMH Fuse, students receive step−by−step animated instruction, instant feedback on practice questions, 
the ability to write, record and save notes, and access to video tutorials. Additionally, the platform encour-
ages the use of personalized lesson plans by combining direct instruction, ongoing support, assessment 
and intervention in a single intuitive suite of tools. HMH Fuse also helps teachers monitor performance 
with real−time, student−specific feedback via Wi−Fi. (HMH, 2014). This option makes the student more 
engaged; no one just sits there waiting for the answer from a teacher. The student can view the process 
again and again. Yet, the teacher has also plays a big part in developing students’ understanding. The 

Figure 1. Evaluation rubric for iPod/iPad apps
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teacher actively monitors students’ activity during the duration of the period, asking questions, offering 
explanations, and pointing out components of the app that apply to the concept, augmenting the teach-
ing and learning processes. Teachers must always consider the effectiveness of the implementation of 
a specific app whether published by a textbook company, purchased independently or acquired free on 
the internet. Consider a commercial app purported to help develop place – value concepts. I chose this 
topic as an example because the base-ten, place-value is a key concept in mathematics and is the way 
that we communicate and represent anything that we do with whole numbers and later with decimals. 
Chocolate Chip Cookie Factory: Place Value App is an educational game where players are expected to 
explore and apply place value concepts as they work to fulfill and deliver increasingly complex cookie 
orders. This game was used as an instructional tool in a 5th grade class to help develop students’ place 
value concept. The teacher chose this app because of the objective and the CCSS topics covered as 
described by Vertical Learning Labs.

As owner of the Chocolate Chip Cookie Factory, your job is to ship and deliver cookies to your cus-
tomers as fast as possible. Cookies are sold by ones… or in stacks, boxes, cartons, crates, pallets, and 
trucks. Tap on an item to add it to an order. The order will ship or be delivered when the cookie count 
matches the cookie order. Make sure to keep an eye on the clock. If you are too slow, your customers 
will buy their cookies from someone else!

In this game, players learn place value concepts and practice math facts as they count, add, subtract, 
multiply, and divide multi-digit numbers on their way to a global cookie empire. Common core standards 
addressed include: 1.NBT.2, 1.NBT.4, 1.NBT.6, 2.NBT.1, 2.NBT.5, 2.NBT.7, 2.NBT.8, 3.NBT.2, and 
3.NBT.3.

One of the components in this app is an activity of addition task such as 23 + 34. Students are ex-
pected to find the sum and package the cookies for shipment using the most efficient packaging methods. 
Some of the students found the sum 57 and began packaging the cookies in 5 stacks of 10 and 7 singles. 
Others however, just packed the cookies prior to computing the addition task. Furthermore, in examples 
such as 58 + 49, rather than packing a box of 100 and 7 singles they continued to pack in stacks of tens 
and ones. The app’s response was acceptable to both methods of packing. Although students received 
instant feedback on the response, the key concept of the “efficiency” of place value was not addressed. 
Successful implementation of this activity thus requires teacher vigilance and close monitoring of how 
students actually use the app to maximize the learning experience.

Anyone who thinks that the iPad with its apps is going to replace classroom teachers has an unreal-
istic view of app capabilities. It can only be the classroom teacher that can answer a student’s questions 
and can see whether a student is using methods to answer questions and complete apps in ways that 
promote and demonstrate conceptual understanding, feedback that some app programs lack the sophis-
tication to provide. A teacher must be involved during the app implementation phase and use of the app 
as an instructional tool. They have to move around and keep students engaged on the task, intervene as 
necessary and promote solving problems by applying mathematical concepts and not just procedures.

Although it is generally agreed that technology has the potential to make complex and abstract 
mathematical ideas more accessible to students, especially to students who have difficulties with today’s 
challenging curricular concepts (NCTM 2000, NCTM 2008), Cuban(2001) noted that many new tech-
nologies are often little more than fads; and, that they might just be oversold and underused. One of the 
reasons for his conclusion may be that we sometimes forget that technology is a tool and, like any tool, 
can be used productively only in the hands of a skilled practitioner (Schneiter 2010). Mastery of such 
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skills, of course, is not something that just happens or that can be expected to be part of every teacher’s 
initial preparation and professional development experience, but rather needs to be explicitly taught 
(Wilson, Lee, & Hollebrands, 2011). A key component of this experience, therefore, is training how to 
assess, choose and apply the appropriate educational apps and recognize the limitations and advantages 
of apps to support learning of particular mathematic topics.

CONCLUSION

To date, there is an abundance of evidence that that the iPad and tablet devices can be an effective moti-
vational tools for teacher to get students engaged (Berson, I., Berson, M., & Manfra, M. 2012; Bennett, 
K. R. 2011; Clark, W. and Luckin, R. 2013). Furthermore, from the discussion above it is also clear 
that the iPad and tablet devices are well poised to meet the Common Core Standards technology vision. 
However, much more empirical evidence of the tablet’s effectiveness in the classroom is still needed. 
In particular, while the iPad has been shown to be an effective medium for helping students develop 
key computational and conceptual competencies, its relative efficiency versus traditional pen and paper 
techniques has yet to be established. Moreover, new technologies often demand new forms of training 
that are as of yet underdeveloped in the case of mobile learning. Much more research is needed on what 

Figure 2. Interface of the Chocolate Chip Cookie Factory: Place Value App 
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forms of professional development are necessary to help teachers implement mobile learning environ-
ments in the classroom as effectively as possible.

The use of apps in a class is not a panacea or a magic wand; it is one of many instructional tools. If 
the tablet pc tool is applied correctly and with discernment, then mobile learning has great potential to 
create more active learning environments that meet the Standards for Mathematical Practice of CCSSO. 
However, the advantages of these new mediums do not come without hazard. Further research is needed 
to ensure that technologically fashionable apps and devices do not needlessly replace traditional modes 
of teaching that they do not always outperform. The rubric presented above can be viewed as a sensible 
first step toward minimizing those risks. Despite all that remains to be done, however, initial research 
on the mobile classroom seems to show great promise of these new methods and should indeed be cause 
for optimism for what is yet to come.
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KEY TERMS AND DEFINITIONS

App (Applications): A term used to describe software, often used in mobile devices.
CCSS: The Common Core State Standards is an educational initiative in the USA that establishes 

clear, consistent guidelines for what every student should learn in Mathematics and English language arts 
from kindergarten through 12th grade. The Common Core focuses on developing the critical-thinking, 
problem-solving, and analytical skills students will need to be successful.

iPads: A tablet computer produced by Apple that has a touchscreen.
Mobile Classroom: Refers to classrooms that are enabled to deliver web-enabled and digital learn-

ing content to students. Mobile classrooms may also enable digital management and communication of 
assignments, grading, and feedback between teachers and students.

NCTM: The National Council of Teachers of Mathematics is an organization of mathematics educa-
tion, supporting teachers to ensure equitable mathematics learning of the high quality for all students 
through vision, leadership, professional development, and research.

Standards for Mathematical Practice: Standards for Mathematical Practice describe varieties of 
expertise that mathematics educators at all levels should seek to develop in their students.

Tablet PC: A type of notebook computer that often allows for touchscreen navigation and easy ac-
cess to web-based applications and surfing. Additional hardware, including a mouse or keyboard, are 
often available and compatible.

This research was previously published in Tablets in K-12 Education edited by Heejung An, Sandra Alon, and David Fuentes, 
pages 128-137, copyright year 2015 by Information Science Reference (an imprint of IGI Global).
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EXECUTIVE SUMMARY

Local Lotto is a 14-session curriculum designed for high school students to learn mathematics through 
an examination of the local lottery. The curriculum is organized around investigations of how local 
lottery games are won, who plays, how many people play, and where lottery revenues and prizes are 
distributed. A web-based application is integrated into the curriculum to allow students to explore the 
lottery in their school neighborhood, examine local lottery data, and assemble and justify their own 
arguments about the lottery. In this chapter, the authors describe technology’s role in shaping a rich 
curriculum that engages students in investigating a local phenomenon while also addressing the content 
and practices of the Common Core State Standards of Mathematics. The chapter concludes with an 
outline of the challenges of integrating custom technologies into mathematics curricula and provides 
recommendations for future work.
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ORGANIZATION BACKGROUND

Learning Mathematics of the City In the City (LMCITY^2) is funded by the National Science Founda-
tion’s Discovery Research K-12 program to develop and pilot-test innovative resources to support high 
school students’ learning of mathematics. Its first module, City Digits: Local Lotto, was developed 
through a collaboration of three organizations: 1) mathematics education researchers from the City 
University of New York’s Brooklyn College; 2) a team of interactive designers whose work focuses on 
civic data and who have an institutional affiliation in Urban Planning from MIT’s Civic Data Design 
Lab; and 3) informal learning environment designers with a focus on art, design, and civic engagement 
from the Center of Urban Pedagogy, a nonprofit education and advocacy organization. The module has 
been pilot tested in two iterations at a high school in a low-income urban neighborhood, and revisions 
to the module were made after each iteration.

THEORETICAL FRAMEWORKS AND PERSPECTIVES

The primary objective of LMCITY^2 is to engage students in urban schools in learning mathematics 
through a critical examination of a local context using technological tools that allow them to explore data 
about the issues they are studying in the places they are observing them. Mobile technologies provide a 
unique means to connect students to these contexts by opening up new ways to investigate “place.” The 
GPS capability in mobile technologies enables the geo-recording and analysis of multimedia information. 
This creates opportunities to analyze highly local phenomena in ways that were previously not possible. 
Thus, the use of such technologies has the potential to blur the boundaries between in- and out-of-school 
learning and, at the same time, disrupt traditional notions of technology’s role in a mathematics curriculum.

Despite the prevalence of digital technology in society in general, public schools rarely take full 
advantage of emerging technologies’ unique affordances for collaborative and exploratory learning. 
Scholars have long argued that the use of technology in education has the potential to engage and mo-
tivate students (Warschauer, 1996) and to disrupt classroom learning by providing access to rich inter-
active content, active learning, rapid feedback, and links to the outside world (Clark, 1994). Yet in the 
classroom, technology is typically treated as a means for increasing the efficiency and effectiveness of 
traditional pedagogical methods rather than as a catalyst for testing new ones (Roschelle et al., 2000). 
For instance, the central technology in the classroom has traditionally been the blackboard or projec-
tor, which helps a teacher lecture while students listen; today, the interactive whiteboard preserves this 
instructional model (Collins & Halverson, 2009). To take full advantage of technology’s potential to 
disrupt classroom learning, it is crucial for instructional designers to both create technologies that afford 
for new modes of learning and develop new pedagogical models to assist teachers in leveraging those 
technologies to support learning goals.

Meanwhile, wireless networks and affordable mobile technologies have made Internet access nearly 
ubiquitous, even within low-income communities; 89% of Americans have some form of Internet access 
at home (Ito et al., 2010). Yet there are persistent gaps in technological literacy between low-income 
students and their peers because schools in low-income communities lack the resources and support 
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to take advantage of the educational potential of emerging technologies. Jenkins et al. (2010) propose 
that we should “shift the focus of the digital divide discourse from questions of technological access to 
those of opportunities for participation.” Incorporating mobile technologies in mathematics curricula can 
provide underserved students with opportunities for deep engagement and support them in developing 
technological and quantitative literacies.

The project’s theoretical framework combines perspectives of place-based education (Gruenewald, 
2003a, 2003b; Hart, 1997; Sobel, 1998) with culturally relevant pedagogy (Ladson-Billings, 1995). Place-
based education (Howley et al, 2011; Showalter, 2013) is an equity pedagogy that focuses on building 
on students’ everyday, out-of-school experiences but is typically used in reference to teaching in rural 
school contexts. Culturally relevant pedagogy (Ladson-Billings, 1995), on the other hand, is an equity 
pedagogy that is typically referenced with respect to urban school contexts and is focused on building 
knowledge through students’ cultural contexts; it usually defines relevance as pertaining to factors such 
as race, ethnicity, or languages at the center as opposed to geographical relevance. Culturally relevant 
mathematics pedagogy (CureMap, Rubel & Chu, 2012) extends previous work by Ladson-Billings 
(1995) and Gutstein, Lipman, Hernandez & de los Reyes (1997) and is defined by three components: 
1) teaching mathematics for understanding (Hiebert & Carpenter, 1992), 2) “centering” instruction in 
students’ experiences (Tate, 2005), and 3) developing students’ critical consciousness about and with 
mathematics (Gutstein, 2006; Skovsmose, 1994). Similar to Gruenewald (2003a), who suggests integrat-
ing “place” with “critical education,” we view the frameworks of place-based education and culturally 
relevant mathematics pedagogy as complementary.

This pedagogical approach can be enhanced through the use of technology that enables students to 
consume and critique media, capture and collect information, communicate and collaborate with oth-
ers, and construct and create media for self expression (White & Martin, 2014). Mobile technologies 
in particular have the potential to support place-based and culturally relevant learning because they 
help bridge students’ out-of-school experiences and classroom learning, and they fit naturally within a 
range of learning environments (Chiong & Shuler, 2010). Furthermore, the use of mobile devices in the 
classroom enables self-guided exploration and collaboration, helping schools shift from teacher-centered 
classrooms to a more personalized and engaging approach (Gray, 2011).

Local Lotto is a program that draws on both place-based and culturally relevant perspectives to engage 
students in conducting a mathematical investigation of the local phenomenon of the lottery using digital 
tools. Through these investigations, students learn and apply the mathematics necessary to critically 
analyze, model, reason about, and interpret the phenomenon. This approach strongly resonates with the 
goals of the Common Core State Standards for Mathematics (National Governors Association Center 
for Best Practices & Council of Chief State School Officers, 2010). The Standards for Mathematical 
Practice, in particular, reflect an approach to learning mathematics that connects content to essential 
skills and processes, including sense-making, reasoning, constructing arguments, modeling, and dis-
cerning how to use tools appropriately. In this chapter, our focus is on the curriculum design of Local 
Lotto. We argue that digital tools, in particular mobile technologies, play a central role in the design of 
a place-based, culturally relevant mathematics curriculum that is aligned with the Common Core State 
Standards for Mathematics.
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CASE DESCRIPTION

Our team designed a 14-session program, Local Lotto, with the aim of engaging high school students in 
learning mathematics through the investigation of the lottery as a phenomenon that impacts both indi-
viduals and society. Our design-based research was guided by the following principles: 1) mathematics 
as essential for understanding the phenomenon (can mathematics illuminate how it works?); 2) technol-
ogy as essential for connecting the phenomenon to learning (can the technology make a contribution 
to the mathematical analysis?); 3) a spatial (where does it occur?), quantitative component (how much 
or how often?) and subject dimensions (who is involved and how do they participate?); and 4) social 
justice ramifications (who is impacted and is it fair?). The Local Lotto curriculum addresses each of 
these principles, with the technological principle playing an important role in enhancing the curriculum’s 
alignment with the Common Core State Standards for Mathematics.

The curriculum consists of four main components. It begins with Chances, in which students analyze 
how the lottery works by learning how to find the likelihood of winning the games’ top prizes using 
probability and combinatorics concepts. Next, in Field Investigations, students conduct and analyze 
interviews with individuals and lottery retailers to learn about lottery playing in their community. In 
the third component, City Data, students analyze digital maps displaying data about median income, 
lottery spending, and lottery winnings across neighborhoods to understand the frequency and impact of 
lottery playing on different parts of the city. The program culminates with Lottery Tours, which engages 
students in creating digital presentations showcasing their opinions about the lottery and what they have 
learned throughout the sessions.

A custom web application was designed with three features that make the curricular components pos-
sible (http://citydigits.mit.edu). The field interview feature enables students to conduct interviews using 
mobile tablets. It displays the interview questions, prompts students to type or record the interviewees’ 
responses, takes photographs, and automatically geo-tags locations. A digital map tool allows students 
to examine and actively interact with various data pertaining to the lottery in their community. Finally, 
a tours tool provides students with a custom interface through which they can upload photos, audio, and 
text to create storyboards that express and justify their summative opinions. These technological tools 
play a critical role in engaging students in the mathematical practices and with the mathematical content 
as outlined by the Common Core State Standards. In this section, we illustrate how the Local Lotto cur-
riculum addresses both content and practice standards, as shown in Table 1. Moreover, we explain the 
specific ways in which the technologies support students’ engagement and learning experiences with 
this program by bringing their local environment into their academic experiences.

Chances

Local Lotto begins with Chances, a series of mathematical investigations on the mathematics of lot-
tery games. Students learn and apply combinatorics and probability concepts to count the number of 
possible combinations in various local lottery games and understand the chances of choosing the win-
ning combination. This section does not directly utilize digital tools; however, it sets students up to 
build understandings that they can connect to the technological pieces of the curriculum and serves an 
important function in addressing important content and practice standards in the Common Core State 
Standards of Mathematics.
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Chances begins with interactive simulations of three different games of chance: betting on a single 
number in roulette, choosing three colored cards out of five possible choices, and selecting five out 
of a set of 40 integers for a local lottery game. The simulations provide students with opportunities to 
explore the factors that might make a game easier or more difficult to win. For instance, students notice 
that the number of selections required by a game plays a role in the probability of winning that game.

The simulations also provide a common experience that students can refer to as they build concepts 
of probability and combinatorics in subsequent lessons. Through the game of roulette, students review 
the basic idea of how a probability ratio is constructed. Next, in reference to a “mini” lottery that refers 

Table 1. Alignment of Local Lotto to the common core state standards of mathematics (National Gover-
nors Association Center for Best Practices & Council of Chief State School Officers, 2010)

Sections Common Core State Standards for Mathematics 
Content Standards & Standards for Mathematical Practice

Chances
How does a lottery game work? What 
are the chances of winning the lottery 
and what is the expected value of lottery 
games?

HSS-CP.B: Use the rules of probability to compute probabilities of compound events 
HSS-MD.A: Calculate expected values and use them to solve problems 
HSS-MD.B: Use probability to evaluate outcomes of decisions. 
HSN-Q.A.: Reason quantitatively and use units to solve problems. 
6.RP.A: Understand ratio concepts and use ratio reasoning to solve problems 
7.RP.A: Analyze proportional relationship and use them to solve real-world and mathematical 
problems. 
MP4: Model with mathematics 
MP6: Attend to precision 
MP7: Look for and make use of structure 
MP8: Look for and express regularity in repeated reasoning

Field Investigations
Who participates in the lottery and 
where? How much do they play? 
What is the impact of the lottery on 
individuals?

HSS-IC.B: Make inferences and justify conclusions from sample surveys, experiments, and 
observational studies 
HSS-MD.B: Use probability to evaluate outcomes of decisions 
HSG-MG.A: Apply geometric concepts in modeling situations 
MP4: Model with mathematics 
MP5: Use appropriate tools strategically 
MP6: Attend to precision

City Data
How does lottery spending in the local 
city relate to household income? 
How much is the lottery spending and 
winning in neighborhoods?

HSS-ID.B: Summarize, represent, and interpret data on two categorical and quantitative 
variables 
HSG-MG.A: Apply geometric concepts in modeling situations 
HSS-CP.A: Understand independence and conditional probability and use them to interpret 
data 
HSS-MD.A: Calculate expected values and use them to solve problems 
HSN-Q.A.: Reason quantitatively and use units to solve problems. 
6.RP.A: Understand ratio concepts and use ratio reasoning to solve problems 
7.RP.A: Analyze proportional relationship and use them to solve real-world and mathematical 
problems. 
MP2: Reason abstractly and quantitatively 
MP3: Construct viable arguments and critique the reasoning of others 
MP4: Model with mathematics 
MP5: Use appropriate tools strategically 
MP6: Attend to precision

Lottery Tours
Is the lottery as a system fair? Why or 
why not? 
What is the lottery’s impact on 
individuals and communities?

MP1: Make sense of problems and persevere in solving them 
MP2: Reason abstractly and quantitatively 
MP3: Construct viable arguments and critique the reasoning of others 
MP4: Model with mathematics 
MP5: Use appropriate tools strategically 
MP6: Attend to precision
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to choosing three colors out of a set of five, students build a physical tree diagram as a model to con-
ceptualize all possible outcomes (Figure 1).

Students work in small groups to build a section of the tree diagram, then digital images of each 
section are projected together to form the full model. By physically building a section, students focus 
on systematically organizing and counting outcomes. In addition, the structural organization of each 
section reveals the role of multiplication in counting permutations. This concept is reinforced as students 
examine patterns across the sections in the full model, building up to an understanding of the counting 
principle. Then, the teacher uses the model to guide the students in figuring out the relationship between 
permutations and combinations by considering redundant outcomes (Figure 2).

In a subsequent lesson, a more abstract understanding of these concepts is scaffolded through the tree 
diagram, functioning as a basis from which to derive a process or formula for calculating permutations 
or combinations.

The Chances component of the Local Lotto curriculum then delves into a mathematical analysis of 
an array of real lottery games. Students apply their understanding of probability and combinatorics to 
figure out the probabilities of winning the various national and local lotteries, including Sweet Million, 
Powerball, Mega Millions, and New York Lotto. The particular features of the games force students to 
be thoughtful in their application of combinatorics concepts. For example, Powerball and Mega Mil-
lions both involve choosing five numbers out of one set of integers, with a sixth number drawn from 
an additional set of integers. Students must consider how this sixth number affects the total number of 
possible combinations for the game. In more advanced classes or as an extension, students can also find 
the probability of winning prizes other than the jackpot, such as the third place prize for a game like 
Mega Millions, for which one must match exactly four of five winning numbers and the special Mega 
Ball number.

Figure 1. Student-constructed tree diagram showing possible outcomes for choosing 3 out of 5 colors
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Students then explore the magnitudes of the numbers in the combinations and probabilities for the 
lottery games by scaling these numbers into other more imaginable units. For example, the 3,838,380 
combinations in the Sweet Million game can be scaled in terms of stacks of pennies, which can then 
be compared to the height of a local landmark like the Empire State Building. Students are amazed to 
learn that 3,838,380 pennies would be equivalent to the height of the Empire State Building 16 times 
over and gain a tangible sense of what the probabilities mean. Some students also begin to consider the 
implications of probability on the worth of purchasing lottery tickets for the player, which is a precursor 
for understanding the concept of expected value of a random variable. For example, students consider 
that 3,838,380 represents the number of different tickets one would have to purchase to guarantee win-
ning a jackpot much smaller than the cost of purchasing that number of tickets.

Chances culminates in the creation of a poster titled Hey, Now You Know, a response to the New 
York State Lottery’s slogan, Hey, You Never Know. Students bring together their mathematical analyses 
of New York State’s various lottery games and ideas about scaling to explore, explain, and “talk back” 
to the content presented on the New York State lottery website (Figure 3).

The custom web application created for Local Lotto was not directly used in Chances, but this com-
ponent establishes the foundation for students to begin using mathematics critically to analyze their en-
vironment. In addition, digital forms of the Hey, Now You Know posters are utilized in a web application 
later on in the curriculum (see Lottery Tours). Note that the fact that we did not create a specific feature 
in the application for Chances does not mean that we cannot imagine possibilities for using technology 
in this component. For example, a tool could have been developed to enable students to construct and 

Figure 2. Students group together redundant outcomes in the model to count the number of combinations
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manipulate a digital model of probability in place of the analog version of the tree diagram. However, 
with limited time and resources, we chose to focus on creating other features that we believed would 
make a more significant contribution to the curriculum, as described in the next sections.

Field Investigations

In the second component of Local Lotto, students use a tool to conduct and record interviews with lottery 
players and retailers in the local neighborhood. The tool allows students to stage their own journalistic 
investigations by conducting field research and adding interviews to a map. Small teams of students 

Figure 3. In this Hey, Now You Know poster, students use mathematics to argue that winning the lottery 
is not as easy as portrayed on the lottery website
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use the tool on data-enabled tablets while taking various routes around their neighborhood to collect 
quantitative and qualitative data about their neighbors’ interactions with the lottery. Since the tool is 
designed for use on mobile devices, students can easily collect data in the field and instantly publish 
their results. GPS allows students to navigate using a map and automatically geo-locate their findings. 
Students upload photos of their interview subjects and audio recordings of responses. The interface 
condenses the interview process, allowing students to record responses, make notes, and publish results 
in a consistent format (Figures 4 & 5).

The tool becomes an important mediating device between students’ in- and out-of-school learning 
as students bring their understanding of probability to inform their interviews and, conversely, take the 
interview content back into the classroom to inform their interpretations of mathematical findings. During 
interviews, students learn how members of their community make sense of the lottery and compare their 
own understanding of the lottery to the opinions of local citizens. Back in the classroom, the interviews 
encourage students to contextualize their mathematical analyses. For example, talking to lottery play-
ers might reinforce or bring to light the idea that the low probability of winning large prizes will often 
result in players losing more money than they win in the long run. From interviews with lottery retailers, 
students may also gain insights about patterns in lottery spending, as retailers will likely report a high 
degree of variability in lottery spending among players. This piece of information can prompt students 
to think about what an average value for daily lottery spending in a neighborhood means and to consider 
the potential impact of outliers in the form of high lottery-spending individuals.

Figure 4. Students use the interviewing tool on mobile tablets to collect text, audio, and photos as they 
interview individuals and retailers from their neighborhood
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Using a tablet to conduct the interviews creates a strong connection between students’ community and 
academic experiences. Students are able to capture and upload images and sound files of their interview-
ees, which are much more vivid artifacts to bring back to the classroom than what could be collected on 
paper. The site automatically geo-locates interviews by creating and saving a marker on the digital map, 
literally translating students’ experiences in the local community to a formalized representation they can 
study. In the next section of the curriculum, students look at maps of their neighborhood and their city 
at large, so the geo-location during the tours is also a way for students to “walk inside” of the maps that 
they will be examining and analyzing. Having instant digital data and linking that data to a map provides 
the students with a tangible way to bring what they learned in the field into their classroom discussions, 
increasing the potential for students to reflect on contextual factors that hone students’ conceptions of 
mathematical topics, anchor their understanding of the environment through maps, and inform their 
interpretations of what they learn in the classroom.

City Data

The third section of the curriculum, City Data, involves analysis of interactive choropleth maps of the 
city to address questions about the lottery’s local and aggregated impact. The tool includes five maps:

1.  The median income map shows the median household income per day for each neighborhood across 
the city according to the 2010 Census;

2.  The percentage income spent on lottery map shows a comparison of the daily median household 
income and the average daily lottery sales in a given neighborhood (% income spent on lottery = 
100*(average lottery ticket sales per household / median household income)) (Figure 6);

Figure 5. The interviewing tool instantly publishes data from interviews in a consistent format
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3.  The average winning map shows the amount of money won from lottery tickets in one day, geo-
coded by retail store;

4.  The average spending map shows the amount of money spent on lottery tickets in one day, geo-
coded by retail store;

5.  The net gain or loss map shows both lottery winning and spending, geo-coded by retail store, 
illustrating how much money was lost or gained. The map makes evident the varying density of 
stores and amount of money exchanged in different neighborhoods (Figure 7).

The curriculum guides students to examine two questions: 1) Is there a relationship between median 
income and lottery spending? and 2) How much are neighborhoods winning and spending on the lottery 
in a year? To address the first question, students are first introduced to the concept of median household 
income and why that might be used as opposed to other measures of central tendency such as mean 
and mode. They examine several different salaries, with one outlier that would skew the mean but not 
the median. Then, students examine the median income map and percentage income spent on lottery 
map to determine whether there is a relationship between the median income of a household and lottery 
spending. Students find that there is not a discernible pattern in the amount of lottery spending across 
neighborhoods of different incomes, but low-income neighborhoods are spending a disproportionate 
percentage of their income on the lottery (Ex: Figure 6).

Figure 6. Clicking on “How much is that?” for both Windsor Terrace and Wingate would show that in 
Windsor Terrace, lottery spending per household averages to $2.10 per day whereas in Wingate it aver-
ages to slightly less at $2.00 per day. However, as a percentage of median household income, lottery 
spending in Windsor Terrace averages to half of that of Wingate.
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To address the second question, students closely investigate the average winning map, average spend-
ing map, and net gain or loss map. Zoomed out to a citywide level, these maps show the average values 
for the neighborhoods. When students zoom into the map, they see the actual sales and winning data for 
each store that sells lottery tickets. The images quickly show them that the odds are not in their favor, 
as almost all stores sell far more than they win (Ex: Figure 7).

The maps thus illustrate lottery spending and winning data both at a city level, comparing aggregated 
data across neighborhoods, and at a highly localized level, comparing data from individual stores. The 
map makes evident the varying density of stores and amount of money exchanged in different neighbor-
hoods, but most importantly they help them to visualize the odds of the lottery.

Using the zoomed-in level of the maps, students then use mathematics to calculate the amount of 
money that different neighborhoods spend or lose on the lottery. When examining data on specific 
neighborhoods, students must draw on their local understanding to inform their interpretations. For 
example, a neighborhood may spend more money on the lottery than others, but a student might note 
that the neighborhood is a busy commercial neighborhood that gets a high volume of foot traffic dur-
ing the day. To learn about the cumulative lottery spending in a neighborhood, students find the given 
amount spent on the lottery per day and use their knowledge of ratios to calculate the amount spent per 
year. Seeing how much is spent in one year in just one neighborhood puts into perspective for students 
how much money is being spent on the lottery overall. This serves as a basis for a discussion on the 

Figure 7. Zooming into the net gain or loss map shows that at FOODREY CORP, as in most retail stores, 
the amount of money spent on the lottery is far greater than the amount won
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amount of money the state collects from the games and how it is divided to pay winners, advertising and 
administration, and contribute to state programs like education.

The digital maps serve as an interface for students to engage with data more deeply than using typical 
models such as tables or graphs. As with any type of interaction with a model, students must learn to 
make sense of the visual representations and extract the appropriate information to perform mathemati-
cal analyses. The maps also expand the connection between students’ in- and out-of-school contexts 
because they present information about neighborhoods beyond their immediate communities. Students 
must rely on prior knowledge to orient themselves on the map, and then engage in a process of contex-
tualizing, de-contextualizing, and mathematically analyzing the data to make meaningful observations 
about lottery spending across the city.

Lottery Tours

Students complete the program by creating digital, multimedia storyboard “tours” that communicate 
their analyses of the lottery system. Students synthesize evidence, combining visuals, text, and audio 
from their analyses of lottery games (Hey, Now You Know posters), interviews with community mem-
bers, and analyses of neighborhood maps to present their perspectives about the lottery. Using the skills 
and knowledge they developed during previous phases of the curriculum, students combine qualitative 
and quantitative reasoning and use data to create an argument. Thus, the digital storyboards provide an 
opportunity to cohesively bring together the various sections of the curriculum.

More importantly, the digital storyboards provide students with the opportunity to think critically 
about a locally relevant issue and furthermore to voice their views outside of the classroom, empowered 
with data and mathematics. Students publish their tours directly on the Local Lotto web application, 
which allows students’ work to be shared with classmates and the general public (Figures 8-9). Through 
the development of the tours, students bring together school mathematics and their world outside of the 
classroom, as they use the mathematics they learned to create an argument about a local phenomenon.

Discussion

The real-life features of local games of chance provide an opportunity for students to have a rich math-
ematical learning experience. Often, the use of contexts in the mathematics classroom is used as a way 
to provide remediation. In Local Lotto, students learn mathematics that is appropriate to their grade 
level (i.e. combinatorics and probability) while also strengthening skills in important review topics (i.e. 
percent, ratio, proportion). Furthermore, students work on mathematical tasks in which they build, adjust, 
and evaluate rather than just plug numbers into formulas, embodying the type of mathematical engage-
ment described in the Common Core State Standards of Mathematical Practice. Mathematics provides 
the essential tools to understand the local phenomenon of the lottery. Students do not end their analysis 
after they arrive at numerical answers; rather, numerical answers are a medium for understanding how 
the lottery works and are often not “answers” in the sense that there is no one correct response to the 
problems presented. Students must be critical in considering what the different mathematical analyses 
say and do not say about the real, lived experiences of individuals and communities.

The digital tool—composed of the interviewing tool, interactive maps, and the digital storyboard 
tool—play a critical role in making it possible for students to engage in such a rich manner with this cur-
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Figure 8. The lottery tours tool provided students with a space to voice their opinions

Figure 9. Students present mathematical analyses of artifacts from various parts of the lottery curriculum 
to support their opinions
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riculum. The interviewing tool brings in real voices from the students’ community outside of the walls 
of the school as valuable artifacts for students to consider in their mathematical analysis of the lottery. 
The interviewing tool also allows students to situate their local community within a formal representa-
tion—the City Data maps. The City Data maps are visual representations of data that require students 
to use both mathematics and an understanding of the neighborhood to interpret patterns and understand, 
on a broader scale, the impact of the lottery in the city. The digital form of the maps invites students to 
explore and make decisions about the data they will examine. Finally, the tours tool provides students with 
a vehicle for exhibiting the work they have done to bring together mathematical and non-mathematical 
data points to construct an argument. Unlike many other student products, such as tests or projects, the 
public nature of the web-based tour makes it a meaningful medium for a summative assignment. Through 
the tours, students not only showcase their learning but voice important information and opinions about 
a real-world issue to an audience beyond the confines of the classroom.

All of these features of the application created for this project enhance the experiences of students to 
engage in a rich mathematics unit. Through an investigation of a real world phenomenon, the boundaries 
are blurred between in-school and out-of-school experiences, stimulating engagement with mathematical 
practices in a meaningful way.

CURRENT CHALLENGES FACING THE ORGANIZATION

We have encountered several challenges in the development of the Local Lotto curriculum. These chal-
lenges include difficulties in the design and implementation of the curriculum as well as in the design 
and implementation of the tools. We are also finding challenges as we move forward and consider the 
future and scalability of our work. We outline these challenges below.

Curriculum Development Challenge: Math or Context, Which is Primary?

In the process of developing the Local Lotto curriculum, we experienced a tension between organizing 
instructional experiences around deconstructing the complexity of the lottery system versus achieving 
specific mathematical objectives. Mathematics can be used to “read the world” (Gutstein, 2006), or in 
this case, to study the lottery as a system. Alternatively, the mathematical objectives could be primary, 
with an examination of aspects of the lottery as applications of those concepts. In the case of Local 
Lotto, our orientation favored the learning of mathematics to act in service to understanding the lottery 
as a system. As a result, after students derived the combinations formula so to be able to calculate the 
probability of winning a lottery prize, the curriculum did not proceed to present students with other 
combinations questions about contexts outside of the lottery. Consequently, the teacher who piloted the 
curriculum expressed concern over whether students would be able to transfer their learning to solve 
similar problems in different contexts.

Implementation Challenges: Time vs. Depth

Implementing the tool in the classroom environment posed a number of challenges. The City Data 
lessons, focused around the maps, were particularly difficult to implement in the classroom due to the 
time-consuming nature of the activity and the amount of background knowledge necessary to understand 
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the maps and the data behind them. The complexity of information the maps convey makes them best 
suited for unhurried, self-guided exploration. Within the limited time frame of an hour-long class, it was 
difficult to reach a point of full engagement.

This problem was further complicated by the multiple types of knowledge that had to be taught in 
order for students to fully understand the visualizations. First, technical knowledge was required to oper-
ate the devices and navigate the site. Most students intuitively adapted to using the new technologies but 
required some orientation and instruction. Second, knowledge of local geography and map reading skills 
were necessary. Although most students were familiar with street-level maps, most had trouble identifying 
neighborhoods and counties at the city level based solely on the shape of landmasses, especially without 
transportation routes displayed. Finally, students required foundational knowledge of various statistical 
measures used in the maps as a starting point to interpret relationships between variables or to further 
investigate curiosities. Teaching these foundational concepts was time intensive and detracted from the 
time students were able to spend analyzing the maps to learn about lottery.

Technology Challenges: Hardware and Connectivity as a Barrier to Learning

Despite the overall benefits of technology described in this chapter, technical issues with the tools 
sometimes created barriers to the learning by disrupting the flow of activity and creating frustration. 
Designing a web platform that could be used on a wide range of hardware devices allowed for greater 
flexibility in accessing the application, but made it difficult to predict and remedy all device- and 
connectivity-related issues. The PC tablets used to conduct interviews posed several issues. In some 
cases, the battery life of the device was insufficient for the two-hour duration of the field investigation, 
and one of the devices continuously interrupted interviews for a software update, an unanticipated issue 
difficult to address in the field.

Issues with Internet connectivity also presented challenges. During the Field Investigations, mobile 
service coverage was inconsistent, so the web application was often slow to load and some of the inter-
views failed to upload. Connection failures while students created their lottery tours also caused students 
to lose content. These technology failures distracted students’ attention from the objectives. Students 
who were initially interested in conducting interviews, exploring the maps, and creating tours became 
impatient and distracted if the device or application failed to work smoothly.

Scalability

There are multiple challenges for future viability and scalability. First, how might other teachers use the 
Local Lotto platform and curriculum? While all teachers can certainly learn about the project and our 
methods through our website and materials, the localized nature of the tool and curriculum limits its 
relevance to those teaching in the New York metropolitan region. In addition, those who wish to imple-
ment our materials need time and training to operate technological devices that are not traditionally used 
in schools, be fluent with the complexity of the data behind the map visualizations, have a deep and 
flexible understanding of probability and combinatorics, and acquire a system view of the lottery. We 
conducted a six full-day summer professional development program for teachers in our pilot program, 
but those who use the curriculum in the future will not have access to this training.
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As it exists currently, Local Lotto needs some training for teachers. They need to understand how 
the maps work and where the data comes from, how to perform interviews with strangers, and how to 
generate complex arguments from the data they collect. These are not skills that come to all mathematics 
teachers naturally. While we had the opportunity to work with skillful teachers as part of the project, it 
is clear that in order for the curriculum to be scalable, effective teacher training materials will need to 
be provided.

Another set of challenges in scalability is related to the maintenance of the technology. In its current 
state, the Local Lotto tool has a number of scalability issues related to technology management. As a 
web-based tool, Local Lotto needs an owner and administrator to maintain log-ins for students to be able 
to publish data using the interview and tour tools, moderate unwanted content, maintain the site to keep 
up with software and hardware upgrades, and troubleshoot technological issues. As a team, we are still 
grappling with how to address the issue of sustainability of the program.

SOLUTIONS AND RECOMMENDATIONS

Our team is currently in the research phase of developing a second curricular module on a new theme. As 
we move forward with designing a new curriculum, we do so with greater awareness of the complexities 
described in the preceding section.

Curriculum Development Challenge: Math or Context, Which is Primary?

In terms of the role of the focal context and its relationship to specific mathematical objectives, our 
particular orientation in developing curriculum is to design place-based investigations that position the 
focal context as central. At the same time, this project remains committed to our guiding design principle 
that mathematics be essential to understanding how that focal context works.

Implementation Challenges: Time vs. Depth

We believe students need more time for self-guided exploration when working with the technology. 
Students in the pilot felt they were learning most when they were given time to explore, learning content 
through discovery rather than instruction. Taking full advantage of the technology would require devot-
ing full class periods to having students work individually or in groups without necessarily prescribing 
set outcomes. Giving students more time to work with the maps may have also aided map literacy by 
allowing them time to orient themselves on the map.

In the future, we would like to design map tools and exercises in which data is presented in a less 
guided way and students have more choice over what they see. For example, we plan to create additional 
map layers so that the students have several exploratory routes rather than emphasizing a prescribed 
correlation, opening up more opportunities for students to use mathematics to analyze the maps and 
learn about the lottery.
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Enabling students to access and understand various maps effectively without extensive time spent 
on training students to engage successfully with them requires careful planning and testing. The Local 
Lotto tool was developed at the same time the lesson plans were built. The benefit of this was that it 
allowed for a conversation between the tool and the mathematics agenda. What was lacking, however, 
was pre-classroom testing. We would suggest performing focus group testing during the development 
phase to learn whether certain map visualizations make sense to the youth and flow with the narrative 
of the curriculum.

Technology Challenges: Hardware and Connectivity as a Barrier to Learning

Further testing and development of the tool will improve speed and reliability to protect against unreli-
able platforms and networks, but unfortunately, some of the hardware and connectivity issues are out of 
the control of the designers. Through this project, we are more aware of the issues that may arise and 
can be better prepared to handle them in the future. However, we hope to illuminate the pressing need 
for robust technological supports in schools and for education in general in order to achieve the full 
potential of utilizing technology for learning.

Scalability

In terms of scalability, we recognize that open sharing of tools and lesson plan materials is not sufficient 
and must be accompanied by teacher training materials. We are currently working on providing supports 
within the curriculum documents so that teachers can be better prepared to teach the material effectively. 
We are also making an effort to disseminate our work through presentations and articles to help teachers 
and researchers learn about the concepts and ideas behind our work so that it may hold relevance beyond 
the local context of the curriculum.
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ABSTRACT

The results shown in the following chapter come from a research that shows some of the transformations 
of the concept of linear function observed from its definition in mathematics when facing the written, 
intended and enacted curriculum. This study was developed in technological high school level, with 
the participation of three teachers of mathematics, who were teaching the course called Functions and 
Algebraic Thinking. A case study was considered as a practical research method to carry out the inves-
tigation, adopting various processes to gather evidence to describe, verify or create theory. Different 
sources of evidence were used to gather and analyze information, such as: the official program of the 
course, three textbooks, class recordings and the application of a questionnaire. The results show trans-
formations in both, the concept of function and the concept of linear function, pointing out, in this way, 
an educational problem that should be solved by modifying not only the concept, but also the teaching 
and learning of it.

INTRODUCTION

Within the mathematical community, the function is acknowledged as the most important concept and 
it is also accepted as a strand that goes through the curriculum from the basic levels to university level. 
The studies related to the curriculum take into account the following elements: the official, intended, 
implemented and achieved curriculum (Díaz, 2008).

Researches about the notion of function show its evolution from an intuitive emergence to a formal 
approach of the object. It might seem that as there is a progress in the accuracy of the mathematical con-
cepts, as well as an encouragement to understand them. However, this has not been possible, since such 
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formalization and use of efficient notation lacking the intuitive basis that give rise to the mathematical 
concepts results in difficulties to learn them. Such is the case of the concept of function.

In the literature the four definitions that appear more frequently in textbooks of mathematics of the 
20th century are: function in terms of the variable, function in terms of set of ordered pairs, function in 
terms of rule of correspondence, and function in Logo environment (Hitt, 2002).

Research shows the existence of difficulties and wrong conceptions from the students when learning 
the concepts of function and linear function related to: what is and is not a function, linearity and non-
linearity, correspondence, continuous vs. discrete graphs, representations of a function graph, reading 
and interpreting graphs, concept of variable, and notation.

However, if the concept of linear function has been widely studied from a cognitive perspective, it 
is also true that there are areas from which it has not been studied enough yet, for instance, the corre-
sponding area to strengthen the studies that come from the curriculum and focus on the teaching practice 
placed in a specific mathematical object.

Due to the opportunity mentioned above, throughout this chapter the following question arises: Which 
are the transformations of the concept of linear function noticed from its mathematical definition when 
facing the written, intended and enacted curriculum, in Mexican technological high schools during the 
second semester of the course called Functions and Algebraic Thinking?

This report includes the problem, literature review, theoretical framework, methodology, results, 
discussion, recommendations, future research directions, conclusion, and references that support this 
research. Regarding the results, it was found that there is an educational problem about the concepts of 
function and linear function and that due to its importance, it is necessary to take up the challenge of 
changing the vision and action about its concept, teaching and learning.

PROBLEM STATEMENT

The study of the concept of function in the teaching of mathematics in high schools plays an important 
role in students’ learning, not only for the fact of being related to topics of different subjects, but also for 
the fact that it allows to represent real situations (Hitt, 2002). The different difficulties that arise when 
there are new studies related to the concept of function or to a type of function must also be emphasized.

Diaz (2008) notes that the curricular aspect of the concept of function is a kind of strand that goes 
from the basic education to university. He also warns about the difficulties the students face to understand 
this concept, as well as how this concept has generated a growing body of researches, like the ones that 
study the problem of teaching, the difficulties of learning, those that propose theoretical frameworks or 
even those that are focused on the diversity of interpretations of the concept of function.

There are several authors that have been devoted to work on the concept of function. During the 
1980s, Leinhardt, Zaslavsky and Stein (1990) made a bibliographic revision, in which they showed the 
difficulties that students face when they try to conceptualize the idea of function, emphasizing issues 
related to the function such as rule of correspondence as well as its different representations, its reading 
and interpretation. On the other side, in the research done by Birgin (2012), linear functions are seen as 
a complex idea of multiple faces whose power and richness cover almost all of the mathematical areas. 
It is important to add that due to its several applications in the real world some topics of more advanced 
level, like those that come from calculus, can be reinforced.
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It is true that the concept of linear function has been deeply studied from a cognitive approach, as 
evidenced by Díaz (2008), and it is also true that there are areas from which this concept has not been 
explored, for instance, the one corresponding to strengthen the studies coming from the curriculum and 
focused on a specific mathematical object. Such is the case of this research, interested in showing the 
transformations of the linear function observed in the written, intended and enacted curriculum, which 
will be analyzed through the performance of three teachers of mathematics of Mexican technological 
high schools in the course called Functions and Algebraic Thinking.

Thus, the following issue arises: What are the transformations of the concept of linear function 
observed from its mathematical definition when facing the written, intended and enacted curriculum?

All this involves the ability to identify transformations and/or modifications, first of people who plan 
the official school program and then, teachers who use and understand the information of the school 
program to design the activities that will be planned and done in the classroom.

The study is set within the technological high school level, because this level of education gathers 
the knowledge coming from the basic levels with the knowledge in the university, and the course that 
was taken into account was Functions and Algebraic Thinking, taught in the second semester of the 
corresponding school programs.

LITERATURE REVIEW

In this section some studies that have arisen in relation to the linear function will be described.

Historical Studies

Among the historical studies, the one raised by Acosta (2011) stands out, where he indicates that linear-
ity through its meanings, as well as its predecessor, proportionality, are concepts that have evolved over 
history and arise from everyday needs of the time and culture, from the 19th century, to form a body of 
structured knowledge into formal theories. He specifies that the evolution of these ideas can provide 
elements resulting in the didactic installation of the concept of linearity in which students study them at 
different moments of their school career. He also affirms that didactics of mathematics has not included 
the elements that connect the concepts of linearity found in mathematics topic and, much less, found 
in courses. He adds that it is not unusual that within teaching aids, linearity is connected to everyday 
experiences, to any continuous phenomenon, whose behavior is represented in a graphic as a straight 
line. In this way, the school discourse found in textbooks supporting teaching as well as in explanations 
given by a teacher in class usually comes from common experiences to explain a linear phenomenon.

Cognitive Studies

As pointed out before, Leinhardt, et al. (1990) did an extensive research during the 1980s and identified 
that students face serious problems regarding several aspects, such as correspondence and linearity. Two 
types of difficulties were reported regarding the learners’ understanding about the permissible types of 
correspondence that are part of the functions. The first one is related to the belief that functions should 
personify a one-to-one correspondence, and the second is related to the confusion between the many-
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to-one and one-to-many correspondences. It is acknowledged that several studies have emphasized the 
learners’ tendency to gravitate towards linearity in a variety of situations, for instance, Lovell (1971, 
as cited in Leinhardt, et al., 1990) found that students had a strong tendency to define a function as a 
relation that produced a straight line pattern in a graph.

On the other hand, Chiu, Kessel, Moschkovich and Muñoz-Núñez (2001) carried out a case study in 
which they showed the way associated concepts and strategies of two different students arose and changed 
during a course of six tutoring sessions, especially designed to develop the concept of linear function. 
Posada and Villa-Ochoa (2006) developed a proposal to introduce the concept of linear function from 
a variational approach, where they reviewed the concept of significant unit introduced by Duval (1999) 
to determine some characteristics of the linear function. Regarding the concept of linear function, they 
determined the significant units from the variation and rate of change, since it is the constant rate of 
change the one that allows to determine the concept of linear function from a variational point of view. 
Meanwhile, Birgin (2012) showed in his study that students face difficulties to understand linear func-
tion, as well as to develop its concept, to move between its representations, and especially, that they do 
not identify the whole structure of the concept.

Regarding proportionality, it is important to review the work of Fandiño (2005), as well as of Brous-
seau, Brousseau and Warfield (2004, 2008 and 2009).

Curriculum Studies

In the research developed by Lloyd and Wilson (1998), they present the ideas linked to the impact of 
the teachers’ concepts regarding functions and their implementation in a curricular reform. In his study, 
Gilbert (2003) presents an experience of professional development related to an analysis of case studies 
based on a video made for mathematics teachers of middle school about linear functions. Chávez, Grouws, 
Tarr, Ross and McNaught (2009) show some findings related to the mathematics teachers of middle 
school regarding the use of teaching materials, making specific reference to the content of linear function.

THEORETICAL FRAMEWORK

The presence of a professional area devoted to the study of didactic phenomena related to the teaching 
and learning of mathematics at schools such as the educational mathematics has allowed researchers 
and teachers to focus on the curriculum (Rico, 1998).

It is also known that since the 1960s there is a special interest in the concept of curriculum, espe-
cially in the educational mathematics as stated by Rico (1998). In the same way, as Kilpatrick (1992) 
mentions, comparative and large scale studies stand out in relation to longitudinal studies. Moreover, in 
the Symposium held in Osnabrück in 1980, it was well known that during the 1970s, the professionals 
on educational mathematics had learned to revise the concepts about the meaning of curriculum by ac-
cepting the difference between intended, implemented and attained curriculum.

Burkhardt (2014) recognizes that the term curriculum is used with different meanings with the poten-
tial to widen such idea to any part of the world. Thus, while for some people the concept of curriculum 
refers to textbooks, for others is related to a set of experiences acquired by children in the classroom.

The model proposed by Stein, Remillard and Smith (2007) considers four elements of the curriculum, 
presented below:
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• Written Curriculum: It refers to the school plan, represented by means of curricular materials 
and those didactic resources provided by the corresponding school subsystem.

• Intended Curriculum: It considers the teacher’s intentions, in other words, the activities the 
teacher designs and plans to use in the classroom.

• Enacted Curriculum: It takes into account all the processes involved while the activities are be-
ing carried out in the classroom.

• Student Learning: This component has to do with the learning achieved by students.

The review of other proposed models for the study of curriculum, such as Flanders (1994), Schmidt 
et al. (1997), Stein, et al. (2007), Hirsch and Reys (2009), Mesa, Gomez and Cheach (2013) and Remi-
llard and Heck (2014) allowed to consider a model that considers four components and one of them is 
the textbook, which is indicated in Figure 1.

It is also important to pay special attention to external elements that arise when comparing the com-
ponents, such as the teacher’s beliefs and knowledge as well as their professional identity, among others 
as noted by Stein, et al. (2007).

METHODOLOGY

This research is intended to identify, describe and analyze the transformations of the linear function 
noticed from its mathematical definition to confront the written, intended and enacted curriculum by 
considering three mathematics teachers of a Mexican technological high school trough the course called 
Functions and Algebraic Thinking.

To develop this work of investigation, the research method called case study was used, which accord-
ing to Eisenhart (1989) is a strategy of investigation to understand the dynamics found in very specific 

Figure 1. Elements considered in each component of the proposed model of curriculum
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contexts, adopting several methods to gather evidence in order to describe, verify or create a theory. 
Moreover, Yin (1989) states that the case study consists of a detailed description and analysis of social 
units or educational institutions. For this reason, the case study is understood as a strategy that allows 
getting deeper into the social unit in order to emphasize and understand some specifications. This social 
unit can be made by one or more individuals or even by institutions such as a school.

Taking into account what Yin (2009 as cited in Cohen, Manion & Morrison, 2011) explains that there 
are various resources that allow gathering information for the study, including documents, interviews, 
files, physical objects like photos, direct and participant observation, which allows getting deeper in the 
development of the research without focusing only on one resource of evidence.

This study was developed in five stages according to the model proposed in Figure 2.
The research included the following stages:

Stage 1: Theoretical reviews on the concepts of curriculum and linear function
Stage 2: Revision of the official documents that include the syllabus of the course and the didactic model 

on which the lesson plans should be based
Stage 3: Elaboration and application of an instrument for data collection about the three teachers involved 

in the study (see Appendix)
Stage 4: Collection of teaching materials that teachers used during the course called Functions and 

Algebraic Thinking
Stage 5: Sixteen class recordings of teachers talking about topics related to the concept of linear function
Stage 6: Development of an analysis framework and determination of categories to be used for the study 

of the information collected

Figure 2. Elements considered in each component of the proposed model of curriculum
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Participants

There were three teachers involved in this research: Lulu, Iris and Israel, with 12, 18 and 14 years of 
teaching experience, respectively. It is important to clarify that the names of the involved teachers of 
this study are not real; they have been changed to protect their identities and assure their confidentiality. 
The academic education of each teacher is the following one: teacher Lulu graduated from a Normal 
School where she was trained as a mathematics teacher; teacher Iris studied architecture and graduated 
from the Autonomous University of the State of Mexico, and teacher Israel has a degree from a Center 
for Updating Teachers.

Instruments

A questionnaire was used to gather specific information about the three teachers; it includes their place 
of work, the subjects they teach, years of service, the number of groups they teach and information about 
their professional training (see Appendix). Two tables were used to analyze the transcriptions of the 
teachers’ classes that were observed, one table related to the different representations of the concept of 
function and another one related to the components of the linear function.

To develop the data analysis, Table 1 and Table 2 summarize the ideas proposed by Cantoral (n.d), 
Hitt (2002) and Larson and Hostetler (2001).

RESULTS

This section describes the results obtained about the transformations of the concept of linear function 
in the classes given by the three high school teachers. These transformations are explored through a 
comparison between what the school program anticipated, what the teachers planned and what happened 
in the classroom, as well as what mathematics states as concept of linear function.

In relation to the written curriculum, the official program proposes implicitly the use of the repre-
sentations that the teacher could use when working with the concepts of function and linear function. 

Table 1. Different ways to represent a function

1 2 3 4 5 6 7 8 9 10

Representations of a 
linear function

Black box: an input/
output model

Special case 
of relation

Correspondence 
between sets

Table of 
values

Ordered 
pairs

Graph Relation 
between 
variables

Formula Model Construction of a 
functional equation

Table 2. Main components of a linear function

1 2 3 4 5 6 7 8 9 10

Elements of a 
linear function

Domain Codomain 
or target set

Image 
or range

Rule of 
correspondence

Cartesian 
Plane

Slope 

m( )
Value of the origin 

ordinate b( )
Monotony 
(increasing or 
decreasing)

Concept 
of linear 
function

Concept of 
constant 
function
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These representations could be verbal, algebraic, equation, graph and table representations. Education 
authorities do not offer official textbooks.

In relation to the intended curriculum and textbooks, Table 3 presents the elements considered when 
studying the notions of function and linear function in textbooks.

It should be noted that in three reviewed textbooks, teachers were provided with a limited view of 
the formal definition of the concept of function. It is expected to give a set-theoretic and static defini-

Table 3. Concepts of function and linear function proposed in the textbooks

Concept of Function Concept of Linear Function

Eslava (2012)

A function is a relation in which each element of the 
domain has one and only element of the codomain, 
thus, every function is a relation, but some relations 
are not functions. (Eslava, 2012, p. 48)

The canonical or usual form of a linear function or first-degree polynomial function is
f x mx b( ) = + , or y mx b= +

Its domain and range are real numbers. 

The graphic of f x y y mx b= ∈ = +{ }, �  is a vertical line with a slope

m
If m > 0  it is an increasing function.
If m < 0  it is a decreasing function.
If m = 0  it is a constant function.
The independent conceptb is where the line crosses the y axis− , called the origin 

ordinate, and it is represented as A b0,( )  (Eslava, 2012, p. 59)

Orozco (2013)

A function is a relation in which each element from 

the first set x( )  has one and only one value of the 

second element y( ) . It is possible to describe a 

function as follows:

f x F x Q r S t( ) ( ) ( ) ( ), , , .  Therefore, 

y f x= ( )  is read y  equals f  of x , ory  is 

in function of x , where " "x  is the independent 
variable and " "y  is the dependent variable. 
(Orozco, 2013, p. 67)

Its correspondence rule is a polynomial of degree one or zero; its graphic is always a 
vertical line, as follows: y ax b= +
Analysis of the linear function 
Case 1: y x b= + ,  with b ∈ ℜ
Case 2: y ax= ,  with a > 1
Case 3: y ax= ,  with 0 1< <a
Case 4: y ax= ,  with a < 0
(Orozco, 2013, p.p. 128-131)

Mendoza (2014)

“A function relation or function is a relation between 
two set, in such a way that it associates each element 
of the domain to only one value of the codomain, 
so it is also a rule of correspondence. It is important 
to mention and understand that every function is a 
relation, but not all relations are functions.” 
(Mendoza, 2014, p. 41)

One of the main applications of the linear functions is in direct variation problems 
A linear function is when its image is a vertical line and its general form is: 

f x y mx b( ) = = +
Where: 
m  is the change toy
b  is where the line crosses the ordinate axis
(Mendoza, 2014, p. 58)
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tion of the concept of function. Regarding the concept of linear function, the texts of Eslava (2012) and 
Orozco (2013) show a set-theoretic definition of the concept, while the textbook of Mendoza shows a 
variational approach.

In the texts of Eslava (2012) and Orozco (2013) the function is considered as a polynomial, in the 
first case a first degree polynomial and in the second case a first or zero degree polynomial. Regarding 
Eslava’s (2012) text, there is an internal contradiction in relation to considering a constant function as 
a linear one.

Due to these types of presentations of the concept of linear function from Eslava (2012) and Orozco 
(2013), a trend towards the concept of family functions is noticed, while in Mendoza’s text (2014), the 
concept of linear function, applied in direct variation problems, as well as the concept of rate of change, 
leads to confusions regarding considering a coordinate, b  “the ordinate to the origin” as a point of the 
plane; “b  is the intersection between the slope and the ordinates”.

Now as far as the transcriptions of the classes observed, the following issues were found. In the 
introduction of the concept of linear function, the teachers used notions about the concept of function, 
as shown in Table 1, and characterized as: special case of relation, correspondence between sets, table 
of values, ordered pairs, relation between variables, formula, model and functional equations. In other 
words, two approaches about their teaching methods coexisted: the dynamic and the static one, with 
greater emphasis on the first mentioned. Despite the above mentioned, the teachers only exposed con-
ceptual images of the concept of function and linear function, understanding a conceptual image to be 
what helps describe a total cognitive structure associated with the concept, which includes all the mental 
images, as well as the processes and the associated properties, as it is determined by Tall and Vinner 
(1981). A conceptual image is built over the years by means of all kind of experiences and it changes 
as individuals face new stimuli.

As an example, it is suggested to see the following partial transcription of session 1 of one of the 
teacher’s talking about the notion of function, as shown in Table 4.

Note: In the following Transcription 1 of the class these codes were used:

T: Teacher
O: Observer
Fs: Female student
Ms: Male student
Ss: Students

Regarding the way of dealing with linear function, the teachers taught it in a “sequential” way, by 
following a scheme of algebraic representation to a tabular representation, and then a graphic representa-
tion, with little presence of the reverse process. In other words, to find the algebraic representation for 
a given graphic of a linear function as shown in Table 5. Note the following Transcription 2 related to 
the above mentioned.

Some difficulties faced by the teachers when they move in between representations are noticed. Through 
the development of the tables and the language used by the corresponding teacher, the understanding of 
the domain of the linear function as rational numbers instead of real numbers is evident. The following 
Transcription 3 shows in Table 6 what one of the teacher’s presented to the students.
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Table 4. Partial transcription of session 1of one of the teachers observed when introducing the concept 
of linear function

…. 
Fs: It is said, in mathematics, that a quantity is function of another one if the value of the first one depends only on the value of the second one. 
T: Ok, someone else? 
Fs: A function or […] refers to a rule given to each element of a first set, a unique element of a first set, and a unique element of the second set. 
O: The definition proposed by the student sounds weird and the teacher seems to realize this. 
T: Mmm… 
T: Could you read the last three lines again? 
T: Loudly. 
Fs: It refers to a rule given to each element of a first set, a unique element of a first set, and a unique element of the second set. 
T: Thank you. Over there (pointing to the students next to the door). 
Fs: But this one is quite similar. 
T: Someone with something different. 
Ms: It says: Algebraic functions. 
Ms: In the algebraic functions the operations to be solved with the independent variable are: addition, subtraction, multiplication, division, potentiation 
and radication. 
T: Let us see, this one (…) the one your classmate read is an algebraic function, but it is part of the concept of functions, and I want only the concept 
of a function. 
T: Let us see. You, tell me. 
O: She addresses to one of the students on the other side of the classroom, in the line in front of the desk. 
O: The student remains silent. 
Ms: She is asking you to tell her the concept of function! 
T: What is a function? Taking into account what your classmates just read. 
T: The teacher crosses her arms waiting for an answer. 
O: All his classmates turn around to see him. 
Ms: Function is (…) a quantity that depends (…) 
T: Here we have an example of a function, if you paid attention to what your classmates read, it says that there are two sets, a first set that we will call 
trades and professions, and a second set that we will called work items, then we associate one to one, which means that it is a function. 
...

Table 5. Partial transcription of session 2 of one of the teachers talking about the concept of linear function

… 
T: Among all these functions, this one belongs to a linear function [pointing to the following:y x= +2 3 ].
T: It has the form of y mx b= + , which is the general form.
T: I have realized that when I give you a function and tell you that is a linear one, some of you say: “It is going to be a straight line”. I hope you always 
identify it, ok? Since it is usually one of the questions in the “Enlace” exam, “PISA” exam, entrance exams or knowledge tests to be hired in a 
company. 
T: How am I going to graph it if I am only given the function? 
T: I am going to assign value for x .
T: That is right, and I am going to make a substitution where I have the value and then I am going to the get the value of y .

P: I will get an ordered pair x y,( )
O: Figure 3 shows what has been done by the teacher. 
T: There are two types of variables: dependent and independent variable. 
T: " "x  is the independent one, the independent variable.
T: Why is it called independent variable? Because I can assign it any value I want. I can consider a wide range of values. 
T: Since I locate my coordinate plane, although I may also locate only some of them. 
T: What characteristics should I consider? [She asks the students]. 
T: The fact of having the same space between each division, ok? And the fact of having the same scales 
T: Here, I can use 1,2,3,4,5,6,7,8,9 and [referring to the x axis− ].
T: Yes? What is not correct, would be if I put 1, and then 20, and then 100, not in this way. I have to use the same scale. 
T: In this case, I am going to consider the following values [from -3 to 3]. 
T: Now, what I am going to do is to substitute this independent variable in this function. 
O: Figure 4 shows what has been done by the teacher. 
O: A student noticed that the teacher had not located the negative numbers within the domain, which is why the positive numbers appear first in the 
domain, and then the negative ones. 

T: Then, my ordered pair will be 3 9,( )
O: A student raises his hand to ask a question. 
Ms: Are we going to have in all the values of x , well, are we going to put three, two, one, zero? You mentioned it.
T: Yes, I did, just to follow the conventional roles. You can use the same ones, or you can use any other values.
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By observing the algebraic processing of the linear function, it is evident that there is a parametric 
approach, by assigning values to m  (slope) and to b  (intercept) in the expression y mx b= + , and 
getting families of straight lines. This fact was intended to be spread through the use of a chart builder 
called “Graphmatica”. In spite of the above, the assigned values to m  (the slope), are only positive 
values, excluding negative slope lines or zero. Table 7 illustrates the process developed by one of the 
teachers.

There is also evidence of the representation of the linear function as a model, through different ap-
proaches or the use of real life phenomena: problem of speed in uniform rectilinear motion, and some 

Figure 3. A table made by the teacher to start tabulating the linear function 

Figure 4. The table shows the first coordinate obtained by the teacher
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others; however, it is also evident that there are serious difficulties in teaching it. Regarding the above 
mentioned, the selected excerpt in the following Transcription 5, that is shown in Table 8 illustrates the 
part of the situation that has emerged and the problems that were found.

DISCUSSION

There are several definitions for the concept of function, as a result of the evolution of the concept; some 
of them are dynamic and others static. Furthermore, there are four of the most common and well-known 
definitions that have been part of the textbooks during the 20th century.

Table 6. Partial transcription of session 2 of one of the teachers talking about the domain and codomain 
of a function

          … 
T: No? Let us see, guys, then, is the domain of this function only this set? 
O: The teacher points to the initial domain used in the tabulation. 
Ss: No. 
P: No, right? Which would be the domain of this function? 
Ms It would be infinite. 
T: Mm! Your classmate says it would be from infinite to minus infinite and, which is this set? Which set of numbers? 
Ms: Natural numbers. 
T: The natural ones? 
Fs: No! 
T: Which set of numbers? 
O: Students remain silent. 
T: Remember that we learned that natural numbers are from zero to infinity, then, you are just mentioning the ones here.[while she points 
to the positive side of thex axis− ]
T: Then, which is the set of the domain? 
Ms: Wholes. 
T: Wholes? 
T: Wholes are another set of numbers that go from minus infinity to plus infinity, right? 
O: While she asks the questions, she marks on the whiteboard each set and the way each one includes another one. 
T: But, let us see [she goes back to the table of values]. 

T: Can I assign the value here of 
1
2

 ?

Ms: Yes. 
T: Yes? Which set does it belong to? 
Fs: To the rational ones. 

T: To the rational ones. Then, I included another one, the rational ones, which are those that are giving a ratio, of 
a
b

, right? Like a 

fraction. 
T: But all these belong to another one, which ones? 
Ms: Eh, mmm. 
T: What is the set that includes all of them and mentions them? Which one? 
Ms: The irrational ones. 
O: The teacher shakes her head to indicate a negative answer. 
T: The real ones. Real numbers are those that include the natural, whole and rational numbers. 
T: Then, which is its domain? 
T: The real ones, all the real numbers. Good. 
          …
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Table 7. Partial transcription of session 6 of one of the teacher exploring the slope

Figure 5. A student pointing to the graphic representation ofy x=
1
4

          … 
T: A quarter. Look, because remember that it is only a few seconds and it appears immediately. 
T: Ready? Look. 
T: Which one is it going to appear? 

T: The one of y x=
1
4

T: Did you see it? 
Ss: No. 
T: It is not possible to see it. 
T: So, I will change the color. 
Ms: Where is it? 
T: It is the blue one… 
O: As it is not possible to see the blue color, then the teacher changes the color of the graphic. 
T: Under the red one, there is a lilac or purple one. Ok? 
O: A student immediately points so as the rest of his classmates could see it, as it is shown in the Figure 5. 
T: Now, what can you tell me about these graphs? 
T: What is your conclusion? 
O: A student mentions something about a coordinate (it is not possible to listen to her, because all the students talk at the same time) 
T: Which coordinate? How is it called? Help her. 
Ms: Coordinates? 
Fs: It is the slope, is it not? 
T: The lower the slope… 
Fs: The greater will be… 
T: It is steeper, right? 
T: It is close to… how many degrees if the slope is greater? … It is close to… 
Ms: 90? 
P: 90, and how do I know it? 
Ms: Yes, because ninety degrees… 
O: The student represents how a 90 degrees line looks like. 
T: Yes, yes, that is right. Your classmate says: ninety degrees.
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• Function in terms of variable.
• Function in terms of a set of ordered pairs.
• Function in terms of rule of correspondence.
• Function in a Logo environment.

To this respect, Hitt (2002, p.74) mentions that “the concept of set-theoretic notation, not only gave 
greater formality to the definition of function, but also favored a static approach about an intuitive idea 
of variation”.

Table 8. Partial transcription of session 4 of one of the teachers talking about linear function as a model

          … 
T: What is the velocity function? 
O: Another team shows the teacher their answer to question one. 
T: Very close, very close… but this is not the formula. 
T: You got it, but here it is indicating you that it is about velocity. 
O: What students do not remember is how to calculate velocity, so the teacher makes an effort to help them remember, so they can get the 
function with the information they already have. She ends up by telling them that velocity equals distance divided by time. 
O: The teacher moves over to another team. 
          … 
T: Is it ready, guys? 
T: Let us see. Let us check it, ok? 
O: The teacher starts erasing the information on the whiteboard, draws a Table 9 of values as shown below:

Table 9. This table was done by the teacher on the whiteboard

t   d t= 8 0192.   d   t d,( )
x   y x= 8 092.   y   x y,( )
5
10
15
20
25
30
35
40
45
50
T: Ready? 
T: Let us see. 
T: What difficulties do we find? Let us see, tell me. 
T: Let us see. How is it related to another area of knowledge? 
T: Which area is it related? 
Ms: With… uhm…physics…it could be. 
T: With the subject of physics. 
T: Is this a real problem? 
Ss: Yes. [Only some of them answer. The rest keeps working on the answers] 
T: Yes, it is. It is a real problem. 
T: Like when we are in training, like the kind of training Ana Guevara used to have. She had to beat her own time through the meters she used to run. 
T: Good. 
          ….
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However, as it was observed in the results, the concepts of function and linear function, despite being 
suggested as part of the official program of the technological high schools, are not explained, resulting 
in a great variety of possibilities to deal with them.

Regarding the revised texts used by the teachers during the observed and discussed sessions, only 
outlines of the formal definition are shown, for instance, for the concept of function, see the one exposed 
in Cárdenas, Lluis, Raggi and Tomás (2004, p.21) and in relation to function exposed in Spivak (1999, 
p.73).

Let A  and B be sets. A function f A B: →  is a relation �  in A B×  that satisfies.
D A
R
= ;  in other words, for eachx A∈  there is a set x y, .( ) ∈ �

Each element x A∈  is associated to only one of B; or, x y,
1( ) ∈ � y x y,

2( ) ∈ �  involves y y
1 2
=

An alternative notation for a function is f A B: →  is A Bf → .
Set A  is called domain of the function, set B  is called the co-domain of the function, and for every 

x A∈ , f x( ) indicates the element ofB corresponding to it, in other words, x f x, ( )( ) ∈ � . The f x( )
is the image of the element x .

Regarding the notion of linear function exposed by Spivak (1999, p.76) […] the graphic of the func-
tion f x cx d( )= + is a straight line slope c  that crosses the point 0,d( ) . For this reason, functions are 
called linear functions, which is illustrated in Figure 6.

However, with regard to the evidence about the way teachers deal with the concepts of function and 
linear function, the procedures followed by them have a dual nature. In other words, these procedures 
are both intuitive and formal, with more emphasis on written practice or exercises using pencil and pa-
per (such as numerical calculations, substitutions, tables, location of points in a coordinate system and 
graphs), with tendency to the induction of families of linear functions (parallel lines, converging lines in 
the origin). All these are considered as an early development of what is known as graphic language in the 

Figure 6. Graphic representation of linear function taken from Spivak (1999, p. 76)
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educational mathematics community. Procedures not in accordance with the stated by Leinhardt, et al. 
(1990, p.49): “In general terms, there is significant agreement on the fact that instruction should move 
from less formal, less abstract, more global and intuitive to the strict formal system”, are an accepted 
fact in the new curriculum proposal for the compulsory education in 2016 in technological high schools 
proposed in Mexico by the Secretariat of Public Education (SEP- according to its acronym in Spanish).

There are two types of transformations observed regarding the concept of function:

1.  Transformations towards the formal concept through greater approximations (evolving).
2.  A distortion of the concept.

There are three types of transformations observed regarding the concept of linear function:

1.  Transformations towards the formal concept through greater approximations (evolving).
2.  Through the processing of physical phenomena by means of restrictions to included variables 

(through models or formulas).
3.  When the concept is distorted.

SOLUTIONS AND RECOMMENDATIONS

To determine and explain, for the technological high school level, the most appropriate way to develop 
the concept of function, that according to theorists in mathematics education could be the following one: 
the one related to the variable proposed by Hitt (2002), that considers the most appropriate one for this 
level the development of an intuitive idea of variation, and provides the following definition: A function 
associates an independent variable with a dependent one, so each value of the first one has one and only 
one value of the second one (p.76).

1.  To distinguish, in the school programs of technological high schools, what is and is not a function, 
as well as to distinguish between linear and non-linear.

2.  To differentiate between the types of use and interpretations of the concept of variable.
3.  To develop materials that encourage a way of teaching that goes from less formal, more global and 

intuitive to the formal object of mathematics.

FUTURE RESEARCH DIRECTIONS

The study made it clear that it is possible continue the development of research including curriculum 
studies: Specifically, to carry out systematic support of teachers’ activities, under the premise of reflexive 
thoughts about their own teaching practice, as well as designing and building activities that involve dif-
ferent ways of presenting and approaching linear function. Similar studies can be developed to expand 
the material presented in this chapter.
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CONCLUSION

Some of the findings from the research were that the official school program of the subject “Functions 
and Algebraic Thinking” suggests implicitly the use of only five representations to work the concept of 
function in their activities, which are: verbal, table, algebraic, graphical and equation, which correspond 
to the dynamic approach proposed by Hitt (2002). Meanwhile, the theoretical review found at least ten 
different representations to present the general concept of function. On the other hand, regarding the 
elements that teachers have to approach when developing contents, the properties or characteristics that 
they need to highlight are not clear as you can see in the official school program of the course.

The representations suggested by Larson and Hostetler (2001), as well as the ones suggested in Cantoral 
(n.d.) and Hitt (2002) appear in the recordings of the teachers’ lessons. One of the representations they 
do not use is the one of the function as a black box: the input/output model mostly used by teachers in 
basic teaching levels. Another representation used by professors Lulu and Israel was the correspondence 
rule, which is not included in the official program of the course, they added it.

The support materials used by teachers during their classes are textbooks, which have no official 
status. Teachers choose them freely, according to their expectations.

Fragments of the classes’ recordings demonstrated the following: Teachers tend to a stationary man-
agement of the linear function. They present difficulties in the conceptual construction of the real, when 
approaching the domain and codomain of functions. That is the case of teacher Lulu: in the recording of 
her lesson, she gives cause to state that the notion of ℜ for her is the set of rational numbers.

In summary:

1.  It is possible to notice, throughout this research, that there is an educational problem related to the 
concept of function and linear function.

2.  To solve this educational problem it is necessary to face the challenge through a different vision 
and action regarding its concept, teaching and learning.

3.  It is important to warn that teachers need to have extraordinary levels of knowledge of specific 
content, since they must be able to move towards any direction and create, along the way, different 
curricular scenarios; in other words, to promote education and professional development.
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KEY TERMS AND DEFINITIONS

Curriculum: The group of organized elements, with teaching purposes, that systematize the aca-
demic career of students.

Function: It is a rule that assigns each element of a first group a unique element of a second group. 
A function relates an independent variable to a dependent variable, so that to each value of the first, 
corresponds one single value of the second.

Lesson Recording: A tool used in research and the observation of facts, phenomena, processes and 
individuals, so as to demonstrate what was observed within a specific time and space.

Linear Function: Linear functions have the following form: f x mx b( ) = + , where m  is the slope 
of the line and b  is the length of the intersection with the y axis to the origin.
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Mathematics Teacher: A professional that must have a thoughtful attitude regarding his own per-
formance as a teacher.

Representation:: Any way or form in which an object, an idea or a concept is shown.
Teaching: It involves the interaction of three elements: the teacher, student and the object of knowledge.
Technological High School: An educational subsystem that corresponds to high school and offers 

a bivalent academic training.
Transformations: These refer to a change or modification of an idea, concept, figure or image.

This research was previously published in the Handbook of Research on Driving STEM Learning With Educational Technolo-
gies edited by María-Soledad Ramírez-Montoya, pages 238-259, copyright year 2017 by Information Science Reference (an 
imprint of IGI Global).
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APPENDIX: INSTRUMENT 1

Collection of the Teacher’s General Information

Goal: To collect information about academic studies and professional experience.
Directions: Answer widely the following questions:
1.  Personal data
Age: ____ Gender: _______
2.  Academic studies:
Professional Training:
a) Bachelor’s degree: ____ b) Master’s degree: ____ c) PhD: _____
Specify your professional career: _____________________________________________
Others: ________________________________________________________________
3.  Information about schools where you work

a.  Workplace(s):
Morning shift: _______________________________________________________
Afternoon shift: ______________________________________________________

b.  Professional experience teaching the concept of function: ______________________
c.  Educational level of teaching: ____________________________________________
d.  Subjects taught currently:

Morning shift
Subject Grade Group Number of students in class
______________________________________________________________________
______________________________________________________________________
______________________________________________________________________
Afternoon shift
Subject Grade Group Number of students in class
______________________________________________________________________
______________________________________________________________________
______________________________________________________________________
4.  Besides teaching, do you carry out a different activity?
______________________________________________________________________
______________________________________________________________________
______________________________________________________________________
5. How did you become a teacher?
______________________________________________________________________
______________________________________________________________________
______________________________________________________________________
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ABSTRACT

The objective of this study was to determine the effectiveness of the Geometer’s Sketchpad (GSP) in 
teaching the area of triangles to elementary students. The authors adopted a pretest-posttest research 
design with 2 equivalent groups. The subjects of the experiment comprised fifth-grade students from an 
elementary school in Pingtung County, divided into an experimental group of 26 students and a control 
group of 25 students. Both groups attended six 40-min lessons over a month, with the experimental 
group receiving GSP-aided instruction and the control group receiving traditional lecture instruction. 
The authors revised the test instrument based on Tan (1998), and the instrument was further reviewed 
and revised by experts. They conducted a third revision of the contents after performing a pilot test. The 
difficulty index of the test ranged between 0.18 and 1, and the discrimination index ranged between 0.13 
and 0.88. The split-half reliability of the test was 0.8723. The results revealed the following: (a) in learn-
ing the area of triangles, the experimental group performed significantly better than the control group; 
(b) the results of the formative assessments indicated a superior performance in the experimental group 
compared with the control group in all of the lessons, with the exception of the second lesson; and (c) 
the male and female students in the experimental group and the control group exhibited no significant 
differences. Based on these results, the authors suggest that students be offered the opportunity to use 
concrete teaching aids or computer simulations when learning the area of triangles.
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INTRODUCTION

Research Questions and Background

Elementary school students typically do not have too much difficulty understanding the geometry of 
circles, squares, and rectangles. The majority, however, recognize only equilateral and isosceles triangles 
as triangles. The shapes of triangles are diverse, and include obtuse triangles, acute triangles, and right-
angled triangles. Although most students can recite area formulas, they cannot explain the origins of 
these formulas clearly, which shows that their perception of the area involves merely rote memory, rather 
than an understanding of the derivation process. This often results in students using formulas incorrectly 
when solving problems (Tan, 1998). Furthermore, in traditional lecture instruction, the student is often 
considered a passive receiver of knowledge; with such unidirectional communication, it is difficult to 
achieve real learning progress. By contrast, constructivism emphasizes the active role of the student. 
Education is currently inclined toward free constructivist learning approaches, in which new information 
is linked to existing knowledge, thereby corresponding to developed archetypes (Resnick, 1983). There-
fore, students must actively participate in activities geared toward different learning modes to stimulate 
and strengthen cognitive growth (Larkin & Chabay, 1989). The microcosm of the physical world that 
can be represented on computers enables students to explore, experiment, and operate artificial systems 
or models with actual scientific effects (Dede, 1987).

In the IT Whitepaper in K-12 Education, the Ministry of Education (MOE, 2008) stated that schools 
must develop diverse digital teaching resources, and enhance the IT equipment and network services 
in classrooms, so that in the future, the incorporation of IT into the teaching field will no longer be 
restricted to computer laboratories. Software associated with mathematics includes SAS for statistics, 
Maple and Mathematica for algebra, and Excel for numerical computations. However, it is difficult for 
math teachers to master these programs and apply them to teaching (Kaput, 1992). Numerous research-
ers and teachers are currently studying dynamic geometry, but the majority are focusing on problem-
solving. Rarely have they concentrated on the process of cognitive psychology. Jackiw (1991) created 
the Geometer’s Sketchpad (GSP), a tool that enables users to construct and manipulate basic geometric 
shapes. Phonguttha, Tayraukhamh, and Nuangchalerm (2009) compared the effectiveness of GSP as a 
teaching medium against traditional textbook teaching. Their results revealed that the GSP can improve 
mathematics achievements and the analytical thinking of students effectively. The GSP allows the teach-
ing of mathematics to begin from dynamic shapes, enabling students to follow an intuitive process of 
learning. It provides a geometric construction, continuous dynamic transformation, structure retention, 
a view of the specific as general, and the recording of the geometric construction process. These func-
tions provide a simple teaching environment in which to discuss the properties of different geometrical 
shapes. Students can thus observe, experiment, conjecture, and generalize the constant properties of 
continuously changing dynamic shapes. Kurz, Middleton, and Yanik (2005) stated that the GSP enables 
students to test their hypotheses regarding geometrical shapes, relations, and transformations, and other 
researchers have agreed that using dynamic visual teaching methods helps deepen students’ understand-
ing of mathematical concepts (Fallstrom & Walter, 2009; Teoh & Fong, 2005).

Van Hiele and van Hiele-Geldof (1958) divided the development of geometric thought into five 
levels: (a) visualization, (b) analysis, (c) informal deduction, (d) formal deduction, and (e) rigor. These 
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five levels must be advanced in order, and students must comprehend the concepts and strategies of one 
level fully before they can proceed to the next. Progress is not correlated with age, but rather to previous 
teaching and learning experiences. For example, most younger elementary school students are at the first 
level (i.e., visualization; Liu, 1998); therefore, they require a manipulation, observation, description, and 
comparison of physical objects as well as multiple concrete experiences before they can progress toward 
a higher level of learning. The purpose of this study was to integrate the GSP with the five levels of 
geometric thought proposed by van Hiele (1986), to develop a novel computer micro-world concerning 
the area of triangles. This system uses constructivist learning and computer visualization to create an 
environment in which users can manipulate icons freely, thereby learning of the area of triangles. This 
learning model considers both the process of cognitive psychology and the historical development of 
mathematics, and encourages students to actively explore new concepts.

Research Objectives

The primary purpose of this study was to compare the effectiveness of the GSP-aided instruction model 
with that of traditional lecture instruction for fifth graders learning the area of triangles. We therefore 
present the following research questions:

A.  Do students who are respectively receiving GSP-aided instruction and traditional lecture instruction 
display differences in learning effectiveness regarding the area of triangles?

B.  Do students who are respectively receiving GSP-aided instruction and traditional lecture instruction 
display differences in their performance on formative assessments concerning the area of triangles?

C.  Do male and female fifth graders who are respectively receiving GSP-aided instruction and traditional 
lecture instruction display differences in learning effectiveness regarding the area of triangles?

LITERATURE REVIEW

The Development of Computer-Assisted Instruction

Computer-assisted instruction (CAI) dates back to Skinner’s Teaching Machine in 1950. Such a machine 
is derived from the application of response and reinforcement advocated by behaviorism, which also 
results in the programmed machine.

Two major milestones exist for CAI: Programmed Logic for Automatic Teaching Operation (PLATO) 
in the 1960s, and Time-shared Interactive, Computer-Controlled, Information Television (TICCIT) in 
the 1970s (Merrill, Schneider, & Fletcher, 1980) until the advent of the first Apple personal computer 
(PC) in 1978. This not only generated a proliferation of the PC industry but also facilitated CAI devel-
opment and diversity.

In the past, the application of a computer in instruction was called CAI. Under the influence of behav-
iorism, CAI involved using linear programs in the initial stage. In the 1960s, cognitive psychology and 
information-processing theory asserted that learners were not passive recipients, but active participants 
who integrated and constructed intact knowledge, which provided an experimental theory for CAI design 
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and manufacture. Consequently, branch programming claimed that we can control teaching materials 
to reflect the learner’s response. Learners choose their own materials, and control the learning progress 
according to their personal level. In other words, CAI was developed toward learner-centered Computer-
assisted learning (CAL), focusing on the learner’s own control, in which learning and teaching are both 
involved during the instruction, thereby enabling instruction and learning to benefit from each other.

Cognitive Theory: Computer-Aided Instruction Basis

Piaget: Theory of Cognitive Development

Piaget noted that an individual interacts with internal and environmental factors, and develops a concep-
tual structure during the development. With assimilation, adaptation, and accommodation, this leads to 
an equilibration process. Moreover, stages are repeated until a stable self-regulation process is attained 
(Wang, 1991). Over several years, Piaget observed, researched, and concluded that the cognitive devel-
opment in an individual from birth to adolescence presents stage features continuously. Therefore, the 
introduction of the Internet to instruction in elementary schools recognized child cognitive development 
first, then involved using the computer, and lastly, this was extended to using the Internet.

Bruner: Learning by Discovery

Bruner considered learning to be acquired by a learner’s free exploration within a structured information 
environment. A learner selects information, translates it, and constructs a hypothesis to make a decision 
based on his or her own cognitive structure. Therefore, Bruner intended to organize a spiral curriculum, 
so that students could continue learning new knowledge based on their prior knowledge. Because discov-
ery learning indicates that learning is an active process, that only students actively explore the learning 
target and discover related rules is critical to learning. When such a theory is applied to the introduction 
of computers, teachers first decide if the screen contents can be understood by the students, and then 
select appropriate materials to create a favorable environment for student learning. Next, if the learning 
environment or material is not structured, or the students themselves lack basic knowledge regarding the 
cognitive structure, learning by discovery is less likely to occur. Furthermore, students use computers 
to learn, and actively discover details. If they are passive, their learning is limited. Finally, for computer 
learning, students control the learning, which helps them participate in learning activities, and inspires 
them further (Hsu, 1996).

Vygotsky: Learning Theory

Lev Semyonovitch Vygotsky, the Russian psychologist, contended that for human beings, a high level 
of mental development is internalized through the interaction between external, social, interpersonal 
activities and the individual. He focused on zone proximal development (ZPD) and scaffolding instruc-
tion. Regarding instruction, ZPD is the foundation for cognitive development, an interactive zone for 
interactions between teachers, students, parents, and peers, and also a real learning zone for students and 
children as well as a basis for instruction. Vygotsky thus encouraged parents, teachers, and advanced 
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peers to interact with learners. ZPD-based scaffolding instruction was devised by Wood, Bruner, and 
Ross (1976); a tentative scaffold or support helps students until they can operate or learn on their own. 
In summary, scaffolding-instruction-based CAI strategies include the following:

A.  Basing on experience and prior knowledge;
B.  Bridging between different systems of representation;
C.  Connecting among action, effect, and comprehension; and
D.  Fading out as learners increase their proficiency.

By doing so, establishing and eliminating assistance in scaffolding instruction are achieved fully in CAI.

The Significance of the GSP in a Learning Environment

In the information era, student learning has changed. In a GSP-aided learning environment, teachers 
and students engage in instruction activities in various learning categories associated with computers, 
which results in varying and effective results. Because students come from different environments, they 
have different abilities, interests, backgrounds, experiences, and demands. If teachers intend to satisfy 
their different demands, they must establish a welcoming environment that prompts students to construct 
knowledge. Instruction requires scientific, personal, and educational knowledge, with a full comprehen-
sion of objectives, meaning, theory, and strategy. It is imperative to possess interactive skills and foster 
students’ eagerness to learn, and a GSP-aided environment meets these exact requirements. In addition 
to the evolution of the computer, we can learn within various computing environments. Learners are 
in command of the entire learning process, select their own time to learn as well as the materials, and 
adjust their progress for high-quality learning. Moreover, because the computer offers a powerful learn-
ing and perceptual experience through dynamic graphs, learners form a dynamic connection with their 
inner representation, so that their abstract concepts becomes a perceptual base. Such learning is useful 
for assisting and achieving individual learning. The GSP offers visualization to reinforce and train the 
space ability in students, who experience 2D space in a virtual environment rather than learn through 
oral and written narration.

Geometer’s Sketchpad

This study employed the Geometer’s Sketchpad (version 3.0) developed by Key Curriculum. We used 
the GSP with the five levels of geometrical thought proposed by van Hiele (1986) (i.e., visualization, 
analysis, informal deduction, formal deduction, and rigor) to develop a novel geometrical learning model. 
Experts assisted us in developing the GSP-aided teaching environment and class materials based on the 
research objectives. Because the subjects in this study were fifth graders, we selected Mandarin as the 
language of instruction. To start the lectures, the teacher provided a 5-min introduction of the learning 
objectives. The students in the experimental group were able to use the GSP to modify the shapes of 
triangles by dragging points or lines across the screen. During the active participation and discussion used 
in the teaching process for the experimental group, the theory of multiple representations was adopted, 
and the graphical mode of the GSP enabled the exploration of changes in various geometrical shapes. 
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The four principles for the teaching of mathematics prescribed by the renowned mathematics education 
researcher Dienes (i.e., the dynamic principle, the perceptual variability principle, the mathematical 
variability principle, and the constructivity principle) were also employed in this approach.

Geometer’s Sketchpad-Aided Instruction

Although the majority of previous studies involving GSP-aided instruction have indicated that students 
held a positive attitude toward the incorporation of GSP into teaching, its influence on the effectiveness 
of learning remains debatable. Most research results have indicated no significant differences between 
GSP-aided instruction and traditional teaching regarding learning effectiveness (Chen, 2007), although 
conflicting results do exist (Yeh, 2010). Su (2007) found that GSP-aided teaching models are most suit-
able for students in low- and middle-scoring groups. Wen (2007) found a greater performance exhibited 
by students in the middle-scoring group. Certain studies have focused on GSP instruction in computer 
laboratories with one-to-one computing (e.g., Yao, 2007), whereas others have investigated the use of 
projectors that display manipulations, as performed by the teacher (Ling, 2007). In these studies, the 
researchers have collectively referred to such GSP-aided mathematics instruction as experimental teach-
ing. We wish to further our understanding of the influence of these two models on learning effectiveness 
to provide a reference for the comprehensive promotion of mathematics education.

Related Traditional Research Concerning Geometry Concepts

We examined the shaping and development of geometry in children according to Piaget’s Conception of 
Geometry Development (1953) and van Hiele and van Hiele’s (1958) geometric thought development stage:

Piaget and Inhelder: Geometry Concept Development

Piaget and Inhelder (1967) examined space and geometry concept development in children, and wrote, 
“The child’s conception of space” and “The child’s conception of geometry.” The key of this concept is 
in the logic order in geometry. Topology geometry examines the relation and form of space, irrespective 
of the size or form, addressing open and closed graphs. Whatever form and transformation a figure has, 
the difference between internal and external as well as open and closed is always present.

An experiment Piaget and Inhelder once conducted reflected a child’s space concept development 
stage, and iit confirmed their hypothesis. Children aged 2 to 7 years were told to touch figure plates in 
their pockets without seeing them, and they had to describe the form. They were also made to touch 
selected forms. In conclusion, a three-stage representation was found (Piaget, 1953; Piaget & Inhelder, 
1967). In Stage 1 (2 to 4 years), a child begins to distinguish between open and closed figures, but fails 
to identify closed figures. In Stage 2 (4 to 6 years), a child begins to distinguish linear types (i.e., rect-
angle, triangle, and parallelogram) and curve types (circle and oval) in Euclidean geometry, yet they 
cannot identify each type in each category. In Stage 3 (approximately 7 years),a child can distinguish 
closed figures formed by straight lines.

Regarding the child space conception stage, children mimicked geometrical figures because draw-
ing signifies space representation. The results revealed that the topology was prioritized (Piaget, 1953; 
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Piaget & Inhelder, 1967), covering four stages: In Stage 0 (under 3 years), no picture was obtained; 
only a scrawl. In Stage 1 (2 to 4 years), children were able to recognize open and closed figures. In the 
early stage of Stage 2 (4 to 6 years), they distinguished between linear and curved figures. In Stage 3 
(6 to 7 years), they drew pictures resembling a diamond shape correctly and fast, and presented certain 
Euclidean geometry qualities such as the distance and angle.

Piaget and Inhelder also explored preschool children’s geometry conception. They discussed the 
operational process to form the geometry concept, indicating children’s geometry feature stage and 
progressive construction.

Van Hiele: Geometric Thought Development

The Dutch math educator, Dina van Hiele-Geldof, and her husband, Pierre Marie van Hiele, studied 
the development of geometric thought in 1957, and established a theory. In 1958, they claimed five 
conceptual stages for students. Fuys and Geddes (1984) used a geometry teaching model to explore 16 
sixth-grade students and 16 ninth-grade students based on the geometric thought model by van Hiele, 
indicating that most of them were at Stages 1 and 2, whereas few had reached Stage 3. Taiwan elemen-
tary school students were also found to engage in geometric thought between Stage 1 to Stage 3. The 
five geometric thought developmental stages are as follows. Stage 1: The visualization stage is where 
children indicate the type based on the form and shape of the figure as a whole, and recognize triangles 
and squares. However, they merely distinguish the shape, not the quality (e.g., the equal length and right 
angle). For example, those that look like squares are squares, but ◇ is not a square, a rectangle appears 
long, a dish-like object is round for no specific reason (right angle and same opposite side). Stage 2: In 
the analysis stage, they analyze and identify the quality, characteristics, and elements, such as a triangle 
having three sides and three points. They also rely on the elements to analyze the figure, not reasoning 
skills, to understand the relation. For instance, the area may be identical with a square and a rectangle 
having different side lengths, or a square is exceptional to a rectangle. Stage 3: regarding informal 
deduction and theory in nature, a child can make informal deductions to connect the previous quality 
logically and establish a relation. They further define the quality and understand the inclusion, deduct-
ing informally for every element; yet, they cannot prove them systematically. Stage 4: Regarding formal 
deduction or formal logic, students not only comprehend and prove but also solve various geometry 
problems through abstract deduction (e.g., proof of a congruent triangle), and they also understand the 
interrelation of definitions, rules, and proofs, distinguish between theorems and converse theorems (e.g., 
the diagonals of a parallelogram bisect each other, and conversely, the diagonals of a quadrangle that 
bisect each other is indicative of a parallelogram), or they can prove the Pythagorean Theorem without 
applying it to a real object. Stage 5: In the rigidity stage, a child can understand and learn different ge-
ometry axiomatic systems and make deductions based on such systems (e.g., Euclidean geometry and 
non- Euclidean geometry) or compare axiomatic systems. For example, they can tell apart Euclidean 
geometry from non-Euclidean geometry.
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METHODOLOGY

Research Samples

The subjects in this study comprised 51 fifth-grade students in two classes at an elementary school in 
Pingtung County, Taiwan. We randomly assigned one class, which had 26 students, as the experimental 
group, and the other, which had 25 students, as the control group. A t test of the pretest scores revealed 
a t value of .08 (p > .05), indicating no significant differences in the pretest scores of the two classes.

Test Instruments

To examine the learning effectiveness of the GSP-aided instruction, we created test instruments based 
on Tan (1998) regarding the misconceptions that elementary school students have concerning the area. 
The instrument was assessed by experts, and consequently modified to comprise four sections with 
54 problems. A pilot test analysis revealed three of the more difficult problems and four of the easier 
problems, which were eliminated, resulting in 47 problems in the formal pretest. The difficulty index of 
the pretest ranged between 0.18 and 1, whereas the discrimination index ranged between 0.13 and 0.88. 
The split-half reliability was 0.8723. Content validity was confirmed by referencing standard textbooks, 
through discussions held with the teachers participating in this study, and the experts’ review. The post-
test and the delayed posttest both contained 40 problems. The delayed posttest was administered 2 weeks 
after the experiment to determine whether any differences remained between the 2 subject groups. We 
also performed formative assessments during the six teaching lessons.

The Experimental Group Mechanisms of GSP-Aided Instruction

The GSP developed by Key Curriculum enables users to construct and change geometric shapes freely. 
Measurement and calculation tools are available, and the program also records all measurements auto-
matically as the figures change. This provides a teaching and learning environment, in which teachers 
and users can manipulate precise geometric shapes easily and investigate their properties. In this teaching 
experiment, we used the GSP to design a unit in the elementary school mathematics curriculum: the area 
of triangles. We incorporated daily experiences and designed the materials to have them correspond with 
the appropriate psychological development and encourage creative thinking skills. The contents of the 
unit were explained by the teacher with carefully composed animations.

Research Procedure

We used a two-group, pretest-posttest design. Our research procedure consisted of a preparation stage, a 
pilot test stage, a pretest stage, an instruction experiment, a posttest stage, data processing, and analysis. 
The preparation stage involved literature review and data collection; the pilot test stage entailed admin-
istering achievement and GSP-aided instruction pilot tests; and the pretest stage involved conducting 
an achievement pretest on the area of a triangle. The experimental group received six sessions in a 
computer lab. Ensuring that students have a correct conception and operate PCs competently during the 
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experiment was essential. The students initiated contact with instructors and asked for help when they 
required it. In addition, they contributed to discussions and asked questions. During this time, the con-
trol group received six sessions with lectures. Participants in both groups completed the same chapter 
quizzes 9 minutes before the end of the class. Both groups were taught with equal instructional time and 
frequency. Achievement and delayed posttests in terms of the area of a triangle were performed at the 
posttest stage. Data processing and analysis were conducted after data collection, and we formulated a 
conclusion and suggestions.

Data Analysis

The following data were collected:

a.  The scores of the pretest, posttest, and delayed posttest on the area of triangles.
b.  The formative assessments regarding the area of triangles.
c.  A questionnaire survey on the incorporation of PCs into the teaching of mathematics.

We performed statistical analysis of these data by using SPSS and Excel, as follows:

a.  We first conducted a t test to compare the performance of the 2 groups at the pretest starting point.
b.  We used a t test to analyze the posttest and delayed posttest scores.
c.  We analyzed the mean score trend graphs of the formative assessments.
d.  We used analysis of variance (ANOVA) to analyze the posttest and delayed posttest scores of the 

male and female students in both groups.

RESULTS AND DISCUSSION

Comparison of Learning Achievements

The t test on the pretest scores of the 2 groups revealed a t value of .084 (p > .05), indicating no sig-
nificant differences between the 2 groups at the starting point. The t tests on the posttest and delayed 
posttest revealed the following:

Table 1. Means and standard deviations of experimental group scores and control group scores in pre-
test, posttest, and delayed posttest

Pretest Posttest Delayed Posttest Posttest - Pretest Delayed Posttest - Posttest

Experimental group 
(N = 26)

Mean 46.50 82.30 72.13 35.80 -10.17

S.D. 14.53 15.13 16.25

Control group (N 
= 25)

Mean 46.30 71.00 63.31 24.70 -7.69

S.D. 14.25 15.20 19.89
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a.  The mean score of the students in the experimental group increased from 46.5 to 82.3, whereas 
that of the students in the control group improved from 46.3 to 71. Regarding the delayed posttest 
scores, the experimental group regressed from 82.3 to 72.13, and the control group regressed from 
71 to 63.31. These results are listed in Table 1.

b.  According to the t test results shown in Table 2, the degree of freedom was 49, t49> 1.710, and t 
= 2.66 > 1.710 (p < .05), indicating that the difference was significant and that the experimental 
group obtained a higher posttest score.

c.  According to the t test results shown in Table 3, the degree of freedom was 49, t
49

> 1.709, and t 
= 1.74 > 1.709 (p < .05), indicating a significant difference and that the experimental group ob-
tained a higher delayed posttest score. A difference in the oblivion degree between the groups was 
observed.

Regarding the learning achievements in the area of triangles, the experimental group and the control 
group exhibited significant differences. We speculated that this was due to the following reasons: (a) 
The dynamic geometric learning environment: In the experimental group, we used the GSP to present 
problems dynamically on the screen. This visualization enabled the students to form a more concrete 
understanding. Furthermore, the dynamic operations enabled the students to “learn by doing.” (b) The 
flexibility of individualized instruction: the one-to-one computing adopted in this experiment provided 
the learners with complete control over their learning speed, which increased both their confidence and 
their interest in learning. (c) The rigidity of traditional instruction: Although traditional instruction is 
the most widely applied mode of teaching, it does not always engage students, and teachers are unable 
to provide individualized attention. Student understanding is then assessed with written quizzes and oral 
questions, which can affect certain students regarding their willingness to learn.

Table 2. Summary of t-test on experimental group and control group in posttest

Mean Variance Degree of Freedom t Value

Experimental group 82.30 229.00 49 2.66*

Control group 71.00 231.00

t49  > 1.710; *p <. 0.05

Table 3. Summary of t-test on experimental group and control group in delayed posttest

Mean Variance Degree of Freedom t Value

Experimental group 72.13 264.11 49 1.74*

Control group 63.31 395.46

t
49 > 1.709,*p < 0.05
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Comparison of Formative Assessments

The experimental group and the control group received six instruction sessions. Each session resulted 
in a formative evaluation. The six formative scores of the 2 groups were collected for Table 4, and their 
grade tendency is shown in Figure 1.

Results

Table 4 lists the mean scores of the two groups of students in the six formative assessments. Although 
different teaching methods were administered to the experimental group and the control group during 
the six lessons, formative assessments were conducted in both groups during the final minutes of each 
lesson. Figure 1 shows the trends in the mean scores for the six formative assessments. Both groups 
exhibited positive progress but, with the exception of the second lesson, the scores of the experimental 
group were higher than those of the control group.

In Problem-Solving Strategy Analysis One, the students drew the height perpendicular to the base of 
a triangle, measured it, and then calculated the area of the triangle. Accuracy in these tasks was higher 
in the experimental group than in the control group. Regarding Problem-Solving Strategy Analysis Two, 
the answers provided by two students in the experimental group indicated the following: First, the stu-
dents calculated the area of a triangle by counting the number of square grids in the triangle. Second, the 
students understood the “divided by two” portion in the triangle area formula when they used the GSP 
learning environment to piece two congruent right triangles into a rectangle or parallelogram. Third, the 
students were able to use the formula to calculate the area of a triangle.

Table 4. Mean scores of experimental group and control group in formative assessments

Formative Assessment no. 1st 2nd 3rd 4th 5th 6th

Mean score of experimental group 63.13 67.56 80.25 88.50 92.00 95.10

Mean score of control group 50.13 75.80 74.44 80.35 83.50 88.78

Figure 1. Trends of mean scores in experimental group and control group in formative assessments
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Discussion

The aforementioned results of the first point of Analysis Two indicate that, when the students calculated 
the area of the triangle in Problem 1 of Section 1, they tended to use grid counting as their problem-solving 
strategy. We surmise that this is because they had not yet learned the formula for the area of triangles. 
The results of the second point of Analysis Two show that, when the students calculated the area of the 
triangle in the Problem 3 in Section 2 of Analysis Two, their problem-solving strategy involved piecing 
two congruent right triangles into a rectangle or a parallelogram by using the GSP environment, in which 
they were able to calculate the area of a triangle by dividing the area of the rectangle or parallelogram by 
two. We speculate that, at this point, the students already understood the derivation process. The results 
of the third point of Analysis Two show that, for Problem 1 in Section 4 of Analysis Two, the students 
tended to use the area formula. We speculate that, at that point, the students already understood that the 
area of a triangle is the length of the base times the height divided by two.

Differences in Posttest and Delayed Posttest Scores Regarding Gender

Differences in Posttest Scores

Table 5 displays a summary of the gender statistics for the posttest. As shown, the female students in the 
experimental group yielded a mean score of 81.500, which was not significantly lower than the score 
of 83.6667 produced by the male students. In the control group, the female students produced a mean 
score of 58.6667, which was also not significantly lower than the score of 73.8462 of male students. 
Table 6 lists the posttest ANOVA results of the 2 groups, with gender as an independent variable and the 
posttest scores as the dependent variable. Regarding the groups, F = 9.645 and p = .004, and thus, p < 

Table 5. Summary of gender statistics for posttest scores

Group Gender Mean S.D. Number of Subjects

Experimental group Male 83.6667 14.6242 11

Female 81.5000 16.9000 15

Total 82.3125 15.7150 26

Control group Male 73.8462 13.5883 12

Female 58.6667 21.3854 13

Total 71.0000 15.6886 25

Table 6. Posttest ANOVA of male and female students in experimental group and control group

Source Degree of Freedom Mean Square F Statistic Significance

Group 1 1038.026 9.645 0.004

Gender 1 38.659 0.359 0.554

Group×Gender 1 177.549 1.650 0.210
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.05, indicating significant differences between the 2 groups in learning the area of triangles. Regarding 
gender, F = 0.359 and p = .554, and thus, p > .05, indicating that no significant differences emerged 
between genders in the posttest scores. Regarding the interaction effect between group and gender, F = 
1.65 and p = .21, and thus, p > .05, which also indicated no significant differences.

These results are inconsistent with those derived by Corle (1960), which indicated superior overall 
posttest performances in male students compared with female students after learning the area of triangles, 
but they support the findings obtained by Siegler (1985), who surmised that the learning effectiveness 
for both genders was positively influenced by a heuristic approach.

Differences in Delayed Posttest Scores

Table 7 displays a summary of the gender statistics for the delayed posttest. As shown, the mean score 
of 73.2 produced by the female students in the experimental group was not significantly higher than 
the score of 72.0 obtained by the male students. In the control group, the score of 44.0 obtained by the 
female students is not significantly lower than the score of 67.8 obtained by the male students. Table 
8 lists in summary form the delayed posttest ANOVA results, with gender as an independent variable, 
and the delayed posttest scores as the dependent variable. Regarding the groups, F = 0.158 and p = 
.694, and thus, p > .05, indicating no significant differences between the 2 groups for the delayed post-
test. Regarding gender, F = 0.574 and p = .455, and thus, p > .05, indicating no significant differences 
between genders for the delayed posttest scores. Regarding the interaction effect between group and 
gender, F = 2.175 and p = .152, and thus, p > .05, indicating no significant differences.

These results support the findings obtained by Chang (1991), indicating that males and females exhibit 
no significant differences in their ability to retain knowledge and skills related to geometry. Similarly to 
Siegler (1985), we speculate that this is due to the students having developed this conceptual knowledge 

Table 7. Summary of gender statistics for delayed posttest

Group Gender Mean S.D. Number of Subjects

Experimental group Male 72.0 16.7 11

Female 73.2 15.9 15

Total 72.8 15.7 26

Control group Male 67.8 18.7 12

Female 44.0 19.7 13

Total 63.3 20.5 25

Table 8. Delayed posttest ANOVA of male and female students in experimental group and control group

Source Degree of Freedom Mean Square F statistic Significance

Group 1 18.055 0.158 0.694

Gender 1 65.469 0.574 0.455

Group×Gender 1 247.986 2.175 0.152
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from hands-on manipulation and measurements. However, from the perspective of memory transience, 
the metabolism in the brain causes previously learned content to deteriorate gradually over time, and 
then disappear, which leads to forgetting. From the perspective of data storage, forgetting is caused by 
the interference, obstruction, and inhibition of other data stored in the memory. Regarding the memory 
process, forgetting may simply be a consequence of hampered retrieval. Information-processing theory 
posits that the strengths of an individual’s motivation or unwillingness to remember are also factors in-
fluencing the success of retrieval and causing forgetfulness. Other causes include physiological factors 
such as brain damage, disease, or malnutrition, which prevent the brain from processing information 
properly or retrieving information stored in the memory system. Thus, the delayed posttest 2 weeks after 
the learning experiment revealed no significant differences in the extent to which the male and female 
students forgot the information they learned regarding the area of triangles.

CONCLUSION AND SUGGESTIONS

Based on the teaching experiment conducted in this study, we formed the following conclusion: (a) In 
learning the area of triangles, the experimental group obtained a mean score that was significantly higher 
than that of the control group. The results of the delayed posttest revealed no significant differences, 
indicating that the extent to which the 2 groups retained what they learned was similar. (b) In formative 
assessments, both groups presented positive progress but, with the exception of the second lesson, the 
experimental group obtained higher mean scores compared with the control group. (c) Regarding learn-
ing achievements and gender, the male and female students in the experimental group and the control 
group exhibited no significant differences. Thus, the extent to which the male and female students in 
the 2 groups retained what they learned was similar.

Based on these results, we propose the following recommendations: (a) Students should be provided 
with the opportunity to use concrete teaching aids or computer simulations when learning the area of 
triangles. (b) A GSP-aided teaching environment should first be tested and revised before implementation. 
(c) Attention should be given to control the duration of the instruction and teaching goal attainment during 
GSP-aided instruction. (d) Does such experimental instruction result in a learning transfer effect? Further 
research is warranted to further verify this effect. (e) Whether an online test evaluated by a computer 
comprehends the student learning effect fully warrants future research. (f) The GSP-aided environment 
should be tested and modified before conducting the experimental instruction. (g) Establishing a good 
teaching environment seems to be a heavy burden for teachers. Static material attracts limited attention 
from students, yet a dynamic interactive instructional environment and multimedia require specialists to 
establish them. Consequently, regarding the introduction of information technology to instruction, how 
to unite education experts, curriculum professionals, and information engineers to establish a teaching 
resource center and provide teachers with instruction is a task that requires immediate attention.
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ABSTRACT

The contextual factors influencing teachers’ use of technology as well as teachers’ Technological 
Pedagogical Content Knowledge (TPACK) levels were investigated through multiple embedded case 
studies of five science teachers who were regular users of technology in their teaching. The case studies 
reported in this chapter revealed that teachers used technology to support inquiry learning through a 
wide range of ways in lower levels of high school but mostly to clarify concepts and theories for senior 
level students. This chapter identified that teachers demonstrated different TPACK levels of expertise and 
engagement in the use of technology when transferring different types of knowledge from one teaching 
and learning context to another and for addressing differences amongst learners. The context of as-
sessment driven teaching influences science teachers’ TPACK for integrating technology in instruction. 
The chapter noted that having teachers actively evaluate the effectiveness of the technology on students’ 
learning may help increase teachers’ TPACK levels.

INTRODUCTION

The benefits and the potential of technology in education in general and science classrooms in particular 
have been well documented (Bingimlas, 2009; Lai & Pratt, 2008). This has shifted the debate from whether 
computers and for that matter technology should be incorporated and used in teaching and learning (Va-
lanides & Angeli, 2008) to how best technology should be integrated into education for effective teaching 
and learning to occur. The mere introduction of technology into the classroom will not necessarily yield 
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the needed results of students maximizing their learning (Koehler & Mishra, 2005; Osborne & Hennessy, 
2003; So & Kim, 2009). The teacher is required not only to have knowledge of specific technology but 
also the knowledge of the affordances and constraints of the technology, use adaptive strategies coupled 
with how to use these properties of technology to enhance comprehensive learning (Kereluik, Mishra, & 
Koehler, 2011). This knowledge construct is referred to as technological pedagogical content knowledge 
(TPACK) (Koehler & Mishra, 2005; Mishra & Koehler, 2006; Niess, 2008).

This study investigated how the contextual factors of class level influenced and affected science 
teachers’ TPACK levels in New Zealand. The idea was to identify how science teachers teaching dif-
ferent levels of classes used and appropriated the affordances of technology in their classrooms. These 
science teachers TPACK levels (Niess, 2008; Niess et al., 2009) therefore depicted based on how they 
used technology in their teaching.

BACKGROUND

The debate about technology in education has shifted from whether it should be used in the classroom 
to the challenges for integrating technology into teaching and learning (Angeli, 2005; Sutherland, Facer, 
Furlong, & Furlong, 2000). Earlier attempts to use technology in teaching and learning focussed on teach-
ing technology skills to preservice teachers (Angeli & Valanides, 2005; Thompson & Mishra, 2007). 
However, educators have recognized that the acquisition of technology skills alone is not effective in 
the pursuit of teaching (Angeli & Valanides, 2009; Chai, Koh, & Tsai, 2010; Graham et al., 2009; So & 
Kim, 2009) or preparation to teach (Hardy,2010) with technology. Angeli and Valanides (2009, p. 157) 
identified that “technology in and of itself is not a transformative mechanism…rather a tool invoked by 
its users to reconstruct the subject matter from the knowledge of the teacher into the content of instruc-
tion.” Successful technology integration, as argued by Harris and Hofer (2009), is not dependent on the 
smart use of new or emerging educational technologies but rather influenced by curriculum content and 
the processes through which students engage with such content.

Therefore, there is a need to support teachers as they begin to make the shift from just teaching techno-
logical skills to identifying with the notion that they should incorporate technology knowledge into their 
teaching. Thus, as suggested by Niess (2005), it has become pertinent that teachers develop and nurture 
an overarching conception of their subject matter with respect to technology and what it means to teach 
with technology. Koehler and Mishra (2008) argued that “at the heart of good teaching with technology 
are content, pedagogy and technology and the relationships between them” (p. 11-12). They put forward 
that the effectiveness of technology in education is dependent on the interactions between, and among, 
technology, pedagogy and content and that the knowledge of these interactions accounts for the varying 
degrees of the effectiveness of use of technology in teaching. Their Technological Pedagogical Content 
Knowledge (TPACK) framework presents an effective structure for thinking about the integration of 
technology in learning environments (Polly & Brantley-Dias, 2009). The TPACK framework is an ex-
tension of Shulman’s (1986) concept of pedagogical content knowledge, which identifies the distinctive 
features of knowledge for teaching. The constructs are intertwined and interwoven and therefore it is 
not sufficient for teachers to just learn about technology, content or pedagogy alone and independently 
of each other as seen in Figure 1. The implications of this are that teachers need to integrate the three 
constructs when planning and implementing teaching.

Koehler and Mishra (2008) explained TPACK as
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… different from knowledge of all three concepts individually. It is the basis of effective teaching 
with technology and requires an understanding of the representation of concepts using technologies; 
pedagogical techniques that use technologies in constructive ways to teach content; knowledge of what 
makes concepts difficult or easy to learn and how technology can help redress some of the problems 
that students face; knowledge of students’ prior knowledge and theories of epistemology; and knowledge 
of how technologies can be used to build on existing knowledge and to develop new epistemologies or 
strengthen old ones (p. 17-18).

The TPACK framework helps us to conceptualise the shift from relying on technological skills as 
the main focus for meaningful teaching with technology. It provides a framework for appropriating the 
multiple uses of technology, in relation to content and effective pedagogy (Koehler & Mishra, 2005; 
Koehler & Mishra, 2009).

Teaching and learning is most effective when content is framed within a context or specific situa-
tion that students can relate to and is considered purposeful (Lave, 1997). Moreover, since every form 
of teacher knowledge is situated and contextually sensitive (Harris & Hofer, 2009), context will play 
an integral part in the TPACK framework (Koehler & Mishra, 2009; Mishra & Koehler, 2006). With 
such understanding teachers can appropriate and develop context-specific approaches to suit their learn-
ers and take account of the constraints and interrelations of these factors (Harris, Mishra, & Koehler, 
2009). The ability to appreciate the subtleties of the context (learning, content, social, etc.) within which 
one is teaching with technology is critical because “social and contextual factors also complicate the 
relationships between teaching and technology” (Koehler & Mishra, 2009, p. 61). Chai, Koh, and Tsai 
(2013) identified four interdependent contextual factors that they believed had significant influence on 
the TPACK model as played out in practice. These were 1) the intrapersonal dimension that relates to 
the epistemological and pedagogical beliefs of the teacher; 2) the interpersonal dimension relating to 

Figure 1. TPACK framework (Reproduced by permission of the publisher, © 2012 by tpack.org; http://
tpack.org)
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the interactions between the students; 3) the cultural / institutional dimension that relates to the school 
and class environment and 4) the physical / technical dimension that relates to the provision of technol-
ogy for the teacher and student. In light of these four dimensions they have proposed a revision to the 
TPACK framework as seen in Figure 2.

Thus, the knowledge constructs that form the framework are embedded within and influenced by 
various contextual subtleties. For effective integration, it is critical that teachers understand the complex 
relationship among the constructs and the contexts in which they are formed and co-exist to constrain and 
co-create each other (Chai et al., 2013; Harris et al., 2009). This could enable teachers to use technology 
more effectively, for example in student-centred approaches to foster inquiry learning in students instead 
of using it to support teacher transmission of knowledge (Chai et al., 2013; Chai et al., 2010; Lim & 
Chai, 2008) and as a presentational tool (Harris et al., 2009).

However, teachers who are using the TPACK framework as a theoretical basis to enhance their teaching 
need to consider a) how to restructure the subject matter content to suit the availability and affordances 
of the new technology, b) how to effectively incorporate the new technology tool into their teaching and 
c) how to modify their teaching and learning strategies (Niess, Lee, Sadri, & Suharwoto, 2006). Bas-
ing their argument on Roger’s five-step process in the ultimate decision of whether to accept or reject 
a particular innovation, Niess, Sadri and Lee (as cited in Niess, 2012; Niess et al., 2009) proposed that 
teachers progressed through different levels of TPACK in the course of their teaching with technology 
or learning to integrate technology in their teaching. They categorized the TPACK framework into five 
different levels based on Roger’s model of the innovation-decision process: recognizing, accepting, 
adapting, exploring and advancing. The assumption was that teachers encountering an innovation have 
varying knowledge and experiences about how to effectively integrate technology in their teaching.

Teachers at the recognizing level consider technology as a low level tool for learning the subject 
matter and seldom incorporate technology in their teaching; teachers who do not consistently consider 
how technology might influence and support their teaching although they practice with technology are 

Figure 2. TPACK framework indicating the influence of contextual factors (from Chai et al. 2013)) 
(Reproduced by permission of the first author)
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at the accepting level; teachers who incorporate technology in their teaching but only allow students to 
use technology for low-level thinking activities which are very much teacher directed are at the adapting 
level; teachers who are more ready to allow students to explore with technology through student centred 
approaches and demonstrate different ways of teaching the concepts with technology are at the exploring 
level; when teachers purposefully encourage students to use technology and willingly use technology to 
develop the content ideas, then they are at the advancing level (Niess, 2012).

Niess, van Zee, and Gillow-Wiles (2010) used the TPACK levels model to depict how science/
mathematics teachers used spreadsheets in their teaching. Through observations of teaching episodes 
of participants, transcripts of interviews and online course discussions they categorized each of the 
12 participants into one of the five levels of TPACK framework. Eight of the participants were at the 
accepting level, two at the adapting level, and two were moving into the exploring level. Niess et al. 
(2010) indicated that the teachers at the adapting level used teacher centred strategies and were more 
concerned about meeting curricular and grade-level needs. “Teachers at the adapting level exhibited 
a more cautious outlook on trying ideas with their students”(Niess et al., 2010, p. 46). The teachers at 
the accepting level were committed to their teacher directedness approach of teaching and used tech-
nology to confirm already learned concepts. Niess et al. (2010) asserted that teachers at adapting and 
exploring levels provided students with opportunities to work with technology which invariably led to 
students having stronger conceptual understanding of the content whereas those at the accepting level 
were interested in teaching the content through traditional approaches first before adding technology 
as a related activity. In contrast the two teachers in their study at the exploring level exhibited student 
centred teaching strategies which enabled their students to be engaged with their learning. Therefore, 
teachers’ conceptions and comprehensions were portrayed by the levels of TPACK as they integrated 
technology into their teaching (Niess, 2012). Although these TPACK levels are progressive, they are 
not linear. Niess et al. (2009) indicated that moving from one level to the other does not necessarily 
progress in a consistent way.

The development of TPACK should be seen as a dynamic and fluid process (Niess, 2012) where 
teachers’ TPACK levels may shift as teachers are “confronted with different content classes, different 
technologies, varying availability of technologies, different students, and other contexts within which 
they implement technologies” (Niess et al., 2010, p.48). Thus, it is appropriate that the influence of 
context(s) on teachers’ integration of technology in their teaching are explored.

New Zealand School Context

This section provides some background to the New Zealand teaching and learning context. In New 
Zealand, schools are independent establishments that are administered by principals, staff, and a Board 
of Trustees ensuring there is a community involvement. The role of the Ministry of Education (MOE) 
is to set the national agenda through curricular and administrative documents. Schools develop their 
own curriculum, including aims and objectives for student achievement, which must be agreed upon 
by the Ministry of Education based on the MOE’s policies and in response to community needs and 
circumstances (Vannier, 2012).

In New Zealand, students are not required to sit any formal external examinations until Year 11 of 
schooling (age 16). Although students in Years 1-10 are formatively assessed on aspects related to the 
school curriculum, the lack of formal external examinations often means that teachers who teach students 
in Years 1-10 are not under the same demands with regard to external accountability as those teachers 
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who have students sitting external examinations. Teachers of children from Years 1-10, therefore, have 
greater freedom to implement the school’s localised and personalised curriculum at their own pace where 
the content is not as prescribed. Students in Years 11 to 13 select courses they would like to pursue and 
gain qualifications in the selected curriculum areas. During this period, students start to sit formal quali-
fications that are organised into three levels (Level 1-3) under the National Certificate of Educational 
Achievement (NCEA). NCEA Level 1 is usually sat at Year 11 and by the end of Year 13 students would 
have sat Level 3. This research used case studies to illustrate how teachers adapted their application and 
use of technology between different science subjects and the different year levels they taught.

METHODOLOGY

The revised TPACK framework indicates that teaching and learning contexts have an effect on how 
technology is used in teaching (Chai et al., 2013; Koehler & Mishra, 2005). This study therefore sought 
to identify how teachers adapted their use and application of technology according to different contexts 
in high school science classrooms. In order to collect appropriate data to achieve this aim, direct ob-
servations and interviews of what teachers actually did with technology were conducted. An in-depth 
understanding of how science teachers used technology was developed in the form of case studies of a 
small group of teachers.

Case Studies

The case study was considered an appropriate design for researching contemporary events, where direct 
observations of events, as well as in-depth information obtained from participants, was used to yield 
deeper understanding of a phenomenon (Cohen, Manion, & Morrison, 2007; Sarantakos, 2013; Yin, 
2009). A multiple-case study design was chosen to compare and contrast different teachers’ approaches 
to teaching science. Yin (2009) stated that “analytic conclusions independently arising from two cases 
will be more powerful than those coming from a single case alone” (p. 61). Within each school identi-
fied as having promising practices, three teachers agreed to participate in this study. Thus, an embedded 
multiple-case design (Yin, 2009) was used. The selected science teachers were interviewed to explore the 
role technology played in their approaches to teaching and their reasons for its selection. Observations 
of their teaching episodes provided an opportunity to see how they used technology in their different 
science classes and to get beyond the teachers’ opinions and self-interpretations of their use of technol-
ogy towards an evaluation of their actions in practice (Yin, 2009).

Participants

Participants were selected purposively. In purposive sampling, cases or respondents are selected based 
on some characteristics being sought (Cohen et al., 2007; Trochim, 2006). The study sought to use teach-
ers who identified that they used technology frequently (i.e. at least 70% of the time) in their teaching.

Information about potential teachers, who could be possible participants, was sought from the Uni-
versity of Canterbury’s Education Plus (UC Education Plus) science advisor as well as lecturers in the 
College of Education, University of Canterbury. The UC Education Plus provides professional devel-
opment and learning to teachers in schools through workshops, seminars and one on one mentoring. 
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Science teachers considered appropriate were contacted and invited to ask other science teachers in the 
same school, who used technology frequently, to be part of the study to provide the nested cases, i.e. the 
school being a case and the teachers being nested cases within the school case.

In selecting teachers from the two schools, the aim was to get a teacher from each of the three main 
science disciplines i.e. physics, chemistry and biology. However, that was not realized since in one school, 
no chemistry teacher was willing to be part of the study.

The two selected schools had good facilities as far as technology was concerned. Both schools were 
using Moodle (LMS) platforms for course management. This system helped as a reference tool for students 
by providing overviews of the units of work, learning objectives, assignments, notes, homework and 
student projects using specific LMS links for each subject. Teachers had reading materials for students 
on the LMS as well. Students were able to log on to the LMS from their homes.

Both schools had one ‘bring your own technology’ (BYOT) class, (the schools were experimenting 
BYOT), were using wiki spaces and encouraged a school-wide use of technology in teaching and learning. 
There were designated separate computer rooms and digital microscopes in each school. The schools did 
not ask for specific devices to be brought to school but rather left that decision to the students and their 
parents. Consequently, there were different devices ranging from handheld digital devices like iPods and 
smart phones to relatively larger ones like netbooks and laptops. Every classroom was fitted with a data 
projector and a sound system. Each teacher of the schools in which the observation occurred, had a per-
sonal laptop which they used in their teaching. Thus the schools were similar in terms of digital facilities.

There were Information Communication and Technology (ICT) committees in both schools that were 
in charge of making decisions with regards to the use of ICT tools in teaching and learning. The ICT com-
mittees were made up of teachers of the schools. The teachers who participated in this research pointed 
out that they were able to send their views to the committee through the departmental representative.

Most of the classrooms in which the observations occurred served simultaneously as classrooms and 
science laboratories. Only one classroom in School ‘B’ was purely a classroom with only desks and tables. 
The other classrooms in both schools had science equipment and tools. So the students in these classes 
undertook their science-based practical activities right in their classrooms. Both schools had relatively 
small class sizes. The largest class in which observation occurred had 25 students and the smallest had 
16 students. The demographic information for the teachers used in the case studies is provided in Table 1.

The selected teachers had varying teaching experiences, ranging from two years to above ten years. 
Five teachers were selected for the observation; two males and three females. Of these, there were two 
physics teachers, one chemistry teacher and two biology teachers.

Instruments

To help generate appropriate data and information for the cases, interviews and observations were 
used. Semi-structured interviews (Creswell, 2009) were used. Questions generated were informed by 
the guidelines proposed by Cohen, et al. (2007), the aim of the interview and the issues to be discussed. 
Modification and adaptation of the interview questions resulted from critique by the authors and a trial 
by a science teacher.

The observation protocol for this research contained statements corresponding to how teachers can 
use technology in their classes. These statements were adopted and adapted from the Science Learning 
Activity Types (Blanchard, Harris, and Hofer, 2011). As the aim of the observation was to determine 
how science teachers used technology in different classes and subjects, the Science Learning Activity 
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Types was considered an appropriate guide for such observation. The statements were the behaviours 
expected to be seen during teaching. Provision was made for behaviours that were not captured by the 
observation protocol. The hard/software being used was also noted.

Data Collection Procedure

This section deals with the collection of data for the research. The data collection was facilitated by 
observation protocol and interview schedule as explained in the previous section.

Observations of Teaching

Five science teachers were observed on how they used different technological devices in the classes 
they taught. Each teacher was observed in one senior class and one junior class (Table 1). Teachers were 
approached and the rationale of the study explained to them. They then signed the consent form. The 
times as well as the classes to be observed were agreed upon. Teachers were observed in lessons that 
fell within the agreed times so as to prevent the tendency of teachers using technology just because they 
were going to be observed.

The observations were non-participant (Cohen et al., 2007; Punch, 2009) or complete observer 
(Creswell, 2009) in nature meaning there was no interaction between the observer and the participants. 
Although students were made aware of the researcher’s presence and purpose, there was no interrup-
tion in the teachers’ work by the researcher. The researcher recorded teachers’ uses of Information and 
Communications Technology tools in their teaching with the help of the observation protocol. Notes 
were made when behaviours that did not fall within the protocol were observed.

The observations for each teacher are detailed in Table 2.

Table 1. Demographic information of participating teachers for the case studies

Teachers Classes Observed Year(s) of 
Teaching After 

Registration

Years of 
Teaching With 

Technology

Number of 
Observations

Self-Assessed 
Skills in Using 

TechnologyYear group Subject

Ben 9 Science 7 years 7 years 4 Better than 
intermediate but 
not an expert12 Physics 4

Sharon 9 Science 10 years 10 years 4 Intermediate

13 Biology 4

Colin 10 Science 4 Better than 
intermediate but 
not an expert12 Physics 2 years 2 years 3

Janet 10 Science 41 years 22 years 4 Better than 
intermediate but 
not an expert12 Chemistry 3

Susan 10 Science 20 years 12 years 4 Better than 
intermediate but 
not an expert13 Biology 3
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The minimum number of times a teacher was observed in a particular year level was three and the 
maximum was four. Teachers were observed at least seven times and at most eight times (combining both 
levels). In all, 44 observations were made. Aside the observations, the five teachers were interviewed 
at their schools. Interviews lasted 20-30 minutes and were recorded digitally with the permission of the 
teachers

Data Analysis

Notes from the observations were summarised for each teacher. This process helped identify how teach-
ers used technology to facilitate their teaching in the classroom. The narratives were presented and 
interpreted since descriptions alone do not construct narratives (Sarantakos, 2013). The responses from 
the interviews were analysed narratively in a manner similar with telling the life stories of people and 
how they understand their world. This method dealt with interpreting the conversations or stories by 
paying attention to the speaker’s embedded meanings and evaluations as well as their context (Wiles, 
Rosenberg, & Kearns, 2005).

Although it is prudent that cases should be compared and contrasted in analysing multiple cases, the 
teachers in this study were not enthused about their responses being compared to that of their colleagues. 
They were assured that their responses would not be compared with and to that of their colleagues. 
However trends and nuances were noted.

RESULTS

In this section, we discuss each teacher as a case with a description of their use of technology in their 
classrooms as seen during the observations of their teaching episodes.

A limitation of these observations is that teachers knew when they would be observed and thus 
they could have used more technology than usual. However, we wanted to see their best teaching and 

Table 2. Number of times teachers were observed

School Teachers Classes Observed

Year Group Observed No. of Times

School ‘A’ Colin Year 10 4

Year 12 3

Janet Year 10 4

Year 12 3

Susan Year 10 4

Year 13 3

School ‘B’ Ben Year 9 4

Year 12 4

Sharon Year 9 4

Year 13 4
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how this event was representative of their usual practice was gauged by statements they made during 
their interviews. The teachers were not being assessed in any way for employment purposes and their 
employer did not have access to the data. Therefore we can reasonably assume the teachers were honest 
in their responses.

Susan’s Profile

Susan was observed in two different classes: year 10 general science and year 13 Biology classes. Four 
observations were conducted in the year 10 class and three with her year 13 class. The results of the 
observations are summarized in Table 3.

Susan reflected that she had no ICT training during her initial teacher education programme. This, 
she argued, was because she had her education to become a teacher “a long time ago.” During this time 
ICT was not popular and technology not too advanced. Though the school she teaches in has been or-
ganizing professional development programmes in ICT for teachers, the focus has not been on how to 
use such tools to teach.

In Susan’s year 10 class, she taught a topic called ‘Hazards’. She started the lesson by outlining, using 
her laptop and the class data projector, what the students would be doing over the following weeks. The 
approach for the topic was project-based learning. Students chose who would be in their groups for the 

Table 3. Observation summary of how Susan used technology in her teaching

How Teacher Used Technology Year 10 
Science

Year 13 
Biology

Technology Used

To present content knowledge to students ✓✓✓ PowerPoint

To use ICT tools to allow students to examine/observe pictures, 
diagrams etc.

✓✓ PowerPoint

To let students gather information /conduct an inquiry ✓✓✓ ✓ Internet

To support students generate data using digital devices ✓ ✓ iPods

To allow students put together collected data ✓✓ iPods, netbooks, laptops, 
internet

To demonstrate a concept through video ✓✓ YouTube, projector

To allow Students to present their work ✓ ✓✓ Year 13- PowerPoint 
Year 10- iPods, netbooks, laptops

To explain or elaborate on a scientific concept ✓ PowerPoint

As a management tool ✓ PowerPoint

To explore science content through simulations

To allow students take a quiz

To allow students discuss opposing viewpoints

To allow students review a test

To let students recognize patterns, describe relationships and 
discrepancies

To engage students in discussion

A tick (✓) represents how many times the correspondent action was undertaken. There were seven observations in all: three in year 10 
and four in year 13.
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project and were reminded they were responsible for their learning process. The students recorded the 
activities they were doing using digital tools including iPods and netbooks that Susan had previously 
booked and brought to class.

Susan demonstrated a concept to the students through a video she had downloaded from the inter-
net. The students made photos, videos and measurements as part of the project and sent a copy to the 
teacher as back up. Students returned and worked with the data in the subsequent lessons. Each group 
was expected to present their work to the whole class at the end of the project. The students chose how 
to gather data and present their work.

Each group made something unique and presented in PowerPoint format, videos, and still pictures 
with voice overs. Students collaborated and cooperated with each other during the various lessons. The 
final project work was sent to the teacher for uploading to their class Moodle space/site.

The year 13 class was studying mutations when the observations started. Susan used her laptop and 
the projector to present some content knowledge. Students were asked to search for additional infor-
mation on the internet using the class set of netbooks only once during the observation period. Susan 
presented digital pictures, images and diagrams to elaborate and explain concepts to the students. Most 
of the students had made PowerPoint presentations related to an assignment Susan had given them. Only 
a small number of students (4) decided to read from a sheet of paper when they presented a previous 
given assignment.

During the interview Susan noted that she used technology in the year 10 class, to keep the students 
focussed and interested in science. She argued that most of the students in the year 10 class would not go 
on to study science, therefore her idea was to use technology to motivate them. The observations of her 
classes confirmed that she indeed allowed the year 10s to use more technology for learning as compared 
to the year 13 class. In the year 10 class, students gathered their own information using an inquiry model 
of learning through digital technologies. This made the lessons very student-centred. Susan believed the 
students were more motivated and interested in science when they engaged with technology.

Colin’s Profile

Four observations were conducted in his year 10 science class and three in the year 12 Physics class. 
There were 25 students in the year 10 class and 22 in the year 12 class during the period of the observa-
tions. The year 10 class was a ‘bring your own device’ (BYOD) class where students were allowed to 
bring any technological device of their choice to the class. Colin explained that the school did not place 
restrictions on what device a student could bring. Students in this class could use their devices to take 
notes, search for information and make presentations during lessons. A summary of the observations is 
provided in Table 4.

Colin indicated that he had ICT training during his initial teacher education training. He however 
noted that most of the content of the ICT course he took during his teacher education programme was 
focussed on delivering general knowledge and skills about technology.

Colin was teaching about ‘climate change’ in the year 10 class during the observations. The approach 
was project-based and the students were grouped so they could work collaboratively. At the beginning 
of the lesson the instructions for the project included indicating the scoring rubrics in terms of what was 
expected of the students and how they could present their work. He also gave the students a few internet 
links from which they could get information for their project.
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The students worked collaboratively at the task given and shared the responsibilities. Some of the 
students searched for information about the topic, others wrote down information while others collated 
and synthesised the gathered information. Students were seen critiquing each other’s information before 
the whole group accepted it. There were instances where students asked Colin to act as an arbiter on the 
validity of some information. Students used different technological devices to undertake their projects. 
Each student had his or her own device. There was also some sharing of information, ideas and tech-
nological skills between students in different groups. Students who were struggling with technological 
skills were often helped by their group members or students from a different group.

The students then put their information together and each group presented their work to the whole 
class. The presentations came in different forms including videos made with movie maker software. 
Students who made their presentation in this format had pictures explaining their concepts put together 
in a video form with one student narrating the events (use of voice thread) to explain the concepts. Oth-
ers videoed themselves while explaining the concepts of climate change and their project in general. 
Some students used animations to present their work. One group made a PowerPoint presentation and 
verbally explained their work.

In the year 12 Physics class, Colin presented the content to be learned to the students through Pow-
erPoint presentations with diagrams to elaborate the concepts he was teaching. Colin had quizzes pro-

Table 4. Observation summary of how Colin used technology in his teaching

How Teacher Used Technology Year 10 
Science

Year 12 
Physics

Technology Used

To present content knowledge to students ✓✓✓ PowerPoint, laptop, projector

To use ICT tools allow students to examine/observe pictures, 
diagrams etc.

✓ PowerPoint

To let students gather information /conduct an inquiry ✓✓✓ Internet, netbooks, iPhones, 
iPods, laptops

To support students generate data using digital devices ✓✓✓ Netbooks, laptops, iPods, 
Tablets, phones

To allow students put together collected data

To demonstrate a concept through video

To allow students to present their work ✓ Videos, PowerPoint, Netbooks, 
laptops

To explain or elaborate on a scientific concept ✓ Laptop, PowerPoint

As a management tool to present information to students ✓ Projector, laptop

To explore science content through simulations

To allow students take a quiz ✓✓ Laptop, PowerPoint

To allow students discuss opposing viewpoints

To allow students review a test ✓ Laptop, PowerPoint

To let students recognize patterns, describe relationships and 
discrepancies

To engage students in discussion

A tick (✓) represents how many times the correspondent action was undertaken. There were seven observations in all: three in year 10 
and four in year 12.
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jected on the board for the students to respond to. After the responses, he then reviewed the questions 
with the students.

Colin was observed to allow the students in the year 10 science class to take charge of their learning. 
He gave the year 10 students the opportunity to use a lot of ICT tools as part of their learning. Students 
were the architects of their own learning. However, in the year 12 class Colin led the teaching and learn-
ing process. He came to class with his prepared notes and presented the learning matter to the students. 
Although he used ICT, it helped him to deliver and explain the content to the students.

He argued that ICT helped the juniors to be engaged in the teaching and learning process. It helped 
to get the junior students interested in coming to school. When asked if ICT could engage the senior 
students, Colin agreed that it could but that he thought the junior students need the ‘engagingness’ at a 
younger level. He said that:

School these days ...is seen – to be quite boring, which is how I think some of them see it. As – you know, 
there’s a lot of exciting things they can do at [home] – they can play computer games and video games 
which are really exciting. Coming to school I think for them is sort of old-fashioned and more boring, 
and so if we can use ICT for those younger classes and keep them engaged until they get to a senior 
level, I think that’s, that’s pretty key.

He believed that when it came to the juniors “it’s more of keeping them excited and keeping them 
having fun in science.” Colin claimed that the senior students were “better off at managing themselves…
and it’s more about picking effective tools to use.” Thus, in the senior class he took charge of the teach-
ing and learning process whilst in the junior classes he became more of a facilitator. He also thought 
that the senior students have National Certificate of Educational Achievement (NCEA) exams and that 
they will write with pen and paper “so no matter what their ICT skill is, they need to be able to do the 
old way as well.” When he was asked why he was not using ICT more in the senior classes if ICT could 
help in the understanding of concepts, Colin stressed that “if there was a good applet out there, if there’s 
something that demonstrated a concept really well to them, that’s definitely worth using.” He used ICT 
to help his senior students better understand a concept. To him, the “junior classes need ICT, whereas 
the senior classes, it’s a nice touch to basically finish off [their] conceptual understanding.”

Janet’s Profile

Four observations were conducted in the year 10 science class and three in the year 12 chemistry class. 
Twenty-nine students were in the year 10 class during the course of the observations and the year 12 
class had 23 students. Janet felt that ICT did not really exist when she was being educated as a teacher 
and that she learned how to use ICT in her teaching through colleagues over the years. “Basically I sup-
pose I’ve just got tips and ideas from various people that I’ve worked with and been on the odd course, 
but never really had a lot of formal instruction.”

Janet was teaching ‘chemical equilibrium’ in her year 12 class and all the lessons took place in the 
classroom. In the first lesson, Janet booked a set of netbooks to be used by the students. Most of the 
students had one netbook each, a few students shared the netbooks with their friends. In the beginning 
of the lesson, Janet played a video from her laptop to the whole class. It was a YouTube video of ‘equi-
librium song’. She then asked the students to log onto the school’s Moodle space/site to watch a video 
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she had uploaded for them. Janet explained the concepts as students watched the video. A summary of 
the observations conducted in Janet’s classes can be found in Table 5. 

Janet continued teaching the concept ‘equilibrium’ during the second day of observations. She pre-
sented the content knowledge to the students through her PowerPoint presentation, punctuated by ques-
tions. Students responded to the questions and if students had any issues they asked Janet to clarify them. 
This lesson was very teacher directed. The third lesson followed a similar trend with Janet leading the 
teaching by presenting the information she wanted the students to know. She then asked the students to 
undertake some experiments on equilibrium. Although Janet was not expecting the students to come to 
class because they were writing examinations, some turned up unexpectedly. Janet was still able to teach 
these students because she had already uploaded the lesson material on the class Moodle space and was 
therefore able to ask the students to log on to their Moodle site to engage with the learning materials.

In the year 10 class, Janet taught two different topics in the course of the class observations. The first 
topic ‘reactions’ was about the effect of a catalyst on a reaction. Janet indicated how various catalysts 
affected the rate of a reaction using a PowerPoint presentation. Students asked questions and responded 
to Janet’s questions. This lesson was very teacher directed in terms of the content delivery and use of ICT 
tools. Janet brought in netbooks so that students could watch videos on the effect of different catalysts 
on the rates of reaction. Janet played YouTube videos directly from the internet and she had uploaded 
other videos to the class Moodle space/site for them to access.

For the second topic, she presented information about “earth science research’ to the students. As 
part of the assessment, students were required to explain to a foreigner why New Zealand has more 

Table 5. Observation summary of how Janet used technology in her teaching

How Teacher Used Technology Year 10 
Science

Year 12 
Chemistry

Technology Used

To present content knowledge to students ✓ ✓✓ PowerPoint, laptop, projector

To allow students to examine/observe pictures, diagrams etc. PowerPoint

To let students gather information /conduct an inquiry ✓✓✓ Internet, netbooks, Desktop

To support students generate data using digital devices ✓✓ Desktop

To allow students put together collected data

To demonstrate a concept through video ✓ ✓ Laptop, projector, Netbooks

To allow Students to present their work

To explain or elaborate on a scientific concept Laptop, PowerPoint

As a management tool to present information to students ✓ Projector, laptop

To explore science content through simulations ✓ Netbooks

To allow students take a quiz

To allow students discuss opposing viewpoints

To allow students review a test

To let students recognize patterns, describe relationships and 
discrepancies

✓ Laptop, Projector

To engage students in discussion ✓ Laptop, PowerPoint

A tick (✓) represents how many times the correspondent action was undertaken. There were seven observations in all: three in year 10 
and four in year 12.
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earthquakes than Australia in the form of a pamphlet and upload it to their wikispaces. Janet presented 
a summary of the project using her laptop and then gave out the task sheet which contained instructions 
for the project, questions for students to think about and internet links for information. The questions 
served as a guideline to the students. Janet developed the project so that in the students’ quest to answer 
each question, they would ultimately be able to answer the main question. Students started the project 
by searching for information on the internet using their netbooks. Most students were seen searching for 
information from different websites other than those provided to them by Janet. Students downloaded 
and saved the information they needed for the project.

On the second day of the project, Janet moved the class to one of the school’s computer rooms because 
there were not enough netbooks for each student. However, even though each student had a computer 
to work with, they collaborated and helped each other to use their netbooks to develop their pamphlets. 
They shared information and critiqued each other’s information. The students in this year 10 class were 
used to sharing information and working collaboratively and, with encouragement from Janet, it seemed 
technology offered more opportunity to collaborate.

Janet insisted that the purpose of the project was not only for the students to know why New Zealand 
has so many earthquakes but also to improve their communication skills through the Nature of Science 
aspect of The New Zealand Curriculum (Ministry of Education, 2007). She believed a scientist should 
be able to explain scientific ideas to other people.

In discussing how she used technology differently in the classes observed, Janet reasoned that the 
use of ICT in teaching took a lot of time and she could not afford to lose any time with the seniors who 
have to prepare for examinations. She explained that her use of ICT in the junior classes was to foster 
inquiry learning. She indicated that, for the year 10 classes, although she was behind in terms of what 
content she had to cover because of her frequent use of ICT “it doesn’t really matter” because they will 
catch up. However she emphasized that she could not get behind with her senior classes. As she stated:

You have to think more carefully before you put them [seniors] in charge of their own learning. I have 
to make sure that I’ve got the resources there that will support the learning that they actually need, 
whereas with my year 10s, I can perhaps… allow a little bit more time for them to do their own research 
and, and to find resources – you know, like websites or whatever that are appropriate. 

She explained that the seniors were expected to cover certain amounts of content knowledge before 
they would be adequately prepared for their examinations. Therefore, she could not allow them to take 
charge of their own learning through the use of ICT as she stated: “Basically I’m trying to feed stuff 
into their heads” when it comes to the senior classes.

Ben’s Profile

Four observations of Ben’s teaching took place in each of his classes-year 9 Science and year 12 Phys-
ics. Ben stressed that he had been using computers before he came into teaching and therefore brought 
his computer knowledge to teaching. He emphasized that his knowledge to teach with technology did 
not come from his teacher education programme since there was not any course like that when he did 
his teacher education programme.
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I think I’ve always used computers a fair bit with ah, just Microsoft products and things like that, for 
presentations. So I had that background as well before coming into teaching.

The year 9 Science class was a BYOD class. In the course of the observations of this class, Ben 
taught three different topics. The observations started when he was already in the middle of the first 
topic. In the first and second observations, Ben was teaching ‘Laws of reflection’ and had asked the 
students to continue on the task he had given them previously. Some of the students used their digital 
tools to search for information, others worked on their collected information on their devices and few 
of them were engaged in science experiments on the concepts under discussion. Students took photos 
of the experiments they were undertaking. The summary of these observations is presented in Table 6.

‘Atomic structure’ was the subject of the third observation in Ben’s Year 9 Science class. He started 
the lesson with a projected document that helped explain the concepts to the students. Ben then played 
a YouTube video and animations to help clarify the concepts. He discussed the video as well as the 
animations with the students. The students were excited about the videos and discussed the concepts 
being played out in the video and animation.

Table 6. An observation responses depicting how Ben used technology in his teaching

How Ben Used Technology Year 9 
Science

Year 12 
Physics

Technology Used

To present content knowledge to students ✓ ✓ PowerPoint

To use ICT tools to allow students to examine/observe pictures, 
diagrams etc.

✓ PowerPoint

To let students gather information /conduct an inquiry ✓✓ ✓✓✓ Internet

To support students generate data using digital devices ✓✓✓ ✓ Camera on Phones, laptops, internet

To allow students put together collected data ✓ ✓ Laptops, tablets

To demonstrate a concept through video ✓ ✓✓ YouTube, Laptop, 
projector

To allow Students to present their work

To explain or elaborate on a scientific concept

As a management tool

To explore science content through simulations/animations ✓ ✓✓✓ Laptop, Projector

To allow students take a quiz ✓ ✓ Year 9: HITT clickers 
Year 12: Moodle

To allow students discuss opposing viewpoints

To allow students review a test ✓ Moodle

To let students recognize patterns, describe relationships and 
discrepancies

✓ Laptop, Projector

To engage students in discussion Projector, Laptop

To work on tasks ✓✓ ✓ Year 9: Laptops, Tablets 
Year 12: Moodle (Desktops)

A tick (✓) represents how many times the correspondent action was undertaken. There were eight observations in all: Four in year 9 
Science and four in year 12 Physics.
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In the fourth lesson, Ben wanted to teach testing for selected gases. Ben explained the concepts to the 
students and gave out the instructions to them. Students were asked to form groups and each member 
was assigned a role. Students started the experiments and Ben realized that some were not engaging in 
the work so he asked each group to record its members doing the experiments with their cameras on 
their phones and tablets. The students became very interested and engaged in the task.

In the year 12 Physics class, Ben was teaching ‘Motion’ to the students. In the first teaching episode, 
Ben focussed on ‘projectile motion’. He screened a ‘YouTube’ video of real life applications with a nar-
rative explaining each of the stages of the concepts. The video was such that actions were slowed, marked 
and replayed so that the students took note of the salient points. After the concepts had been taught, he 
later asked the students to go onto their Moodle site because he had uploaded the marking rubrics and 
the correct answers to a test the students had previously undertaken. He discussed the correct responses 
to the questions with the students. During the later stages of the lesson, Ben asked the students to search 
for more videos and/ or animations of the concepts that had been taught that day.

Ben continued teaching the concept of ‘projectile motion’ during the observation of the second 
teaching episode in the year 12 class. During this lesson Ben wanted the students to have a first-hand 
experience of ‘projectile motion’ so he took them to the school field for them to kick a rugby ball into 
the air. The students were asked to video record their friends as they kicked the rugby ball as well as to 
measure the distance the ball travelled. In the classroom, Ben showed an animation on the concept to 
the students to give them further understanding.

During the third teaching episode Ben started a new concept ‘Wave motion’. He played simulations 
and animations to explain the concepts he was teaching to the students. Then he encouraged the students 
to discuss what they saw and Ben helped them to identify the concepts he wanted them to grasp and 
further investigate using the internet.

The concept of wave motion was continued during the fourth teaching episode in the year 12 class. 
Ben presented and discussed content information with diagrams followed by a video using the laptop 
and projector. Students were then asked to complete a task on their ‘Moodle’ site after which they were 
asked to search for more information and additional videos on the concepts they had been taught.

Ben indicated that he had similar goals for the use of technology in these classes at different year levels 
and did not differentiate when it came to the use of technology. To him the goal for using technology in 
his teaching was to foster collaboration among the students which was the same for all the students at 
different levels as indicated in his comment below.

I don’t differentiate too much. But potentially – actually no, I’m not going to say there’s significant dif-
ference at all. The only differences really would be in the level of content that they’re working towards, 
wanting to push collaborativeness in both. Wanting them to bring their ideas to the work that we’re doing, 
rather than just having it teacher-led and so it’s equal between both juniors and seniors. 

He believed technology helps students to be active agents of their own learning and that is what he 
strives for when he teaches with technology. Observations conducted in Ben’s classes confirmed that 
he did not use technology differently in his classes.
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Sharon’s Profile

A year 9 Science and a year 13 Biology class was each observed four times. Sharon taught ‘Density’ 
and ‘Light’ in the year 9 Science class and ‘Genetics’ to the year 13 Biology class. The summary for 
the observations is presented in Table 7. When Sharon was asked to describe the ICT training she had 
during her teacher education programme, she stated that she had minimal experience with technology.

Very, very small amount. I went through Teacher’s College and I came in knowing probably nothing at 
all about ICT. I wouldn’t have been able to use a PowerPoint probably. So I purposely took a couple 
of papers while I was there and that was very basic but it was just looking at things like how to put a 
PowerPoint together or how to make use of a database, spreadsheet, that sort of thing.

In the first teaching episode in the year 9 class, Sharon explained the concept of ‘density’ to the stu-
dents by digitally accessing information she had posted on the class’ Moodle site. Then she showed a 
video to deepen students’ understanding. In the second teaching episode, she continued to demonstrate 
and explain the densities of different objects.

Sharon was teaching ‘properties of light’ during the third teaching episode in the year 9 Science class. 
This class was a practical, hands-on session and there was minimal use of ICT. After Sharon explained 

Table 7. Summary of how Sharon used technology in her teaching

How Sharon Used Technology Year 9 
Science

Year 13 
Biology

Technology Used

To present content knowledge to students ✓✓✓ ✓✓ Projector, laptop,

To use ICT tools to allow students to examine/observe pictures, 
diagrams etc.

✓ ✓✓ Projector, laptop

To let students gather information /conduct an inquiry

To support students generate data using digital devices

To allow students put together collected data

To demonstrate a concept through video ✓ ✓ Laptop, projector

To allow Students to present their work

To explain or elaborate on a scientific concept ✓ Laptop, projector

As a management tool

To explore science content through simulations/animations ✓ ✓✓✓ Laptop, Projector

To allow students take a quiz ✓ HITT clickers

To allow students discuss opposing viewpoints

To allow students review a test ✓ ✓ Year 9: Moodle 
Year 13: HITT

To let students recognize patterns, describe relationships and 
discrepancies

Laptop, Projector

To engage students in discussion ✓ Laptop, Projector

To work on tasks

A tick (✓) represents how many times the correspondent action was undertaken. There were eight observations in all: Four in year 9 
Science and four in year 13 Biology.
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the concepts to the students using the laptop and projector, she asked the students to form groups to 
perform the experiment. They were investigating how shadows formed as part of the properties of light. 
The students took measurements and made observations and recordings, among other things. At the end 
of the lesson Sharon gave the students homework, some of the students had not brought their homework 
diaries so they used their phones to write down the task.

During the fourth teaching episode Sharon continued the concept of the properties of light and 
projected different diagrams to explain the concept to the students. A digital experiment as well as an 
animation was shown to the students to explain the concepts to them.

In the year 13 Biology class, ‘Genetics’ was the broad topic. During the observation of the first 
teaching episode, Sharon taught the concept of ‘Operon theory/condition’ by presenting information to 
the students and then discussed the concepts with the students. She later asked the students to respond 
to multi-choice test items through the Hyper Interactive Teaching Technology (HITT) “clickers” and 
reviewed the items with the students when they finished responding. She went through their responses 
with them and highlighted where certain options were incorrect.

In the second teaching episode, Sharon dealt with the concept of gene expression. She started with a 
presentation on the concepts using diagrams and pictures to elaborate on the main ideas. To further the 
students’ understanding, she played animations of the concepts as well. Sharon seemed to appreciate 
that the use of technology could help to reinforce key ideas.

In the third teaching episode, Sharon demonstrated the effects of mutation in humans. She showed 
videos about people with genetic defects, the condition it resulted in and how they coped. The students 
were very attentive and quite subdued as the videos provided a real life context and implications of what 
they were studying. After the video Sharon explained how the genes interacted and mutated and then 
showed animations and simulations to reinforce this. The students then read the notes from documents 
downloaded from their class Moodle site. In the fourth teaching episode, to help improve students’ un-
derstanding of the concepts, she presented PowerPoint slides that had diagrams and pictures.

Sharon believed she used technology about as often for both levels of classes but for different reasons, 
depending on the topic she was teaching. She indicated that she has been using technology in her junior 
classes so students would be engaged in their learning. She thought that by using technology, the junior 
students were more motivated during science experiments whilst with the seniors, animations and videos 
helped to increase and facilitate deeper understanding of the concepts as she stated here.

Probably – yeah, probably for different reasons, like at the senior level it is, it is more about – yeah, it is 
the content and the processes that we’re looking at and it’s a case of the type of things that are available 
to get the concept across better than I can, or better than I feel I can as far as just, whereas the juniors, 
it’s probably more as a strategy that – … I knew I was going to increase the engagement.

During the observations of her teaching episodes, it was noted that she used technology in all the 
lessons in the senior classes, whereas in the junior class, her use of technology was very minimal. This 
could be because the topics she was teaching at the junior class were not conducive to the use of tech-
nology. She had asserted that the topic of the day determined whether she will use technology or not. 
Or, it may be that because Biology is her speciality she was more motivated to include digital objects 
to illustrate concepts and was more familiar with these compared to the physics related topics she was 
teaching in Year 9.
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DISCUSSION

Teachers are expected to repurpose technology to suit their own and their students’ needs (Kereluik, 
Mishra, & Koehler, 2011) if technology is to be effective for teaching. This is especially the case in New 
Zealand schools where teachers are expected to design their own lessons and personalize the curriculum 
according to students’ needs. The teachers in the case studies indicated that technology was an integral 
part of their teaching because it made access to information easier and concepts clearer to teach and 
learn. They stated that the use of technology brought higher student engagement, facilitated better student 
understanding of concepts and provided opportunities for students to continue learning outside of class

The five teachers in the case studies were chosen because they regularly used technology to support 
their science teaching and the learning of their students. We were particularly interested in how they 
appropriated the technologies. All the teachers used ICT tools frequently to explore, reinforce, elaborate 
or demonstrate a science concept to students to further their understanding. The teachers relied heavily 
on technology to search for information when it came to the preparation of their lessons. Janet was of 
the view that with technology it was easier for her to get access to current scientific information which 
textbooks may not provide. The teachers frequently allowed their students to observe images using ICT 
tools. Ben explained that it is the subatomic nature of science concepts which students find difficult and 
therefore visual representations such as animations, simulations, static images and videos helped them 
to see how things worked. Technology created endless possibilities for accessing information according 
to Susan. Sharon noted she would find teaching difficult without technology because it so integral to 
her planning and thinking about teaching.

Janet was of the view that with technology she was able to seize the moment in her teaching. For 
example, at the end of one observation in Janet’s Year 10 class her Year 13 Chemistry class entered the 
room, much to Janet’s surprise. She asked the students why they have come to the class since she thought 
that the students were writing examinations. The students indicated that they had no examination at that 
time. Janet then directed the students to their class Moodle site where she had already uploaded the next 
lesson. She taught the students through the uploaded content material on the Moodle site as if she knew 
the students were coming for class at that time. Sharon noted that the use of technology has become 
part of her teaching to the extent that she cannot distinguish technology from her teaching. Moreover, 
in her statement, she realized that every teacher was not necessarily using technology in their teaching 
as she was doing.

I can’t think how I’d put it. I suppose I don’t really – I don’t really necessarily think about it in that sort 
of – it’s just something that I’ve done [laughs] and that I do and, and, and if I go off and talk to people at 
other schools or, you know, at conference and you find out other people don’t do it, it’s like oh I thought 
everyone did that [laughs]. So I don’t know how to put it.

Colin reiterated that technology provided an inclusive environment whereby students were engaged 
and collaborated in tasks even though they each might have a device. The teachers in the case studies 
were unanimous that technology shifted the focus of teaching from the teacher to the students. However, 
it was seen that these teachers’ use of technology differed from one level of students to the other. Their 
use of technology was influenced by their perceptions of the needs of their students at the different year 
levels. Teachers used technology to foster inquiry and student centred approaches more in the junior 



468

Contextual Influences on Science Teachers’ TPACK Levels
 

classes but switched to a more teacher-directed approach in the senior classes. Teachers’ TPACK levels, 
advancing, exploring, adapting, accepting and recognising, (Niess, 2012; Niess et al., 2009; Niess et 
al., 2010) were therefore depicted based on how they used technology in the two class levels where they 
were observed as well as their responses during their interviews.

Teachers TPACK Levels in Junior Classes

Three of the teachers, Colin, Janet and Susan, were identified to have demonstrated characteristics of 
exploring TPACK level in their year 10 classes. Colin, Janet and Susan demonstrated student-centred 
approaches in their year 10 classes during observations. They consciously and actively made students use 
of technology an integral part of their teaching the year 10 classes. The students in the year 10 classes 
of these teachers were in charge of their own learning for some units of work. They searched for their 
own information and constructed their knowledge. The teachers served as facilitators in these classes 
as noted by Janet.

I’m not a person out front delivering the stuff. It’s allowed me to put the students in charge of their own 
learning. 

Susan stated that she used this approach because the students became motivated and engaged when 
they were put in charge of their own learning. Colin claimed in the following statement that the use of 
technology with the year 10 class helped the students to become interested in science.

A lot of the students now are comfortable with technology and so at a junior level I find it’s quite good 
to have the technology, and it just basically makes them feel like home … As – you know, there’s a lot 
of exciting things they can do at [home] – they can play computer games and video games which are 
really exciting. Coming to school I think for them is sort of old-fashioned and more boring, and so if we 
can use ICT for those younger classes um and keep them engaged.

These teachers therefore engaged in project-based teaching in the year 10 classes where they guided 
and facilitated student learning without being the centre of teaching. Students were required to search 
for their own information, arranged the information and presented it in a format of their choice.

Ben and Sharon were depicted as adapting TPACK level in their junior classes. Although Ben’s year 
10 class was a BYOD class, he was more in charge of the students’ learning as compared to the other 
teachers in the exploring level. He used more of animations and video clips to help students to understand 
concepts. The students used technology to perform certain activities as small group activities. This was 
in agreement with Niess et al. (2010) findings that teachers at the adapting TPACK level were seen us-
ing small group teacher-directed activities with technology.

Sharon used a minimal amount of technology in her year 10 classes. Sharon was aware of the impor-
tance of technology in her teaching:

I think it’s also – especially for some of the concepts - it’s certainly made my teaching clearer, or at least 
the content clearer to the students, ah, which is a huge thing for some of those topics that we’re looking 
at because they’re so abstract.
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However, her use of technology as observed was minimal. This could be due to the topics she was 
teaching at the time of the observations. Thus, Sharon’s use of technology in the junior class fell within 
the adapting level of TPACK since her teaching with technology in that class was much more teacher-
directed although the teacher had made the choice to use technology in the teaching of her science les-
sons (Niess, 2012).

Teachers TPACK Levels in Senior Classes

At the senior level, Ben and Sharon depicted the adapting TPACK level whereas Colin, Janet and Susan 
demonstrated the accepting TPACK level. The teachers used technology to facilitate student conceptual 
understanding at the senior level. The teachers’ aimed at improving the understanding of the concepts 
they were teaching by using technology to present information and simulations to the students.

Ben maintained similar uses of technology between the juniors and seniors. He used technology to 
foster his teaching and student learning through teacher-directed approaches. Students’ searching for 
information was limited to videos to help their understanding of already taught concepts. Sharon’s use of 
technology in her senior classes was not very much different from how she used it with the juniors. With 
her seniors, technology was an integral part of her teaching. She used videos to explain and elaborate on 
the concepts she was teaching. Ben’s and Sharon’s use of technology were teacher-directed and served 
as a means to help students understand the concepts the teachers were teaching. Although she did not 
use technology frequently in the junior classes as compared to the senior class during the period of the 
observations, Sharon’s use of technology in the junior class was still teacher-directed. Both Ben and 
Sharon indicated in their interviews that they did not use technology differently in the different classes 
they taught and this was found to be accurate during the observations of their classes. Ben’s and Sharon’s 
use of technology in the senior classes fell under the adapting level of TPACK. This is due to the fact 
that their use of technology in their teaching was teacher-directed and they only allowed students to use 
technology for low-level thinking activities as noted by (Niess, 2012; Niess et al., 2009; Niess et al., 2010).

The teachers (Colin, Janet and Susan) who demonstrated the accepting TPACK level at the junior 
classes indicated that they were aware that they used technology differently in their junior classes as 
compared to their senior classes. They proffered reasons as to why they used technology differently in 
their classes. Colin indicated that the seniors have examinations to write so his duty was to find resources 
that could help him teach the content the students needed to learn. Colin elaborated and declared that 
the juniors needed ICT for motivational reasons whereas for the seniors it was a bonus:

Junior classes need ICT, whereas the senior classes, it’s a nice touch to basically finish off [their] con-
ceptual understanding.

Susan noted that she kept her year 10s motivated with technology.

A lot of those students won’t go on in science after this year, or if they go on, it’ll be one more year and 
that’ll be it, because they’ve, you know, just their ability and keeping motivation up. You know, we’ve 
gotta get through the whole year in science.
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Janet gave similar explanations with regards to why she used technology differently in her classes. 
She explained:

You have to think more carefully before you put them [seniors] in charge of their own learning. I have 
to make sure that I’ve got the resources there that will support the learning that they actually need, 
whereas with my year 10s, I can perhaps… allow a little bit more time for them to do their own research 
and, and to find resources – you know, like websites or whatever that are appropriate.

These teachers therefore relied on teacher-directed approaches in order to teach the content material. 
They channelled their efforts into making the students learn the concepts through traditional teaching 
approaches and used technology to further enhance students’ conceptual understanding of the taught 
concepts. The teachers’ use of technology in the senior classes was similar to what Niess et al. (2010) 
noted of teachers who demonstrated the accepting TPACK level in their study. They indicated that teach-
ers at the accepting level were more concerned about teaching content knowledge to students through 
traditional teaching methods. Similar observations were made in the classes of most of the teachers in 
the current study who felt they had to teach a lot of content to the senior students and it as more efficient 
for them to do this than let students find out the information. They were more interested in ‘delivering’ 
the content to the students which Janet puts it as “basically ... trying to feed stuff into their heads.”

The evidence from this study has confirmed that for these teachers, TPACK was not static but can be 
considered to be applied differently by teachers according to context (Niess, 2012; Niess et al., 2010). 
The teachers used technology, and were able to justify their use through different philosophies applied to 
the different classes they were teaching. The teachers’ TPACK approaches were affected by the content 
and academic level of their students as well as the teachers’ perceptions of what they thought students 
needed to know.

The observations in the study lend evidence to the claim that context influences teachers’ TPACK 
levels and development as well as their use of technology in general (Koehler & Mishra, 2009; Mishra 
& Koehler, 2006; Niess et al., 2010). Again, the teachers who were part of the observations in this study 
have shown that TPACK is not fixed but is rather a “dynamic, fluid process, rather than as a static view of 
teachers having or not having TPACK” (Niess, 2012, p. 7) and that it is influenced by the content context.

IMPLICATIONS OF THE STUDY FOR EDUCATIONAL PRACTICE

This research has shown that teachers’ perception of the importance of content knowledge, with assess-
ment in view, does affect teachers’ TPACK levels and applications of technology. Examples of possible 
practice (as exemplified by the case studies in this research) can show teachers how they can use tech-
nology within a particular learning environment, yet potentially adapt and modify this use to another 
context. This result has implications for educational design where the content AND level of learning or 
emphasis on assessment seems to influence what teachers decide to use in terms of technology. Examples 
of where teachers actively evaluate the effectiveness of the technology on students’ learning may help 
teachers to reach the advancing level of TPACK (Niess, 2012).



471

Contextual Influences on Science Teachers’ TPACK Levels
 

In general, the teachers observed and interviewed indicated that they did not feel well-prepared by 
their initial teacher education to teach with technology. This recognition is in agreement with Grunwald 
and Associates (2010) who assert that it is myth for people to believe that teachers feel adequately pre-
pared to teach with technology by their initial teacher education programme. Therefore, there are also 
implications for initial and ongoing teacher education programmes to incorporate strategies for teachers 
to consciously evaluate how they teach with technology and the subsequent effects on students’ learning.

This research showed that teachers’ use and application of TPACK was affected by their desire to 
cover large amounts of content so that their students were well prepared for examinations. Thus, when 
these teachers taught senior science classes, their approaches and planning were driven by assessment 
demands. This contextual issue can therefore be tackled by teacher educators, curriculum developers 
and policy makers. As noted by Pamuk (2012) context-free teaching approaches are always bound to 
fail. Technology-related professional learning should include enriching teachers’ technological skills but 
also emphasise how teachers can appropriate the affordances of technology in their classroom practices. 
This is because effective teaching with technology does not just lie in advanced technological skills but 
rather how effectively teachers can appropriate the affordances of technology to meet their instructional 
goals as well as students’ learning outcomes.

CONCLUDING REMARKS

The data from this research has shown that teachers’ TPACK levels are affected when their teaching 
becomes assessment driven. Moreover, teachers’ use of technology in their classes was motivated by 
what they thought students needed to learn. These two conclusions emphasise the fact that contextual 
factors have a major influence on teachers’ use, application and development of TPACK (Koehler & 
Mishra, 2009; Niess et al., 2010).

This research has shown that teachers’ expectations of themselves (intrapersonal) as well as that of 
their students (interpersonal) contexts influence how they use technology to their teaching as depicted 
by Figure 2. Although the teachers in this study underscored the importance of technology to learning, 
they still used technology to foster low level student thinking in their senior high classes. Thus, there 
was a discord between teachers’ conceived TPACK and their enacted TPACK (Chai, et al., (2013).

FUTURE RESEARCH DIRECTIONS

There is the need for more research to be conducted on the relationship between teachers’ TPACK levels 
and its correlation with their students’ achievement. Another area worth looking at in terms of TPACK 
is to depict students’ TPACK.
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ABSTRACT

This article reports an investigation of preservice teachers’ interactions with a computer simulation 
designed to allow them to explore the nature and practices of science. Participants included 188 preser-
vice, secondary-level, science and mathematics teachers who were enrolled in one of seven consecutive 
semesters in a professional development course as part of the teacher certification program at a large 
research university. Artifacts, including articles published in an online journal, responses to focus 
questions, reflections on the activity, as well as audio and video recordings of the activities themselves, 
were analyzed following a grounded approach. The simulation activities qualified in many respects as 
authentic science as identified by Chinn and Malhotra (2002). Further, what these activities revealed 
about student beliefs in regard to the nature and practice of science correlated with their reactions toward 
the simulation and their views of how it might be used in high school classes.

INTRODUCTION

Science education standards provide a clear mandate for students to understand the nature of science 
(National Research Council, 1996). There is, however, no consensus on what the nature of science (NOS) 
is, nor are the standard surveys typically used to assess it necessarily reliable in measuring student un-
derstanding of this multifaceted construct (Abd-El-Khalick & Lederman, 2000). Such measures tend 
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to identify declarative knowledge of the nature of science, but fail to assess students’ ability to generate 
knowledge using the accepted practices of science, i.e., their ability to construct and critique scientific 
claims through a socially embedded process (Ford, 2008). This work embraces a view of NOS as more 
than the nature of scientific knowledge; in this framework NOS includes the nature of scientific practice, 
i.e., what working scientists do. The more students engage critically with how scientific knowledge is 
generated and disseminated, the more scientifically literate they will become. Benchmarks for Science 
Literacy (AAAS, 1993) puts it this way:

When people know how scientists go about their work and reach scientific conclusions, and what the 
limitation of such conclusions are, they are more likely to react thoughtfully to scientific claims and 
less likely to reject them out of hand or accept them uncritically... The myths and stereotypes that young 
people have about science are not dispelled when science teaching focuses narrowly on the laws, con-
cepts, and theories of science. Hence the study of science as a way of knowing needs to be made explicit 
in the curriculum. (p. 3)

Following Ford (2008), “knowing” in the statement above is interpreted here as a verb rather than a 
noun – coming to know, rather than the nature of the inert knowledge itself. Ford presents an existence 
proof that it is possible to develop this ‘grasp of practice’ in sixth-grade students through properly de-
signed curriculum activities, inviting further exploration into how instruction interacts with students’ 
understanding of the nature and practice of science, and how technology might influence that interaction.

Coming to understand NOS is arguably especially important in the case of students who are preser-
vice teachers, and whose views will undoubtedly affect the instruction they will implement in their own 
classrooms. Teachers have reported that they do not view understanding the nature of science to be as 
important as other learning objectives, a view that is often reflected in district standards and assessment, 
and that they do not have the time, resources, or knowledge for the extra effort needed to infuse NOS into 
their curriculum (Abd-El-Khalick, Bell & Lederman, 1998; Posnanski, 2010). As Edelson (1998) notes:

Traditional training for teachers has not prepared them for new roles in which they must engage students 
in uncertain science, help them to formulate and refine research questions, identify resources and tools 
that will allow them to expand their understanding, and foster authentic scientific debate. Providing 
scientific resources, tools, and techniques for use by students requires the modification of facilities 
designed for expert scientific practitioners to allow students to ask questions and pursue them in ways 
that are similar to those of scientists. (p. 320)

Thus teachers need a support system to scaffold the authentic process of science, one that they can 
experience as valid in their own right. Technology can be a resource in this regard and “can place a greater 
range of tools and resources at the disposal of teachers and students, and… increase the opportunities 
for the social interchange that is at the heart of authentic science practice” (Edelson, 1998, p. 317). The 
NOS simulation offered by Epistemological Engineering (EEPS, 2015) provides such a resource. See 
Big Time Science (2015) to use the beta version of the simulation. Developed with funding from the 
National Science Foundation, the simulation lets students take on the role of scientists ‘writ large’ in a 
limited amount of class time, while still developing some specific science content ideas.
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The UTeach secondary STEM teacher preparation program has used the NOS simulation to prompt 
its students, preservice teachers earning degrees in mathematics, science or engineering, to examine their 
own thinking about the nature of science and how to convey it to their future students. In particular, the 
intention was to expose them to some aspects of the scientific enterprise they may not have experienced, 
including securing funding; peer review; and public dissemination, replication and refutation of results. 
The online simulation provides students with ‘worlds’ in which they conduct investigations in teams 
representing research organizations. Students must decide what they will research and how, possibly 
inventing new data collection and analysis procedures in the process; submit their results for peer review; 
and determine next steps based on their results and the actions of other scientists. The group can watch 
a scientific concept evolve in these simulated worlds from its first creative inception, through many 
challenges and possibly refutation, until it finally is either discarded as incorrect or simply irrelevant, 
or becomes part of the scientific canon of the class, all in a matter of hours. Throughout the simulation, 
as well as before and after, students reflect on the nature of scientific practice, both individually and as 
a group.

This paper reports on a multi-year study of UTeach students’ interaction with the NOS simulation 
activity, intended to shed light on preservice teachers’ thinking about the nature and process of science, 
as revealed in their interaction with, and reflection on, the simulation. The research questions that guided 
the investigation were (1) Does engagement with the NOS simulation in fact constitute authentic sci-
ence inquiry? (2) What does the NOS simulation activity reveal about preservice teachers’ thinking with 
regard to the nature and practice of science? and (3) How do preservice teachers view the possible use 
of such an activity in their own classrooms?

The next section reviews an expanded framework of authentic science that will be used in answering 
the first question, as well as results of previous research on the effect of instruction in enhancing students’ 
and teachers’ understanding of NOS, and technology as an affordance in enhancing understanding of NOS.

LITERATURE REVIEW

Authentic Science

Chinn and Malhotra (2002) present a theoretical framework for epistemologically authentic science tasks 
in school settings. They go well beyond Ford’s generation and critique of scientific claims to identify 
the cognitive processes involved in doing authentic science, in contrast to school science. Chinn and 
Malhotra (2002) lists the cognitive processes employed by scientists in authentic science tasks. These 
include generating research questions, designing studies (including selecting variables) and determining 
their own procedures, making observations, explaining results, developing theories and studying research 
reports. Their evaluation framework also describes the epistemological dimensions of authentic science, 
including the purposes of research, theory-data coordination, theory-ladenness of methods, response 
to anomalous data, nature of reasoning, and social construction of knowledge. These authors examined 
468 textbook inquiry tasks and 26 inquiry tasks developed by education researchers. They found that 
the textbook activities included, on average, less than one of the elements of authentic science reasoning 
they had identified. Although the researcher-developed tasks included many more elements, they still, 
on average, incorporated less than half, leaving much room for improvement.
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NOS Curriculum

Although an understanding of NOS is common in state (Kumar & Berlin, 1998) and national standards 
(e.g., National Research Council, 1996), investigations of student understanding rarely find it to be 
adequate, regardless of either the assessment measure chosen or whether the students have engaged in 
inquiry activities (Abd-El-Khalick & Lederman, 2000). It might be the case that the inquiry activities in 
question constituted school science rather than authentic science, as noted by Chinn and Malhotra (2002). 
However, even scientific activities that involve students in collaboration with professional researchers 
do not necessarily increase students’ understanding of the nature of research or the bigger picture of the 
scientific enterprise.

Moss, Abrams and Kull (1998) studied the effects of project-based instruction using authentic data 
from ongoing research projects and intended to foster ‘student scientist partnerships’ (SPS). These au-
thors found that even after engaging in such partnerships, through curriculum tied to ongoing research, 
students retained only a “rudimentary” understanding of the nature of science and its practices. In more 
recent work, Moss (2003) found that working as part of the JASON project did not “foster a perceptible 
change in [students’] conceptions about what science is or how it is practiced,” despite increasing student 
content knowledge in science (p. 28). Although students can learn about experimental design and the 
methodological development of a professional science program, as novices their active participation can 
sometimes be limited to carrying out procedures that have been designed by others so that the integrity 
of the experiment can be insured. In the worst case, students may not even be able to interpret or explain 
their own results.

On the other hand, self-directed, personalized inquiry projects, which mimic some aspects of authen-
tic science such as selecting a question, designing an experiment, and communicating results, do not 
generally expose students to the full range of scientific pursuits. Students (other than those engaged in 
specialized independent research at advanced academic levels) are rarely required, for example, to study 
research reports from other scientists in deciding what to study. They rarely engage with epistemological 
dimensions of authentic science identified by Chinn and Malhotra (2002), such as theory-ladenness of 
methods, nature of reasoning, and social construction of knowledge, e.g., by undergoing peer review, 
having their work replicated or discredited by other scientists, or having to find funding for their work. 
As noted by Edelson (1998), pre-college teachers will need an understanding of the nature and practices 
of authentic science in order to make modified versions of scientific infrastructure accessible to their 
students.

Enhancing Teachers’ Understanding of NOS

In a review of efforts to improve teachers’ understanding of NOS, Abd-El-Khalick and Lederman (2000) 
found that teachers were generally found to hold positivist views of science, often believing that sci-
entific knowledge is absolute, not socially constructed, and not subject to re-evaluation, and that these 
views are difficult to change. The authors found that professional development efforts that were explicit 
about NOS (N = 9) were more successful at bringing teachers’ views into alignment with those of the 
researchers than programs that implicitly modeled NOS through inquiry activities alone (N = 8), but 
that none of the studies reviewed were “successful in fostering among science teachers understandings 
of NOS that would enable them to effectively teach this valued aspect of science” (p. 693). They argue 
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that explicit instruction on the nature of science, requiring reflection, is essential for effective teacher 
education on NOS.

However, although it may be necessary, explicit instruction in NOS may not be sufficient to ensure 
that teachers have a true grasp of scientific practice. Akerson, Abd-.El-Khalick and Lederman (2000) 
demonstrated that after engaging in ongoing discussions of the nature of science in a science methods 
class, substantially more preservice teachers held ‘adequate’ views of the nature of science at the end 
of the course than at the beginning. However, even some of those who seemingly internalized adequate 
views still retained naïve views alongside them. Further, the measured changes dealt primarily with the 
traditional epistemology (nature of knowledge) rather than the practices of science.

In more recent work, Hanegan and Bigler (2009) studied five female future secondary biology teach-
ers as they resolved original research problems through protocols of their own design and implementa-
tion. In this case study, the authors were primarily interested in the preservice teachers’ acquisition of 
biology content knowledge; however, they noted an increase in the participants’ understanding of the 
nature of science. In particular, these preservice teachers gained understanding of the collaborative 
nature of scientific inquiry, the possibility (and possible utility) of error in science, and the importance 
of persistence, in addition to knowledge of experimentation techniques. Still, although all participants 
indicated that they planned to incorporate authentic inquiry in their own teaching, further study would 
be required to investigate the effect of this experience on their future classrooms.

Posnanski (2010) undertook such a study, investigating the effect of a two-year professional develop-
ment program explicitly addressing NOS on inservice elementary (first through seventh grade) teachers’ 
understanding and classroom teaching. Participants were again primarily female and all Caucasian, a 
volunteer sample selected based on their commitment and support from their school administrators to 
complete the program. The teachers received graduate credit and a small stipend for supplies and equip-
ment for their participation. The program consisted of a weeklong summer institute and evening sessions 
during the academic year. University scientists and science educators shared their current research and 
strategies for teaching NOS. Participants discussed and reflected on NOS explicitly, while engaging in 
inquiry activities and planning for classroom instruction. They developed action research plans and were 
observed after returning to their classrooms.

Posnanski and her graduate students found that composite scores on the VNOS-C (Lederman, Abd-
El-Khalick, Bell, & Schwartz, 2002), as identified using a rubric, improved for the majority of the 
participants (18 of 22) from pre- to post-intervention. Overall, the teachers showed a statistically sig-
nificant increase in scores. No patterns were identified in the open-ended VNOS-C responses in regard 
to NOS; however, analysis of interview data indicated that the explicit NOS activities and reflections 
had an impact on teacher understanding and action research plans. However, interview and survey data 
indicated that teachers identified real and perceived constraints to implementing their plans for explicit 
NOS activities in the classroom and questioned whether such activities would benefit their students. 
Although the teachers did incorporate some aspects of NOS when implementing their action research 
plans, these aspects were not necessarily present in their other classroom activities, and there was no 
indication of significant gains on the theory/law and observation/inference components of NOS. The 
authors conclude that activities explicitly involving reflection on NOS and embedded within appropriate 
science content investigations including contemporary research experiences may enhance the profes-
sional development of teachers. Further, professional development programs must address barriers to 
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classroom implementation as perceived by teachers, in particular the relationship between NOS and 
content to be tested in standardized exams.

The NOS activity used in the UTeach program is designed to address these issues by demonstrating 
that teachers can provide students access to multiple content-based, student-directed research opportuni-
ties (e.g., in genetics, cosmology, physics and engineering) through the use of technology as a scaffold 
for authentic inquiry within the constraints of the standard curriculum. The next section reviews research 
on technology as a scaffold for authentic inquiry.

Technology as a Scaffold for Authentic Inquiry

Beyond its established simulated worlds, the NOS simulation infrastructure used in the UTeach program 
can be applied as a guiding structure for any inquiry activity within the standard curriculum. Eslinger, 
White, Frederiksen and Brobst (2008) reported on the effectiveness of an interactive environment, In-
quiry Island, a similar general-purpose framework for supporting inquiry-based science learning. This 
software is designed around the Inquiry Cycle, a pre-set series of steps to guide students through the 
inquiry experience. In addition, Inquiry Island provides prompts for self-assessment and reflection. 
This prescriptive scaffolding can be individualized and gradually reduced. In the implementation of the 
software studied by these authors, students investigated genetics by making predictions and then viewing 
static representations of crosses between simulated plants. However, the simulation was not interactive 
and the outcomes were limited to static representations of predetermined crosses. In addition, at least 
initially, students were given specific research questions to investigate, and the inquiry process was highly 
scaffolded. The Inquiry Island genetics exercise improved students’ scores on measures of some inquiry 
skills, but did not attempt to challenge students’ understanding of the norms of professional science or 
their ability to conceive, devise, and implement investigations in a more open-ended environment.

Muwanga-Zake (2007) also evaluated the use of a computer simulation (game) related to biology, 
including genetics. His participants were 26 South African secondary biology teachers, many of whom 
had limited previous experience with computer technology. These teachers explored the use of Zadarh, 
an adventure game that explores biological phenomena. Although this setting and participants differed 
substantially from US classrooms and teachers, particularly in the present day, the need it highlights 
for considering the beliefs and needs of end-users (in this case, teachers) continues to be relevant. This 
study also pointed out the complex role of ‘fun’ in motivation and learning.

In work that is more in alignment with the overarching goals of the NOS simulation, the Co-Vis 
project (Edelson, 1998) has created tools for both scientific visualization (display techniques used by 
scientists in analyzing data) and scientific collaboration (the social generation of scientific knowledge). 
Edelson identifies three categories of key features of authentic inquiry: attitudes, tools and techniques, 
and social interactions, and argues that the “successful adaptation practice for learning will place tools 
and techniques of scientists into the hands of students in a context that reflects [these] characteristics of 
scientific practice” (p. 319), a difficult task given the constraints on average classrooms, particularly those 
in under-resourced communities. Co-Vis employs a technology infrastructure to meet these challenges. 
The visualization tools provide students with information in graphical format, using modified versions 
of scientists’ tools with more accessible interfaces. These are similar to the graphical interfaces of the 
NOS simulation, described below. The Co-Vis collaborative software allows students to communicate 
and collaborate both with each other and with other students and experts outside the classroom through 
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the Collaboratory Notebook, as well as more traditional means such as email. The NOS simulation also 
incorporates this feature, allowing student teams to view (and possibly review) each other’s work through 
the online journal feature, moderated by the journal editor, a role that might be filled by the classroom 
instructor, or an expert collaborator outside the classroom.

Using evidence from Co-Vis and related projects, Edelson (1998) argues that it is indeed possible, 
using technology, to meet each of the three essential requirements (curriculum structures, teacher support, 
and scientific tools, techniques and resources), for successful adaptation of authentic science practice 
for classroom learning. This paper examines preservice teachers’ engagement with the NOS simula-
tion activity to determine whether it likewise serves to promote authentic scientific practice, and how it 
reveals and interacts with these future teachers’ understanding of NOS.

METHOD

Setting and Participants

Participants included 188 preservice, secondary-level, science and mathematics teachers enrolled during 
one of seven consecutive semesters in a professional development course as part of the UTeach STEM 
teacher certification program at the University of Texas at Austin. Approximately 60% of the participants 
were female, 40% were male, and 40-50% were ethnic minority, depending on the semester. The sample 
comprised eleven different sections of the course, taught by four different instructors. Approximately 
half of these future secondary teachers were being certified in science and half in mathematics, the ma-
jority at the high school level but some also in middle school. All students were earning (or had already 
earned) bachelor’s degrees in natural sciences or engineering (or in a small number of cases had accrued 
the equivalent coursework in a STEM discipline area in addition to a non-STEM bachelor’s degree.)

The artifacts used in this study were the result of regularly scheduled classroom activities, but students 
were informed of the formal study of the simulation activity after the fact, with IRB approval (so as to 
minimize the influence of the research on their actions), and given the option of not having artifacts that 
they had generated included in the study. No students availed themselves of this option.

The Simulation Activity

In two hours of class time, the students worked in teams of two (representing institutions) to explore two 
of the NOS simulation ‘worlds’: Extraterrestrial Critter Genetics and Four Color Universe.

In Four Color Universe, students explore a 12x12 ‘universe’ in which each cell is red, blue, orange, 
or green. They make measurements from which they learn the color distribution in either a 3x3 or 2x2 
sub-array. One example is shown in Figure 1. Here the Inst. Technológico de Costa Rica is set to make a 
2x2 observation near the upper left corner of the universe. Their previous 3x3 observation (under “Latest 
Result”) yielded the information that none of the cells in the region they sampled are red (see the red zero 
under the “R”), five cells are blue, two are green, and two are orange—but they do not learn the locations 
of the colors within the 3x3 block. Students can reason deductively using overlapping observations to 
try to determine the pattern in detail. Observations of different sizes cost different amounts, and groups 
have limited funding to make observations, in analogy to actual experiments.
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Even if they do not learn the pattern’s details, however, students can infer about population and 
symmetry. A typical early student paper based on these observations might be, “There is no red in the 
universe.” Another group could refute that assertion as soon as it observes red light from somewhere 
in the universe.

Another typical paper would be, “The universe has up-down mirror symmetry.” Given groups’ lim-
ited resources, it is impossible for any one group to prove that this assertion is true. But other groups 
can publish new data supporting the claim, promoting the authentic science behavior of studying and 
building upon the research of others. The simulation keeps track of how often groups read each other’s 
reports and when. Even working in coordination, the entire class cannot prove this assertion absolutely, 
and the entire universe is not viewable by simulation participants, providing excellent fodder for the 
debriefing at the end of the activity and for later student reflection.

Figure 1. An illustration showing the layout of one team’s ‘institute’ (left), alluding to possible scientific 
activity such as reading journals and collecting data, as well as the results from a previous observation 
of the universe (center). Students learn the relative distribution of colors but not their positions. The 
highlighted squares on the grid at the right indicate the position of the next observation to be made
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In Extraterrestrial Critter Genetics, participants observe and experiment with hypothetical animals 
captured on the planet Eta Cassiopiae IV. They build cages, capture ‘critters,’ and maintain them over 
time. Students control environmental conditions in the cage and make measurements (weight, sex) and 
observations of the appearance of the animals in it. Occasionally, small animals appear within the cage, 
leading students to hypothesize that the animals have reproduced. In the process of observing the animals, 
students can discover laws of genetics very similar to those that govern heredity here on Earth, as well 
as mathematical relationships between growth rate, temperature and other variables.

Participants in the simulated worlds can submit papers for review and publication in online journals. 
The limited resources allocated to the students typically result in their prompting each other to publish 
what they have found, although there are also instances of refusing to divulge findings in the hopes of 
‘scooping’ other scientists with a more definitive result. The role of the journal editor has been enacted 
at different times by the instructor, a teaching assistant, classroom visitors, and offsite collaborators.

Prior to the simulation activity, students are typically asked to submit a reflection on the nature of 
science. This has taken many forms, from ‘one minute papers’ to more extensive reflections on previous 
experiences with science classrooms and research.

To begin the activity itself, an instructor models the basics of the simulation, including publishing 
papers. But students are not prompted to investigate particular phenomena. Instructors answer students’ 
technical questions regarding the simulation, but record all other questions that arise on a white board, 
and discuss them with the entire group at the end of the activity. As homework, students typically submit 
a reflection on the activity itself and some students reflect on this activity as part of their professional 
portfolio.

Data Collection

All artifacts related to the nature of science or the NOS simulation that were produced by students 
during the seven semesters of the study were collected and catalogued. Specifically, these included (1) 
student reflections on the NOS simulation activity itself, (2) responses to pre- and post-activity prompts 
about the nature of science and previously experienced science instruction, (3) artifacts (journal articles, 
requests for funding, publication counts, etc.) created within the simulation environment itself, and (4) 
student comments as recorded on whiteboards during the simulation, in field notes, and, with consent, 
in archival video documenting the activity for course dissemination purposes.

Data Analysis

To address the first research question (Does engagement with the NOS simulation in fact constitute 
authentic science inquiry?), the artifacts were evaluated against the framework presented in Chinn and 
Malhotra (2002) for epistemologically authentic inquiry in schools. To investigate what the simulation 
activity reveals about preservice teachers’ thinking about the nature of science and how they view possible 
use of the simulation in their own classrooms, artifacts were also analyzed using a grounded approach 
(Corbin & Strauss, 1990). The grounded approach employs a qualitative methodology to “provide a 
thorough theoretical explanation of social phenomena under study… [which] should explain as well as 
describe” although not necessarily predict (p. 5).
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This methodology does not follow the canons of quantitative research, but rather its own canons and 
procedures. In grounded research, data collection and analysis are necessarily interrelated and evolving 
processes. These processes require systematic collection and archiving of data from multiple sources. 
Concepts are the basic unit of analysis. Concepts do not merit inclusion in the developing theory on 
the basis of quantitative evaluation, but rather on the fact that they show up repeatedly under different 
circumstances, or because they show up under some circumstances but not others. Concepts are grouped 
into categories, which are then related to make a theory. Sampling proceeds on the basis of the theory 
being developed, looking specifically for instances that confirm or limit the theory under development. 
The analysis makes use of continued comparison between the existing theory and new observations. 
Exceptions to the developing pattern must be accounted for in the theory, and hypotheses must con-
tinually be verified against new data (Corbin & Strauss, 1990). In the work presented here, hypotheses 
evolved over the years of the study to include limiting conditions, for example variations in whether 
the preservice teachers had engaged in science research themselves, statewide testing expectations, etc.

Following the tenets of the grounded approach, artifacts related to student interaction with the NOS 
simulation were reviewed as they were collected, examining them for emerging themes. Emergent themes 
from classroom discussions were also recorded at the end of each implementation of the simulation activ-
ity. At three stages over the course of the study reports on emergent concepts and categories (‘theoreti-
cal memos’) were drafted and used to inform subsequent implementations of the activity. Prior to the 
final round of implementation and data gathering, two of the authors independently coded the existent 
artifacts using codes that had evolved over the course of the study, allowing them to confirm and revise 
the major categories that had arisen as needed and determine what questions were needed to further 
refine and clarify the emerging theory. After the results of the independent coding were compared and 
discrepancies discussed, a working version of the codes was created. The first author used this version 
of the codes to reexamine the entire data set after the final implementation of the simulation, while still 
allowing for additions and modifications as needed to satisfy the requirements of grounded theory. The 
second author performed a spot check on the final coding version.

Table 1 shows the set of codes derived from the initial implementation of the simulation; Table 2 
shows the refined set of codes used in the final analysis. As can be seen by comparing the tables, the 
initial code of ‘fun’ as descriptor that arose regarding engagement in the simulation in the first round of 
coding was eventually joined by ‘not engaged’ as through repeated observations students were identified 
who were not enthusiastic about the simulation and the circumstances surrounding those reports (stu-
dents with heavier course loads and teaching duties at the point in the semester when the simulation was 
implemented, increased standardized testing requirements). Likewise, some codes identified in the first 
round (e.g., ‘English as language of publication’) did not show up again in later rounds of coding. These 
codes were valid in the instantiation where they arose, but were not repeated in every implementation 
and therefore deleted from the ultimate descriptive theory. Ultimately codes were grouped into views of 
epistemology and practice of science, views on science teaching, and affective reactions. Following the 
procedures of grounded analysis these were ultimately related in a final theory in the selective coding 
process (Corbin & Strauss, 1990).
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RESULTS

Does Engagement With the NOS Simulation 
Constitute Authentic Science Inquiry?

In this paper, results pertaining to this first research question will be summarized in order to focus more 
deeply on the second.

To what extent does the simulation promote the cognitive processes of authentic inquiry as identified 
by Chinn and Malhotra (2002) in their Table 1? In brief, although all of authentic science cannot be 
simulated in one or two class periods, a considerable proportion of the Chinn and Malhotra’s authentic-
science processes were evident in the work of the participants.

Here are examples, however, of processes that were not extensively observed:

• Using multiple measures for the same variable or construct
• Using techniques to guard against observer bias
• Using observable “stand-in” variables instead of theoretical variables of interest

All of these make sense, given the nature of the simulation.

Table 1. Codes arising from the initial round of open coding

Codes Arising From Initial Coding

Claim stated w/o evidence

Claim stated w/o limitations; recognition of limitations

Progression of claims

English as language of publication

Definitive or exact answers/real answer or lack of closure

“Given” info- assumptions w/o proof

Citing others

Speculation/proposed explanations

Funding

Realism of simulation

Enthusiasm (as learners or as teachers)

Fun

Value of pursuing their own research question

Specific measurement or analysis

Narrowing/refining of research question/limitations on what can be researched.

Collaboration

Testing /revision of hypotheses, ‘spontaneous science’, recognized or not

Refutation (challenging another’s work)

Knowledge as revisable (Can you publish something if it’s wrong.)
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But there are numerous examples of students exhibiting authentic processes in the activities. Par-
ticipants recognized their assumptions; found flaws in reasoning (especially others’); made multiple 
representations; invented experimental procedures; examined research reports; and developed theories 
about unobservable mechanisms.

And they created their own questions. Many students noted this in their reflections, some in fact 
finding it initially disconcerting. As one wrote,

It allowed us to think, create, make important decisions, and experiment on our own terms. … I expe-
rienced a slight confusion at the beginning of the lesson when we were “let loose” to experiment and 
work on our own. Even in the second simulation with the creatures, we were not told what to observe 
or look at, we were simply told to experiment and “publish papers.” It was fun and educational at the 
same time, which is something I think students really need (especially in a science class).

Table 2. Final code set with categories after axial coding

Final Set of Codes Categories

Fun (as student, as teacher) Affective

Enthusiasm (for students, teachers) Affective

Not engaged Affective

Unique/constantly changing solutions Epistemology

Repeatability/refutability Epistemology

Logic/mathematical proof Epistemology

Experts/learned in school Epistemology/Teaching practice

Experiments, testing against reality Epistemology/Teaching practice

Limitations/testing/revision Practice of science

Norms of science Practice of science

Speculation, proposed explanation Practice of science

Realism Practice of science

Collaboration/competition Practice of science

Refutation Practice of science

Development of procedures Practice of science

General convention/consensus Practice of science

Research literature Practice of science

Citation of others Practice of science

Facilitation of simulation Teaching practice

Content learning Teaching practice

Ownership of research questions Teaching practice

Find out for your self Teaching practice

Technology Teaching practice
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Participants reasoned indirectly. The limitations of the simulation seemed to force students to employ 
chains of argumentation as they strove to understand, as in this example:

Our first cage set had offspring so rapidly - four in the first week - we wondered if the first born Jenny 
could have been the mother of the last born Bobby. We put Jenny and adult Bob, who had reproduced 
before, in a cage together for a week. They did not reproduce as Bob had with Cindy, and Jenny is still 
getting bigger and therefore [more mature]. Jenny and Bob had the same cage conditions as Cindy and 
Bob. We postulate that Jenny was not yet mature enough in age to reproduce… So, aging to mature adult 
takes longer than a week.

Likewise, students were quick to realize that papers making broader claims (generalizations) seemed 
to be regarded as more valuable than claims made just about the data in hand, but also were more easily 
subject to refutation. Students had to determine whether they would risk eventual refutation in order to 
scoop the other teams.

The simulation activity was also evaluated against dimensions of the epistemology of authentic inquiry 
as identified by Chinn and Malhotra (their Table 2). As before, there are dimensions the simulation did 
not stimulate, e.g.:

• Coordinating conflicting data sets
• Rational discounting of anomalous data
• Recognizing how theories and methods influence one another

However, participants did seek global consistency, coordinating theory and data: if they discovered 
symmetry in one area of the universe simulation, for example, they searched for it elsewhere. They used 
heuristic, nonalgorithmic reasoning, multiple acceptable forms of argumentation, and uncertain reason-
ing. In fact, the participants made claims on a variety of bases. They had to determine whether a result 
was certain enough to warrant publication (and risk possible refutation). Further, the simulation clearly 
exposed these students to the uncertainty of science (“Can you publish something that’s wrong?”), which 
some of them had apparently never considered.

Finally, the area where this simulation activity most exemplified authentic inquiry as characterized by 
Chinn and Malhotra is the social construction of knowledge. These student scientists worked in groups 
and routinely built on each other’s work as they realized that was a way to publish papers, both through 
extension and refutation. The simulation offered a clear example of establishing institutional norms through 
an expert review process that mimicked the peer review process in a faithful, albeit accelerated, way.

In summary, the simulation did facilitate many, but not all, of the features of both the cognitive 
processes and epistemology of authentic inquiry as identified by Chinn and Malhotra, at least for the 
class collectively. As noted by Bereiter (1994) in describing scientific inquiry as discourse, individual 
inquiry is likely to lead to enhanced understanding only insofar as it is brought into the larger discourse 
in and beyond the classroom, coordinating with previous results. Thus, any one student does not enact 
authentic science alone; rather it is as part of the larger community that students enact authentic science.
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What Does the NOS Simulation Activity Reveal About Preservice Teachers’ 
Thinking With Regard to the Nature and Practice of Science?

Students were asked to respond to a prompt, prior to the simulation, about what it means to do science 
(including mathematics). Some respondents simply indicated that scientists and mathematicians must 
proceed logically, but other responses specifically indicated that scientists or mathematicians seek solu-
tions that made sense to them personally, e.g., “follow the procedures that make sense in the context. 
Check to make sure the answer you got makes sense/works.”

Another common response highlighted the complementary notion that scientists test their ideas against 
reality, i.e., that science is data driven. Typical responses were “the ideas are tested, supported by our 
best understanding of reality,” “You have to have evidence (experiments, observations, data) to support 
your ideas,” and “Experimental verification— whatever most accurately reflects observation is the most 
correct. Nature of Science- the process by which science makes inquiry into nature.”

Other responses coded for the collaborative nature of science. For example, “We decide what is right 
by the conventions of the math community and valid proofs accepted by the math community,” “[Sci-
entists arrive at answers] [b]y the general consensus of scientists over time. This could be obtained by 
referencing published literature. This also includes staying up to date because science ideas are constantly 
changing,” “Mathematics provides the tools and processes necessary to execute the science; to answer the 
questions, using a universal language transcending cultural regions, allowing people all over the world 
to show each other their answers to these questions,” and “You work individually and as a group at the 
same time. You do experiments, collect data, draw conclusion, make prediction individually, and at the 
same time all the members work together as a group. It is like a system. Each members work affects the 
whole system, and the system success depends on each member achievement. [sic]”

In contrast, students’ responses that focused on science as proceeding from authority, and transmis-
sion of a canon of knowledge, were coded under the category of ‘experts.’ For example, one student 
responded, “I have no idea [how science is done]. What we learn is just a universal agreement based 
on observations experts have made.” “[To determine an answer in science] I would look up the ‘correct 
answer’ to the topic either in the student textbook or in one of my textbooks.”

The simulation and reflections generally revealed a lack of familiarity with details of the practice 
of science, e.g., the peer review system, particularly on the part of students who had not engaged in it 
themselves. Issues that frequently arose in discussions and questions included funding and its relationship 
to what research is undertaken; whether authors pay or are paid for publications; whether it is possible 
to publish something that has already been published (and if not, how then is the repeatability of results 
established); and whether authors should be obliged to share their results.

The activity and reflections afterward also revealed students’ understanding of the epistemology 
of science. Despite the current emphasis on the tentative nature of science in today’s standards, these 
students were shocked to find that published research could ultimately be falsified: “It was an experi-
ence seeing the articles published, then people disproving what had been thought to be correct by the 
publishers.” “Can you publish something that is wrong?” is a question that arose in every implementa-
tion in some form or another. This led to frequent discussions of the limitations of data and the inherent 
assumptions in interpreting it.
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How Do Preservice Teachers View the Possible 
Use of the Simulation in Classrooms?

For many students, the simulation represented an opportunity to engage their future students; ‘Fun’ was 
the first code to arise in the analyses and remained a major theme throughout.

I love that the exercise was modeled after the process of writing & publishing research papers because 
it is so “real-world” and fun at the same time. I think that what is often emphasized in science educa-
tion is tedious and thus a turn off to students. The excitement of figuring things out is often lost at the 
expense of doing the experiment correctly and memorizing the terms. 

I really enjoyed the program. I would have like to been able [sic] to play around with it more if I were 
a student. Again, the genetics one really got me going. I just wanted to run so many tests and make 
connnections. The program is something that I would love to use when I have a class of my own.

However, cases of students who were not engaged by the activity (“I was not engaged through the 
whole thing and [in] the end we kind of gave up”) were also encountered. These fell into two categories. 
In the first case, some of the students were concerned that the activity did not provide sufficient guid-
ance; even as college students they felt overwhelmed at some points with the lack of structure (“When 
I first began the activity, I was very lost and confused”) and felt their future students would need more 
direction. “When we weren’t told what to find, I felt that this might leave students to be confused or 
decide to not do the activity because they are lost and not interested.”

The second cause for disengagement was seeing no relevance for the activity or feeling that there 
were more important or pressing things they should have been doing. These future teachers did not see 
the need for investigating the nature of science or why they should spend time on it, especially at a busy 
point in the semester.

In contrast, others considered it important to expose students to the working reality of science, and 
saw the simulation as a unique way to do that. According to one future teacher with graduate research 
experience, “This is exciting. This is the first thing that I have ever seen that mimics the real kind of, 
[sic] what you do in grad school and what professors are doing all the time that nobody has any idea 
about until they get to grad school.”

For some of these students, however, the ultimate goal of instruction is the factual content to be de-
livered, and for these students the simulation did not seem a worthwhile expenditure of class time. No 
matter how valid the process, if their future students would not come up with ‘real science answers,’ the 
exercise was not beneficial enough to these future teachers. This stance is exemplified by this student 
reflection:

The process that we went through to gain knowledge about the 4-color universe was not highly related to 
any other ‘real’ science experiment. Therefore there was no content knowledge to attach the process to.
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In other words, if there is no ‘real’ content at the end of the process it is not justified as part of the 
curriculum.

The importance of teacher facilitation was another theme that arose as students reflected on how 
they might someday teach. In the words of one, “The teacher must be well-involved and keep up with 
each group in order for both activities to flow well.” The students also argued that the amount of time 
dedicated to the simulation and how it was used as part of the larger curriculum at the high school level 
would determine its usefulness: “I think that it would be interesting to use this activity throughout the 
school year as an organizing tool to explore lots of science & math topics. I’m not sure how many top-
ics could be studied using this interface” and “In thinking about implementing Wednesday’s activity in 
a classroom, time is a major factor. Like I said, it was almost frustrating to have to walk away from the 
activity so incompleted. These should be ongoing projects as their aim is for student to feel invested.”

Finally, students frequently made note of the issue of collaboration versus competition and how it 
affects the practice of science, as well as the importance of highlighting this issue for students in their 
future classes. As one student eloquently put it in a reflection:

I think that besides the obvious ways that [the simulation] exemplifies different ways that scientific in-
vestigations and experiments can be carried out, the extra special feature is that it shows students how 
the scientific community works together. Now that is one aspect of the scientific inquiry process that 
was not stressed so much to me in any of my previous classes. I think the coolest thing is that through 
this activity, students can learn that science is much more productive and efficient when scientists com-
municate and collaborate with each other.… Students need to be aware of these kinds of issues because 
it will improve the future efficiency of science.

DISCUSSION

Table 3 (after Chinn and Malhotra [2002], Table 1) lists cognitive processes associated with authentic 
inquiry as practiced by scientists. Likewise, Table 4 (after Chinn and Malhotra [2002], Table 2) lists 
the six dimensions of the epistemology of inquiry along with characteristics of that dimension associ-
ated with authentic scientific practice. The elements highlighted in bold in each table were consistently 
demonstrated in the simulation as enacted in this study. The elements in italics were occasionally or 
partially demonstrated and those in plain text were rarely or never evident.

None of these features of authentic inquiry appeared in the work of every team in any instantiation of 
the simulation. However, almost every cognitive process listed in Table 3 was manifested in each imple-
mentation by at least one team. Given the process of the online publication system and the directed class 
discussions, the authors argue that overall the entire class engaged in a collective process that successfully 
addressed aspects of authentic scientific inquiry otherwise missing from school science. Likewise, the 
simulation activity exhibited the majority of the epistemological characteristics of authentic inquiry as 
shown by the elements in bold or italics in Table 4.

The areas where the activity fell short of authentic inquiry had to do primarily with inventing variables 
and measures of variables, ways to guard against bias in observations, and conflicting or anomalous 
data. These were constrained by the simulation itself. The ‘fixed and determined’ data presented by 
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Table 3. Cognitive processes involved in inquiry with corresponding actions associated with authentic 
science. Bold text indicates characteristics consistently demonstrated in the simulation as enacted in 
this study. Italics text indicates characteristics occasionally or partially demonstrated, and plain text 
indicates characteristics inconsistently or never demonstrated. After Chinn and Malhotra (2002), Table 1

Cognitive Process Scientists Engaged in Authentic Inquiry:

Generating research 
questions

• Generate their own research questions.

Designing studies • Select and invent variables.
• Invent complex procedures.
• Devise analog models.
• Employ multiple controls, which can be difficult to determine.
• Incorporate multiple measures of variable.

Making observations • Devise elaborate techniques to guard against observer bias.

Explaining results • Repeatedly transform observations into other data formats.
• Question whether their own and others’ results are correct or artifacts of experimental flaws.
• Relate observations to research questions by complex chains of inference.
• Observed variables not identical to theoretical variables of interest. 
• Judge when to generalize.
• Employ multiple forms of argument.

Developing theories • Postulate unobservable mechanisms.
• Coordinate results from multiple, possibly conflicting, studies that may involve unobservable 
mechanisms as well as observable variables.
• Use strategies for resolving differences between studies.

Studying research reports • Study other scientists’ research reports for multiple purposes.

Bold: Consistently demonstrated in the simulation as enacted in this study
Italics: Occasionally or partially demonstrated
Plain text: Inconsistently or never demonstrated

Table 4. Dimensions of the epistemology of science with corresponding characteristics of authentic sci-
ence inquiry. Bold text indicates characteristics consistently demonstrated in the simulation as enacted 
in this study. Italics text indicates characteristics occasionally or partially demonstrated, and plain text 
indicates characteristics inconsistently or never demonstrated. After Chinn and Malhotra (2002), Table 2

Dimension of Epistemology Characteristics Associated With Authentic Scientific Inquiry:

Purpose of research      • Building and revising theoretical models with unobservable mechanisms

Theory-data coordination      • Coordination of theoretical models with multiple sets of complex, partially conflicting 
data 
     • Seeking global consistency

Theory-ladenness of methods      • Awareness of theory-method entanglement

Responses to anomalous data      • Rational and regular discounting of anomalous data

Nature of reasoning      • Heuristic, nonalgorithmic reasoning
     • Multiple acceptable forms of argument
     • Uncertain reasoning

Social construction of knowledge      • Construction of knowledge in collaborative groups
     • Building on previous research by many scientists
     • Establishment of institutional norms through expert review processes

Bold: Consistently demonstrated in the simulation as enacted in this study
Italics: Occasionally or partially demonstrated
Plain text: Inconsistently or never demonstrated
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the simulation inhibited these aspects of authentic inquiry while enabling others, such as generating 
viable research questions, coordinating multiple research studies, and studying the research of others. 
The limited but quickly obtainable data allowed for multiple observations, and let students design in-
vestigations to respond to published results. A physical, ’wet-lab‘ experiment might force students to 
address some of the shortcomings identified in tables 1 and 2 (e.g., students might have to invent their 
own variables and figure out how to measure them), but it would be difficult to capture other aspects, 
particularly those associated with long-term interactions with other scientists, in the limited time avail-
able in K–12 classrooms.

The model of student thinking about the nature of science that emerged from this study is shown in 
Figure 2. Along one dimension, student views ranged from individual (belief that an individual must 
discover information for her/himself) to collective (scientific ideas arrived at by the consensus of a com-
munity in which all might participate). Examples of responses coded as individual are “The interaction 
between an individual and the questioning hypothesis is a very reliable and influential experience in 
science. The personal discovery is much more than the mechanical reading that majority of peers use 
as their scientific background,” and “Doing science is actually researching something yourself and not 
something learned in a book.” An example of a response coded as collective is “Virtually nothing we 
teach in math or science are right answers, but rather a notion of observations that when experimented 
will produce the same or similar results. Thus what we teach in class are thousands & millions of ob-
servations & experiments proven to decide [what] is the ‘right’ answer.”

In contrast to both of these is the notion of scientific knowledge transmitted from authority, created 
only by ‘experts’ and transmitted through a canon of knowledge that it is critical for students to know 
and understand. Responses typical of this category include “What we learn is just a universal agreement 
based on observations experts have made” and “The ‘right answers’ in science and math depend on what 
we as teachers have learned in college/school and textbooks/research.”

A parallel model emerged when considering what students thought should be taught, and conse-
quently how the NOS simulation should or should not be used, in science classes (see Figure 3). Here, 
the process of inquiry is positioned at one end of an axis with science content at the other. For some 
teachers, students must understand the processes of science, how to discover answers for themselves, 
either individually or collectively. Students who fell in this camp saw great potential in the NOS simu-
lation. In their words, “[S]tudents learn more in a trial-error type environment and where the students 
have to figure out what works and what doesn’t work” and “I think the activity on Wednesday was very 
successful. It used pre-designed games to get students interested by having them actively investigating 
the natural world. In astronomy and geology classes, students usually learn about the make-ups of the 

Figure 2. Model of student thinking about the nature of science that emerged from this study. The vertices 
indicate different aspects of student views of the nature of science
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universe, but because they’re spoon-fed with this information, they rarely go thinking about how scien-
tists came up with these ideas.”

For the preservice teachers who fell near the ‘content’ vertex, it was more important to ensure their 
students develop a firm grasp of science facts and concepts, particularly as identified in standards. This 
might well indicate awareness of the realities of school science where students will be held accountable 
for knowing the right answer in the current high-stakes testing environment (“a con [to the activity] is 
that you’re constrained by time and the standardized tests are better at testing knowledge than process 
anyway.”) Even some of these future teachers who valued having their students experience the process 
of science had a foot firmly at this vertex as well, arguing that that there had to be a connection to real 
science facts in order for the activity to be valuable in the classroom: “I do see some benefit to occasion-
ally invest in the ‘learning curve’ associated with specific technologies (such as…the Extraterrestrial 
Critters game) …however, these tools are useless if there is no connection to real applications of the 
information” and “One of the downsides of the activity is that while it gave the students an entertaining 
and possibly enriching activity, it didn’t promote any building of content knowledge that may be on a 
standardized assessment.” As noted by Edelson (1998), “In adapting science practice to the classroom, 
it is seductively easy to focus on scientific knowledge, tools, and techniques at the expense of other ele-
ments of scientific practice. However, scientists’ attitudes and their social interactions are also defining 
features of scientific practice. For students, understanding these attitudes and interactions is essential in 
order to understand the scientific process and to interpret the products of science” (p. 318).

A third view that emerged (“norms of science”) is that a scientifically literate public needs to under-
stand scientific practice in order to “react thoughtfully to scientific claims and [be] less likely to reject 
them out of hand or accept them uncritically…” (AAAS, 1993, p. 3). As noted earlier, the question 
always arose whether a flawed result could be published (“If you [an editor] accept a paper does that 
mean that it is right? Or does that just mean that it’s a good paper and it could be right?”). Students 
were also surprised at how funding and other resources interact with the process of discovery: “It was 
very interesting to experience what it would be like to be a scientist. It was extremely realistic and even 
dealt with aspects of being a scientist that a student might not think about (Like my group for example 
ran out of money [before being able to complete an investigation]).”

Ethical considerations with regard to the practice of science also came into play. For example, in 
the extraterrestrial genetics simulation, breeding individuals had to be isolated in order to determine 
the offspring’s parentage. Students expressed concerns about the ethics of determining mating partners 

Figure 3: Model of student views of what should be taught in science classes. The different components 
(science content, process of inquiry, norms of professional science) are not necessarily mutually exclu-
sive, and most teachers would fall somewhere between the vertices
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solely in order to answer the scientist’s questions. Although ethics is a component of high school sci-
ence standards in the state where the study took place, students had rarely had to make actual ethical 
decisions in their own experimentation.

Likewise, the constraints of funding, the tentative nature of results (“It was an experience seeing the 
articles published, then people disproving what had been thought to be correct by the publishers”), and 
the effects of competition and collaboration were elements of the practice of science students had not 
generally experienced, and were identified as important for their future students to experience.

Moss (2003) speaks to the importance of not giving precedence to either content or process, but 
rather blending the two, saying that science content “should be the context in which the nature of sci-
ence is explored and not the aim of all learning” (p. 26). To satisfy both goals (and possibly both camps 
of preservice teachers), the instructor facilitating the simulation should make a direct link to ‘real’ sci-
ence. For example, the genetics of the extraterrestrial ‘critters’ included both dominant and recessive 
traits. The simulation can help students develop these concepts for themselves—and make connections 
to real-life biology. As one future teacher noted, “I also liked the critter simulation because I was able 
to determine genotypes by mating different characteristics together and seeing the outcome. This would 
be great to incorporate into a genetics lesson without having to resort to the traditional way of using the 
capital and lower case letters [a reference to Punnet squares].”

Without such connections, experiencing the processes and norms of professional science did not 
seem worthwhile to some of these students. Even those who valued the process goals indicated this in 
their reflections, e.g., “It gave the students time to explore and investigate the world they had in front of 
them. They came up with their own ideas and techniques and tried to understand the world they had in 
front of them (us). I think that it needed to be more emphasized though on its relation to our world. If 
students do not pick up on that, then they will miss the main idea of the activity.” An obvious solution is 
to simulate actual terrestrial genetics, which could promote content learning while affording opportuni-
ties for discovery that would be precluded by the time and resource constraints of most classrooms. It is 
important, to remember that in designing professional development “discourses and paradigms that are 
not considerate of value systems erode the participants’ voices and so could yield contestable outcomes 
that are not in concert” (Muwanga-Zake, 2007, p. 476).

Prior research, however, speaks to the difficulty of finding “any widely available genetics curriculum 
that was based on a satisfactory model of inquiry” (Eslinger et al., 2008, p. 613). The technology-supported 
activity described by those authors comprises one example, dealing directly with the phenomenon of 
plant genetics and using the Inquiry Island software, that does meet this criterion. Results indicate that 
the NOS simulation used in this study constitutes another. The NOS-simulated worlds do not have as 
much embedded scaffolding, and instead present a very large (albeit bounded) range of possibilities for 
student investigations. The students valued this interactivity and open-endedness, despite concerns that it 
might overwhelm their students if not used long enough in the classroom: “I wonder if, in a high school 
classroom, if [sic] there would be students who would be overwhelmed by the exercise because it is so 
self-guided. I would definitely not advocate redesigning the activity to make it more obvious, that would 
ruin it. I would hope that students would be able to experience it enough times to become comfortable.”

To ensure that the simulation would be beneficial, students identified the teacher’s role, rather than 
scaffolds embedded in the software itself, as critical in supporting learning about inquiry. This was also 
the case in the Inquiry Island investigation (Eslinger et al., 2008). Other research has shown that the 
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teacher plays a critical role not only in enabling the inquiry process, but also in supporting reflection on 
both it and the nature of science generally. Akerson et al. (2000) found that the use of explicit prompts 
to engage students in discussion about the nature of science was critical in changing student thinking 
on that issue. In this case, focused discussions of the activities and written reflections after the fact, as 
opposed to the simulation itself, ensured that students analyzed their own beliefs about the nature of 
science and the best ways to teach it. Even though some new observations about the nature of science 
occurred spontaneously to individual students or groups, the group discussions and posted reflections 
made these ideas accessible to the entire class.

Finally, the instructor role was also critical in ensuring that the students engaged in authentic scientific 
inquiry, for example by requiring that they generate their own questions and procedures, publish accounts 
of their work, and be cognizant of relevant published research. The role of the editor (often played by 
an instructor) is also critical in challenging students to develop models to explain their observations, 
articulate the limitations on their contentions, and justify their results.

CONCLUSION AND LIMITATIONS

Does engagement with the NOS simulation in fact constitutes authentic science inquiry according to 
Chinn and Malhotra (2002)? These results indicate that it satisfies the majority of requirements of the 
authors’ frameworks, but not all. Further, some elements of the inquiry framework were satisfied in the 
aggregate, i.e., by the class as a whole, but not necessarily by every student. And although the affordances 
of the NOS simulation facilitated authentic science inquiry, they by no means guaranteed it. The design 
of the activity, and the instructor’s role in it, were key in that regard. Had the instructors directed students 
to research particular questions, instructed them in procedures to follow, not prompted them to read 
the online journal, etc., the simulation could have constituted merely school science or simply a game.

Perhaps not surprisingly, students’ views on the possible use of the simulation in their future class-
rooms seemed to be related to their views on the nature of science itself. Students who viewed science 
facts and concepts as already clearly accepted in the canon of science, and students who valued personal 
discovery as a means to reach an understanding of facts and procedures, saw the simulation activity as 
falling short of meeting classroom requirements. In contrast, those who viewed science primarily as a 
way of knowing saw great potential in the simulation activity for engaging their students. The students 
themselves suggested that improving the connection of the simulation to ‘real world’ science might 
satisfy both camps.

They also highlighted the importance of the classroom teacher as the designer of how the simulation 
would be incorporated into the curriculum, as well as the facilitator of student engagement with the 
simulation. Finally, these results indicate that preservice teachers would likely benefit from opportunities 
to experience the full range of aspects of the scientific endeavor, as well as the norms of professional 
science, as they may not already be familiar with these.

It is important to note that the study participants were all certification candidates from a single teacher 
training program and thus these results may not apply to other preservice teachers. The size of the par-
ticipant sample, the time extent of the study, as well as the variety of instructors who implemented the 
activity all served to increase the likelihood that the findings are indeed representative. As noted above, 
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constraints on data acquisition opportunities limited the ability to take process in its progressive sense 
into account, that is, to “break the phenomenon [in this case, student interaction with the simulation] 
down into stages, phases or steps;” rather the methodology was limited to developing a theory around 
“purposeful action/interaction that is not necessarily progressive but changes in response to prevailing 
conditions” (Corbin & Strauss, 1990, p. 10). Details of how the simulation activity might or might not 
have effected changes in student understanding of the nature of science, or how much exposure would be 
required to bring about a change were not the target of this investigation; rather, the intent was to identify 
the conditions under which certain reactions to the simulation were prevalent. Thus, these results speak 
to the possibilities of the simulation activity rather than its effectiveness at eliciting a particular mindset 
with regard to the nature of science in these students.
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ABSTRACT

This chapter describes the analysis of 729 daily teacher logs from a 2013-14 national classroom 
implementation study with hundreds of high school physics students using the game, Impulse, finding 
classrooms using materials to bridge implicit and explicit science learning performed significantly bet-
ter than control classrooms (Rowe et al., 2014). This effect was moderated by whether or not the class 
was a Honors/AP class. The authors examine the student and teacher demographics, science content, 
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INTRODUCTION

Game-based learning has been a growing field of research over the past decade or more (e.g. Gee, 2013; 
Squire, 2007), with many researchers using the data logs generated by digital games to study learning 
(Glasslab, 2014; Clarke, Nelson, Chang, D’Angelo, Slack, & Martinez-Gazza, 2011). Educational games 
are most often designed for use within classrooms and therefore include some formalizations such as 
content explanations and/or test questions that require explicit understanding of the material. These 
games typically differ from the games learners choose to play in their free time (Isbister, 2010), games 
that we call free-choice games.

Free-choice games are highly engaging, “sticky” environments that typically do not present any 
school-like interfaces. These games can still be designed with game mechanics that mirror authentic 
and idealized science. By aligning game mechanics (player actions in the game) with learning mechan-
ics (learning goals designed into the game) and assessment mechanics (evidence for learning that can 
be seen through gameplay logs), researchers can support and examine implicit learning that takes place 
through well-designed gameplay (Plass et al., 2013), even gameplay that takes place outside class.

Implicit learning in games, however, does not ensure explicit (more formalized) learning that students 
are expected to demonstrate in class. The connection between implicit learning from experience and 
explicit classroom learning must be facilitated, typically through social interactions with a teacher and 
other learners (Hattie & Yates, 2013). This is true for game-based learning where the “big G Game” 
learning happens during interactions between peers, and between players and teachers, both of which 
can take place outside the game (Gee, 2013; Hayes & Gee, 2012).

In 2013-14 the authors conducted a national classroom implementation study with hundreds of high 
school physics students using the game, Impulse (Rowe, Asbell-Clarke, Bardar, Kasman, & MacEach-
ern, 2014) where science learning was measured in classes that played the game and were provided 
with bridge activities--materials designed to help teachers bridge science content in the game with their 
formal instruction. For this chapter, we focus on the analysis of teachers logs from that implementation 
study to highlight the types of activities that occurred in implementation classes that can explain how 
these bridge activities were used in class. Our goal is to understand what resources teachers need, and 
what we can provide in terms of tools and professional development, to help STEM teachers leverage 
implicit learning in games to improve explicit learning in class.

Impulse is a free-choice game available for free from most app stores and can be played on the web 
or on a tablet. In Impulse, players are immersed in a physics simulator in which they must intuitively 
predict the Newtonian motion of a set of balls to successfully avoid collisions while navigating their 
ball to the goal. Players use an impulse (triggered by their click or touch) to apply a force to balls, all of 
which obey Newton’s laws of motion and gravitation.

In the Impulse implementation study, teachers (and their students) were assigned to one of three 
conditions. Students in the Game group (209 students in 21 classes) were encouraged by their teachers 
to play Impulse outside of class. Students in the Bridge group (179 students in 18 classes) were encour-
aged to play the game outside of class and their teachers incorporated examples from the game into their 
classroom instruction on Newtonian mechanics. One hundred eight (108) students in 11 classes in the 
Control group neither played the game nor had game examples in class. Students in all groups completed 
assessments of their implicit understanding of the science concepts before and after the instruction on 
Newtonian mechanics.
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Hierarchical Linear Modeling (HLM) analyses examined the relationship between study group—Bridge, 
Game Only, Control—and students’ post-assessment scores. Results showed higher post-assessment 
scores for students in the Bridge classes, as compared to the Control classes after accounting for the 
students’ pre-assessment scores, student characteristics, teacher characteristics, and school demograph-
ics. Relative to Control classrooms, significant improvements in science learning were seen for students 
in classes where they were encouraged to play the game and the teachers used class time for “bridging” 
between game-based learning and the related science classroom curriculum. While there was no sig-
nificant overall difference between the Bridge and Game Only groups, the group effect was moderated 
by whether or not the class was Honors/AP. Honors/AP students in Game Only classrooms performed 
significantly worse than Honors/AP students in Bridge classrooms on post-assessments. Among students 
in non-Honors/AP classes, there was no difference between Bridge and Game Only classrooms, with 
both scoring significantly higher than Control classrooms. These results confirmed our conjecture that 
Impulse can help prepare some students for improved science learning in class. This chapter will explore 
two questions stemming from that work.

1.  In what ways did Bridge classrooms differ from Control and Game classrooms? Did they differ in 
the use of game-centered pedagogy only or were there differences in student demographics, teacher 
background or science instruction methods or content that may have driven our results?

2.  What types of strategies and classroom activities did Bridge teachers use to leverage implicit game-
based science learning to improve classroom learning of Newtonian mechanics in Honors/AP and 
non-Honors-AP classrooms?

LEVERAGING IMPLICIT GAME-BASED LEARNING

Implicit learning can be considered foundational to explicit learning (Polanyi, 1966), yet presents a 
challenge for educational researchers because of the difficulty of direct measurement. As such, it is also 
difficult for teachers to leverage this foundational knowledge, because learners may struggle to express 
their implicit understandings. Researchers acknowledge, however, that implicit knowledge is key to 
cognitive development, a point emphasized most strongly by the misconception research community of 
STEM educators late in the last century (McCloskey, 1983; diSessa, 1993). We argue that digital games 
may provide a unique opportunity to promote and study implicit learning, providing an important new 
lens for learning science researchers (Asbell-Clarke et al., 2012; 2013; NRC, 2011).

Implicit knowledge (also called tacit knowledge) has a variety of forms or definitions, and has been a 
construct in psychological and sociological research for quite some time. Polanyi (1966), a philosopher 
and scientist, argued that tacit knowledge is foundational to all explicit knowledge. Within tacit knowl-
edge, Collins (2010) distinguishes between somatic tacit knowledge of primal tasks such as walking 
and talking; collective tacit knowledge in a community such as language and humor; and tacit relational 
knowledge, the tacit knowledge that with effort can become related to explicit, or formalized, knowledge. 
As educational researchers, we focus on relational implicit knowledge because it has application to the 
explicit knowledge required in school settings. The importance of implicit knowledge was written about 
by Vygotsky (1978) as he described preparedness for learning — the abilities and understandings a 
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learner brings to a learning situation that can be scaffolded by a teacher, environment, and tools. Late 
in the last century, much of the literature in US science education turned its attention to implicit learn-
ing in the form of misconceptions that may get in the way of a learner’s conceptual development (e.g. 
McCloskey, 1983a, 1983b; Minstrell, 1982). diSessa (1993) notes the robustness of physics misconcep-
tions, with over half of respondents agreeing with several common misconceptions about basic physics, 
such as Newton’s Laws of Motion. diSessa also distinguishes between intuitive knowledge from expert 
understanding. A novice might have an intuitive feel that a book will not fall through a table or that a 
glowing filament is hot but still not be able to express an understanding of that phenomenon in formal-
isms or question it in a deeper sense. In contrast, experts not only think about a phenomenon in a more 
nuanced sense but also may seek consistency across phenomena to be able to abstract their experiences 
towards more general principles about the world (diSessa, 1993).

We suggest that while implicit learning is foundational and its measurement is an exciting new af-
fordance for game-based learning researchers, we also see teachers as a key vehicle for bridging game-
based implicit learning with the explicit learning required in classroom settings. Jim Gee (2007) and 
others argue that even a good educational game is only part of a complete learning experience. Post-game 
debriefing and discussions connecting gameplay with classroom learning are critical in helping students 
apply and transfer learning that takes place in games (Lederman & Fumitoshi, 1995; Ash, 2011; Ke, 
2009). We extend that notion to include teachers’ bridging of learning that takes place in free-choice 
games with classroom curricular content. Games can provide a venue for development of learners’ im-
plicit knowledge by giving them a place where they choose to dwell and persist so that they can grow 
their implicit knowledge over time. To exploit learning that happens in games, teachers need to build 
bridges between the students’ “aha” moments while playing free-choice games and the STEM content 
being covered in the classroom.

The Game: Impulse

Impulse is a free-choice game for web or wireless devices that immerses players in an n-body simulation 
of gravitationally interacting balls. To succeed, players must get their ball to the goal without colliding 
with any ambient balls. To do this they must predict the Newtonian motion of the balls (see Figure 1). 
The motions of all balls in the game obey Newton’s laws of motion and gravitation, including accurate 
gravitational interactions and elastic collisions among ambient balls with varying mass. Players use an 
impulse (triggered by their click or touch) to apply a force to balls. For a better understanding of this 
work, readers are encouraged to play Impulse at edge.terc.edu.

Impulse becomes more complex with each level as the number of balls increases and also vary in mass, 
requiring players to grapple with increasingly complex force interactions. Players only have 20 impulses 
(i.e., clicks) per level to navigate their ball to the goal and to negotiate the motion of the ambient balls. 
As players contend with the Newtonian motion of the balls, they develop strategies to succeed that are 
recognizable as implicit understandings of Newton’s first and second laws of motion.

Newton’s first law of motion states that an object in constant motion will stay at constant motion un-
less acted upon by an external force. This law is actually a specific case of the more general Newton’s 
second law of motion which states that the force acting on an object will result in its acceleration, the 
magnitude of which depends on its mass (or F=m*a). For example, predicting that the particle will keep 
floating at the same speed in the same direction when a player does not impact an impulse is consistent 



503

Building Bridges
 

with an implicit understanding of Newton’s first law. Even more directly, consistently imparting more 
force (more impulses) on a heavy particle than a light particle is consistent with an implicit understand-
ing of Newton’s second law.

OVERVIEW OF FINDINGS: IMPULSE CLASSROOM IMPLEMENTATION STUDY

The full results of the Impulse implementation study can be found in Rowe, Asbell-Clarke, Bardar, Kas-
man, and MacEachern (2014). In this study, 50 high school classes and 23 teachers were divided into 
three groups, Bridge, Game, and Control. Teachers in the Game and Bridge classes were asked to recruit 
students to play the game Impulse in their free time. In the 18 Bridge classes, teachers were provided 
video clips from the game along with talking points for leading a discussion on Newton’s Laws of Mo-
tion using those video clips. In the Control class, students did not play the game and teachers did not 
use the game examples. All classes covered their typical content on Newton’s Laws of Motion during 
the implementation period.

As part of the Impulse implementation study, researchers examined the conjecture that implicit 
learning in game play can help prepare students for classroom learning. Changes in assessment scores 

Figure 1. A screenshot from Impulse; the player is the green particle and is going towards the cyan goal 
in the bottom-left corner. Red, blue, and white particles have different masses.
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before and after classroom instruction were compared for the Game, Bridge, and Control groups using 
a series of hierarchical linear models using the SPSS MIXED linear models procedure, accounting for 
the clustering of students within classrooms and the clustering of classrooms by teachers. Results show 
higher post-assessment scores for students in the Bridge classes, as compared to the control classes after 
accounting for the students’ pre-assessment scores, student characteristics, teacher characteristics, and 
school demographics.

Figure 2 shows the estimated marginal means, the result of the HLM models in terms of the predicted 
post-assessment score if the mean levels of all covariates were used (Rowe, et al., 2014). These results 
suggest the overall effect of Study Group is statistically significant (F (2, 13.11)=3.9, p=0.047), but 
pairwise comparisons show the Bridge group to be significantly higher than the Control group (Mean 
difference=0.527, p=0.016) but not significantly different from the Game group (Mean difference=0.275, 
p=0.10).

This group effect is moderated, however, by whether or not the class is a standard or Honor/AP sci-
ence class. Figure 3 shows the predicted post-assessment scores (measured in effect sizes) for students 
scoring at the mean level of the pre-assessment. For students in Honors/AP classes, those in the Bridge 
study group earned mean level scores on the post-assessment 0.56 SD higher than students in Game 
classes and 0.31 SD higher than students in Control classes. Among students not in a Honors/AP class, 
those in Bridge and Game groups had similar mean post-assessments (a difference of 0.07 SD). Both 
were significantly higher than the mean post-assessment among students in the Control group (0.68 SD 
higher for Bridge classes, 0.61 SD higher for Game classes).

This moderating factor allows further exploration of the actual types of bridging activities that may 
explain the difference between Bridge and non-Bridge classes. By comparing the teacher activities in 
non-honors/AP Bridge classes to honors/AP Bridge classes, we can examine if there are practices that 
teachers are doing in the honors/AP Bridge classes that is improving students’ science learning.

One possible explanation for the difference between Honors/AP students and non-Honors/AP students 
is that students in Honors/AP classes might be more academic and served well by traditional curriculum, 

Figure 2. Estimated marginal mean post-assessment scores by study group
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and that their counterparts may, on the whole, be more receptive to alternative curricula. This explana-
tion is consistent with our findings in a previous survey of 1500 youth about gaming preferences, where 
it was found that youth who identified strongly with science preferred games that connected to science 
in the real world (Sylvan et al., 2013). The game, in this case, serves as an alternative form of scaffold-
ing for the less academic students, but may be a disruption to academic students, causing them to falter 
when given the game without sufficient bridging to the class material.

While, overall, these findings confirm our conjecture that Impulse can help prepare some students 
for improved science learning in class, these findings highlight the need to examine whether there were 
important differences in game-based pedagogies in Honors/AP and non-Honors/AP classrooms. It is 
also possible that variations in science instruction, student demographics, and/or teacher background 
may explain these findings. It is important to explore these alternative explanations. The remainder of 
this chapter describes the teacher log data collected as part of the implementation study—how it was 
collected, from whom, how it was coded, and what relationship there is between teacher reports of class-
room activity and student performance on the pre-post assessments. Specifically, this chapter explores 
two questions stemming from this work.

1.  In what ways did Bridge classrooms differ from Control and Game classrooms? Was it primarily the 
use of game-centered pedagogy or were there other important differences in student demographics, 
teacher background or science instruction methods?

2.  What types of strategies and classroom activities did Bridge teachers use to leverage implicit game-
based science learning to improve classroom learning of Newtonian mechanics in Honors/AP and 
non-Honors-AP classrooms?

Figure 3. Predicted post-assessment scores across study conditions in Honors/AP classes versus non-
Honors/AP classes
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TEACHER LOG METHODS: INSTRUMENTS, 
CODING SYSTEM AND RELIABILITY

One hundred thirty-five (135) teachers applied to be part of the Impulse classroom implementation study. 
The primary selection criteria a teacher had to meet to be included in the study was teaching at least 
one class covering Newton’s 1st and 2nd Laws during the 2013-14 academic year. Based on information 
in their applications and responses to emails, researchers assigned 42 teachers to the Bridge, Games, or 
Control group. Teachers were assigned to groups to ensure balance in terms of: the percentage of stu-
dents at the school receiving free/reduced price lunch, the percentage of minority students, and student 
access to technology in and out of school. To a lesser degree, the authors also sought balance between 
private vs. public schools, years of science teaching experience, region of the country, and prior experi-
ence using educational games.

This chapter reports results from the 22 teachers (and 47 classes) participating in the study in the 
2013-14 academic year who completed logs. Three teachers did not complete their logs and were excluded 
from these analyses. Teachers in all groups—9 Bridge, 8 Game Only, and 5 Control1—were asked to 
keep daily logs of activities for each study class and reflect on their practice before and after the study. 
Teachers were allowed to include up to three sections of the same class in the study (i.e., 3 sections of 
AP Physics) and up to three distinct classes (e.g., AP Physics, Honors Physics, and Conceptual Physics). 
Fourteen teachers had more than one section of the same class in the study. Four teachers had two distinct 
classes in the study--one Honors/AP, one non-Honors/AP. Teachers who completed the study—daily logs 
plus student completion of pre and post assessments—received stipends ranging from $300 for Control 
group teachers to $500 for Bridge group teachers.

Teacher Logs

The teacher logs utilized in the implementation study were modeled after the SCOOP Notebook developed 
by CRESST (Borko, Stecher & Kuffner, 2007). Teachers were asked to complete daily logs during the 
study as well as answer questions about their class before the study and reflect on their study experience 
afterwards. Each teacher in the study was given a personalized Google Drive folder containing all of 
the required “paperwork” for their participation in the research study, including blank log files. Google 
Drive allowed for instant sharing of classroom logs between teachers and EdGE researchers without 
requiring additional action from the teacher.

Pre-Study Questions

All teachers were asked to answer questions about their class before they began teaching Newton’s Laws 
to their students. These questions included class title (e.g., AP Physics, Conceptual Physics, etc), the 
number of students enrolled in the class, the grade levels of those students, class population character-
istics (e.g., AP, Honors, ELL), the textbook(s) and other primary support materials they used to teach 
forces and motion, and the dates they planned to start and stop teaching Newton’s 1st Law, Newton’s 2nd 
Law, and Forces and Motion (e.g., speed, inertia, acceleration). Table 1 provides a broad overview of 
the types of instructional materials teachers used to teach this science content. Textbooks were standard 
physics textbooks by major publishers. Six of the seven classes using only online materials were using 
ASU’s Modeling Physics.
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During the implementation period, teachers may have used additional support materials and resources 
(online and/or print) that were shared with researchers via their daily logs. Those details are not captured 
in Table 1.

Daily Log Questions

Teachers were instructed to complete separate daily log reports for each class or section participating 
in the study. In these logs, teachers were to provide detailed accounts of their classroom activities every 
day they taught content related to Newton’s Laws/Forces and Motion.

Each teacher in the study was provided with 15 numbered daily log template files in his/her personal-
ized Google Drive folder. Additional files were provided as necessary upon request for teachers whose 
units on Newton’s Laws/Forces and Motion lasted more than 15 days. Teachers who taught the relevant 
content for fewer than 15 days were instructed to leave superfluous template files blank. In addition to 
blank log files, teachers were also provided with a sample completed daily log showing the length and 
level of detail we wanted them to include in their logs in order to paint as descriptive a picture as pos-
sible of everything that happened in their classrooms. Along with their completed log entries, teachers 
were also asked to share additional relevant materials from the day’s lesson (worksheets, lesson plans, 
test questions, lab activities, media, etc.) via their Google Drive folder, email, or snail mail.

In their daily log entries, participating teachers were asked to respond to the following questions:

1.  What were your objectives/expectations for student learning during this lesson?
2.  Describe the lesson in enough detail so we understand how the materials were used or generated. 

Please make it clear what you would have done even if you were not participating in the study and 
what was changed because of the study.

3.  Describe the conversations, if any, that took place in the classroom about the Impulse game. (Bridge 
& Game Only groups).

4.  Thinking back to your original plans for the lesson, were there any changes in how the lesson actu-
ally unfolded?

5.  Is there anything else you would like us to know about this lesson that you feel was not captured 
by this log?

Table 1. Percentage of classes using each combination of instructional materials, by study group and 
Honors/AP status

Bridge Game Only Control

Honors-AP Not Honors-AP Honors-AP Not Honors-AP Honors-AP Not Honors-AP

Textbook Only 100% 23% 50% 54% 67% 50%

Online Only 0% 46% 50% 8% 0% 50%

Textbook & Online 0% 23% 0% 0% 33% 0%

Textbook & Other 
Resources

0% 0% 0% 38% 0% 0%

None 0% 8% 0% 0% 0% 0%
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Coding System

An emergent coding approach was used to perform the content analysis of the classroom logs. Two in-
dependent coders from EdGe reviewed two sets of class logs from each study condition (Control, Game, 
Bridge), chosen at random, and created a preliminary code list. These initial lists were compared against 
one another and refined to reflect the features of greatest relevance to the research. Daily logs were coded 
for: (1) Classroom activities; (2) Science content; and (3) Game-based pedagogies. Classroom activity 
codes characterize the nature of daily classroom practices and instruction (e.g., lecture, hands-on lab 
activities, gameplay, etc.). Content codes reflect science concepts related to Newton’s Laws, forces, and 
motion that are typically covered in high school physics courses and are relevant to the game Impulse. 
Codes for game-based pedagogies (Game/Bridge conditions only) included Bridge activities (how teach-
ers connected Impulse gameplay and classroom instruction), Gameplay (how teachers used the game 
Impulse in class), and Game discussion (how teachers and students talked about the game Impulse in 
class). Once the coding scheme was established, a comprehensive codebook of definitions, criteria, and 
examples was created to guide coders’ analysis of the remaining log files.

To confirm the reliability of the coding system, an EdGE researcher and two external evaluators from 
New Knowledge Organization independently coded logs and supplemental classroom materials provided 
by teachers from 10 of the 47 classrooms. The EdGE researcher is an astrophysicist with a doctorate in 
science education. The NKO evaluators are social scientists with science education expertise. The EdGE 
team selected classes to ensure each was taught by a different teacher--4 Bridge, 4 Game Only, and 2 
Control. Four classes were Honors/AP classes (2 Bridge, 1 Game Only, 1 Control). The remaining six 
classes were not Honors/AP classes. The EdGE researcher and one NKO evaluator double coded a total 
of 147 daily logs--58 from Bridge classrooms, 63 from Game Only classrooms, and 26 from Control 
classrooms. The team met to discuss code ambiguities and coding discrepancies. Once issues were 
resolved and consensus was reached on the coding scheme, the codebook was revised accordingly and 
select logs were re-coded. This coding was completed with an average Cohen’s kappa of 0.71 across all 
codes (i.e., coders agree 71 percent more frequently than expected by chance). Only codes with reliability 
at or above 0.70 will be retained for subsequent analyses comparing Bridge, Game Only, and Control 
classrooms. While the selection of a cut-off value for kappas depends on the context, 0.70 is considered 
satisfactory for established systems and is an appropriately high bar for a new coding system when us-
ing the codes to make statistical comparisons. The EdGE researcher then coded all remaining logs and 
supplemental classroom materials (worksheets, tests, readings, etc.) provided by teachers.

Cohen’s kappas for classroom activity codes are reported in Table 2. Teachers were not equally detailed 
in their logs, making it difficult to reliably code specific dimensions of classroom activity. Only codes 
for Bridge Activities, Lecture, Demo/Video/Provoking questions, Interactive/Exploratory activities, and 
Readings-based questions or guided note-taking were at or above 0.70. Abbreviated definitions for each 
of these classroom activities are reported in Table 2. For the complete list of codes, detailed definitions, 
and sample quotes, see the Appendix.

Table 3 reports the Cohen’s kappas for science content codes. EdGE researchers divided the sci-
ence content codes into four mutually exclusive categories: Newton’s First Law, Newton’s Second Law, 
Game-Related Science Content, and Other (non-game related) science content. Kappas for Newton’s 
First Law, Newton’s Second Law, and Other Science Content exceeded 0.70.

Table 4 reports the Cohen’s kappas from the coding of 58 logs from the Bridge classrooms. The 
authors created four codes to capture these bridging activities—(1) discussion, (2) use of provided video 
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Table 2. Classroom activity code definitions and reliability

Classroom Activity Code and Definition Cohen’s Kappa

Lecture: Content delivered by teacher, with little or no student interaction/involvement; may include Powerpoint presentations. 0.83

Demo or Provoking Question/Scenario: Class included a teacher- or student-led demonstration, viewing video clip(s) not related to the 
game Impulse, or a thought-provoking question/scenario posed to students as a way to introduce a topic.

0.81

Interactive or Exploratory Activity/Hands On Lab: Students engaged in interactive or hands-on/laboratory work as whole class, in 
small groups, or as individuals (e.g., creating a class graph, doing a cart on a track lab, answering “clicker” questions).

0.72

Bridge Activity: Any activity that connects Impulse gameplay with content being covered in the classroom (e.g., using the EdGE-
developed discussion guide or video clips in class as a way to talk about/illustrate how Impulse supports and/or demonstrates science 
concepts covered in class).

0.94

Reading or Reading-based questions, Guided Note Taking: Students were given a reading assignment to complete in class, 
responded to questions based on an assigned reading, or used a set of questions/prompts to guide reading or research on a given topic.

0.70

Review/Test Prep: Class time is devoted to reviewing or preparing for a non-EdGE quiz or test. 0.70

Table 3. Science content code definitions and reliability

Science Content Code Definition Cohen’s 
Kappa

Newton’s First Law: This code includes explicit discussion of either Newton’s First Law OR Inertia. 0.77

Newton’s Second Law: This code includes explicit discussion of Newton’s Second Law, Net Forces, OR Acceleration. 0.90

Game-related Science Content: This code includes explicit discussion of game-related science content such as Forces, Mass, Momentum, Impulse, 
Gravity, Velocity, Vectors, Collisions/Impact, OR Kinematics.

0.58

Other Science Content: This code includes explicit discussion of Newton’s Third Law, Friction, Circular/Orbital Motion, Springs, OR History of 
Science.

0.71

Table 4. Bridge Activity code definitions, sample quotes, and reliability

Bridge Activity Code Definitions Sample Quotes Cohen’s 
Kappa

1. Discussion: Classroom activities for the day included a discussion related 
to the game Impulse. The nature of the discussion does not matter for this 
code. It could be about anything from whether or not students played the game 
to technical difficulties with the game or even an in-depth discussion of the 
physics represented in the game.

“I had planned to limit the discussion of the Impulse game to the 
questions assigned at the end of the period. However, the game 
examples came to be useful in discussing addition of forces and 
Newton’s third law.” (B138)

0.62

2. Use of EdGE-based video clips: Teacher logs mentioned use of EdGE-
developed video clips of Impulse gameplay.

“While viewing the video clip, one of the students who played to 
an advanced level explained to the others that even though different 
colored particles appeared to be the same size, there were differences 
in mass - in fact, some particles were twice as massive as the others.” 
(B132)

1.00

3. In Class Game Play: Class time was devoted to playing Impulse as a way 
to connect the game with explicit science content. This could include a teacher 
demonstration, group play, or individual students playing the game. However, 
gameplay without any intervention from the teacher that attempts to link the 
content of the game with science instruction (i.e., as part of the registration 
process or busy work), should not be coded as a bridge activity.

“I asked students how they would need to click on the screen in order 
to get the ball to move in a large circle. There were varying opinions, 
so I had them go to Level one on the game and try to do it. Once 
everyone was convinced that the force would need to be applied on 
the outside of the circle, directed inward, they very quickly made 
the link to the inward direction of acceleration when in uniform 
circular motion. This was an excellent application of the conceptual 
idea “the net force is ALWAYS pointed in the same direction as the 
acceleration.” (B118)

0.35

4. Bridge Activity (other): Classroom activities developed by teacher to tie 
game into curriculum

“One of today’s scenarios was a frictionless hover disc traveling at 
a constant velocity. Several students were tempted to draw a force 
in the direction of motion because “something has to be making 
it move.” I used the green ball in the impulse game as a reference 
and asked them if they had to keep clicking it repeatedly to keep it 
moving once it was in motion. Most of them realized that it kept 
moving on its own and were able to use that idea to correct their 
force diagrams.” (B120)

-0.02
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clips, (3) in-class gameplay, and (4) other (teacher-created) materials. Coders reached the 0.70 kappa 
threshold only for the use of provided video clips. While the coders were able to reliably discern whether 
or not there was any Bridge activity, the level of details provided by teachers made it difficult to discern 
the exact nature of their bridging activity. Game-play and game-related discussion was coded in greater 
detail, with improved reliability in Tables 5 and 6.

There is some evidence teachers underreported their use of the game and discussion of the game in 
relation to content being covered in class. Three Game Only teachers (7 classes) indicated in their post-
reflections that students played the game in class, yet did not report this in their daily logs. A different 
Game Only teacher reported allowing students to play Impulse in two class on “several occasions.” 
Another Game Only teacher said “The logs are exactly what happened in class except for the few times I 
allowed the students to play the impulse game for short time increments when we had time.” No in-class 
gameplay was mentioned in any of the daily logs for three classes, but the instructor’s post-reflection log 
indicated that students played at least one time in conjunction with BrainPlay registration and perhaps 
on other occasions, though the frequency of additional in-class play (if it did occur) was unclear. One 
Game Only teacher and one Bridge teacher reported in-class gameplay just one time each in their daily 
logs (as busy work in the Game Only class and as part of BrainPlay registration in the Bridge class), 
but their post-reflections implied that there may have been more frequent use of the game during class 
time throughout the implementation period. Similarly, there were a couple known instances of under-
representation of game discussion/bridging in the daily logs among 2 Bridge and 1 Game Only teachers. 
For example, the Game Only Instructor, who did not report any discussion of the game in his daily logs, 
said in his post-reflection, “I used teachable moments to make correlations to the Impulse game that the 
students were playing online. I view the online game as a tool in my teacher toolbox.”

Table 5 reports the Cohen’s kappas from the 121 logs in Game Only and Bridge classrooms related to 
in-class gameplay. The authors created 5 codes to describe in-class gameplay: teacher demo, individual 
gameplay, group gameplay, busywork, and whether the gameplay was a major part of the class (i.e., not 
busywork). Only the code for teachers using games as busy work was above 0.70. Similar to the generic 

Table 5. In-Class gameplay code definitions, sample quotes, and reliability

In-Class Gameplay Codes and Definitions Sample Quotes Cohen’s 
Kappa

Teacher Demo: The game Impulse was played in class as a 
demonstration led by the teacher, projected for the entire class 
to watch.

“I used Impulse as a demonstration for initially presenting the concepts of 
inertia and net force…” (B134)

0

Group Activity: Students play the game Impulse in small 
groups or as a whole class with one student “driving” 
gameplay.

“This was our fourth session of gameplay in the computer lab. By today 
almost all the students had achieved Level 70, so this session was devoted 
to assisting those who had not achieved Level 70. Again, I was amazed at 
the level of collaboration and teamwork the student’s displayed.” (G172)

0

Individual Activity: Students play the game Impulse 
individually.

“I took the class to a computer lab so that every kids could be on a 
computer. I had written an assignment for them, Computer Activities for 
Unit 5, to guide their activities. We spent all period there. Almost every 
kid played Impulse up to level 20 or beyond.” (B144)

0.27

Busy Work: Students were allowed/given the option to play 
the game Impulse during class as a “free-choice” activity or 
busy work after the primary lesson or activity for the day is 
completed.

“There were no conversations about Impulse today other than my 
mentioning that students were free to play as a reward for finishing their 
essays.” (B136)

0.76

Primary/Major Part of Lesson: The teacher used Impulse 
gameplay as part of the primary lesson for the day (i.e., NOT 
as busy work).

“Today in class, I had students play Impulse for 15 minutes and then we 
talked about what they saw in the game.”

0.58
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science classroom activity codes, the level of detail reported by teachers varied greatly, making it dif-
ficult to discern exactly how the games were used in class.

Game discussion was coded for whether there was evidence of formal (teacher-led) integration, bridge 
materials being used, whether teachers provided incentives for the game, whether teachers provided en-
couragement for students to play the games in their free time and/or in class, whether students explicitly 
discussed the science content in the game, and whether there was any casual discussion about the game 
among students. Table 6 reports the Cohen’s kappas from the Game Only and Bridge classroom logs 
related to in-class game discussions. Only the codes for Formal Integration led by the teachers, Provid-

Table 6. Game Discussion code definitions, sample quotes, and reliability

Game Discussion Codes and Definitions Sample Quotes Cohen’s 
Kappa

Formal Integration (teacher-led): The teacher 
initiated and led a discussion in class about the game 
Impulse and how it connects with science topics being 
covered in the curriculum.

“I emphasized that N2 is to be considered in terms of the sum of all forces, 
and that we name force vectors positive and negative to indicate right/left 
and up/down. I related this to the Impulse game by bringing up Newton’s 
third law. The students mostly asserted that it is the moving object that 
exerts the force on the stationary object, even as they were able to recite N3 
again. Upon questioning they came to agree that the moving object slowed 
down during the event and must therefore have experienced a force opposite 
to its direction of motion.” (B138)

0.88

Formal Integration (EdGE docs): Same as the 
previous entry, but with specific mention of the 
EdGE Discussion Guide provided to teachers in their 
personalized Google Drive folders.

“At first I tried to run the video while asking the questions from the 
suggestion provided in the Video Clips suggestions and recording the 
question and answers” (B138)

0

Provided incentives for playing the game: Teacher 
discussed the game Impulse in class in the context of 
providing students with their own incentives to play 
the game (e.g., bonus points on a test, etc.), or telling 
students about incentives for student participation 
(e.g., a pizza party).

“In the remainder of the time of the class, I reviewed the expectations for 
the Impulse game and the prizes being offered, and I passed out instructions 
for students to register.” (B118)

0.92

Encouraged/reminded students to play Impulse 
after school/in free time: Teacher discussed the game 
Impulse in the context of encouraging or reminding 
students to play Impulse outside of class/school time 
as part of their responsibilities as research study 
participants.

“I reminded this group about playing Impulse....” (B146) 0.73

Encouraged/reminded students to play Impulse in 
class/school: Teacher discussed the game Impulse in 
the context of encouraging or reminding students to 
play Impulse in class or school, perhaps as an option 
during “free-choice” time in class, after finishing an 
exam, as part of the day’s lesson, etc.

“Since we were able to reserve a laptop cart (‘Computer On Wheels’ 
aka COW cart), students were able to obtain internet access within my 
classroom. I encouraged them to play Impulse after completing their rocket 
essay and reminded them that we have until December 1st to reach our 
goal.” (B132)

0.12

Students talking about game in relation to physics 
content: Teacher log indicates that students were 
talking about the game Impulse in the context of 
peer-to-peer discussion in or out of class, or when 
the teacher did not specifically prompt a relationship 
between the game and what was being covered in 
class.

“...I heard them conversing with questions about the game and the physics 
involved. I heard some students describing the motion of the balls in the 
game as though surprised, while other students would respond that this is 
what is predicted by Newton’s laws. They were very independent and had 
few questions for me.” (B138)

0.32

Casual discussion: The game Impulse was discussed 
in class in more general, casual way (not related to 
class/physics content). For example, this type of 
discussion might be about what level they reached in 
the game, commentary on whether the game is hard/
easy, etc.

“Before class began, students talked about the game as they entered the 
room. Comments that I received were that the game was difficult to use 
without a mouse, that after level 49 the game ‘got hard’ and that there were 
no directions on ‘how to play’. One student asked where the game ended 
(i.e. what was the uppermost level).” (B132)

0.50
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ing Incentives for playing the game, and Encouragement to Play in the Free Time reached a sufficient 
level of reliability to be included in subsequent analyses.

Post-Study Reflection Questions

Once teachers finished teaching the content related to the game Impulse and their students had taken the 
post-instruction assessment, they were instructed to provide their “Final Reflections” as the last piece 
of their required classroom logging activities. The purpose of the post-study reflections component of 
the classroom logs was to have teachers provide us with their honest impressions about participating in 
the research study and the impacts their participation had on their students and their classroom teaching 
practices. As with the other components of the classroom logs, a separate Final Reflections Log was to 
be completed for each class or section participating in the study, and EdGE provided a sample log as an 
exemplar. The post-study reflection questions for Bridge and Game Only teachers were:

1.  How did your approach to teaching this class change as a result of using the games and/or bridge 
materials?

2.  In what ways were these changes positive and/or negative?
3.  Do you think your teaching will be impacted in any permanent way because of your experience in 

this study? If so, how?
4.  What differences did you notice about students’ learning of the related science during their experi-

ence in this study? Were they more or less engaged? Do you think they were able to learn less or 
more content? Skills?

5.  What overall comments do you have about how students’ classroom science learning may or may 
not be impacted by game-based learning?

6.  How well does the set of descriptions and the materials you’ve included in your daily logs represent 
the spirit of what was going on in your class? What is not represented in what you’ve included and 
written here that you think is important for researchers to know about your teaching and your class 
during the implementation period?

Teachers’ responses to these post-study reflection questions were coded to capture teachers’ impres-
sions of the overall impact that participating in the study had on their teaching and consequently, on their 
students’ content knowledge and engagement. Specifically, we coded for the degree to which their teach-
ing approach changed, the quality of the impact on their teaching, whether this change was permanent, 
and whether there were changes in students engagement and science learning. These class-level codes 
only had 10 data points (compared to over a hundred for most of the other codes) and any disagreement 
between coders had a much larger impact on the reliability. For this reason, we will include only codes 
that exceed 0.60 for this set of codes. Table 7 presents the Cohen’s kappas for the class-level codes. 
Four codes exceeded 0.60: the type of impact on teachers perceived on their teaching; whether teachers 
thought the change in their teaching was permanent; the type of change teachers saw in their students’ 
level of engagement; and the type of change teachers saw in their students’ learning.
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Teacher and School Demographics

In their applications to participate in the implementation study, teachers reported information about:

• The name of their school.
• Their school (private, public, public charter).
• The percentage of students their school receiving free-reduced price lunch (0-25%, 26-50%, 51-

75%, 76-100%).
• The percentage of students in their school who are white (0-25%, 26-50%, 51-75%, 76-100%).
• The number of years they have taught science.
• The science courses they teach.
• Their prior experience using games in their teaching.
• The reason why they were interest in the study.

We verified the demographics of the students in public schools were verified with the 2011 Common 
Core of Data. While the CCD data is from two years year prior to this study, it is unlikely the character-
istics of the entire high school student population change dramatically from year to year. Student demo-

Table 7. Post study reflection code definitions, code values, sample quotes, and reliability 

Class Level Code Definitions Code Values Sample Quotes Cohen’s 
Kappa

Degree of Change in Teaching 
Approach: Interpretation of teacher’s 
self-evaluation of the degree to which 
using Impulse affected their teaching 
approach

Significant 
Minor 
No Change

“I used a few examples from the impulse game in class 
discussions, but for the most part, my approach was not 
drastically altered by either the game or the bridge materials.” 
(B120)

0.41

Teaching Change Positive/Negative: 
Interpretation of teacher’s self-evaluation 
of the type/quality of impact that using 
the game had on their teaching.

Positive 
Negative 
Mixed 
None 
Unsure

“Keeping in mind that few changes took place in my classroom 
teaching of this subject, I still have to report a positive 
influence on simply participating in the game study. The 
students were initially very excited about the process taking 
place in our poor school district and a few of them really 
enjoyed playing the game. I explained to them that they had the 
opportunity to make a difference in the development of a game 
and that made them feel like they made a difference.” (G120)

0.65

Permanency of Change in Teaching: 
Teacher’s reflections about whether their 
study experience will have long-term 
impacts on their pedagogy

Yes 
No 
Unsure

“I think that I will assign more simulations and game-like 
activities for students to do 
outside of class. It’s given me the confidence that students will 
follow through with these activities.” (B140)

1.00

Change in Student Engagement: 
Teacher’s reflection about whether 
students were more or less engaged 
during the study.

More 
Less 
No 
Difference 
Unsure

“All of the students were initially engaged, but as time went on, 
some students dropped off the grid because they truly could 
not catch on to the ways in which they could have success in 
playing the game.” (G152)

0.60

Change in Student Science Learning: 
Teacher’s reflection about whether 
students learned more or less science 
content.

More 
Less 
No 
Difference 
Unsure

“...evidenced by the objective results of their chapter test, 
where the average picked up by approximately one letter grade. 
Obviously with a score increase there was more content being 
learned.” (G120)

1.00

Note: All class-level codes allowed values of ‘No Response’ and ‘Not Applicable’.
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graphic data is not available for private schools. Chi-square analyses of the distribution of classes across 
categories revealed uneven distributions among the percentage of minority students (Chi-square=32.1, 
15 d.f., p<0.006) but not the percentage of students receiving free-reduced price lunch in each group 
(Chi-square=21.5, 15 d.f., p<0.122) (Table 8). While all of the Bridge classes were in schools with less 
than 50% minority students, Control and Game Only classes were spread across schools with low and 
high percentages of minority students.

Table 8. School demographics, teacher science teaching experience, and teacher gameplay duration by 
study group and status

Bridge Game Only Control

Honors-AP Not 
Honors-AP

Honors-AP Not 
Honors-AP

Honors-AP Not 
Honors-

AP

Number of Teachers 5 6 2 6 4 2

Number of Classes 6 12 4 14 8 3

Avg Number Classes/Teacher 1.2 2.0 2.0 2.3 2.0 1.0

Percentage of Classes Taught by:

Male Teachers 33% 23% 50% 62% 22% 50%

Female Teachers 67% 77% 50% 38% 78% 50%

Percentage of Classes Taught by Teachers in:

Public Schools 67% 77% 100% 62% 100% 100%

Private School 33% 23% 0% 38% 0% 0%

Percentage of Classes Taught by Teachers with:

Less than 5 years science teaching experience 17% 8% 0% 62% 22% 0%

5+ years science teaching experience 83% 92% 100% 38% 78% 100%

Percentage of Classes in Schools with:

0-25% Free-Reduced Lunch 17% 23% 50% 23% 56% 50%

26-50% Free-Reduced Lunch 50% 54% 0% 15% 22% 50%

51-75% Free-Reduced Lunch 0% 0% 50% 23% 22% 0%

Private School 33% 23% 0% 38% 0% 0%

Percentage of Classes in Schools with:

0-25% Minority Students 33% 62% 50% 38% 44% 50%

26-50% Minority Students 67% 38% 0% 23% 33% 0%

51-75% Minority Students 0% 0% 0% 38% 0% 0%

76-100% Minority Students 0% 0% 50% 0% 22% 50%

Percentage of Classes taught by Teachers with 
Prior Experience using Games to Teach

100% 100% 100% 54% 44% 50%

Impulse Gameplay

Mean Duration (minutes) 815 695 35 1460 -- --

Highest Level Reached 11 38 25 14 -- --

% Classes in which Teacher Never Played 17% 0% 50% 23% -- --
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All Bridge and Game Only Honors/AP teachers reported prior experience using games. Approximately 
half of the teachers in the remaining three groups reported prior experience using games. Two of the four 
Game Only, Honors/AP classes (the group with the lowest estimated mean) were taught by a teacher that 
never played Impulse despite both teachers reporting prior experience using games.

Student Demographics

All student level characteristics were collected as part of the registration process into the game-based 
data collection system called BrainPlay. BrainPlay was developed by the EdGE team with our game 
development partners to organize and export pertinent data from each game along with player data from 
surveys. When registering in BrainPlay, students provided their gender, birth month, and birth year, 
which were used to calculate the student’s age at the time of registration. BrainPlay also recorded all 
player interactions with the game, including the duration of gameplay and highest level of the game 
played. These measures of gameplay were included in this study as another alternative explanation of 
differences between Honors/AP and non-Honors/AP students in Bridge and Game Only classrooms in 
estimated post-assessment results. Table 9 shows the distribution of students across these groups.

In univariate analyses, there were significant differences between groups in the percentage who had 
5+ years of science teaching experience (F=3.919, 5, 41 d.f., p=0.006), the percentage of teachers prior 
experience using educational games (F=3.269, 5, 41 df, p=0.014), and, among Bridge and Game Only 
classes, the highest level they reached in the game (F=3.946, 5, 41 d.f., p=0.019). The non-Honors/AP 
Game only classes were more likely than classes in the other groups to be taught be a teacher with less 
than 5 years of science teaching experience. If a lack of science teaching experience were related to 
poorer bridging, this group should have performed more poorly than the others. This was not the case.

Table 9. Student demographics by study group and Honors/AP status

Student Characteristic Total Bridge Game Only Control

Honors-AP Not Honors-
AP

Honors-AP Not Honors-
AP

Honors-AP Not Honors-
AP

Number of Students in Study 481 68 119 45 139 93 17

Student

Female 270 46% 57% 62% 54% 58% 41%

Male 237 54% 43% 38% 46% 42% 59%

Student Age

14 1% 0% 0% 45% 3% 0% 1%

15 16% 8% 0% 25% 3% 6% 16%

16 46% 29% 82% 16% 18% 12% 46%

17 37% 57% 18% 12% 48% 53% 37%

18 0% 5% 0% 1% 27% 29% 0%

Not Reported 0% 6% 0% 1% 0% 0% 0%
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Univariate analyses showed a significant difference in group membership by student age (F=70.6, 5, 
467 d.f., p<0.001) but not gender (F=1.06, 5, 467 d.f., p=0.38). Pairwise contrasts show a moderating 
impact of study group and Honors/AP status (Figure 4).

Among Bridge classrooms, students in the non-Honors/AP classes were significantly older than those 
in the Honors/AP classes (mean difference=-0.4, p=0.002). The reverse pattern was true among Game 
Only classrooms (mean difference=1.2, p<0.001). There was no significant difference by Honors/AP 
status in Control classrooms (mean difference=0.13, p=0.56). Students in non-Honors/AP, Game-Only 
classrooms were significantly younger than students in all other groups.

RESULTS: COMPARISON OF BRIDGE CLASSROOMS 
TO CONTROL AND GAME CLASSROOMS

Bridge, Game Only, and Control classrooms were compared based on duration of participation (number 
of logs), how often each of five instructional practices were employed, and how often four science con-
tent areas were taught. To account for the varying durations of participation by each class within a study 
condition (Bridge, Game Only, Control), the mean percentage of class days, which is a very rough proxy 
for the amount of time a teacher spent engaging in that instructional activity or with that science content, 
was used for these comparisons. The actual amount of time spent covering material relevant to the game 
could vary widely, both across teachers and for a single teacher across days throughout the participation 
period, but the log data did not include the level of detail needed to determine that information. Without 
cost-prohibitive direct observations or more comprehensive (and therefore burdensome) questions in the 
daily teacher logs, it is difficult to make finer grain distinctions at the large scale needed to incorporate 
the log data in statistical models such as HLM. Univariate analyses are reported in Table 10.

Figure 4. Mean student age by study group and Honors/AP status
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The data indicated a significant relationship between Study Group (Bridge, Game Only, Control) and 
Honors/AP status with respect to the percentage of class time spent on interactive or exploratory/hands-
on activities. Pairwise comparisons showed Honors/AP Game Only classes participated in interactive 
activities twice as often as non-Honors/AP Game Only classes (40% vs 21%, F=5.46, 5, 41 d.f., p<0.001).

There were few differences in the science content covered in these classes. However, one significant 
difference we found was in the prevalence of non-game-related science content (Newton’s Third Law, 
Springs, etc.). Teachers in Bridge and Game Only classrooms, on average, covered these other science 
topics on more than half of their class days during the study, whereas teachers in Control classrooms 
only did so on one third of their class days (F=3.61, 5, 41 d.f., p=0.01). There were no significant dif-
ferences in the mean number of topics covered per day, with all groups averaging between two and three 
topics (out of four categories) per day.

Overall, these results suggest classroom activities and science content are not a strong explanation 
for patterns found in pre-post assessment performance, where Honors/AP students in Game-only class-
rooms and non-Honors/AP students in Control classrooms underperformed compared students in other 
classrooms (see Figure 3). Log data show that students in Control classrooms spent a greater proportion 

Table 10. Classroom activities and science content as a proportion of class time by study group and 
Honors/AP status

Bridge Game Only Control One-Way 
ANOVA

Honors-
AP

Not 
Honors-AP

Honors-
AP

Not 
Honors-AP

Honors-
AP

Not 
Honors-AP

F- 
Value

p 
Value

Number of Classes 6 13 4 13 9 2

Total Number of Logs 
Coded

60 276 72 204 102 15

Mean Duration in Days (N 
Logs)

10 21 18 16 11 8 2.7 0.03

Mean Percentage of Class Days

Lectures 6% 1% 5% 4% 5% 0% 0.60 0.70

Demo, Video, Provoking 
Questions or Scenarios

25% 32% 47% 22% 26% 59% 2.41 0.05

Interactive or Exploratory 
Activity/Hands-On Lab

36% 34% 40% 21% 54% 47% 5.46 0.00

Readings-based questions 
or guided note taking

24% 10% 10% 7% 12% 9% 1.34 0.27

Review/Test Prep 13% 17% 12% 10% 5% 0% 1.79 0.14

Mean Percentage of Class Days

Newton’s First Law 34% 34% 32% 45% 42% 32% 0.83 0.54

Newton’s Second Law 85% 75% 74% 66% 68% 86% 1.34 0.27

Other, non-game related 
science content

68% 66% 59% 47% 32% 35% 3.61 0.01

Mean number of main 
topics per day

2.7 2.5 2.6 2.4 2.1 2.5 1.59 0.18

NOTE: The degrees of freedom for the one-way ANOVA tests are (5, 41) for all tests.
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of their class days doing interactive, hands-on activities and were more focused on the content directly 
related to the game rather than other science content. Given the widespread belief in the efficacy of 
hands-on activities for enhancing science content learning, one might argue that students in Control 
classrooms should be outperforming students in the Bridge and Game Only classrooms. The fact that 
they are not suggests something related to the use of game-based pedagogies may be leading to the better 
performance of students in the Bridge classrooms relative to the Control classrooms.

RESULTS: GAME-BASED PEDAGOGIES

This section examines the game-based pedagogies used in Bridge & Game Only classrooms and whether 
they vary by Honors/AP status. Honors/AP status is a proxy both of students’ prior science knowledge 
and teacher expectations for students’ science learning in their current course. Three main bridging 
activities that were reliably coded are examined below—(1) gameplay; (2) teacher-led class discussions 
that explicitly connect gameplay with science content; and (3) the use of video examples of gameplay 
to illustrate specific science concepts.

Figures 5 and 6 show the mean amount of time (in minutes) students in each of the four groups played 
Impulse and the mean highest level those students reached.2 A univariate test comparing the mean number 
of minutes spent playing Impulse by students in these four groups was not significant (F=0.32, 3, 367 
d.f., p=0.808) and neither were any of the group contrasts, which suggests all groups played Impulse 
for approximately the same amount of time. Univariate analyses also show no overall differences in the 
mean highest level reached in the game for each group (F=2.29, 3, 367 d.f., p=0.078).

Figures 7 and 8 report the percentage of all Bridge classes in which the teacher used each bridg-
ing strategy and the percentage of class days the teacher used the strategy.3 Teachers that did not use a 
strategy (0 percent) are included in these analyses to keep the number of classes constant. All Bridge 
Honors/AP classes had at least one class day with a teacher-led discussion connecting gameplay with 
science content. This was also true in all except one Bridge non-Honors/AP class. Teachers of Honors/
AP classes, however, used this bridging strategy in an average of 40 percent of the class periods included 
in this study. Teachers of non-Honors/AP classes, led discussions of this type significantly less often, 
an average of 17 percent of their classes (F=10.4, 3, 32 d.f., p<0.001).

The use of videos of Impulse gameplay was reported less frequently than discussion. However, 
half of Honors/AP classes and 38 percent of non-Honors/AP classes reported using them at least once. 
Furthermore, 38 percent of Honors/AP classes reported also discussing those videos, while none of the 
non-Honors/AP classes did (F=5.13, 3, 32 d.f., p=0.005). Honors/AP Bridge teachers also reported us-
ing gameplay videos as a bridging activity in a larger proportion of their classes than did non-AP Bridge 
(average percentage was 18% for Honors/AP, 4% for non-Honors/AP, F=5.13, 3, 32 d.f., p=0.005).

IMPLICATIONS FOR GAME-BASED LEARNING IN SCIENCE CLASSROOMS

Prior analyses of a national classroom implementation study of Impulse suggest games can be effective 
tools for teaching science when accompanied by teacher bridging activities (Rowe et al., 2014). The 
direct effect of study group (Bridge, Game Only, Control) was moderated by whether the class was 
Honors/AP or not, so the Honors/AP status was incorporated into all analyses presented in this chapter. 
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Before examining game-based pedagogies, the authors conducted analyses of student demographics, 
teacher demographics, teacher and student gameplay, science instruction, and science content to examine 
potential alternate explanations of the findings. Perhaps students in the Bridge group were more likely 
to have more experienced teachers or be in wealthier school districts? Perhaps their teachers provided 
more in-depth science instruction or that instruction was better aligned with the content of interest in 
the game (Newton’s First and Second Laws)? Or, perhaps, Bridge teachers were more likely to have 
experience using games in their science instruction prior to this study? As it turns out, we did not find 
any of these to be true.

As seen in Figure 3, students in the Honors/AP Game Only classes fared worse on the post assessment 
than students in the Honors/AP Bridge classes after accounting for their pre-assessment performance 
and other student characteristics. Figure 5 shows that both groups of students spent an average of ap-
proximately 50-55 minutes playing the game, with both groups reaching the same average level in the 
game (Figure 6). When the game was played outside of class and without supporting peer and teacher 

Figure 5. Mean time (in minutes) spent playing Impulse by study group and Honors/AP status

Figure 6. Average highest Impulse level reached by study group and Honors/AP status
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discussion (as was the expectation in Game Only classes), the game may have only served as a distractor 
for more structured, traditional learners who may gravitate towards Honors/AP classes.

The greatest positive impact on learning was achieved by Honors/AP classes in the Bridge condition. 
When comparing classroom and teacher activities in these Honors/AP Bridge classes to non-Honors/
AP classes, the authors found that the Honors/AP Bridge teachers were more likely to use video clips of 
gameplay during instruction than were non-Honors/AP teachers (Figures 7 and 8). It was also only the 
Honors/AP teachers who reported discussing those video clips with their students. While use of these 
EdGE-provided bridge materials may have been under-reported, there is no reason to believe under-
reporting would vary by the type (Honors/AP vs. not) of class being taught.

Figure 7. Percentage of Bridge teachers who engaged with specific bridging activities in at least one 
class period, by Honors/AP status

Figure 8. Mean percentage of Bridge class periods teachers spent on specific bridging activities, by 
Honors/AP status
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The greatest difference between the Honors/AP and non-Honors/AP Bridge groups, and thus, the 
strongest candidate as the driver of the differences in science learning between the groups, was the use 
of game-related discussion. Honors/AP Bridge teachers used game-based discussion in a significantly 
higher proportion of their classes than non-Honors/AP Bridge teachers. The results of this study suggest 
that teachers should encourage their students play science-related games in and outside of class, and that 
the teachers should use bridge materials combined with formal game-related discussion to help connect 
implicit game-based learning to explicit classroom science learning.

The study also leaves many questions unanswered. What types of discussions are making the most 
impact in scaffolding game-based learning? Are there critical points in lessons at which it is best to 
intervene to help bridge implicit game-based learning with explicit classroom learning? What kinds of 
teacher facilitation (if any) are needed to make peer-to-peer discussion fruitful for leveraging game-based 
learning? Traditional methods, such as ethnography and discourse analysis, are hugely time-intensive 
and thus limit studies to small numbers of classes. To conduct statistical analyses with sufficient power, 
researchers need replicable and scalable methods to examine the social dynamics in game-based class-
rooms. These might include the use of a combination of sociometric badges (Pentland, 2014), natural 
language processing (McNamara, Graesser, McCarthy, & Cai, 2014), or other innovative technologies 
and data mining methods that can accurately depict more detailed interactions within large numbers of 
classrooms.
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ENDNOTES

1  These numbers differ from our previous publications. When we examined the teacher logs we 
found one Game teacher who reported formally integrating the game into her instruction and should, 
therefore, be classified as a Bridge teacher. That change is incorporated into the analysis of the 
teacher logs, the focus of this chapter. Future HLM analyses will incorporate this change.

2  Five students had mean times exceeding 70K seconds (almost 20 hours) of gameplay. These values 
were outliers likely due to leaving the game running and dropped from the analyses of the duration 
of game play and mean duration per level.

3  To keep the number of bridge teachers constant in this figure, teachers who did not use a specific 
bridge activity have a value of ‘0’. Removing those teachers from the analysis would raise the means 
and increase the error. The overall pattern of results is the same in both, so the authors opted to 
retain all teachers for all analyses.

This research was previously published in the Handbook of Research on Gaming Trends in P-12 Education edited by Donna 
Russell and James M. Laffey, pages 442-468, copyright year 2016 by Information Science Reference (an imprint of IGI Global).

http://website.education.wisc.edu/kdsquire/tenure-files/15-gls.pdf
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APPENDIX
Table 11. Detailed definitions of classroom activity codes with sample quotes

Classroom Activity Code and Definition Sample Quote Cohen’s 
Kappa

Direct Instruction: Covers things like “I taught…,” 
“I reviewed…,” “Went over...,” “Notes on the white 
board…,” and other ambiguous statements about 
classroom activities.

“I started the class with a brief review of Newton’s 2nd 
Law.” (C118)

0.30

Lecture: Content delivered by teacher, with little or no 
student interaction/involvement; may include things like 
Powerpoint presentations. Teacher log should clearly 
indicate the activity is a lecture based on description 
provided by the teacher or include use of the term 
“lecture.” If in doubt, choose “Direct Instruction.”

“The lesson today was mostly lecture format outside of a 
demonstration of using Newton’s first law to determine the 
frictional force of a book sliding on a table.” (G108)

0.83

Impulse Gameplay: The game Impulse was used in class 
as a teacher-led demonstration, or students played the 
game as part of a group or individual activity.

“When this activity was done (and a homework sheet 
given out where the students draw the heads of the front 
and back car drivers as well as a ball in a wagon that gets 
pulled), the students were able to get an iPad so that they 
could play the game “Impulse”.” (B126)

0.61

Demo or Provoking Question/Scenario: Class included 
a teacher- or student-led demonstration, viewing video 
clip(s) not related to the game Impulse, or a thought-
provoking question/scenario was posed to students as a 
way to introduce a topic.

“I did show to 2nd period a video I found on the horse/
cart problem. It shows again how action/reaction forces do 
NOT cancel and how other forces acting on the same 
object CAN combine and cause motion.” (B126)

0.81

Interactive or Exploratory Activity/Hands On Lab: 
Students engaged in interactive or hands-on/laboratory 
work as whole class, in small groups, or as individuals. 
A lab is defined as an experience in the laboratory, 
classroom, or the field that provides students with 
opportunities to interact directly with natural phenomena 
or with data collected by others using tools, materials, 
data collection techniques, and models (NRC 2006, p. 3). 
During a lab, students should have opportunities to design 
investigations, engage in scientific reasoning, manipulate 
equipment, record data, analyze results, and discuss their 
findings. Examples might include things such as: creating 
a class graph, doing a cart on a track lab, answering 
“clicker” questions, etc.

“Students worked in groups using a spring scale to pull 
a person on roller blades. Students were asked to make 
and record observations as to how the roller blader moved 
when pulled with several constant forces. they were also 
asked to record the forces required to start the person 
moving and to keep them moving at a constant velocity. 
The lab titled balanced and unbalanced forces is in the 
forces folder.” (C122)

0.72

Online-based simulation or activity (non-EdGE): 
The teacher or students (as a group or as individuals) 
conducted online research or used web-based materials 
or simulations. A simulation is defined as an imitation of 
a real-world process, phenomenon, or system over time 
(e.g., PhET simulations).

“Students immediately went down to the computer lab and 
logged onto the Forces in 1 Dimension PhET http://phet.
colorado.edu/en/simulation/forces-1d. Students worked 
on visualizing both the force diagrams and the motion for 
objects on flat surfaces with varying applied and frictional 
forces. Students were asked to focus on the differences 
between balanced and unbalanced forces.” (G128)

0.61

Small group work (not lab based): Students worked 
together in small groups to do things like discuss a 
reading, perform calculations, give presentations, etc. Use 
of the term ‘jigsaw’ may also refer to small group work. 
Small group work does NOT include lab work.

“Students worked in groups to solve Newtons 2nd law 
problems some one step some multiple step problems.” 
(C124)

0.68

Class Discussion (non-game-related): Involves ongoing 
dialog between teacher and students, NOT including 
discussion of the game Impulse. Teacher’s log entry 
may specifically include use of the word “discussion” or 
“conversation.”

“The skydiver discussion seemed to be very revealing to 
most of the kids. The idea demystifies the explanation for 
what is actually observed when objects fall. In the end 
there was quite a bit of excited hands raised as the classes 
tried to process these ideas.” (G110)

0.53

continued on following page

http://phet.colorado.edu/en/simulation/forces-1d
http://phet.colorado.edu/en/simulation/forces-1d
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Classroom Activity Code and Definition Sample Quote Cohen’s 
Kappa

Bridge Activity: Any activity that connects Impulse 
gameplay with content being covered in the classroom 
(e.g., using the EdGE-developed discussion guide or video 
clips in class as a way to talk about/illustrate how Impulse 
supports and/or demonstrates science concepts covered in 
class).

“While viewing the video clip, one of the students who 
played to an advanced level explained to the others that 
even though different colored particles appeared to be the 
same size, there were differences in mass - in fact, some 
particles were twice as massive as the others.” (B132)

0.94

Reading or Reading-based questions, Guided Note 
Taking: Students were given a reading assignment to 
complete in class, responded to questions based on an 
assigned reading, or used a set of questions/prompts to 
guide reading or research on a given topic.

“I used THE PHYSICS CLASSROOM http://www.
physicsclassroom.com/Class/newtlaws/U2L2b.cfm for 
my students to read and take notes about the specifics 
of forces before I go into 1st and 2nd Laws. I’m slowly 
working my AP kids into gathering information on their 
own in order to get them into more of a college frame of 
reference instead of me giving direct instruction.” (C112)

0.70

Worksheets/Problem-Solving: Students and/or teacher 
engaged in solving problems/performing calculations, etc. 
on the board as a class, individually, or in small groups.

“Newton’s second law practice problems.” (B112) 0.54

Independent Work: Students were given time to work 
independently on things like reading, homework, game 
play, etc.

“After the quest is completed, students could play the 
game “Impulse” or complete tonight’s homework which is 
reading and answering questions based on the next chapter 
(Newton’s Third Law).” (B126)

0.26

Consult an Expert: Students communicate with an 
expert from outside the school. This could include things 
like participation in an “adopt-a-physicist” program (or 
similar) or having a guest speaker/lecturer.

“Finally, students were given time to talk with their adopt-
a-physicist and then read the Copernican Myths article 
from Physics Today (Dec. 2007).” (B108)

No cases in 
classes used 
for reliability 

analyses

Review/Test Prep: Class time is devoted to reviewing or 
preparing for a non-EdGE quiz or test.

“This class period was devoted to answering question 
covering the practice test and the questions in the textbook. 
When students would run out of questions I would ask my 
own covering what I thought was important for them to 
know.” (G122)

0.70

Non-EdGE Assessment: Students took a quiz, test, or 
other assessment NOT developed by EdGE.

“We then took an assessment on 2nd Law math, which all 
but 1 student mastered at 100%.” (C116)

0.88

Disruption: Any event or circumstance that interrupts or 
alters regularly planned classroom activities (e.g., school 
assembly, fire drill, sporting events, technical difficulties, 
etc.).

“Today’s class period was a bit shorter as it was a 2-hr late 
start due to inclement weather.” (G154)

0.41

Table 11. Continued

http://www.physicsclassroom.com/Class/newtlaws/U2L2b.cfm
http://www.physicsclassroom.com/Class/newtlaws/U2L2b.cfm
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ABSTRACT

With advancing technology, “literacy” evolves to include new forms of literacy made possible by 
digital technologies. “New literacy” refers to using technology to research, locate, evaluate, synthesize 
and communication information. The purpose of the study is to develop a framework to guide science 
teachers’ new literacy practices, and examine the impact of new literacy approach on students’ science 
learning and new literacy skills. The authors worked with 25 middle school science teachers through a 
two-year professional development (PD), and followed their implementation to investigate the PD impact 
on their classroom practices and students’ learning outcomes. The authors adopted mixed-methods to 
examine change in teachers’ new literacy practices, students’ science learning outcomes, and students’ 
confidence in new literacy skills. The study results showed increases in teachers’ frequency and types 
of new literacy practices, positive impact on students’ science learning and confidence in new literacy 
skills. Factors affecting teachers’ new literacy practice are also reported.

INTRODUCTION

Literacy skills are critical to build knowledge in science. Advancing technology has redefined “literacy” 
to include new forms of literacy made possible by digital technologies. “New literacy” refers to using 
technology to research, locate, evaluate, synthesize, and communicate information. The definition of 
literacy has evolved to include a set of skills broader than reading, writing, and comprehending (Leu et 
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al., 2004). These new forms of literacy are required to succeed in the 21st-century college and workforce. 
It is imperative to investigate how teachers are prepared to strengthen students’ new literacy skills to 
facilitate their learning in science. The purpose of the paper is to report our effort to provide profes-
sional development to middle-school science teachers and prepare them to integrate technology into 
their classroom through the new literacy framework.

Need for New Literacy Practices in Science Instruction

Sophisticated literacy skill is the foundation of learning science content and conducting scientific practices. 
Students need to understand scientific vocabularies and comprehend and analyze information, in order to 
form research questions; collect, analyze and interpret data; form explanations; and communicate results 
(Conley, 2008; Norris & Phillips, 2002; Osborne & Wellington, 2001). However, literacy strategies are 
often treated as separately from content learning (Moje et.al, 2004). Traditional content literacy usually 
decontextualizes them from the content textbook and often introduces and practices them in non-content 
text or in isolated instances. Students see a strategy introduced in one content area instead of seeing how 
that strategy travels from class to class (Shanahan & Shanahan, 2008). Effective integration of literacy 
strategies in science classrooms are scarce (Greenleaf et al., 2010; Romance & Vitale, 2008). Attempts 
to study new literacy practices in the science classrooms are even scarcer.

New technologies have expanded to include a broader set of literacy skills. “New literacies,” are new 
forms of reading and writing from new technologies for literacy that redefine what it means to become 
literate in today’s digital world (Street, 1993, 1997, 2003; Leu, 2004, 2007). These evolving information 
and communication technologies (ICTs) include Internet use, search engines, wikis, blogs, email, gaming, 
and social media. They have become important new texts for literacy in our daily function, including 
learning, leisure, and work. To be considered literate in the information age, one needs the ability to 
read, write, and communicate in “multimodal” texts. This profound change in the nature of literacy has 
affected ways we comprehend and communicate, particularly through the Internet, ICTs, and mobile 
devices. These tools allow us to access to information faster than ever in rich, complexly networked 
e-learning environments. Leu et al. (2004) stressed five essential skills one needs to process the over-
abundance of the electronic information, organize data, and achieve great productivity: (1) identifying 
important questions, (2) locating information, (3) evaluating information, (4) synthesizing information, 
and (5) communicating information to others. These five skills represent integrative reading processes 
and transaction with multimodal texts to communicate learned data (Leu et al., 2007).

Though crucial, the evidence of the impact of new literacy practices on learning is scarce. Most new 
literacy studies focus on reading instruction and rarely subject areas. Leu, Castek, Hartman, Coiro, & 
Henry (2005) worked with one science teacher and 89 of her students to investigate how the intensity of 
Internet integration affects students’ science learning. The results indicated that even though students 
in the high-intensity Internet integration group performed better on the online reading comprehension 
exam; they did not learn content as well as those who received low or no Internet integration activities. 
This challenges the assumption that “digital natives” (Prensky, 2001) are more technology-savvy than 
“digital immigrants” (such as their teachers) (Authors, 2014; Bennett, Maton & Kervin, 2008). School 
students maybe skilled at using technology for entertainment and communication, but rarely meaning-
fully to learn inside of schools (Authors, 2014; Kolikant, 2012). Schools should adopt the pedagogical 
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practices that can develop students’ new literacy skills, since these skills have become increasingly 
important in college and workforce readiness.

Despite the recognized need for this important set of skills, very few new literacies are practiced in the 
classrooms due to limited technology resources in the classrooms, teachers’ lack of technical proficiency 
and teachers’ lack of training in content-specific integration strategies. Hutchison and Reinking (2011) 
surveyed 1,411 U.S. literacy teachers to explore their integration of ICTs in the literacy instruction. In 
the survey results, teachers reported limited practices in new literacies. Even though they recognized 
their importance, they expressed lack of time, limited access to technology, and limited training in new 
literacy practices. In a qualitative study, authors (2013) surveyed 32 middle school science teachers on 
their new literacy skills and observed their new literacy practices in the classrooms, again finding them 
scarcely observed.

Teaching decontextualized new literacy practices to promote science content learning is not promising, 
in additions; it takes away time to teach content. We need a framework that can guide teachers to infuse 
literacy strategies and technology skills into their science learning routine, and help them overcome the 
technology integration barriers.

Next Generation of Science Standards (NGSS, 2013) fosters students’ ability to read, interpret, and 
produce multimodal information to communicate. NGSS describes the components of scientific practices: 
Students should conduct inquiry by forming research questions answerable through scientific investiga-
tions, developing and using models, planning and carrying out investigation, collecting the evidence to 
answer questions, interpreting and analyzing data through appropriate tools and mathematical thinking, 
drawing conclusions based on the evidence, and communicating and defending the results to their peers 
and others. These components share important properties that make scientific inquiry and new literacy 

Figure 1. The new literacy framework (Authors, 2013)
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practices particularly powerful. The authors proposed a new literacy framework (Figure 1) to help teach-
ers integrate technologies to foster students’ literacy and scientific practices.

The new literacy framework provides teachers a model to use technologies to support authentic inquiry 
embedded with literacy practices. To successfully use new literacy to support science teaching, teachers 
need to develop proficiency in technology, critical thinking, and academic language in the context of 
science learning. To embed literacy practices in the science instruction, teachers need opportunities to 
enact these practices within existing curriculum.

Table 1 illustrates how new literacy components support scientific literacy (modified from Authors, 
2013). The table is essential to guide science teachers to design new literacy activities to align with 
inquiry-based learning components. For example, the ability to use ICTs to identify and locate multi-
modal information can help students form scientifically testable questions.

To examine how new literacy approach is practiced in the science classroom, we designed a profes-
sional development and followed up with teachers’ implementation as well as how this approach affected 
students’ learning.

Design of the Professional Development

In science, narrative and argumentative writing are both essential in communicating students’ learn-
ing of scientific methods, concepts, and phenomena. In this project, we adopted various forms of ICTs 
(Google Search, Google News timeline, Google Applications, and social media) to scaffold students’ 
consumption, composing, and production of multimodal learning content. Our professional development 
focused on preparing teachers to use “metacognition” and “cognitive apprenticeship” (Greenleaf et al., 
2010) to teach literacy practices consonant with the inquiry practices of science. The PD team had one 
professor of instructional technology, one professor of literacy, three science teacher leaders, and four 
graduate students.

In this project, 25 teachers went through a two-year PD program with 4 training modules, two in the 
summer (9 days) and two in the winter (3 days). The topic for each module respectively is as follows: 
water quality, photosynthesis, evolution, and body system. The module was designed centering on in-

Table 1. New literacy supporting science inquiry (Authors, 2013)

New Literacy Components

Principles of Scientific Inquiry Identify 
Questions

Locate 
Information

Evaluate 
Information

Synthesize 
Information

Communicate 
Answers

Engaged by questions X X

Developing models X

Planning Investigations X X

Analyzing and Interpreting Data X X X

Using mathematical thinking X X X

Constructing explanations X X X

Engaging in argument from evidence X X X

Obtaining, evaluating and 
communicating information X X X
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quiries. Teachers enact three levels of inquiries: structured, guided, and open/independent. The research 
team worked with three middle school science teacher leaders to design an electronic lab report template 
as writing scaffolds to guide teachers’ three levels of inquiry practices. The lab report (https://goo.gl/
PUudc4) guides learners to form scientific testable questions and hypothesis, search and cite multi-modal 
information accurately, log data in spreadsheets, create charts to communicate results, scaffold them to 
report the findings, and share results through ICTs. The lab report is easy to replicate and customize to 
reflect students’ diverse learning needs. Teachers also learn how to model the implementation of three 
levels of inquiries into their own classrooms.

Through the enactment of iterative cycles of inquiry in all professional development modules, teachers 
repeatedly enacted new literacy practices (using ICTs to identify, locate, evaluate, synthesize, and com-
municate information) and metacognitive comprehension strategies (such as setting purpose for reading, 
activating prior knowledge, predicting, questioning, clarifying, making inferences, summarizing, and 
mental representation, reading and writing connection) to facilitate the learning of science.

Table 2 demonstrates how the module develops teachers’ new literacy skills. They used ICTs (spread-
sheet) to collect and analyze data, present information in visual format (charts, images and video), and 
exchange results through social networking tool.

Table 3 summarizes the content and structure of one PD module, and indicates how the PD prepares 
teachers’ new literacy skills and content knowledge.

In order to help us learn if teachers change their practices of new literacy and technology integration 
to facilitate inquiry, and how it impact on students’ content learning, the following research questions 
were developed to guide this study:

1.  Do science teachers who received the PD improve their new literacy practices?
2.  Do students whose teachers integrate new literacies framework during science class perform better 

on measures of science content learning?
3.  How does science teachers’ enactment of new literacy practices influence students’ change in new 

literacy skills?

Table 2. Examples of integrating ICTs and literacy skills into science learning

Levels of Inquiry New Literacy Practices ICTs Pedagogies & Discussion

Structured 
(Given data to create chart 
and write conclusions as 
a group

• Creating chart in Google 
spreadsheet for data analysis 
• Use pictures and numerical 
data to draw conclusion and 
explanation 
• Share conclusion on the 
Edmodo

• Google spreadsheet 
• Digital images 
• Social Networking 
Tool (Edmodo) 
• Digital lab book

• Language measurable outcomes 
• Proper way to create spreadsheet 
• Common Core & College and Career 
readiness 
(explanation, argumentation), analysis, 
labeling, journaling, multimodal 
information intake and output, focus on 
informational literacy)
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METHODOLOGY

Participants

Twenty-five middle-school teachers from 24 different schools in a northern U.S. city participated in 
this project. They attended a two-week summer workshop and a three-day winter workshop throughout 
one year. The first cohort has 9 teachers, the second cohort 16. Of the 25 teachers, eight were African 
American, seven were Asian, six were Caucasian, and four were Hispanic. The participants’ teaching 
experience ranged from one year to 16 years.

Table 3. PD details of one module

Module 1 Topic: Water Quality 
Central Technology: Web Engines, Google Doc, Spreadsheet, Chart, Social Networking Sites, Cyber Databases

Day Topics ICTs Practices
New Literacy 

Skills (Cognitive 
Skills)

1 (2) Project overview and objectives. (2) Practice how to collect 
water quality data using cyber databases. (3) Discuss the new 
literacy framework and cognitive tools approach.

Cyber databases, spreadsheet

2 (2) Discuss the sample scientific topic and the aligned state 
standards. (2) Discuss the research question and hypothesis 
of the structured inquiry activity. (3) Practice how to search 
information using web search engines. (4) Practice how to use 
spreadsheet to log and analyze data.

Web search engines, spreadsheet, 
chart, cyber databases

b, c, d

3 (2) Discuss the structure of the lab report template and how it 
facilitates students’ development of new literacy skills. (2) PD 
trainers model how to use ICTs to complete and present the 
structured inquiry activity. (3) Teachers complete research and 
share research findings on social networking sites. (4) Discuss 
other credible cyber databases that can support inquiry activities. 
(5) Discus the transferrable skills.

Word processing tools, spreadsheet, 
web search engines, cyber databases, 
social networking site

b, c, d, e

4 (2) Discuss reflection of the structured inquiry activity. (2) 
Practice the use of social networking site.

Social networking site e

5 (2) Teachers practice developing the research question and 
hypothesis of the guided inquiry activity. (2) Teachers practice 
using ICTs to complete the inquiry activity.

Word processing tools, spreadsheet, 
chart, web search engines, cyber 
databases, social networking site

a, b, c, d

6 (2) Discuss reflection of the guided inquiry activity. (2) Discuss 
how cyber databases can be applied to other scientific topics. 
(3) Practice how to use cyber databases to conduct individual 
research.

Word processing tools, spreadsheet, 
chart, cyber databases

a, b, e

7 (2) Practice how to use scientific equipment to collect data and 
use spreadsheet to log and analyze data. (2) Teachers develop 
their own research question and hypothesis for the open inquiry 
activity.

Spreadsheet, chart, e-mail a, b, c

8 (2) Teachers use scientific equipment (Probeware + iPad) to 
collect water quality data from several spots during a field trip. 
(2) Teachers use ICTs to complete the inquiry activity.

Word processing tools, spreadsheet, 
chart, web search engines, cyber 
databases, social networking site

b, c, d, e

9 (2) Discuss the technology integration strategies as a group. 
(2) Discuss teacher’s sample lesson plans. (3) Discuss the 
flipped classroom concept. (3) Share resources with teachers 
through social networking site and model the flipped classroom 
approach.

Social networking site e
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RESEARCH PROCEDURE

Data Collection and Analysis

The study adopted a mixed-methodology approach (Tashakkori & Teddlie, 2006) to collect and analyze 
the following data: classroom observations, teachers’ assignments, students’ artifacts, teacher focus 
groups, and students’ science test data. To triangulate the data collected from classroom observations 
and focus group interviews with teachers; we collected the teachers’ assignments to investigate their 
enactment of the new literacy practices.

Classroom Observation (Technology Usage Observation Checklist): RQ1

Two observers external to the PD and research team conducted classroom observations. A Technology 
Observation Checklist (Author, 2013) guided the observers to document teachers’ new literacy practices in 
the classroom. The checklist indicated the technology teachers facilitated students to use in the classroom, 
and how these activities aligned with the new literacy components. We calculated inter-rater reliability 
to ensure evaluators’ observation scorings were similar. There was an excellent inter-rater reliability 
(= 0.9, p < .01). They answered the Checklist three times, before the PD, a year after the PD, and two 
years after it. We triangulated this qualitative data, using the member checking (Lincoln & Guba, 1986).

Teacher Assignments Analysis: RQ1

The classroom observation has its limitation and may not best reflect the teachers’ classroom practices. 
Clare (2000) and Greenleaf (2010) proposed a research method to use teachers’ assignments to measure 
the changes in their classroom practices. In this project, teachers submitted eight assignments and the 
description of the projects throughout the school year to represent their new literacies practices. The 
projects selected required at least one day for students to complete. We then analyzed which new litera-
cies components these projects practiced, and documented the frequency of the new literacies’ compo-
nents using a spreadsheet. The data triangulated the classroom observation data, and provide additional 
information on the teachers’ enactment of new literacies.

Teachers Focus Group: RQ1

The team met with teachers each month through Skype to elicit and probe their new literacy practices, 
successful stories, and challenges, using semi-structured protocols. Teachers who couldn’t attend the 
meeting had to complete an open-ended questionnaire that aligned with the interview protocols. We 
recorded the focus group and the open-ended questionnaire responses for analysis. The team followed 
Miles, Huberman and Saldana’s (2014) analysis mode to identify themes from their responses. Two 
researchers examined and generated the themes independently and compared the findings to develop 
the final themes.
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Student Science Learning Outcome: RQ2

We adopted the state standardized test bank and put together an assessment that consists of 45 multiple-
choices questions. These questions address two major state standard strands: Inquiry Skills and Living 
Environment. We dichotomously scored all items on the quizzes. Each received a raw score (total = 
45) and a percentage score. We used the percentage scores for further analysis. Since the PD focused 
on covering topics from grades 6 to 8, we only assessed 8th grade students in the second year of project 
implementation in spring 2015. We collected data from students whom we had obtained the parental 
consent. We successfully collected data from 212 students of cohort 1 teachers (who participated in the 
project for two years), and 245 students of cohort 2 teachers (who participated in this project for one 
year). We also assessed 398 students whose teachers were not in the cohorts, to serve as the control group.

New Literacy Scenario Survey: RQ3

To measure students’ confidence in using ICTs to support scientific inquiry and practice new litera-
cies skills, we adopted the New Literacy Scenarios (Authors, 2013). The instrument consists of three 
scenarios with middle school science learning standards. Each scenario is followed by several items 
listing the procedure and new literacies skills needed throughout the inquiry process. The complete 
survey included 31 items using a Likert scale ranging from 1) “I am not familiar with how to do it” to 
(5) “I am very familiar with how to do it and can teach others to do it.” Each item was grouped into 
one of the five new literacies components (identify questions, locate information, evaluate information, 
synthesize information, and communicate information). Cronbach’s alpha was used to measure the in-
ternal consistency of the items of each component. All items showed α levels above the 0.70 threshold 
recommended by Nunnally (1967; 1994): identify questions 0.827, locate information 0.800, evaluate 
information 0.700, synthesize information 0.802, and communicate information 0.88. The Pearson cor-
relation among categorized new literacies components were significant (p < .001). Table 4 provides data 
collection timeline of this project.

Table 4. Provides our data collection timeline, including PD, implementation and data collection
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FINDINGS

Classroom Observation

The Technology Observation Checklist also documented how these ICTs were adopted to practice the 
students’ new literacy skills. The observers documented the frequency of the technology integration 
activity aligned with new literacy components (Table 5). Before the PD, only a few technology integra-
tion activities were apparent. A year after the PD, teachers’ technology integration activities had become 
more enriched and student-centered. Some teachers had students use a spreadsheet to collect data, use 
Google Earth to locate information, use Web engines to identify research questions, use email to com-
municate, and use images to evaluate information and synthesize multimodal information. The greatest 
change observed was the use of social networking tools. The teachers perceived the benefits of using 
social networking tools to facilitate students’ ability to synthesize, share information and communicate 
findings in multimodal formats. After two years of participating in the PD, teachers became more con-
fident in developing students’ new literacy skills. Year by year, they increased the frequency of having 
students use technology to support inquiry-related projects.

The most essential part of the changes of teachers’ views in using technology was from “teachers use 
technology to deliver instructional content” to “allow students to use technology to support their inquiry 
activities.” This change is extremely important, since mastering technology skills is the foundation of 
new literacy integration. Teachers need to provide opportunities to students to allow them to apply new 
literacy skills in the inquiry process.

Table 5. Comparison of the new literacy components alignment frequency before, one year and two 
years after the PD

Frequency of New Literacy Components Aligned Observed

Before the PD One Year After the PD Two Years After the PD

New literacy components 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

Word processing tools 1 1 3 3 8 8

Spreadsheet tools 3 4 5 6 5 7 7

Presentation tools 1 1 1 3 4 4

Map tools 1 2 3 1

Google Earth 1 1 1 1 4 8 6 5 6

Web search engines 1 1 5 4 4 12 10 10

Social networking tools 7 7 15 15

Blog 1

YouTube or video streaming tools 1 1 2 3

Second Life/OpenSim

Web editing tools

Movie production tools 5 4

Instant messengers 2

Images 1 1 1 2 5 4 4 7 6

New literacy components: 1-Identify question, 2-Locate information, 3-Evaluate information, 4-Synthesize information, 5-Communicate 
information
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Teacher Assignments Analysis

Teachers’ assignments were analyzed to examine the alignment of the five new literacy constructs that 
the students practiced. During the observation, each individual new literacy construct (identify, locate, 
evaluate, synthesize, communicate) practiced was assigned with number 1, if the assignment required 
students to use ICTs to practice the component. At the end of the semester, we totaled and averaged 
teachers’ assignment ratings (Figure 2).

Note: Checklist we used to evaluate the new literacy components in teachers’ assignments.

• NL1 = Identify question: Students use internet search tools to effectively determine a clear topic 
and focus for questions to guide the search for information.

• NL2 = Locate information: Students locate and organize multimedia format of information rel-
evant to research questions, such as numerical data, texts, video clips, and images.

• NL3 = Evaluate information: Students determine the relevance of the information/data to answer 
the research questions through the use of ICTs.

• NL4 = Synthesize information: Students use productivity tools to present their research findings 
using multimodal texts, including charts, images, video, or interactive content. They use ICTs to 
manage and organize relevant information through the use of multimodal texts, and demonstrated 
accurate understanding of the scientific concept.

• NL5 = Communicate information: Student uses ICTs to facilitate team collaboration, share their 
research results to authentic readers. They use a wide array of ICTs to communicate and dissemi-
nate research findings, such as social networking tools, blogs, and Google Docs.

To give a specific example, if an assignment requires students to locate water quality data using cyber 
databases, organize and manage data through spreadsheets, create charts to find relationship between 

Figure 2. Average frequency of teachers’ assignments that require students to practice new literacy 
components
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factors, and present findings using GoogleDocs, the assignment is rated as the following: NL1 = 0, NL2 
= 1, NL3 = 1, NL4 = 1, NL5 = 1.

The result indicates that teachers need time to master the pedagogical practices of developing stu-
dents’ new literacy skills. In their first year of implementation, many teachers managed to change their 
assignment requirements and started asking students to use ICTs to work on their projects. The second 
year of implementation shows considerable improvement on teachers’ effort to develop students’ new 
literacy skills. Students received more opportunities to practice how to use ICTs to evaluate, synthesize, 
and communicate information through these assignments. Figures 3, 4, and 5 show partial of a student’s 
exemplary project mediated through the use of new literacy skills.

Teacher Focus Group

Not all teachers achieved the goal we set for them during professional development. Based on teachers’ 
classroom observation and assignment analysis, we categorized them into four groups: (1) high enact-
ment (14 teachers), (2) medium enactment (3 teachers), (3) low enactment (3 teachers), and (4) zero 
enactment (5 teachers).

Teachers in the high enactment group replicated all four modules in the classroom, successfully aligned 
their curriculum with Common Core Standards across other topics, and figured ways to develop students’ 
new literacy skills through technology. The medium enactment group replicated all four modules, but 
rarely did they try to transfer new literacy skills to other topics. The low enactment group occasionally 
tried the new literacy approach, and the zero enactment group did not implement the modules at all. 
68% of the teachers (17) reached the goal we set for them, while 32% did not meet our expectations.

The focus group revealed why some teachers were successful and why some teachers could not 
implement the new literacy framework.

Factors Affecting the Adoption of the New Literacy Approach

All teachers in the high enactment indicated that the technology adopted in this PD is the key to their 
success of integrating the new literacy framework. They are free and reliable; therefore, teachers do not 
need advanced computers or require further assistance from the technology teacher to install software. 
Students have access to these technologies outside of school so they can continue to work on their proj-
ects at home.

The long PD contact hours help teachers build up understanding of the new literacy approach and to 
develop ideas to transfer the new literacy approach in other topics. Our focus group results demonstrated 
the increasing confidence of integrating new literacy framework in the science classroom from year one 
to year two.

The new literacy framework seamlessly integrated with Common Core Learning Standards (CCLS) 
and Next Generation Science Standards (NGSS) scientific practices, and facilitated their communication 
with the literacy coaches and administrators.

The lab report template is on the cloud for teachers to adopt and revise for their students. It serves as 
a scaffolded writing tool to facilitate their implementation of the new literacy approach. Teachers can 
easily duplicate the digital lab report template and modify it to differentiate instruction.

The adoption of a social networking site facilitates collaboration among students and releases some 
teachers from full responsibility to monitor their learning process.
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Figure 4. The student then used Google Earth to locate the habitats of each finch in the Galapagos 
Islands, and created placemarks to present her research results

Figure 3. The student used cyber databases to identify finch species related to her research interests, 
and use spreadsheet to organize the multimodal information located from the database
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Impact of New Literacy Approach on Students’ 
Learning in Literacy and Content

Teachers in the high enactment group shared their observation and reflection on the impact of the new 
literacy approach on their students’ literacy and science learning. Three major themes merged from the 
focus group results.

Figure 5. The template guides students to develop the claim, evidence and reasoning of her research
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Increased Learning Motivation

Students demonstrated high engagement and learning motivation when they were engaged in new literacy 
activities. They enjoy using technology to search and evaluate information meaningfully, rather than copy 
and paste textual information. They also like the opportunities to produce multimodal information. Many 
of them become more aware of the citation of electronic sources because they were aware of the use of 
the Google Research Tools. Once teachers integrated a project that required them to use technology to 
enhance productivity and comprehension meaningfully, students’ learning motivation is extremely high, 
compared with teacher-centered lecture sessions.

Enable Creativity and Productivity

The new literacy skills emphasized the use of multimodal information. Students had opportunities to 
present their investigations using the most appropriate media. They liked to embed pictures, videos, 
hyperlinks, charts, and tables into their lab reports. The adoption of the social networking site enables 
them to share their projects in multimedia formats. Practicing students’ new literacy skills allows them 
to demonstrate creativity and productivity.

Rich Comprehension and Communication

New literacy skills emphasize facilitating students’ comprehension and communication mediated through 
technology. The scaffolded writing tool guides students to communicate their comprehension of content 
knowledge through complex and multi-level of mental representation. The lab report guides them through 
the inquiry process, including activating prior knowledge, forming research questions and hypothesis, 
inferring, and summarizing. Through technology, students can convey meaning, explain procedure and 
communicate results beyond conventional linear approach. Interaction in social networking provides a 
learning community to facilitate social interaction and collaboration among peers. Figure 6 shows an 
example of students’ expression of understanding stem cells.

Figure 6. Students created a stop motion video to demonstrate their understanding of stem cell. Video 
is available https://dl.dropboxusercontent.com/u/3359503/NSTA/CellDivision.mp4
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Barriers to Implement the New Literacy Approach

Teachers who are in the medium and low enactment group shared their difficulties adopting the new 
literacy approach in the science classroom:

Lack of Access to Technology

The most frequently mentioned barrier is the lack of access to technology. Most teachers did not have a 
1:1 classroom and had to fight other teachers for the computer lab or resources.

Some schools did not have a technology specialist to support teachers’ use of the technology.

Lack of Confidence in Adopting the New Literacy Framework

Not all teachers were prepared to adopt the new literacy framework. To be fluent in new literacy, one 
must be fluent in technology skills and cognitive skills. Some teachers were not confident in using 
technology, even though they went through the intensive workshop. They chose not to change their 
classroom practices significantly.

Lack of Administrator Support

Some school administrators did not see technology integration as a top priority in schools. They face 
many other immediate challenges and issues. Therefore, technology integration becomes individual 
teachers’ choice. Teachers would not explore options to integration technology without a school culture 
or external incentives.

Having Difficulty to Communicate with Literacy Coaches

Many literacy coaches did not understand the new approach, or how to integrate new literacy skills 
into the existing curriculum. When science teachers consult with literacy coaches about integrating a 
new literacy framework, they usually use conventional support to provide decontextualized reading and 
writing strategies.

Student Science Learning Outcome: RQ2

Table 6 shows the ANOVA test within groups and the t-test results among three groups of students. The 
results revealed that Cohort 1 students’ achievement performance was significantly higher than students 
in the control group. Even though Cohort 2 students’ average score was higher than the control group, 
the result was not statistically significant. The results suggest that the new literacy approach has positive 
impact on students’ science learning.



541

New Literacy Implementation
 

Survey (New Literacy Scenario): RQ3

Table 7 shows the mean comparison between Cohorts 1 and 2 and the control group students’ New Lit-
eracy skills survey. The results revealed that students in the intervention group had stronger confidence in 
New Literacy scales B (locate information with ICTs), C (evaluate information with ICTs), D (synthesize 
information with ICTs), and E (communicate information with ICTs) than students in the control group 
after the intervention. The findings show we can attribute students’ gain in confidence when using ICTs 
to the intervention, which affected their information retrieval, comprehension, evaluation, communica-
tion, and productivity skills through technology in the science learning context. The intervention group 
had more opportunities to use technology to enhance productivity skills than the control group.

Table 6. Student learning outcomes

Table 7. Students’ confidence in new literacy skills
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DISCUSSION

Impact of New Literacy PD on Teachers’ Practices in Science Classroom

The classroom observation and teachers’ assignment analysis reported significant progress of changing 
teachers’ new literacy practices in the science classroom due to their participation in this professional 
development. The rigorous and year-long observation of each teacher revealed how teachers gradually 
gave students ownership of learning through technology. The new literacy approach guides them integrate 
literacy strategies embedded in a technology saturated environment. Of the teachers, 68% increased the 
use of the scaffolded writing tool (lab report template) and encouraged students’ expression through 
multi-modal information. In short, they were more able to integrate technology in the science classrooms 
to facilitate students’ practice of new literacy skills than before their participation in this PD. Medium 
or low enactment groups reported the following barriers to their new literacy practices: they did not 
have access to technology, did not have confidence in adopting the new literacy approach, did not have 
administrators’ support, or had difficulty to communicate with literacy coaches.

Impact of New Literacy PD on Students’ Science Learning

Students of teachers who adopted new literacies framework during science class outperformed on mea-
sures of science content learning assessment. We do not intend to interpret the result as students who 
learn science through the new literacy approach scored higher on standardized tests than those who do 
not. The exam topics covered all four modules discussed during the workshop. Teachers might spend 
more time on these topics than those who were in the control group; or the new literacy approach might 
have positive impact on students’ comprehension and knowledge retention.

The teachers’ focus group, assignments analysis, and students’ artifacts revealed the direct and indirect 
impact of new literacy on students’ learning, including metacognitive comprehension strategies such 
as setting purpose for reading, activating background knowledge, predicting, and questioning, clarify-
ing, summarizing, making inferences. Students demonstrated high learning motivation, creativity and 
productivity, and engaged with rich communication in the social learning context.

Impact of New Literacy PD on Students’ Confidence in New Literacy Skills

Students’ new literacy confidence survey provided evidence that these differences in new literacy ap-
proach resulted in learning differences for students, especially in terms of developing their confidence 
in using technology to learn science. Students who were in the intervention group demonstrated stronger 
evidence in using technology to locate information, evaluate information, synthesize information, and 
communicate information than those in the control group.
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CONCLUSION

This study provides empirical evidence that through an intensive professional development with a mean-
ingful technology integration model; science teachers could integrate technology successfully to develop 
students’ new literacy skills and science learning outcomes. For teachers who were in categorized in the 
high enactment group, the new literacy model guided them to embed literacy strategies into inquiry-based 
activities. Technology plays a crucial role to in the process to facilitate students to identify scientifically 
researchable question, locate and evaluate information, synthesize information, and communication 
finding using multimodal information. The new literacy approach demonstrates positive impact on their 
students’ science learning outcomes, confidence in using technology, and confidence in new literacy 
skills. It also guides these teachers to integrate literacy strategies meaningfully into the inquiry process 
without making them feel enforced to teach literacy skills in separated contexts. There were still 32% 
of teachers who could not enact the new literacy approach in their science classrooms. Further studies 
are needed to understand what increase or decrease teachers’ adoption of new literacy approach, and the 
long-term impacts of the professional development have on both teachers and students.

Content literacy is situated in specific context and with complex condensed information. Students 
need to understand scientific concepts and phenomena through multiple levels of inquiries, as indicated 
in the three iterations. As our study shows, the new literacy practices may provide an integrated approach 
to enhance students’ understanding of the dense nature of academic scientific language, and encourage 
them to use ICTs to express their understanding of science in multiple ways. However, it requires col-
laboration among literacy, technology and content experts to develop meaningful integration strategies, 
and sufficient time invested to prepare teachers to master these skills and pedagogical practices.

LIMITATION

There are limitations to this study. We only studied 25 teachers across the city from 24 schools; therefore, 
the generalization of the results is limited. Our study results may only be applicable to the population 
of middle-school science classrooms in urban areas.
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ABSTRACT

The astonishing popularity of social media and its emergence into the education arena has shown tremen-
dous potential for innovations in teaching and learning. It enables student-centered learning in a more 
collaborative and interactive way in the online learning environment. However, few research has been 
conducted about how to use social media appropriately and effectively in Science education. The main 
purposes of this project is to explore the experience and perceptions of teachers with relevant teaching 
experience in using social media for K12 Science education, including the current level and scope of 
social media use, perception of utility, and its potential impact on science education. The implications, 
considerations, and challenges for and against the possible use of social media in science education 
were discussed with possible further research suggestions.

INTRODUCTION

We are living in a digital era with rapid diffusion of ICT and new social media technologies, such as 
Facebook, YouTube, WeChat, Twitter, blogs, Wikipedia. Social media has many multimedia elements 
including text, audio, video, photos, images, podcasts, etc. (Alabdulkareem, 2015). Based on its vari-
ous formats and functions including social networking, SMS/voice, blogs/conversation, LiveCasting, 
Micromedia, etc., social media has been described as “the art of listening, learning and sharing” (Solis, 
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2008). With its techno-social accessibility and affordability, its potential and popularity in innovative 
education has been demonstrated and considered as an increasing trend. It enables digital learners to 
create, collaborate, and construct knowledge and experience through online participation, and creates a 
learning community for instructors and students to share digital media and create group activities with 
various formats such as text, photos, videos, etc. It encourages student-centered learning with high en-
gagement and enhanced leaning motivation (Lam, 2012), fosters social interaction and reflection among 
participants (Ajewole, Momoh & Akinkuade, 2014).

By exploring the current extent and purpose of social media use from school teachers, this project 
is aimed to explore the use and evaluation of the integration of social media in science education. The 
following research questions were addressed.

1.  How can social media be effectively utilized and incorporated to enhance the teaching and learning 
of science?

2.  What are the benefits and challenges encountered in social media enhanced science education?
3.  How can social media literacy be integrated in science education?

LITERATURE REVIEW

Social media has been integrated into our daily life with benefits of ubiquitous communication, and 
playing an increasingly significantly role in teaching and learning in various aspects (Vanwynsberghe & 
Verdegem, 2013). Many strategies and practices have been investigated about how to use techno-social 
affordance and communication dynamics of social media to engage new ways of teaching and learning. 
It blends informal learning into formal learning, moves learning from information retrieval to collab-
orative learning (Hrastinski & Aghaee, 2012), enables collaborative interactions innovatively, broadens 
connection between textbook knowledge and the reality (Chen & Bryer, 2012).

Among them, Facebook is considered as the most popular social media with increasing number 
of users. It shifts the dynamics of teaching and learning in arts (Castro, 2012) and medical education 
(George & Dellasega, 2011); It can be used effectively to increase interaction between students and 
teachers (Jenkins, Lyons, Bridgstock & Carr, 2012); Facebook, Wiki, and blogs are found to be poten-
tially valuable for peer feedback in the learning process (Doris, 2009; Demirbilek, 2015). Compared 
with faculty members who prefer use more traditional methods, students are much more likely to use 
Facebook (Roblyera, 2010). Besides Facebook, studies on Twitter suggested that it serves as a hub for 
connecting course topics with current news and activities (Jacquemin, Smelser, & Bernot, 2014). Inte-
gration of Twitter resulted in increased engagement and better interaction between students and teachers 
(Greenhow & Gleason, 2012; Junco, Heiberger & Loken, 2011).

However, learning through social media also presents challenges and limitations that needs to be 
confronted, such as insufficient and unequal participation, abuse of Internet, excessive online time on 
non-academic purposes (Wankel, 2011). Therefore, how social media should be used and incorporated 
into education is crucial.

Science subjects are considered as technology-enriched ones with newly emerged media. While social 
media are predominantly used for communication and social networking among students, the appeal of 
incorporating social media in science education demonstrates meaningful and worth studying.
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METHODOLOGY

In this project, the qualitative and quantitative methods were adopted to collect the data to address the 
above research questions. A quick online survey comprised of 19 questions was created and designed 
on Google Form. Most questions in the survey were ended with an additional line asking “other (please 
specify)” as open-ended questions for more responses and ideas from participants without limitation of 
multiple choices given. The questionnaire was initially discussed with several individuals for sugges-
tions and comments, then it was revised and approved by an expert of social media and networking in 
education. Amendments were made according to the comments and then administrated to school teachers 
and staff with rich teaching experience and diverse background. A total of 35 participants voluntarily 
involved in the survey.

Amongst the online survey participants, 10 people were invited to attend the semi-structured inter-
view on a one-to-one basis within 30 minutes for each person, and the qualitative information data was 
collected. Interview questions were carefully designed based on the initial analysis of the survey data to 
provide deep understanding and elaborative reasons and explanations to support the survey results. The 
data was analyzed in detail to find out the innovation strategies about the effective utilization and inte-
gration of social media in science education, including the possible benefits and challenges encountered.

DATA ANALYSIS AND RESULTS

In this study, a combination of quantitative and qualitative methods was employed for data analysis. For 
quantitative data, frequency analysis measurements were performed, figures and tables were mainly ap-
plied to provide clear frequency and percentages of the responses. For the interview, descriptive statistics 
of the respondents was used to express their perceptions and views.

Current Use of Social Media

First, demographic profile of the participants was constructed. They were asked about gender and 
subjects they were teaching. Among the 35 respondents, 19 (54.3%) were male while 16 (45.7%) were 
female. They are either from HK or mainland China. The subjects they teach mainly focus on Science 
including Biology (14.3%), Chemistry (2.9%), Geography (8.6%), Physics (5.7%), Mathematics and 
Computer literacy (31.4%).

When asked which social media they use, Figure 1 indicates that the most popular tools are WeChat 
(80%), WhatsApp messenger (74.3%), YouTube (74.3%) and Facebook (65.7%), followed by Google+ 
(37.1%), LinkedIn (34.3%) and skype (37.1%). The third popular ones are Google documents (25.7%) 
and Instagram (22.9%). Twitter has the lowest interest of use (17.1%). The interview data revealed that 
there is a geographical difference among users. People in Hong Kong are more likely to use Facebook 
and WhatsApp messenger, whereas people from mainland tend to access WeChat and qq. The accuracy 
of this distinction needs to be further verified, and whether WeChat would be the most commonly used 
social media going to be used in science education remains be further investigated.

Two out of 10 interviewees shared that they prefer google drive and google document rather than 
Facebook, WhatsApp messenger or WeChat. “Facebook is a good online community for sharing, ex-
change ideas and discussion. It is not perceived as a specific and systematic learning tool. I would use 
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Facebook when I raise a topic for students to comment and discuss online. Otherwise, I would rather 
choose google drive or blogs to publish course material, create content and assignment. Students would 
like to use google document to do group project which supports simultaneous editing by multiple users 
that is good and important for collaboration and instantaneous feedback.”

Refer to the devices for accessing social media, 94.3% preferred Smartphone, 68.6% chose desktop 
computer, while 31.4% used netbook, and 31.4% used tablet. This result suggested that smartphone may 
be the most popular device for social media application in education. With regard to the frequency of 
social media, the massive majority (94.3%) stated every day, a small amount stated weekly (2.9%) and 
yearly (2.9%)

The interview data revealed that students spend less time on educational activities compared with 
extensive use for personal and social purposes. Two participants shared that: “Many students use social 
media for chatting and communicating with peers. They lack awareness of using social media for edu-
cational activities and spend little time on it.”

When asked about their preference toward social media use on social or educational purposes. The 
majority (65.7%) had equal preference in relation to social media use on either social or educational 
purposes, 28.6% preferred social use while only a small group preferred educational use (5.7%). The 
vast majority of participants (82.9%) had experience about using social media in education, while 17.1% 
had little experience on it. In relation to experience of social media use in education, the frequency of 
such use was asked. Approximately one-third (31.4%) used it weekly, 25.7% reported daily and 22.9% 
reported monthly, while 11.4% used it yearly. Two responses from open-ended questions reported not 
sure and never.

Perceptions and Beliefs About Social Media Use in Science Education

Three questions aimed to investigate their attitudes, views and beliefs toward the current use and value 
of social media in science education. 5-point Likert scale from not very (1) to very much (5) for ques-
tion “Do you wish to use social media to enhance teaching and learning in Science?” was adopt for 
participants to choose their level of extent (Figure 2). 37.1% of participants showed great interest and 
25.7% demonstrated interest in use it, while 25.7% remained neutral. On the contrary, a small amount 
of people had not that much interest (2.9%) or little interest (8.6%).

Figure 1. Question: Which social media do you use?
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Similarly, 5-point Likert scale from strongly disagree (1) to strongly agree (5) for the statement “I 
believe social media can enhance educational experience in Science” to determine their level of agree-
ment. As shown in Figure 3, most participant had very strong (34.3%) or strong (34.3%) agreement on 
the positive impact of social media in Science education, while 22.9% remained neutral. However, a 
small number of people (8.6%) demonstrated disagreement on social media impact in science education.

Further, their perceptions toward social media use in Science education were asked (Figure 4). 22.9% 
showed neural, while over half demonstrated somewhat positive (37.1%) or very positive (17.1%) about 
the potential of using social media in science education. As expected, 5.7% (2 out of 35) showed negative.

Figure 2. Question: Do you wish to use social media to enhance teaching and learning in Science?

Figure 3. Question: I believe social media can enhance educational experience in Science

Figure 4. Question: What is your perception of using social media in Science education?
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From the above data, the majority of participants are willing to use social media in Science education, 
and they believe such use has constructive role. Two interviewees said that: “It has great prospects and 
very constructive. It integrates learning with socializing, makes learning fun, flexibility and relaxed, 
facilities self-motivated and student-centered learning. Students have freedom of expression and discus-
sion on social media with peers and teachers. They can even become friends with teachers which seems 
impossible in traditional structured classroom environments. But the thing is it is not widely used. It 
should be used more in Science education.”

The responses from open-ended questions and interviews also indicated the concerns about the ef-
fective use of social media. “It is worth trying. We understand that the benefits of social media make 
it possible in education. But the most important thing is how. We actually do not know how to use it 
effectively and meaningfully. We are still at the exploratory stage. It is not mature, a long way to be 
improved before implementing social media in education.”

Some participants were reluctant about the meaningful use of social media.

It is just a platform for information gathering and sharing. It still needs to be linked to external resources 
for teaching and learning.

It mainly serves as a tool for communication and socialization rather than education or specifically for 
Science education.

There are huge amount of information on social media sites and they are not reliable for educational 
purposes. The informal, leisure and socializing properties of social media-aided learning may result in 
abuse of information and knowledge, especially for those students who lack ability to distinguish. The 
structured classroom education still remains trustable learning environments.

Strategies About Social Media Use in Science Education

Table 1 shows the benefits provided by social media in Science education. Easy and fast information 
sharing compared with paper and pen was considered the most (74.3%), followed by convenient commu-
nication or discussion (65.7%) and save money/time (60%), and then fast acquisition of new knowledge 
(57.1%), rich learning resources (54.3%) and up to date information (51.4%). One interviewee mentioned: 
“Social media makes communication and information sharing easy. When an inspiration suddenly comes 
out, you can share your sparks on social media via mobile phone immediately and maybe get instant 
feedback if someone is online. It is much convenient than writing down with pen on paper. Moreover, 
it is not as formal as email or call. Students feel freedom and comfortable on social media, especially 
for those timid students who are shy to ask, answer and express thoughts face-to-face in classroom.”

Then they were asked about the features or functions of social media particularly useful in Science 
education (Table 1). Communication/discussed group was considered most useful (62.9%), followed 
by easy document upload or file sharing (57.1%), video (57.1%), comment function (51.4%), instant 
message (40%). The last two features were voice message (28.6%) and history function (17.1%). Two 
participant responded about the disadvantages of social media features in education.
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It makes students distracted during learning process, they are usually more concentrated on what peers 
say and what new posts or updates rather than on lesson content. Reading and reply posts and comments 
are time-consuming, especially those frequent users that log many times per day.

It is quite difficult to review student’s postings, comments, judge or grade their performance bases on 
their social learning activities on social media. An appropriate and flexible assessment strategies need 
to be created to evaluate their networked learning outcomes through social media.

Table 1. Functions and features of social media in Science education

Question: What Benefit Can Social Media Provide in Teaching and Learning in Science?

Frequency Percentage

Convenient communication/discussion 23 65.7%

Easy and fast information sharing compared with paper and pen 26 74.3%

Fast acquisition of new knowledge 20 57.1%

Rich learning resources (e.g. Multimedia) 19 54.3%

Save money and time 21 60%

Up to date information 18 51.4%

Question: What Features or Functions of Social Media Do You Find Very Useful in Learning and Teaching in Science?

Frequency Percentage

Communication/Discussion group 22 62.9%

Comment 18 51.4%

Easy document upload/transfer/file sharing 20 57.1%

History 6 17.1%

Instant message 14 40%

Video 20 57.1%

Voice message 10 28.6%

Question: What Functions Can Be Added in Social Media for SCIENCE Education?

Frequency Percentage

Categories of message 15 42.9%

Educational Apps 19 54.3%

Graphical calculator 12 34.3%

Information searching 14 40%

Photo/video for easy sharing 10 28.6%

Saving documents more easily 17 48.6%

Sketch pad 6 17.1%

Supporting more types of files 9 25.7%

Virtual reality 6 17.1%
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Furthermore, considering the functions that could be added in Social media for Science education, 
nine options were proposed (Table 1). They were: educational Apps (54.3%), saving documents more 
easily (48.6%), categories of message (42.9%), information searching (40%), graphical calculator (34.3%), 
photo/video for easy sharing (28.6%), Supporting more types of files (25.7%), sketch pad (17.1%) and 
virtual reality (17.1%). Several interviewees criticized that: “Social media mainly serves as a tool for 
socializing and networking not particularly suitable for Science education. Thus, a specifically and care-
fully designed social media should be developed to meet the need of Science education, and should be 
utilized in a more sophisticated and meaningful way instead of just exchanging and sharing knowledge 
and information.”

Next, five central questions were asked about how social media helps Science education in the follow-
ing aspects, scientific concepts, students’ ability of experiment design, students’ problem solving skills, 
field practice/trip, scientific and critical thinking, which are essential elements in Science education.

As shown in Table 2, regarding how social media helps in understanding scientific concepts, six items 
were raised with percentage from highest to the lowest were: demonstrate animations/graphics/videos 
for learning (57.1%), ask and communicate anytime and anywhere (45.7%), create chat/discussion group 
(42.9%), ask and answer questions on social media to save time in classroom (40%), search information 
anytime and anywhere (40%), and schools provide enough facilities to encourage students to engage in 
social media education (22.9%). One interviewee shared that: “It really depends on the content, topic and 
people involved. The knowledge, attitude and extent of interest in Science really matters. The motivation 
will influence the usage of social media in learning and understanding concepts.”

Table 2 shows how social media helps in improving students’ ability of experiment design, four 
aspects were investigated: ask students to communicate, discuss and raise questions to optimize experi-
ment design (65.7%), share experiment videos for students to learn (54.3%), ask students to compare 
and discuss different experiment proposals on social media (45.7%), design Virtual Reality (VR) to let 
students observe the experimental phenomenon (40%). Three interviewees in Biology pointed out that:

Design VR, if can be incorporated on social media, is very cool. Students could actually see the experi-
mental phenomenon. It can raise their interest.

Two or three experimental proposals can be posted on social media by the teacher. Students compare 
and discuss about the similarities and difference of these proposals, question and optimize it. Thus, 
students develop their capabilities of experiment design.

You can record experiment for demonstration or choose a video section from YouTube for students to 
watch before an experiment to save time. Students could get a better concept about the whole experiment. 
They are free to raise questions on social media during the experiment.

In regards how to enhance students’ problem solving skills in Science content with integration of 
social media. Table 2 summarized the following suggestions: design group-based project to let students 
communicate and collaborate with social media (60%), communicate and cooperate on social media 
to solve problems together (57.1%), create forum for discussion and connection between students and 
teachers (54.3%), provide rich learning resources to help students understand problems (42.9%), show 
videos for students to learn and improve (37.1%), raise questions for students to solve problems and 
give feedback on social media (25.7%). Most interviewees mentioned group-based project. For example: 



555

Exploring the Use of Social Media to Advance K12 Science Education
 

Table 2. How social media helps in Science education

Question: What Features or Functions of Social Media Do You Find Very Useful in Learning and Teaching in Science?

Ask and answer questions on social media to save time in classroom Frequency Percentage

Ask and communicate anytime and anywhere 14 40%

Create chat/discussion group on social media 16 45.7%

Demonstrate animations/graphics/videos for learning 15 42.9%

Schools provide enough facilities to encourage students to engage in social media education 20 57.1%

Search information anytime and anywhere 8 22.9%

Question: How Do You Think We Can Use Social Media to Improve Students’ Ability of Experiment 
Design?

14 40%

Ask students to compare and discuss different experiment proposals on social media Frequency Percentage

Ask students to communicate, discuss and raise questions to optimize experiment design 16 45.7%

Design Virtual Reality to let students observe the experimental phenomenon 23 65.7%

Share experiment videos for students to learn 14 40%

Question: How Do You Think We Can Use Social Media to Enhance Students’ Problem Solving Skills 
in Science Content?

19 54.3%

Communicate and cooperate on social media to solve problems together Frequency Percentage

Create forum for discussion and connection between students and teachers 20 57.1%

Design group-based project to let students communicate and collaborate with social media 19 54.3%

Provide rich learning resources to help students understand problems 21 60%

Raise questions for students to solve problems and give feedback on social media 15 42.9%

Show videos for students to learn and improve 9 25.7%

Question: How Do You Think We Can Use Social Media to Facilitate Field Practice/Trip? 13 37.1%

Arrange schedule and task to let students collaborate on social media Frequency Percentage

Create chat group on social media during field trip 20 57.1%

Encourage recording and sharing during field trip 16 45.7%

Share background information on social media before field practice 17 48.6%

Share map/routine on social media 18 51.4%

Question: How Do You Think We Can Use Social Media to Help Students Develop the Ability to 
Think Scientifically and Critically?

13 37.1%

Brainstorm on social media Frequency Percentage

Discuss scientifically interesting topics and application problems 17 48.6%

Get information promptly which can inspire thinking 21 60%

Share video and useful links on social media 15 42.9%

Social media broadens vision which can inspire thinking 19 54.3%
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“Design group-based project so that students can interact, communicate and collaborate together to solve 
problems. It is the interaction, knowledge sharing, communication, collaboration and discussion that 
make them understanding the concepts and problems better, and therefore leads to a good solution to 
the problem. Social media creates such an interactive learning environment with very convenient com-
munication and collaboration, anytime, anywhere and anyplace.”

Moreover, regarding how social media helps in fieldtrip or practices, the top two suggestions are: 
arrange schedule and task to let students collaborate on social media (57.1%) and share background 
information on social media before field practice (51.4%). The second highest suggestions are: create 
chat group on social media during field trip (45.7%) and encourage recording and sharing during field 
trip (48.6%). In addition, 37.1% stated that sharing map/routine on social media before fieldtrip. Five 
out of ten interviewees said that: “Students in each group can collaborate to share resources, photos and 
videos recorded during fieldtrip to complete the task together.” One interviewee further mentioned that: 
“Students can ask on social media if they get lost during fieldtrip.”

Finally, how social media helps in developing the ability to think scientifically and critically was 
examined. Discussing scientifically interesting topics and application problems ranked the top (60%), 
followed by sharing video and useful links on social media (54.3%). Nearly half (48.6%) considered 
brainstorm on social media as very helpful, while 42.9% regarded prompt information obtainment very 
important in inspiring thinking. Around one-third (31.4%) considered that social media broadens vision 
which can inspire thinking. One commented that: “Social media provides alternative sources of a variety of 
information from different channels that is convenient for access, comparison and discussion. Multimedia 
such as graphics, videos provide extensive learning materials that help thinking in resolving problems.”

Finally, the question was raised about the subject that could be most effectively integrated with social 
medial. Overall, approximately two-thirds (65.7%) showed OK with any subject, 17.1% mentioned Ge-
ography, 8.6% chose Physics, and unexpectedly only 5.7% preferred Biology. Some interviews suggested 
that Biology turns out to be a potentially most effective subject if integrated with social media. They 
shared: “I would say Biology. It is an interesting and rapid developing subject about health, environmental 
protection, natures, plants, animals and even human anatomy. It is information oriented without much 
critical thinking, and is very suitable for social media to disseminate information.” One interviewee said 
that: “Any subject is OK with social media, as long as discussions, peer sharing of learning materials, 
comments or feedback works that are very helpful in Science education.”

Altogether, the above findings could provide some hints and insights about how to use social media 
in an appropriate and effective way in Science education.

DISCUSSION AND CONCLUSION

In summary, this study explores the current use, impact, and possibility of effective utilization of social 
media in science education. The experiences and perceptions of school teachers or staff with relevant 
experience on social media were reported which suggests that teaching and learning science could be 
more interactive and communicative with integration of social media. Smartphone, with most people use, 
suggested that it may be the targeted device for social media use in education. But, as one interviewee 
shared that using smartphone is not as convenient as desktop computer. Although it has limitations and 
constraints with regard to utilization in education, many teachers still have confidence and belief in its 
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benefits that could enhance teaching and learning experience, which make it positive and constructive 
in science education.

Despite its powerful functions in relationship-building, interaction, and communication, the use of 
social media into higher education remains controversial (Reuben, 2008). The limited usage of social 
media in education suggested that there is still a big jump from personal and social networking use of 
social media to educational use, and an obvious disconnection exists between current use of social media 
and the desired use in education (Edwards, 2015). This gap was also observed in this study. Many people 
pointed out that students mainly use social media for seeking help from peers or asking assignments online 
rather than interactive communication and discussion on lesson content or scientific topic. In addition, 
teachers are more likely to use social media for publishing course material, assignment and submission 
of homework for students. The interaction between teachers and students should be strengthened.

People are more concerned about social media application in education. It serves as a good tool for 
networking but not ideal for educational purposes. The findings in this study implied that the character-
istics and functions of social media in easy interaction, communication, discussion, up-to-date informa-
tion, etc., could have potential benefits and application in Science education. It provides some insights 
for schools, teachers, and students on how to implement social media in an appropriate way. The most 
important thing is how we utilize it in teaching and learning practices. We should take good advantage 
of the socializing and networking features of social media to create a more interactive and collaborative 
learning community. In such learning environment, students and teachers have good interaction and 
communication, and students feel comfortable to raise questions, express themselves and discuss with 
peers. They have interest and inter-motivation to learn from peers’ thoughts through posts, comments, 
communication, and discussion. Teachers, as facilitators and learners at the same time in this case, could 
share rich learning materials, raise questions for students to discuss, answer student’s questions and give 
instant feedback. Of course, there are many challenges in successful implementations of the expected 
teaching and learning style with integration of social media. The present study revealed that teachers 
could be recommended to try it in classroom situation first to get practical experience about students’ 
use experience, expectation, impact, and effect of social media use, and improve it gradually to achieve 
the desired target. Accordingly, students should also be encouraged and motivated to learning with social 
media, make full use of social media to actively participate in online discussion, communication and 
cooperation with peers to develop scientific thinking, capabilities, and skills.

The survey data indicated that the majority of people have no preference about the subject most 
suitable for social media integration. However, responses from interview suggested that Biology and 
Geography might be the potential subjects with priority for attempts, since these two subjects are closely 
related to our nature and daily life. Therefore, the possibility of social media integration in these two 
subject should be taken into consideration for a trial.

However, the continued growth of social media challenges the traditional formal education system and 
develop new types of learner and new ways of learning from passive knowledge receiver and consumer 
to active knowledge constructor and participator. We are glad to see that more and more educationalists 
begin to think about the possible ways of social media in especially higher education practice (Selwyn, 
2012) and undergraduate learning (Alarabiat & Al-Mohammad, 2015). The education system should 
make reform in pedagogy practices, redesign blended curriculum, change perceptions, and make attempt 
to embrace the emergence of social media and shape its development in education in this fast-changing 
digital world.
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The findings expand our knowledge on social media practices in K12 Science education but with 
limitations. It cannot be generalized to other subjects or disciplines in other levels. The experience, views, 
practices, and suggestions about educational use of social media are only from teachers’ perspective. 
Moreover, the limited sample size restricts the discovery of more new ideas. Therefore, further in-depth 
research needs to be carried out.

There is limited research on how social media influence students’ learning experience and behavior 
in education-related activities. Intensive research needs to be conducted to explore students’ experience, 
expectations and perceptions on social media-enhanced learning activities in K12 Science education. 
As students have preference for different types of social media, their purposes and preference can be 
indicated (Dunn, 2013). In addition, large scale social media practice in different learner groups (e.g., 
people with different languages) within different levels (primary, secondary and higher education) can 
be conducted to examine the commonalities and variations among them (Greenhow & Gleason, 2012). 
We are also interested in content management issues for STEM education (Tang et al., 2016), especially 
content recommendation (Chiu et al., 2009).
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ABSTRACT

Our planet is under intense observation—by satellites, seismometers, buoys, radar, and more. These 
instruments generate authentic data sets that are freely accessible online, and thus available for K-12 
students and teachers to use in STEM classrooms. This chapter examines how teachers engaged in the 
NASA Endeavor program, a STEM teacher professional development initiative, use authentic online data 
in their classrooms and the effects of these activities on teaching and learning. Endeavor teachers use 
data in many ways, including through curriculum programs developed to scaffold earth data sets for 
use by students. Through qualitative analysis of teacher interviews, teacher course work, student work, 
and other relevant data, the researchers discovered that employing authentic online data in Endeavor 
teachers’ classrooms helped students to construct explanations based on evidence and make real world 
connections to science content.

INTRODUCTION

Authentic data integrated into K-12 instruction, provides meaningful, engaging, and long-lasting con-
nections for students. The myriad data available through scientific research addresses current research-
based standards and best practices in education and it is publicly available to educators (all citizens) as 
a valuable teaching tool. As you read this, nearly every earth environment is being monitored. Satellites 
are observing changes in vegetation; monitoring the albedo of land, sea, and ice; and following the paths 
of caribou, eagles, sea turtles, and whales. Buoys atop the sea’s surface measure atmospheric and oceanic 
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parameters including air and water temperature, wind speed, and changes in water column heights that 
might indicate a tsunami. On the ocean floor, seismographs detect nearly imperceptible tremors, and 
hydrophones listen for sonar waves and whale songs.

Today’s technological innovations mean that these and many other examples of earth observations 
become robust data sets, which can be used in K-12 classrooms. Many of the data collected by these and 
other instruments are accessible through online portals, making them available for teaching and learning. 
Students are able to look for patterns in earthquake and volcano data to learn about plate tectonics, or 
watch how chlorophyll in the ocean varies with the seasons as they study photosynthesis and food webs.

The teachers featured in the following chapter demonstrate successful integration of authentic data 
with varied student groups and share evidence of students constructing explanations and making real-
world connections through data analysis activities. Findings suggest that with sustained, quality profes-
sional development the use of authentic data can reach more classrooms and achieve notable results with 
student understanding of STEM topics.

BACKGROUND

The Science and Engineering Practices of the Next Generation Science Standards (NGSS) underscore 
the importance of helping students to think scientifically, such as through the practice Analyzing and 
Interpreting Data (NGSS Lead States, 2013). When students use practices such as data analysis, they 
often demonstrate deeper understanding of concepts, more motivation and engagement, and higher grades 
in science (Minner, Levy, & Century, 2010) Technological tools that include opportunity for visualizing 
data can help students to make connections between their local communities and global issues (Marrero 
& Schuster, 2010).

In this chapter, we describe three K-12 programs in which students successfully analyze and interpret 
earth data as they learn standards-based science content, and examine the perspectives of teachers and 
students using the programs. These programs are now all courses within the NASA Endeavor program, in 
which teachers from across the United States and from around the world complete a course sequence in 
STEM education (www.us-satellite.net/endeavor). We then describe a case study in which we examined 
examples of the ways in which these data are affecting teaching and learning. Finally, we share some 
examples of ways in which teachers can use freely available sources of earth data with their own students.

While our discussion focuses primarily on Earth System Science, we hope that the ideas will chal-
lenge and encourage pre- and in-service teachers to use the myriad sources of authentic data that can be 
easily accessed online, and incorporate these data as an effective tool for science instruction.

Authentic Data in the Classroom

In science classrooms, we encourage students to collect data as much as possible. Students as young as 
preschool observe each day’s weather, creating a calendar of suns and clouds that illustrates their monthly 
data. Elementary school students grow and observe plants and the life cycle of animals such as butterflies 
and chicks, take data on simple machines or observations of phase changes. In middle and high school, 
our students conduct experiments in which they collect varied data during each laboratory or hands-on 
experiment. They might measure temperature changes to compare the specific heat of different liquids; 

http://www.us-satellite.net/endeavor


563

Using Authentic Earth Data in the K-12 Classroom
 

measure distance and time for motion of a classmate or a toy car to determine velocity; or compare their 
pulse rates before and after exercise when learning about the circulatory system.

Collecting, analyzing, and interpreting data clearly are extremely important practices in which our 
students of all ages should, and often do, engage. Thanks to modern technological capabilities, there are 
also many types of data accessible online, which now allow students to analyze and interpret data that 
will expand their thinking far beyond their classroom, science lab, or local community. Using online 
data in the classroom is a powerful tool that can take students to far-away places and paint a picture of 
change during a period of time, all within one class meeting. Studies of real-time data (RTD) use in 
science teaching illustrate how it can make a lesson relevant to the real-world and students’ lives, while 
providing an engaging learning context (Adams & Matsumoto, 2009; McKay & McGrath, 2007; Ucar 
& Trundle, 2011).

When we think about data, we often picture rows of numbers, complicated tables, or statistical findings. 
Visualization of data is a process of making numbers graphical, making the numbers more meaningful. 
When students are able to form a visual representation in their mind of something difficult to observe 
in the classroom, for example, a series of events or microscopic objects, we call this a visualization 
(Cheng & Gilbert, 2014). These types of mental models are important for science teaching and learn-
ing (Gilbert, 2004). Teachers can incorporate visualizations of data in many different ways, including 
using pie charts, line graphs, or histograms. Another approach is assigning numbers to colors, like on a 
temperature map where warms are shown in red, and cool temperatures in blue or purple. Programs such 
as Google Earth™ allow users to “fly through” many different data layers, including visible satellite 
imagery, seafloor features, watershed changes, and species distributions. Using the varied online tools 
to explore authentic data makes the content more accessible and engaging for students.

The use of genuine online data creates a more exciting and meaningful scientific practice for students. 
In their study of improving pre-service teachers’ understandings of tides, Ucar and Trundle (2011) 
found that the use of online data for inquiry-based instruction was a more effective model for develop-
ing scientific understanding of tides than both traditional teaching methods and traditional methods 
paired with computer simulations. Using online data allowed students in the study to explore data from 
a longer timeframe and wider geographical scope than live, in-person data collection from observing 
the ocean directly would allow. This is one example of how access to online data can open up a new 
world of scientific understanding. Authentic data provides an important context for inquiry explorations 
and another avenue for students to experience science practices in general. Adams (2011) reports how 
using RTD for student inquiry work facilitates the illustration of the nature of science in the classroom. 
In her study, students analyzed several data sets from local bodies of water to compare varied factors 
and developed their own reasoning to explain physical phenomena. This creek-study activity fostered 
a “deeper understanding” of tidal and freshwater creeks and “a sense of ownership and pride” for their 
local aquatic ecosystem (Adams, 2011, p. 37). The use of authentic data in this unit illustrates how using 
online resources in the classroom can bring even local contexts closer and foster a deeper understanding 
of the way scientists work.

While real data is an excellent way to help students explore and experience scientific practices, it is 
also an opportunity for students to develop and practice their own problem-solving skills. Using authentic 
data to frame real-world problems presents authentic situations that are not as clear-cut as many textbook 
problems. These data also provide the tools to help students consider possible solutions. McKay and 
McGrath (2007) investigated how students used real-time weather, wind and wave-height data to solve 
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problems involving hypothetical situations related to planes and boats. Students utilized their physical 
science and math content knowledge with the RTD to determine speeds, accelerations and times of travel 
for the vessels. Students who participated in the program showed sustained higher levels of achievement 
in science. We see in many contexts, across grade levels and content areas, that the use of RTD not only 
is an engaging instructional method for students, but also one that promotes increased achievement and 
interest. Utilizing real data in the classroom also provides an authentic application of science standards 
and allows students to become deeply engaged with the content (Adams, 2011).

One of the goals of science education has been to make science instruction more authentic; students 
should be using practices like scientists (Edelson, 1998; Hawkins & Pea, 1987; NGSS Lead States, 2013). 
Implementation of K-12 classroom activities including authentic data is crucial to the success of science 
education reform (Doering & Veletsianos, 2007; Lee & Butler, 2003) as it provides students entrée to 
research in which scientists actually engage and fosters skills central to scientific literacy (Chin & Mal-
hotra, 2002). Modern science education is founded on critical thinking, problem solving, inquiry-based 
activities and scientific reasoning; principles that the authors believe are enhanced by use of authentic 
data in the K-12 classroom. The NGSS place a significant focus on Analyzing and Interpreting Data as 
part of the science and engineering practices, one of three cornerstones of the standards (NGSS Lead 
States, 2013). Using authentic data should be contextual, however, giving students perspective as to why 
the data are important. The NGSS note, for instance, note that the Science and Engineering Practices, “. . 
. are designed to be taught in context—not in a vacuum” (NGSS Lead States, 2013, Executive Summary, 
p. 1). For instance, if students are studying plate tectonics, they can use real-time earthquake or volcano 
data to help support understandings of seafloor spreading, hot spots, and subduction zones. Tracking 
animal movements in response to seasons can help students to better understand phytoplankton blooms 
and food webs.

Authentic scientific inquiry, identified as ‘practices’ in current standards, refers to research that scien-
tists conduct in the ‘real world’ and depends largely on access to real scientific data. Science education 
researchers posit that all citizens need to be able to engage in scientific reasoning to make informed 
everyday decisions (Chinn and Malhotra, 2002). To that end, teachers and students require access to 
authentic data in classrooms and teachers need support to implement activities that foster the skills central 
to scientific reasoning. With increasing access to technology in schools, students have greater potential 
to engage with authentic data than ever before (Gray, Thomas, & Lewis, 2010). Technology is a valuable 
tool for access and direct interaction with authentic data and communication between researcher and 
classrooms. For example, geospatial technologies, like Google Earth, can be used as a pedagogical tool 
for teaching content. In a peer collaboration model, use of technology was effective with middle school 
students learning the geography of their region and researchers found that interaction with geospatial 
technologies assisted students in developing a sense of place and an understanding of the nature of sci-
ence through sharing of data (Doering and Veletsianos, 2007). By using practices such as analyzing data, 
students demonstrate higher achievement, deeper conceptual understanding, and improved motivation 
in school (Minner, et al., 2010).

Chinn and Malhotra (2002) conducted an analysis of inquiry activities in both textbooks as well as 
those developed by researchers in education and concluded that there is a direct need to design improved 
inquiry tasks that incorporate more of the features of authentic science, i.e., data analysis. Student data 
use allows them to gain deeper understandings of science content and the nature of science (Adams, 
2011). Bell, Fowler and Stein (2003) encourage partnerships between scientists and educators at all lev-
els so that students have greater access to monitoring activities, given evidence from their research that 
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authentic data can enhance understanding of important science concepts. When searching for engaging 
contexts for teaching science, educators can look to the environment around them (Bell, Fowler, & Stein, 
2003; Bodzin, 2008; Bodzin & Shive, 2004). Bodzin (2011) demonstrated successful support of teach-
ers in local districts using data in inquiry-based watershed lessons in which students collect their own 
data on freshwater ecosystem and access scientific data from various sources. Classes of fourth grade 
students given the opportunity for “real-life experience” and an “authentic investigation” (p. 55) into a 
pond ecosystem developed a personal connection to the science concepts.

Successful Examples of Using Authentic Earth Data in the Classroom

Below are descriptions of three curricula in which students use technological tools to access and ana-
lyze earth data in order to meet science standards. Teacher training for these curricula is now a part of 
the NASA Endeavor program (www.us-satellite.net/endeavor). These curricula are examples of how 
authentic data are being used in the classroom. The current study (see “Main Focus” section) examined 
the perspectives and work of teachers and students using these curricula in their classrooms.

Project 3D-VIEW

Project 3D-VIEW [Virtual Interactive Environmental Worlds] (www.3dview.org) is a 5th and 6th grade 
curriculum in which students use 3D visualization and hands-on activities to learn Earth Systems Science 
content. There are five units, Lithosphere, Atmosphere, Biosphere, Hydrosphere, and Earth Systems, 
each of which leads students through a thematic exploration of science, relying heavily on authentic earth 
data. For instance in the lithosphere unit, students observe earthquake epicenter locations all around 
the world, looking for patterns and evidence of plate tectonics. In the biosphere unit, they use NASA 
vegetation imagery to compare the productivity of different biomes. Different levels of productivity 
correspond to different colors, keyed on an accompanying color bar, which students then interpret as 
they learn about biomes. Students learn, for instance, that the desert is much less productive than the 
grasslands, but also that the tundra’s productivity has stark seasonal variations, with summer resulting 
in an explosion of grasses, flowers, and other flora.

Evaluation results of the original program 3D-VIEW program, which was funded by NASA, revealed 
that students performed strongly on science content questions, and demonstrated increased engagement 
in science and a belief that they understood science better. Fifth and sixth grade 3D-VIEW students 
outperformed a reference group of 8th grade students, 66.67% of the time (n=864) (Wilson, 2009) . The 
researchers also collected qualitative data, i.e., through teacher and student interviews and classroom 
observations, and found that when students discussed their learning in the program, they often referred 
to concepts they learned using authentic data. For instance, a group of students in Georgia discussed 
productivity and referred to the vegetation imagery activity described above when they talked about 
biomes (Marrero, Schuster, & Bickerstaff, 2013) .

ACES

The ACES [Animals in Curriculum-based Ecosystem Studies] (www.signalsofspring.net/aces) program 
brings ocean literacy and marine conservation concepts to life through tracking online the movements of 
marine animals (e.g., polar bears, whales, sharks, seabirds) with respect to earth data (e.g., bathymetry, 

http://www.us-satellite.net/endeavor
http://www.3dview.org
http://www.signalsofspring.net/aces
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chlorophyll, sea surface temperature, sea ice). For instance, a student might follow the movements of a 
polar bear in the spring and summer, as the Arctic sea ice retreats further and further north. As students 
analyze and interpret these authentic data, they discover conservation-related issues, e.g., global climate 
change and biomagnification of pollutants. The crux of ACES is that students are using authentic animal 
tracking data (animals are tracked using satellite tags) and diverse earth data sets. Students work in teams 
and examine an animal’s movements from different perspectives, e.g., with respect to seafloor features 
or phytoplankton availability.

In a previous study, ACES students demonstrated the ability to draw upon standards-based concepts 
they learned in the program and apply them to novel situations. For instance, ACES students learned 
about marine pollution and sustainable fishing, but demonstrated scientifically-based decision-making 
abilities when given a scenario of proposed construction of a wave power plant. In focus groups, middle 
school students discussed how studying their marine animals and learning about the relevant conservation 
issues affected their personal decision-making, and that upon their families. e.g., related to plastic use 
and seafood choice. In other words, these students relied on their scientific understandings to support 
their decisions (Marrero & Mensah, 2011)

SPRINTT

In the SPRINTT [Student Polar Research for IPY with International and National Teacher Training] pro-
gram, students conduct research studies about aspects of global climate change (http://www.us-satellite.
net/sprintt/). Using a database-driven online research tool, students work through a scientific inquiry 
process: collecting background information, forming a hypothesis, analyzing and interpreting data, and 
reporting results and further questions. The design of the online tool scaffolds the process for elementary, 
middle and high school students, allowing them to conduct the research at the most appropriate level for 
them. Students study topics including:

• Walrus: How will changes in sea ice affect walrus populations?
• Treeline: Movement of the Arctic Treeline
• Greenland: Is the Greenland ice sheet growing or shrinking, thickening or thinning?
• Paleoclimatology: What can ancient atmospheres on earth tell us about earth’s future atmosphere?

As they work through researching their topics, students access, analyze, and interpret authentic earth 
data. The SPRINTT online investigations are designed to lead students through the process of analyzing 
different data sets as they relate to a central question, and then using the data to support their answers to 
questions. For instance, for the Greenland study, students progress through a series of data sets, in which 
they analyze evidence of glacial retreat and build knowledge of the dynamic nature of earth’s cryosphere. 
Activities integrate fundamental science concepts (i.e. properties of water, gravity, temperature, albedo, 
and plate tectonics) and math concepts (i.e. distance, area, measurement) so that students achieve deeper 
understanding of the content. Utilizing satellite data of melt zones, elevation maps, and photographic 
evidence of change over time, students use critical thinking skills to justify whether the evidence sup-
ports or refutes their original hypotheses.

Research results show that students engaged in SPRINTT were highly successful at using scientific 
practices. A random sample (n=89) of 852 completed student research papers were analyzed using 
the program rubric, which focuses on practices such as developing hypotheses, collecting evidence to 

http://www.us-satellite.net/sprintt/
http://www.us-satellite.net/sprintt/
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support or refute the hypothesis, analyzing and interpreting data, supporting ideas with evidence, and 
communicated results. According to the study, “In these research papers, students demonstrated they 
developed sufficient understanding of the content to draw evidence-based conclusions about a pivotal 
issue or an important question” (Marrero, Davey, Davis, & Schuster, 2011, p. 106).

TEACHING AND LEARNING WITH AUTHENTIC DATA

This research study is a qualitative case study of teachers and students utilizing the three programs 
described above. Case studies result in a rich description of themes emerging from the data source and 
seek to bring together research participants into a “bounded system” for the sake of better understanding 
their experiences and perspectives (Merriam, 1998). In this case, the bounded system included teachers 
and students working with the three curriculum programs described above: Project 3D-VIEW, ACES, 
and SPRINTT. The teachers were all members of the NASA Endeavor program and received profes-
sional development in the programs through their fellowship coursework. We analyzed both teacher and 
student work, student presentations, and transcripts of interviews with teachers. Utilizing qualitative 
methodologies allowed us to explore the participants’ views in their own words and better understand 
the ways in which authentic data are being used for teaching and learning.

Theoretical Framework

The main theoretical framework for this study was social constructivism. Within the NASA Endeavor 
program, teachers build knowledge based on their own experiences and those shared with other learners, 
in this case, the other Endeavor teachers. The idea of social constructivism is that knowledge is con-
structed as a group through interaction and collaborative knowledge building. In social constructivism, 
“... the process of constructing meaning always is embedded in a particular social setting of which the 
individual is a part” (Duit & Treagust, 1998, p. 8).The teachers in this case study developed their ideas 
about using data in the classroom through interactions with colleagues, NASA scientists, and teacher 
educators. Richardson (1997) explains that in teacher education, “It is within this interaction that cultural 
meanings are shared within the group, and then internalized by the individual” (p. 8).

Each of the curriculum programs is also built upon this idea of social constructivism (Duit & 
Treagust, 1998). In this framework, learners build new knowledge by intertwining new ideas with their 
own experiences, and experiences they share with others. As Palinscar (2005) describes, “learning and 
understanding are regarded as inherently social; and cultural activities and tools (ranging from symbol 
systems to artifacts to language) are regarded as integral to conceptual development” (p. 348). For in-
stance, in the ACES program, students are constantly asked to reflect on their experiences with the ocean 
and freshwater resources, to ask new questions and to reflect on findings of data-based activities, such 
as the animal tracking. In SPRINTT, students work in teams to study climate change issues, discussing 
findings and generating a shared scientific paper that reflects their findings. They are encouraged to 
share their ideas with their teacher and other students, such as through an online symposium (see data 
collection, below). Crotty (1998) notes that the case study methodology is well-aligned with the con-
structivist theoretical framework as it “will put all understandings, scientific and non-scientific alike, 
on the very same footing” (p. 16).
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Setting and Participants

We studied diverse teachers in the NASA Endeavor STEM Teaching Program, the STEM professional 
development arm of U.S. Satellite Laboratory. K-12 teachers, curriculum supervisors, and administra-
tors earn a certificate in STEM Education and can optionally put their work towards a Master’s Degree 
from regionally accredited partner universities. Through the online certificate program, educators take a 
minimum of three courses; five if seeking a Master’s Degree. In a supportive, collaborative online envi-
ronment, they learn to integrate authentic data, problem-based learning strategies and student-centered 
STEM activities that address Next Generation Science Standards as well as Common Core State Standards. 
Instructors teach content and model STEM pedagogy, providing examples of data integration, which the 
teachers apply to their specific classroom environments. The courses allow for constant discourse and 
knowledge building among the participants. Teachers bring in their own ideas and experiences, which 
the instructors use as important starting points for knowledge growth, as suggested by the professional 
development literature (e.g., van Driel, Beijaard, & Verloop, 2001). Through some data sources, i.e., 
student work, we also studied the students of Endeavor teachers (see later section).

Data Collection and Analysis

We selected a qualitative approach to this study because we were interested in the ideas of teachers and 
students and the roles played by authentic data in teaching and learning. Merriam (1998) tells us that 
“[q]ualitative researchers are interested in understanding the meaning people have constructed, that is, 
how they make sense of their world and the experiences they have in the world” (p. 6). Our goal was 
to uncover the ways in which using authentic data in K-12 classrooms affects teaching and learning. 
Qualitative data allows for discovery, for themes to emerge from a variety of data sources rather than 
testing pre-determined hypotheses.

In qualitative research, the researchers must be strongly connected to their research subjects. Creswell 
(2003) explains that, “Qualitative researchers look for involvement of their participants in data collec-
tion and seek to build rapport and credibility with the individuals in the study” (p. 181). All three of the 
researchers were instructors in the NASA Endeavor program and thus knew the participants personally. 
It was through this personal connection that we were able to study and learn about the ways in which 
authentic data are affecting teaching and learning in the classroom. The case study is one method of 
qualitative inquiry. “A case study design is employed to gain an in-depth understanding of the situation 
and meaning for those involved’ (Merriam, 1998, p. 19). Case studies allow us to bring together and 
uncover ideas that are somehow bound together, in this case, by the NASA Endeavor program and by 
the use of authentic earth data in the K-12 classroom. The cases presented do not necessarily suggest 
that all Endeavor teachers are successfully employing Earth data in their classrooms. Rather, studying 
these teachers has allowed us to uncover ways in which teachers can be successful in doing so, and thus 
inform future teacher professional development in this area.
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Data Sources

Teacher Interviews

The researchers conducted conversational, semi-structured telephone interviews (Merriam, 1998) with 
teachers to uncover the educators’ ideas about using authentic Earth data and how the practice has af-
fected teaching and learning in their classrooms. We developed and used a common interview protocol 
of 12 questions but also allowed for unstructured conversation and additional questions in order to best 
promote sharing of ideas. Dey (1993) notes the importance of allowing subjects to help define how 
data are collected, “ . . . the length, detail, content and relevance of the data are not determined by the 
researcher, but recorded ‘as spoken’ or ‘as it happens’ . . .” (p. 14).

Teachers were purposefully selected (Creswell, 2003; Merriam, 1998) for interviews based on recom-
mendations from Endeavor instructors. The researchers asked instructors to recommend teachers who 
demonstrated interest/intent to implement strategies of using authentic data in their classrooms. The goal 
was not to generalize ideas for all teachers, but rather to examine “representative cases”(Creswell, 2007) 
of teaching and learning using authentic earth data. The length of the interviews varied from about 20 
to 50 minutes, and were recorded and transcribed. Additionally, the researchers took notes turning the 
interview, which were reviewed as field notes.

Teacher Work

Within Endeavor courses, teachers complete assignments related to course content. Most teachers take 
the courses to earn graduate credit, which can then be used toward Master’s Degrees and/or pay increases 
in their school districts. Assignments include developing lesson plans, completing discussion posts, writ-
ing papers, and reviewing online resources. As a data source, we reviewed the work of about 15 select 
teachers, again based on instructor recommendation and relevance to the present study. Specifically, we 
sought out teachers at different grade levels that referenced the use of authentic data, for instance, by 
creating a lesson plan that relied on such data or discussing an example in an online forum. We reviewed 
relevant discussion posts, lesson plans, teacher reflections and other assignments stored in the Endeavor 
Online Learning System (OLS).

Merriam (1998) notes the importance of using documents as data sources in addition to data collected 
directly by the researchers. She explains, “one of the greatest advantages in using documentary mate-
rial is its stability. Unlike interviewing and observation, the presence of the investigator does not alter 
what is being studied. Documents are ‘objective’ sources of data compared to other forms” (p. 126). In 
this study, the teacher work and student work, including student symposium, presentations represented 
documentary data sources because all of these sources were produced without the researchers and for 
purposes other than this study.



570

Using Authentic Earth Data in the K-12 Classroom
 

End-of-Course Surveys

Following each Endeavor course, teachers complete end-of-course surveys, which are used by the pro-
gram for formative assessment and inform course and programmatic improvements. The surveys include 
both multiple choice and open-ended questions. For this study, we examined survey results from five 
Endeavor courses over two semesters.

Student Work

In addition to analyzing documents produced by Endeavor teachers, we examined the work of their 
students. For instance, in December 2014, approximately 20 students from two schools in Florida and 
Colorado participated in an online “SPRINTT Symposium.” During this symposium, student teams 
shared the findings of their SPRINTT climate change investigations, which rely on authentic data in-
cluding sea ice satellite images, analysis of gases trapped in ice cores, treeline observations, and more. 
The students presented their findings and then responded to questions posed by a participating scientist 
and the other school. The symposium lasted just under an hour. Student presentations were transcribed 
and the slides collected for analysis. The symposium provided a unique opportunity to gather students’ 
understandings and perspectives of the science topics in their own words and became an important data 
source for this study.

Other sources of student work were the ACES online journals and student work shared from teachers. 
In the ACES online journals, students record their analyses of marine animal movements with respect 
to parameters such as sea surface temperature. Students write their observations and justifications in 
these online journals, which are then accessible by their teachers and partner scientists. We analyzed 
approximately fifteen online journals written by students of teachers recommended by instructors. 
Endeavor teachers whom we interviewed also shared a few examples of student work, i.e., worksheets, 
which demonstrated students using authentic earth data in the classroom. Teachers were asked to share 
a range of student classroom work, and the researchers had access to all ACES journals of participating 
teachers’ students.

Data Analysis and Findings

Analyzing the data sets provided a rich picture of the practice of engaging K-12 students with authentic 
data. The data, collected as described above, were analyzed using the techniques of grounded theory 
analysis (Charmaz, 2000; Dey, 1993). We went through each piece of the data, e.g., interview transcript, 
lesson plan and made notes about ideas that arose, getting a feel for all of the data as a whole first, or a 
“general sense” of the data (Creswell, 2003, p. 191). The next step was to highlight common ideas. Each 
piece of data was analyzed and compared to existing data sources, using constant comparison (Creswell, 
2007). Examining the notes on each data source and re-reading the data through multiple passes allowed us 
chunk together ideas and begin describing categories and interconnections between the categories. Finally, 
we collapsed categories into themes supported by evidence from across data sources. These techniques 
are based on the processes of open and axial coding (Charmaz, 2000; Glaser & Strauss, 1967; Strauss 
& Corbin, 1990). This process of qualitative analysis results in emergent themes from across data sets.



571

Using Authentic Earth Data in the K-12 Classroom
 

As qualitative researchers, we employed several strategies to ensure trustworthiness in the findings. 
First, through analysis and constant comparison of several data sets, we were able to triangulate across 
data sources (Creswell, 2007; Guba & Lincoln, 1989; Merriam, 1998). For instance, we saw students 
supporting ideas with evidence in written and oral work, and heard from teachers in interviews that 
they observed their students using this practice. Collecting evidence from multiple data sources con-
firms emergent findings. Additionally, we used the process of peer debriefing (Creswell, 2007; Guba 
& Lincoln, 1989), in which we as the researchers discussed data and emergent themes as we analyzed 
and reported the themes. Finally, we recognize our biases as Endeavor instructors and present ideas that 
emerged but do not support our findings, “negative or discrepant information that runs counter to the 
themes” (Creswell, 2007, p. 196). These ideas are discussed in the later section, “Issues, Controversies, 
and Problems.”

Throughout the data sources, teachers often mentioned that learning to use earth data was an impor-
tant outcome of the Endeavor courses. For instance, on end-of-course surveys, participants were asked, 
“What was the most important thing you learned in this course?” Relevant answers from courses included:

• Importance of putting scientific concepts in context and connecting them to real world applications.
• I will use more data in lessons.
• I learned how to use SPRINTT polar climate change program to have student engage in research 

and interpret, analyze and draw conclusions from online data sets.

In analyzing more deeply, we were able to better uncover how teachers are using the data they dis-
cussed. Two major themes have emerged from the analysis of data sources: Constructing Explanations 
and Making Real Life Connections. These themes were evident across data sources and the work of both 
K-12 students and their teachers. The data collected showed that authentic data were used by students 
to construct explanations and also make connections to authentic events. These themes are described 
in detail below.

Constructing Explanations

Several Endeavor teachers, in their discussion posts and interviews, noted that using authentic data al-
lowed students to employ all eight of the NGSS Science and Engineering Practices. However, through 
multiple passes of data analysis, we discovered that the teachers often recounted how their students 
constructed explanations; this practice was also consistently demonstrated by the students in their own 
work. NGSS Practice 6: Constructing Explanations and Designing Solutions is incredibly important. 
The standards themselves indicate, “The goal of science is to construct explanations for the causes of 
phenomena” (NGSS Lead States, 2013, Appendix F, p. 11). Beginning at the K-2 level, students are 
asked to begin using evidence to support their explanation, and this practice becomes more sophisticated 
as students progress. In Grades 9-12, these explanations, “are supported by multiple and independent 
student-generated sources of evidence consistent with scientific ideas, principles and theories” (p.11). 
Our findings show that Endeavor teachers and students are using authentic data at a variety of grade 
levels to achieve this goal.
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3D-VIEW and Earthquake Data

At the middle school level, students of Endeavor teachers are asked, for example, to “use current online 
geological evidence to support the idea that the Earth’s crust/lithosphere is composed of plates that 
move” (student worksheet created by Endeavor teacher Eric). One Endeavor teacher, Eric (all names 
are pseudonyms), at a suburban school in New England, described in his interview the activity in which 
students organize and use the earthquake data in order to “compare different [plate] boundaries and 
manipulate the data sets, for instance the depth of the earthquake focus, and look for patterns with size 
and depth.” Eric used this activity in conjunction with parts of the 3D-VIEW ‘Lithosphere’ curriculum 
unit, which focuses on movements of Earth’s crust. Eric’s instructors described him as a “go getter,” 
explaining that he produced “top notch” assignments for his courses and seemed eager to learn and to 
challenge his students. His students are primarily White and middle to upper socioeconomic classes.

Eric asked students to use evidence collected from authentic data to determine whether earthquake 
focal depth is related to plate boundary type. In this activity, students were asked to synthesize informa-
tion from a map of crustal plates and make predictions. Eric noted, “Their predictions came from what 
they had learned about the different boundary types; they were hypothesizing using evidence.” The next 
step was for students to collect focal depth data using an online viewer, organizing their data into a table. 
Then students had to support their assertions and support or refute their prediction using evidence - the 
crux of the practice of constructing explanations. Eric noted that using the authentic data was new and a 
challenge for his students, saying, “It’s different from what they’re used to doing; it’s a new experience. 
They’re not used to higher critical thinking.” Eric explained that this lesson was one of his first forays 
into using authentic online data in his classroom, but that he had since written some new lesson plans 
and was planning to do more of this type of activity. He felt that this type of work is, “well-aligned with 
NGSS performance tasks.”

Animal Tracking

Gloria, a high school teacher, teaches biology and marine science courses in a suburban school in 
southern California. The majority of her students are Latino and a significant percentage of students at 
the school are English Language Learners. She describes the school as mostly middle class. Gloria has 
implemented portions of both the ACES and SPRINTT curricula in her classes. She is an experienced 
teacher with certifications in several science subjects as well as a bilingual education credential. Gloria 
is extremely passionate about her subject area and is always looking for new and better ways to improve 
instruction in her classroom.

In her phone interview, Gloria explained that she felt that employing authentic data was a way to en-
gage her students in all eight of the NGSS science and engineering practices. She gave specific examples 
about how students employed different practices, referring back to specific curriculum elements and data 
the students used. Gloria emphasized that one of the practices students used most frequently was con-
structing explanations, and that authentic data helped students to support their ideas with evidence, for 
instance NOAA data that can include sea surface temperature (SST), sea ice, weather variables, and more.

Well, I would think that it’s mostly taking the background knowledge that maybe they have, and then 
what they discovered through some of the investigation, and they’re just kind of emphasizing that and 
then constructing explanations, for like maybe why a particular species, is at a particular point at a 
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time, and where they might be going and what might happen. . . I know that when we look at some of 
the NOAA data—we’ll look at trends over time and then maybe if there is some kind of event a certain 
year that was an anomaly, you know have to explain it . . .

Gloria gave several examples of how she asked students to access and analyze online data, including 
animal locations, ocean currents, and SSTs, and then try to use the data to explain observations they made. 
She also emphasized that constructing explanations from the data was a skill that students developed as 
they worked with real data, saying, that at the beginning, about students:

They weren’t specific as to like why the source was supporting that. So, like, it really helped them to 
develop that [practice], and it also kind of helped me to be able to say, ‘oh, okay, hey you know this is 
what I need you to clarify. Just do the same thing but really be specific about things.’ 

Once they got the hang of it, Gloria explained that when using real data that they analyze themselves, 
the students,

Really do a deeper analysis and draw conclusions. So, I thought that this was probably the most valu-
able . . . there were so many different types of data that when you put [them together] you get a bigger 
picture and can draw conclusions from that.

For this teacher, using authentic data helped to support students as they developed the practice of 
constructing explanations.

Students of other Endeavor Fellows demonstrated the ability to use this NGSS science and engineer-
ing practice in their work. For example, in an ACES journal, one student group was studying Pacific 
humpback whales and analyzed the movements of one animal, which they called ‘Yoda,’ off of Alaska 
one August (Figure 1).

During the dates 8/1/10-8/15/10, the animal follows a depth of -100 Meters and it is traveling along 
the continental shelf. To the south of the continental shelf the depth is around -2000 meters. For the 
most part the animal is traveling along those depths. Our animal the Humpback Whale 88721 (or Yoda 
to us) is staying on the continental shelf to eat the phytoplankton and the small organisms that eat the 
phytoplankton, such as schools of small fish and krill. It is on the edge of the continental shelf and the 
slope. This is where upwelling can occur. Upwelling gives nutrients to the phytoplankton and the whale 
eats the phytoplankton. Yoda, is traveling along the continental shelf from Alaska to Russia. . .

The students interpreted imagery, in this case, bathymetry, made observations, and then explained the 
animal’s movements. This group made connections between the bathymetry imagery, what they knew 
about seafloor features and water movement, and their understandings about the humpback whale’s food 
web to construct an explanation for why the animal was tracked where it was.

Another student followed the movements of a greater shearwater, a far-ranging seabird, with respect 
to chlorophyll imagery. Chase, the shearwater that the student was following, took a slightly different 
path than other greater shearwaters in the area, and the student used evidence from the maps to support 
their explanation as to why:
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Based on data recorded July 19, Chase covered an area of moderately high chlorophyll concentration, 
approximately 1mg/m3, but the chlorophyll concentrations were higher slightly farther North in a more 
enclosed part of the bay, approximately 3mg/m3. There were also other tagged greater shearwaters in 
the area at the same time, and they appear to have remained primarily in the more enclosed part of the 
bay with higher chlorophyll concentrations. Since the area of highest chlorophyll concentration appears 
to also have a higher concentration of shearwaters, I suspect that Chase left the more populated region 
where hed [sic] been earlier in the summer and moved out over the open water to avoid competition for 
food. Since greater shearwaters eat primarily fish and squid, he could find food out in open water even 
without the highest chlorophyll concentrations. 

In his or her explanation of the bird’s movements, the student uses several pieces of evidence to support 
the explanation: chlorophyll levels, tracks of other animals, and knowledge of the species’ life history.

Climate Change Studies

Student presenters during the SPRINTT online symposium consistently demonstrated their ability to 
construct explanations based on evidence. For example, eighth graders from a private school in Florida 
conducted a study of paleoclimatology, looking at data collected from ice cores, specifically the con-
centrations of different gases at different points in earth’s history. As they spoke about their findings, 
they explicitly referred to the data in their explanations.

Figure 1. Humpback Whale Track in August 2010. Map courtesy U.S. Satellite Laboratory. Earth and 
animal data courtesy NOAA.
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The first graph, to the left, shows the, uh, the age of the ice cores, and the age of the gas trapped in the 
ice. As you can see, from 0-15m down, air is able to move freely, but past 15m it becomes harder for 
the air to move. The air is sealed once the depth reaches 15 meters. These two elements, carbon dioxide 
and methane, have both had an effect on temperature in the past.

These students used the graph and graphic (Figure 2) as a way to better explain the topic of paleocli-
matology using ice cores to their audience, explaining how air becomes trapped in the ice as the water 
freezes. They then used “pieces of evidence” to support their findings in the investigation, noting, for 
example,

The third piece of evidence was about carbon dioxide . . .As you can see in the graph above, we have 
found that there is a fluctuation . . . there are warming and cooling periods that have been fluctuating 
for more than 400,000 years because of increases and decreases in carbon dioxide. When there is more 
carbon dioxide in the air, it is warmer, and when there is less carbon dioxide in the air, it is cooler

The student team again refers directly to their graphs (Figure 3) as they discuss atmospheric tem-
perature changes and fluctuations in carbon dioxide levels.

Another team, from a high school in Colorado, presented their study of the Greenland ice sheet. More 
than 80% of Greenland is covered by the ice sheet; the average thickness of the ice is more than a mile. 
While melting occurs seasonably, scientists are observing that this ice sheet is experiencing more melt-
ing in recent years. Students who studied this investigation use data including visible satellite images of 
the ice sheet and coded data sets that show meltwater ponds atop the ice. During their presentation, the 
Colorado team noted of the Greenland ice sheet:

Figure 2. SPRINTT student presentation slide. Courtesy U.S. Satellite Laboratory.
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In 2005, almost double the amount of ice melted than in 1992. Every year the amount of ice that is melting 
increases. Because the ice is melting the sea life is changing. Fish that used to thrive in the cold waters 
are now dying out because of the water warming . .. There are more ponds that appear . . . but with the 
more ponds is the risk of the ice to crack.

The presenters go on to explain how Greenlanders hunt and fish atop the ice, and how they have had 
to change their practices, e.g., using boats instead of walking, due to increased melting. These students 
took the data regarding melting, to which they referred, and then discussed implications for the ecosys-
tem as well as for humans, illustrating that they can meet expectations about science and engineering 
practices as delineated by the NGSS, that is,

Construct a scientific explanation based on valid and reliable evidence obtained from sources (includ-
ing the students’ own experiments) and the assumption that theories and laws that describe the natural 
world operate today as they did in the past and will continue to do so in the future (Appendix F, p. 11).

Importantly, based on some of their comments during the symposium, the students recognized the 
significance of using authentic data. The group studying the Greenland ice was asked by another team 
to name their favorite part of the investigation. A student answered, “I really liked all of the evidence, 
and using all of the images. Each piece of information really supported our hypothesis and supported the 
fact that everything is melting. . .” Another student group was asked why so many people do not believe 
that climate change is a problem. One student explained, stressing the importance of using evidence to 
support their ideas:

Figure 3. Slide from a SPRINTT student presentation showing use of graphs to support explanations. 
Courtesy U.S. Satellite Laboratory.
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Personally, I think that a lot of people have trouble seeing all this, and really have trouble seeing why 
it’s such a clear problem, because a lot of people actually haven’t looked too much into it. They haven’t 
actually seen graphs or other evidence that gives them the evidence. They are just hearing the news, or 
the rumors, or something of that sort. They aren’t seeing the evidence.

This student refers to the data and notes several times that explanations should be based on evidence. 
Similarly, one team was asked what they would tell the public about climate change. A student answered:

We’d tell them to look at the data to research it themselves, to not only, to take the time to look at it, and 
get some hardcore facts that you can look at. Obviously we can say, global warming, the ocean levels 
are rising, we can say that but to look at the data, it would be helpful for people to understand what is 
going on and for them to see it themselves . . .

Based on these comments, the SPRINTT students seem to have internalized the importance of back-
ing up explanations with evidence. The students repeatedly note that data provide an opportunity for 
people to develop their own explanations.

Teachers in the SPRINTT course also highlighted the importance of data integration for construct-
ing explanations when planning for instruction using the program. Miriam, a middle school teacher in 
California, noted in a discussion post:

With the new argumentative writing common core standards students need to know how to use data to 
support their statements. Investigations that allow my students to use and analyze data helps them to see 
and understand the concepts they are learning, and it also teaches them how to use data as a support 
for their predictions and conclusions.

It’s interesting that Miriam relates her students’ experience in constructing explanations more to the 
Common Core State Standards for ELA than to the science standards. It may be important for instructors 
to help science teachers to make connections between the two sets of standards. Gloria, the California 
teacher, discussed the SPRINTT program as a way to help students see the value of supporting their 
explanations with evidence, saying:

Giving students opportunities to gather information by analyzing multiple types of data sets provides an 
avenue for students to envision the real-world applications of their learning and understand how the use 
of scientific data provides evidence for constructing explanations for problems facing our natural world.

She goes on to talk about how important it is for students to use evidence to support climate change 
assertions, since the issue has become so politically charged.

Making Real Life Connections

The other theme that emerged across the data sources is that in Endeavor classrooms, students and teach-
ers used authentic data to make real-life connections to content. When using online data, students and 
teachers saw the information as relevant to their lives and important.
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Using Earthquake Data

Eric, the New England middle school teacher, recognized the importance of students working with au-
thentic data and developing their scientific practices. He mentioned in the interview that the students saw 
the connections to their “regular lives.” He explained that the earthquake data engaged students because 
“This is a way to model and interpret what’s going on in real life. They’re [the students] in charge of 
it; they’re changing the parameter.” Eric also shared that working with the earthquake data, “definitely 
increased engagement. [Students understood] that earthquakes happen everywhere. This is the biggest 
takeaway that they’re taking with them, because you don’t hear about all of [the earthquakes].” Eric’s 
students were shocked to discover, from the online data, that earthquakes do frequently occur in the 
northeast, although they are typically too small to be felt. Suddenly, earthquakes, which they viewed as 
relevant to faraway places like California and Japan, became relevant to students’ lives.

Prior to this lesson, Eric had used online simulations, e.g., those created by pHET, that allow stu-
dents to manipulate variables. While he noted that such simulations are useful resources, he felt that it 
was useful and important that students were able to use real earth data. Based on his observations of his 
classes, the students were more engaged and more connected when they knew they were observing and 
analyzing real earthquake information. This finding is echoed in other research, where three methods 
were compared: traditional instruction, traditional instruction with simulations and inquiry instruction 
using RTD. That study found little difference in student learning in the first two classroom contexts, but 
conducting inquiry using the authentic data was found to develop notably higher levels of scientific un-
derstandings, emphasizing the value of introducing authentic data for instruction (Ucar & Trundle, 2011).

Alana, a middle school teacher in California, also chose to incorporate earthquake data as a part of 
the 3D-VIEW course. As Californians, her students had certainly experienced earthquakes and com-
munity discussions of future seismic activity. She created a lesson plan in which students would access 
a real-time earthquake map from USGS depicting recent activity, make observations, and try to predict 
plate movements, In reference to the map, she explained:

I would use this diagram as an introduction to earthquakes. I could describe plate tectonics. Students 
could predict which plate was moving and why the earthquakes are scattered this way.

Based on her lesson plan, Alana seems to have a more traditional style of teaching, and would use 
the data as more of an introduction rather than engaging her students in deeper analysis as Eric did.

Connecting to the Ocean

In Southern California, Gloria’s students can sometimes observe gray whales with their own eyes, even 
sometimes with binoculars from their school building. While most of us are not lucky enough to have 
our own local cetaceans to motivate students, Gloria stressed that she used authentic data to help students 
to understand that their actions online affect marine mammals and other ocean inhabitants.

I have them try to make some correlations between what we do and the grey whale migration. I have 
them look up some pollution data for the California Coast, and they can try to explain how since the 
gray whales tend to stay in the areas . .. they are affected.
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Gloria’s students accessed online pollutant data and analyzed nutrient levels to help them make con-
nections to how what happens on land affects animals such as whales. She emphasized that using the 
real data was important in helping students feel connected to the science, explaining

They actually realized they are using real data. I think that most of them were just really excited . . . 
they are engaged in trying to figure things out. I think more so than what they would have been if they 
weren’t using real data.

She went on to say that her students were really interested in “seeing that they could actually take 
the data and try to figure out what’s happening in the world.”

Other Endeavor teachers using ACES explain that tracking the animals helps students to feel con-
nected to the ocean and to conservation issues. Maya, an upper elementary school teacher in Florida, 
explained in a reflection assignment, “Though the students were not able to go to the ocean, they were 
able to start making real world connections as we talked about the different facets of ocean literacy.” Her 
students studied the movements of sea turtles and made connections to local pollution data in Tampa Bay.

In their online journals, students often write about conservation issues, even though the instructions 
for the journals ask students to focus on the animals’ movements and earth data. One group studying 
loggerhead sea turtles wrote:

The Loggerhead turtles population is in danger because of their nest being destroyed by construction, 
their eggs are getting destroyed, and their habitats are being destroyed. Humans have destroyed their 
precious nesting grounds, constructing on the nesting grounds, and also tourists would disrupt the eggs 
or destroy them.

These students’ word choices seemed to illustrate their passion about the animal they were studying. 
Endeavor teachers consistently note that following the paths of actual marine animals helps students 
better connect to human impacts on marine species and make connections to their own choices. Carrie, 
a middle school teacher in Massachusetts described her students’ response in a reflection paper:

They showed sympathy for the animals when they were researching for this particular class. They called 
me over to their computer and said, “Miss, look at what happened to the turtle, why do people do this?” 
One student actually cried when she saw a picture of a turtle that grew with a plastic ring around its shell. 

Some students of course may be affected by simply reading about some of these issues or seeing 
pictures like the one that Carrie described, but several teachers emphasized that actually following the 
animals’ movements online was critical for building the real-life connections.

Denny, another teacher in southern California created a lesson plan in which his students would ex-
amine real-time tidal data and make connections to the grunion, a local fish that comes to spawn on the 
beach in concert with the tidal cycle. He shared observations that his students made, noting:

They were then asked to analyze their tidal graph. I thought that the analysis went well. I received many 
accurate observations such as;
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• “I saw that there was one bigger high tide and one smaller low tide every day.”
• “There seemed to be high and low tides at different times each day.”
• “Why did one day not have four tides?”
• “It seemed like there was one high and low tide in the morning. There was one high tide and low 

tide at night.”
• “I saw that there was one high tide for the month that was the biggest.”

Overall, I was pleased with their data organization and analysis. Their observations provided evidence 
for the idea of a fluctuating tide and also supported our guiding question.

Denny felt that it was important for students to use data to better understand this local phenomenon. 
He felt that his students were successful with the task but also in making real-life connections to content.

Real-Life Connections to Climate Change

During the SPRINTT symposium, students studying paleoclimatology demonstrated that they under-
stood how the data they were analyzing were relevant to their lives, and what is happening with climate 
change. They stated:

In conclusion, the ice cores are very important because they can determine the amount of carbon dioxide 
and the amounts of O18 in the ice, and then history tends to repeat itself. That’s how we can know what’s 
happening in the future.

In other words, this student team believed that their work was important and relevant in predicting 
what will happen to the future climate. Similarly, another group researching the Greenland ice sheet 
concluded their presentation by saying,

We need to know how global warming will affect our generation, and our children’s generation. . . it 
could change the climate and how we live, if the Greenland ice sheet melted.

By analyzing melting patterns in the Greenland ice sheet, students became very connected and con-
cerned about climate change.

Stephen, a teacher at a diverse high school in the suburbs of New York City, implemented portions 
of the SPRINTT curriculum into his classes and also found that using the data really helped students 
to feel more connected to climate change, that it is real and affected them. He explained that they were 
studying climate change in his course but that when the class accessed the online carbon dioxide data, 
his students finally “got it.”

We started getting the idea of just pulling the data of the temperature curve and the CO2 concentration 
on what’s going on. . . it was really the first time that [the students] felt involved and they could actually 
see what was happening. It really does make a difference. 
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Stephen used real data to spark students’ connection to the material and increase engagement. His 
school district is comprised of students from a wide range of socioeconomic backgrounds and his stu-
dents have very different life experiences. He felt that using the carbon dioxide data was a way to make 
connections for all of his students.

In her introduction to a lesson plan he created, Maura, a teacher from New Jersey, explained how she 
could use data to help students make a real life connection to a local issue:

I am interested in the effect known as the “urban heat island” and have chosen to explore that topic 
with local data, bring its results to my classroom and then have my students conduct our own research 
through a hands-on laboratory. Living in northern New Jersey, with the diversity of our geographic 
features and the urban, suburban and rural settings so near each other, makes for a great opportunity 
for my students to study the “urban heat island” since they so often experience it. 

In planning for this lesson, Maura found appropriate local data that she will have students analyze, 
and, like Gloria, pair her Earth data with a hands-on activity. She can then make larger connections to 
climate change.

For elementary students, it can be difficult to make the topic of climate change relevant and devel-
opmentally appropriate. One elementary teacher in Kansas, Andrea, instead proposed in a lesson plan 
assignment that her students look at temperature data. Her plan included the following:

Students will analyze the relationship between the sun and the Earth by analyzing temperature data from 
around the Earth using the following website: http://www.noaa.gov/wx.html. Each table of students will 
have a different area of the world to analyze. They will explain and illustrate a graph to show the dif-
ferent temperatures over a two-week period. 

She would then have students create graphs and compare temperature data from around the world 
to local temperature, helping them to understand their own weather and climate and how they compare 
to other locations.

In discussion posts during the SPRINTT course, other teachers discussed how data could help their 
students make the real-life connection to climate change. These teachers had not implemented the les-
sons with teachers. Sandy, a middle school teacher stated:

My reflection on these investigations have helped me understand how to present the subject of climate 
change to my sixth grade students in a way that will help them understand we are all a part of the “REAL” 
climate change. This change has been documented in numerous resources such as graphs, charts, and 
real data has been presented in a way that is clear and easy to understand . . .

Sandy was new to using Earth data but saw it as a way for students to be connected to a real life 
socioscientific issue.

Our finding that using authentic, online data helps students to make real-life connections confirms 
previous studies in this area, (e.g., Adams & Matsumoto, 2009; McKay & McGrath, 2007; Ucar & 
Trundle, 2011). Moreover, this finding is important because students often report that what they learn 
in science classrooms has little relevance to their lives (Costa, 1995; Nieto, 1994). If students do not 

http://www.noaa.gov/wx.html
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view science as relevant to their lives, they are not likely to view the subject as important for them to 
learn (Songer & Linn, 1991). Therefore, using authentic online data in science classrooms may help 
students feel more connected to science content and therefore more engaged in science class. Student 
disengagement is a significant barrier to student learning (Carini, Kuh, & Klein, 2006; Steinberg, 1996) 
so identifying ways to improve relevance and engagement is always important.

Issues, Controversies, and Problems

This study and others have identified many reasons why incorporating authentic, online data can sup-
port teaching and learning in K-12 classrooms. At the same time, there are some issues that arise when 
using this instructional strategy.

Student Comprehension of Data

Our findings show promise in students’ and teachers’ ability to use authentic data for constructing sci-
entific explanations. At the same time, working with actual data sets, rather than pre-fabricated, “clean” 
data, can sometimes be problematic. First, it can be much more challenging for students to work with 
authentic data. Investigations with real data often require more steps for students to access and interpret 
the data, and also understand realities of scientific work, e.g., anomalies, outliers. There are often mas-
sive amounts of data and it can be a challenge for students to sift through the observations and find what 
they need. For instance, Eric, the 8th grade teacher in New England, worked with a colleague to teach the 
earthquake lesson, but his colleague felt that the investigation was “too rigorous.” Eric said that some 
of his students were very uncomfortable with the process, and he felt that a percentage of students just 
“didn’t get it, even with serious guidance.”

Due to the often open-ended nature of working with authentic data, there can be more errors in the 
way students understand and use the information. For instance, during the SPRINTT symposium, one 
group referenced changes in Arctic sea ice as they observed on sea ice images from 1979 and 2007. 
While the sea ice extent has changed since 1979, it does fluctuate from year to year and 2007 saw one 
of the lowest extents of sea ice on record (Vizcarra, 2012), facts that the students neglected to include. 
By not obtaining or communicating more contextual information about their data, students may struggle 
to fully understand their data and correctly interpret their findings.

Similarly, in ACES journals we noticed erroneous analyses that suggest that students hold miscon-
ceptions about the content. In one ACES journal that analyzed the movements of a humpback whale, 
a student team wrote, “The range of the phytoplankton where our animal travels is 0-5 in the Pacific 
Ocean. The reason that the phytoplankton range is 0-5 [is] because SST is too cold for phytoplankton to 
grow.” In actuality, most types of phytoplankton thrive in colder waters, which are often more nutrient-
rich than warmer waters.

Teacher Comfort Levels in Using Data

Science education programs that make use of authentic earth data, either archived or real-time, are on 
the forefront of science education reform. Teaching with authentic data can be difficult for teachers who 
have no experience with this progressive approach to science education (Bodzin and Shive, 2004; Bodzin, 
2008). In the Endeavor program, teachers are asked to work with authentic data throughout their three or 
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five-course sequence of study. The required introductory course, Methods of STEM Education, introduces 
teachers to the idea of using authentic earth data in their lessons and shares freely available resources.

Even after many examples of ways to use authentic data are shared with teachers, the Endeavor teach-
ers sometimes struggle to actually use the online data in their classrooms. Eric, a hardworking, smart, 
and passionate educator admitted that even after about a year in the Endeavor program and completing 
several courses, that he had only really used online data with the earthquakes activity (described in the 
Data Analysis and Findings sections).

Gloria, another experienced and thoughtful educator, noted that she used online data in her marine 
science course, but that she struggled to do so in her biology classes. She attributed not using the data to

Maybe not knowing exactly what was out there, but . . . I think most of It was just that our California 
content standards were so rigid before . .. I felt like we didn’t really have time to do some of these proj-
ects even though it would have been great to take more class time, we had to follow a pacing guide. And 
now we have . . . our Next Generation Science Standards . . .and I have actually done more this year.

Like many teachers, Gloria has struggled with the realities of a very full curriculum and the time it 
takes to use inquiry-based strategies like employing authentic data. She noted that some of her students’ 
investigations with data “took longer than planned.” She remains optimistic that with the adoption of 
the NGSS in her state, her students will have more opportunities to use online authentic data because 
she sees the value for her learners.

SOLUTIONS AND RECOMMENDATIONS

Teacher Training

The findings suggest that using authentic, online data may be one way for students to learn to effectively 
use the NGSS practice of constructing explanations, as well as make real-life connections to science 
content. We believe that one of the keys to capitalizing on these benefits is excellent and sustained teacher 
training. Other researchers have suggested that this approach is crucial for effectively using such data in 
the classroom. For instance, Bodzin (2008) cites professional development as a key component of the 
success of the teacher and students in pairing online data with hands-on activities. Additionally, teachers 
require sustained support as they continue to implement authentic data in their classrooms. Conclud-
ing their study of geospatial data in the K-12 classroom, Doering and Veletsianos (2007) state that the 
success of data integration will not be seen until pre-service and in-service teacher education programs 
include training with integration of authentic data available through technology.

The NASA Endeavor program is an example of professional development with a focus on the use of 
these data sets. Endeavor teachers choose courses that fit best with their curricular interests and grade 
level, but each course emphasizes using authentic data. In one course, teachers use space weather data 
to monitor solar flares and storms. In another, they analyze Mars surface features to look for evidence 
of water on the red planet. Back on Earth, Endeavor teachers monitor our planet’s gravitational pull and 
water pollutants. In the post-course surveys, Endeavor teachers consistently cite learning to use authentic 
data as important to them. When asked what they learned in the course and how the class influenced 
their teaching practice, teachers reply with comments such as:
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• “The importance of incorporating data from research sites”
• “I learned . . . to have students engage in science practices and interpret, analyze and draw conclu-

sions from online data sets.”
• “I will use more data.” (quotes from post-course surveys)

In his interview, Stephen, the teacher in the New York City suburbs, echoed these ideas saying

I just think we need more courses like Endeavor. . . .especially for STEM teachers more, they need to 
take assessment of more data and enter it into the classroom because it really makes a difference for 
students . . .

These quotes are just a few examples that illustrate that STEM teachers appreciate authentic data and 
see the value of incorporating them in their own classrooms, but that they need professional development 
to help them do so. We believe that there should be a greater focus in pre-service and in-service science 
teacher education on appropriately and effectively bringing authentic, online data into K-12 classroom. 
Professional developers in these areas can help teachers, for instance, to appropriately scaffold the use 
of data for students, in order to overcome barriers of student comprehension of the data. The 3D-VIEW, 
SPRINTT, and ACES courses are designed to prepare teachers to implement specific Earth data-based 
curriculum materials in their classrooms, and it would be difficult for teachers to do so without this train-
ing. Like most available online data, it can be hard for a novice to access and interpret the data sets, and to 
create learning modules for their students. The professional development is a way to help teachers do so.

Using authentic Earth data to support science learning is also applicable to other settings. For in-
stance, instructors in undergraduate courses have demonstrated success in using these types of data with 
their classes. In one example, undergraduates in Korea used data to make and support hypotheses about 
the movements of typhoons (Oh, 2011). In a long-term study, Prothero and Kelly (2008) demonstrated 
that engaging undergraduate oceanography students in writing activities that relied on authentic Earth 
data led to greater student learning outcomes. Additionally, many informal learning institutions, e.g., 
museums and aquaria, have begun including exhibits that have an RTD component, allowing visitors 
for instance, to view recent earthquake data in a geology hall.

Bringing Authentic Data Into Your Classroom

While we do believe that sustained professional development is the best way to support the use of authentic 
online data in the classroom, we have identified several different examples of easily accessible online 
data sets. By using these data, students can delve deeply into the observations and use their analyses 
and interpretations to build conceptual understanding. In other words, students can use the same best 
practices of inquiry-based teaching and learning using their computers, tablets, or smartphones to access 
and analyze a world of data.

For example, using Google Mars (http://www.google.com/mars/) and Google Earth (http://www.
google.com/earth/), students can investigate volcanoes on Mars and Earth, comparing their size, activ-
ity and location relative to other features. By looking at Mars, they ask questions about Earth, taking 
ownership of their study of volcanoes and plate tectonics.

One of the most simple and popular ways to use authentic online data is to investigate weather. At 
Weather Underground (http://www.wunderground.com/), historical weather data is available by date and 
is useful to research notable storms or triangulate with other data sets, such as from the National Weather 

http://www.google.com/mars/
http://www.google.com/earth/
http://www.google.com/earth/
http://www.wunderground.com/
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Service (http://www.weather.gov/briefing/). Students can look for patterns in weather data, study the 
paths of storms, or research hazards affecting different parts of the country.

Students can investigate what causes wind and how we use it as a renewable energy resource. The National 
Renewable Energy Laboratory provides compiled data on wind speed. Additionally, NASA is collecting 
data (http://podaac.jpl.nasa.gov/?CFID=81aba624-5d48-4977-ad24-9f9a501e45d8&CFTOKEN=0) on 
wind speed at various locations around the globe. Students can access data to study wind patterns and 
determine the best place to build wind turbines, specifically offshore, where there is controversy over 
impact to wildlife. This ‘real-world’ question is facing scientists, engineers, and policy makers as they 
consider the best options for energy and the impact on the environment. Continuing studies may include 
data analysis from The Wind and Wildlife Institute (Wind and Wildlife Landscape Assessment Tool 
http://www.wind.tnc.org/#) to assess the potential impact to wildlife. In the context of the question of 
where best to build a wind farm, students address many important science and math concepts and access 
data to engage in critical thinking and analysis.

To study environmental science, students might analyze air quality in different regions (http://airnow.
gov/index.cfm?action=airnow.main) of the United States. They can use archived data look for long term 
patterns and design solutions or mitigation techniques. Students can make connections to natural disasters, 
like volcanoes and wildfires, and research the impacts that air quality has on health.

Using buoy data (http://www.ndbc.noaa.gov/), students can look for evidence of ocean currents or 
storms out at sea. A network of buoys provides information on air and sea conditions, including tem-
perature, wind speed, wave period, and more. Students can create graphs of data over time, or use the 
data to make comparisons between locations close to home and those around the world.

FUTURE RESEARCH DIRECTIONS

As the Next Generation Science Standards gain more widespread use in United States classrooms, it 
will be interesting to continue this research in order to uncover how students and teachers use authentic 
online data in order to master the standards and employ each of the eight science and engineering prac-
tices. How might online data, for instance, inform students’ engineering design or help them to model 
scientific phenomena?

CONCLUSION

This chapter outlines some examples of the use of real Earth data with students by teachers who par-
ticipated in a targeted professional development program to utilize such online resources. We have 
found that this learning context is engaging and promotes the use of evidence to support constructing 
explanations and making clear connections to the real world. Findings from data collected from both 
teachers and students revealed the development of students’ use of evidence and the role evidence plays 
in student learning of content, especially as it relates to human impact on our world. Further, the use 
of real data sets brought the science content to life for students – providing a real connection to content 
in their courses. Although some barriers exist for implementation, the benefits for student learning far 
outweigh these issues and we encourage STEM educators to find real data resources to use with their 
students whenever possible.

http://www.weather.gov/briefing/
http://podaac.jpl.nasa.gov/?CFID=81aba624-5d48-4977-ad24-9f9a501e45d8&CFTOKEN=0
http://www.wind.tnc.org/#
http://airnow.gov/index.cfm?action=airnow.main
http://airnow.gov/index.cfm?action=airnow.main
http://www.ndbc.noaa.gov/
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APPENDIX

Instruments

A.  Interview Protocol: The researchers conducted semi-structured interviews to uncover teachers’ use 
of authentic data in their classrooms using the following protocol:
1.  What grade(s) do you teach, and what subject(s)? Tell me a little bit about your school demo-

graphics, etc. Which Endeavor programs are you using (e.g., ACES, 3D-VIEW, SPRINTT)?
2.  What is your certification area? How much experience do you have with STEM content?
3.  What was your experience in using authentic data and visualization prior to Endeavor?
4.  What are some examples of data visualization you are now using in your classroom?
5.  What do you think are the benefits of using authentic data in your classroom?
6.  How have your students reacted to using real data? What have their attitudes been?
7.  In what ways have authentic data helped students to learn science concepts? Please describe 

some examples.
8.  In what ways has using authentic data helped students to improve their science practices? 

Please describe some examples.
9.  How do you pair data visualization with hands-on activities in your classrooms?
10.  Where would you want to go next with this idea?
11.  Would you be willing to share any student work related to how they use visualization?
12.  Anything else you’d like to share?

B.  End of Course Survey Open-Ended Questions: The End of Course Survey is the same for each 
course and includes a mix of LIkert-type and open-ended questions. The open-ended questions are:
 ◦ How, if at all, did this course influence your teaching practices?
 ◦ What was the most important thing you learned in the course?
 ◦ What role, if any, did the online community play for you?
 ◦ Offer a suggestion as to how the course can improve.
 ◦ Please enter any additional comments.

This research was previously published in Improving K-12 STEM Education Outcomes through Technological Integration 
edited by Michael J. Urban and David A. Falvo, pages 281-309, copyright year 2016 by Information Science Reference (an 
imprint of IGI Global).
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ABSTRACT

This chapter describes the challenges in implementing science instruction in juvenile corrections set-
tings and present a tablet-based model for meeting the complex challenges. Project RAISE is a Project-
based Inquiry Science (PBIS) curriculum designed in the Universal Design for Learning framework. 
It is developed in a tablet platform, and is designed to meet the unique needs of incarcerated learners. 
The chapter describes the juvenile justice educational setting, the characteristics of the classrooms, the 
learners, and the teachers. It provides an overview of one iBook that has been co-designed and tested 
with incarcerated learners.
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INTRODUCTION

There is a dearth of research examining science instruction in juvenile corrections settings. However, 
the limited evidence of education in these settings reveals substandard instructional practices and low 
percentage of highly qualified teachers (Krezmien, 2008). In juvenile justice education, even the poten-
tial for high-quality science instruction is limited by a general overreliance on independent worksheet 
completion, the consequential lack of content-specific skill instruction, and the delimited ability of edu-
cators working outside their subject area to support student science learning. Furthermore, most juvenile 
corrections settings are operated from a safety and security perspective that does not allow laboratory 
opportunities or the use of equipment or materials for classroom experiments. Finally, because the 
students are confined in a secure placement because of infractions of the law, students cannot leave the 
facility to do field based experiments that would be particularly powerful in Biological Science classes. 
In this chapter, we illustrate how tablet-based technology can be utilized to circumvent some of these 
issues and develop content knowledge, inquiry skills, and increased interest and engagement in science 
among a group of incarcerated youth.

The work described in this chapter is part of a National Science Foundation (NSF) funded research 
project (DRL-1418152) titled Reclaiming Access to Inquiry-based Science Education (RAISE) for 
Incarcerated Students: An Investigation of Project-Based Inquiry Science within a Universal Design 
for Learning (UDL) Framework in Juvenile Corrections Settings. Project RAISE is a design and de-
velopment project that focuses on developing, implementing and researching a Project-Based Inquiry 
Science (PBIS) curriculum within a Universal Design for Learning (UDL) framework. We worked col-
laboratively with the administrators, teachers, and students in a juvenile justice agency in all stages of 
the curriculum development, an approach that has been identified as a strategy for creating knowledge 
that is more relevant to classroom practice than the knowledge generated by research institutes (Enthoven 
& de Bruijn, 2010). The ongoing feedback from the critical stakeholders in our juvenile justice settings 
was used to revise all piloted components of the curriculum and thus informed the development of all 
instructional components.

The Project RAISE curriculum is delivered digitally through a tablet platform that replaces textbooks, 
workbooks, worksheets, and paper assessments, while at the same time integrating text-based content 
with multiple media (e.g., pictures, videos, animations, and interactive diagrams). The curriculum is 
tailored to the full range of learning needs in a diverse population of learners, provides real-time feedback 
to students and teachers, and enables students to participate in virtual inquiry experiences unavailable in 
typical juvenile corrections settings. Furthermore, our curriculum engages incarcerated youth in scientific 
practices that support scientific thinking, which is critical to preparing students with the 21st century 
skills that enhance their college and career readiness as outlined by the Committee on Defining Deeper 
Learning and 21st Century Skills (NRC, 2012). Educators have a duty to prepare students incarcerated 
in juvenile justice settings to become scientific thinkers. The scientific mindset aligns with the knowl-
edge and skills necessary to integrate thoughtfully back into society and to become active, critical and 
engaged members of a rapidly transforming world.

In this chapter, we will show science education researchers and policy makers and other professionals 
how to utilize technology while forming partnerships with stakeholders with the ultimate aim of devel-
oping student inquiry skills and an engagement in science, even in a setting as constrained as juvenile 
corrections. Through a technology-based curriculum, we engaged incarcerated students in interactive 
instructional experiences that delivered complex science content, all within a UDL framework that ad-
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dresses the numerous academic and behavioral barriers typical of marginalized incarcerated learners. 
Furthermore, we outline how we employed a unique co-development model to develop the curriculum 
in ways that enlisted students as authentic collaborators and sources of expertise, thus giving creative 
control and voice to this under examined population of learners.

The information we provide in this chapter can support policy makers to reform the educational sys-
tem in juvenile justice settings to better support and engage difficult to serve learners. Science education 
researchers can use the model we describe to engage in further research to better understand relation-
ships between digital technology, scientific literacy, and incarcerated students. For educators, engaging 
incarcerated students in science education that promotes inquiry skills and scientific thinking is critical 
to preparing these youth with skills necessary for the 21st Century workforce. This is paramount in 
preparing them to integrate back into society and to contribute to the development of society in general 
and the enhancement of their community in particular.

To overcome the fundamental problems confronting educators in juvenile justice settings, our NSF 
grant team developed a project-based inquiry science (PBIS) curriculum based on the principles of uni-
versal design for learning (UDL) and utilizing a mobile technology platform. This chapter will provide 
educators, science teachers, academicians, researchers, school administrations, and technology devel-
opers with an understanding of the theoretical and practical aspects of our curriculum. We will include 
examples of our curriculum and will discuss the anticipated impact that the curriculum will have on 
incarcerated learners.

This chapter will:

1.  Describe the population of learners in juvenile corrections settings and the learning environments 
that characterize correctional facilities.

2.  Discuss how the curriculum increased access to and mastery of science content, concepts, and 
inquiry skills critical for careers in the 21st Century STEM workforce.

3.  Describe the technology-based UDL supports embedded within the science curriculum.
4.  Discuss the prototyping process of using student feedback to modify and enhance the final curriculum.

BACKGROUND

Student Demographics

Incarcerated learners are disproportionately low-income students of color with limited educational 
opportunities (Gregory, Skiba, & Noguera, 2010; Krezmien, Leone, & Achilles, 2006). Many of these 
students also have disabilities that impact their education (Bullock & McArthur, 1994; Krezmien, Mul-
cahy, Travers, Wilson, & Wells, 2013; Quinn, Rutherford, Leone, Osher, & Poirier, 2005). Incarcerated 
learners do not typically possess a basic understanding of science and scientific concepts (Anderman, 
Greisinger, & Westerfield, 1998) and they usually lack the inquiry skills necessary to support scientific 
thinking (Brigham, Scruggs, & Mastropieri, 2011; Therrien, Taylor, Watt, & Kaldenberg, 2013). These 
factors frequently prevent incarcerated students from passing high-stakes tests in science and obtaining 
a high school diploma. Consequently, students in juvenile corrections facilities are unable to pursue a 
post-secondary degree in the STEM fields and are ill-equipped to participate in the 21st Century work-
force. The work described in this chapter was conducted in partnership with the juvenile corrections 
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education provider in one state. The youth in the system were from impoverished urban communities. 
Students ranged from 14 to 18 years old, in the 9th through 12th grades, and almost all were students 
were students of color. Very few of the youth had passed the State’s Biology examination required to 
earn a high school diploma.

Learner Characteristics

Most incarcerated learners have a history of trauma and face a host of academic barriers to learning sci-
ence content. Recorded rates of disability classification amongst students in juvenile corrections are about 
three to four times that reported in public schools, with the rate of youth with emotional and behavioral 
disorders being about six times higher (Gagnon & Barber, 2010). Substantial percentages of the students 
had emotional/behavioral disorders (EBD) and learning disabilities (LD), with high numbers of students 
identified as having ADHD (Quinn et al., 2005; Gagnon, Barber, Van Loan, & Leone, 2009; Krezmien, 
Mulcahy, & Leone, 2008). High school students with ED and LD have been found to display academic 
deficits of comparable magnitude, placing them far below grade level in reading and mathematics (Lane, 
Carter, Pierson & Glaeser, 2006). Among this group, students with reading disabilities and dyslexia are 
typical (Krezmien et al., 2013; Krezmien et al., 2008). These learners demonstrate limited phonological 
awareness (facility discerning and manipulating sounds in oral language and relating them to written 
language), poor decoding skills, (converting letters into sounds) and deficient orthographic skills (spelling 
and conventions of written language). These foundational reading competencies are critical for reading 
fluency, since without accuracy and automaticity, reading is a laborious and slow process, a cognitive 
load that impedes comprehension of text. Of course, for some students with disabilities, “reading to learn” 
or engaging in other typical instructional activities across the content areas may be challenging for other 
reasons. Depending on how tasks are delivered and structured, students with disabilities may encounter 
barriers to learning that stem from executive functioning issues related to prioritizing and organizing 
information, or challenges related to attentional management or memory processing. The high rates of 
special education and associated behavioral health needs create numerous issues for incarcerated learn-
ers and their teachers. They often require intensive behavioral and therapeutic supports consistent with 
those in residential treatment schools.

Many adjudicated students have also not gone to school for several years, and have experienced sub-
stantial numbers of disciplinary problems which resulted in removal from class, suspensions from school, 
or expulsion (Gagnon, Murphy, Steinberg, Gaddis, & Crockett, 2013). Incarcerated youth in both general 
and special education are often reading several years below their grade level or more than one standard 
deviation below the normative sample mean as measured by standardized reading assessments (Krez-
mien et al., 2008; Krezmien et al., 2013; Houchins, Jolivette, Krezmien & Baltodano, 2008; Baltodano, 
Harris & Rutherford, 2005). They also are substantially behind in mathematics (Mulcahy, Krezmien & 
Travers, 2015; Gagnon & Barber, 2010; Maccini, Gagnon, Mulcahy, & Leone, 2006). Research indi-
cates that about half of this population of learners can be expected to have co-occurring mental health 
and behavioral disorders, as well as substance use disorders (Mulcahy & Krezmien, 2009; Gagnon & 
Barber, 2010). These issues create numerous challenges in science classes. Specifically, students are 
typically unable to read the complex science texts, lack the necessary vocabulary to comprehend the 
science content, and lack the basic math skills necessary to participate meaningfully in science classes, 
especially the with the new Next Generation Science Standards (NGSS).
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STEM Learning Characteristics

The previously described learning deficits are associated with students who are ill prepared to participate 
in most science curricula, and cannot typically succeed in a science class that requires the conceptual 
understanding and procedural skills and abilities required for individuals to address relevant personal, 
social, and global issues (Bybee, 2010). According to Bybee (2010), STEM literacy involves the integra-
tion of STEM disciplines as four interrelated and complementary components. These include:

1.  Acquiring scientific, technological, engineering, and mathematical understandings and using them 
to identify issues, acquire new knowledge, and apply the knowledge to STEM-related issues.

2.  Understanding the characteristic features of STEM disciplines as forms of human endeavors that 
include the processes of inquiry, design, and analysis.

3.  Recognizing how STEM disciplines shape our material, intellectual, and cultural world.
4.  Engaging in STEM-related issues with the ideas of science, technology, engineering, and math-

ematics as concerned, affective, and constructive citizens.

Achieving these standards is difficult even for knowledgeable and skilled learners. They are often 
extremely difficult for disadvantaged learners and learners with disabilities -- the students who predomi-
nate the juvenile justice settings. These students frequently have limited prior knowledge, are reluctant to 
pose questions, are less likely to have a plan for solving problems, struggle to implement teacher recom-
mendations, have difficulties with inductive and deductive reasoning, and seldom transfer knowledge to 
other contexts (Dalton, Morocco, Tivnan, & Mead, 1997). Additionally, incarcerated learners often have 
fundamental misconceptions about scientific phenomenon, which leads to further struggles during the 
inquiry process (Jacobson & Archodidou, 2000). Our PBIS-UDL Biology model was designed to address 
these learning barriers intervention and to provide incarcerated learners with the supports necessary to 
fully participate in science learning.

Characteristics of Juvenile Justice Facilities

Juvenile corrections education is complex. The types of facilities vary across regions, districts, and states. 
They differ by purpose. Some facilities are detention programs that hold students awaiting adjudication. 
Detention facilities are generally short-term placements, although some youth have been in detention set-
tings for as long as a year or more. Other facilities are commitment facilities, which hold youth who have 
been adjudicated to a locked facility for a determinate or indeterminate amount of time. Some facilities 
are large, housing several hundred youth. Other facilities are small, serving as few as one student as a 
time. Some facilities are local, some are regional, and some are statewide. Some facilities run like adult 
prisons, while other run like residential treatment programs. Finally, some are publically operated, while 
others are privately operated by providers with and without experience in juvenile justice education.

All students are mandated to participate in a full day educational programs in compliance with state 
and federal requirements. The education programs vary. Some educational programs have extensive 
vocational and technical programs, while other have no vocational opportunities. Some programs focus 
on a high school diploma credit based schools approach, while many focus on alternative education 
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certificate like GED or HiSET. Most facilities place youth into educational programs for criminogenic 
purposes, so classrooms are typically comprised of students of varying ages, grades, abilities, skills, 
and course needs. For instance, science class might consist of students from 14 to 18 years of age, from 
9th grade to 12th grade, and in classes ranging from 8th grade mathematics to trigonometry. The students 
may have the reading skills of a 4th or 5th grade student, while others read on grade level. Finally, most 
classrooms will have a substantial number of students with disabilities.

Researchers have documented concerns about appropriate provision of basic educational materials and 
practices in secure care for over thirty years. Educational services tend to be limited by issues of physical 
space, uninterrupted and sufficient instructional time, scheduling conflicts, as well as behavior-related 
interruptions and the associated punitive responses, which can include the isolation and segregation of 
youth (Gagnon & Barber, 2010; Mulcahy, Krezmien, Leone, Houchins & Baltodano, 2008). Students 
in these facilities leave and arrive at different times, and can be very mobile across sites within the sys-
tem (Leone, Krezmien, Mason & Meisel, 2005). Instruction in these facilities is often worksheet-based 
(Coffey & Gemignani, 1994, as cited in Leone & Weinberg, 2012; Tannis, 2014). Furthermore, the 
lack of rigorous applied instructional intervention studies in juvenile corrections facilities and/or with 
students with EBD limits the quality of educational programming even in systems that attempt to priori-
tize it (Mulcahy et al., 2015; Krezmien & Mulcahy, 2008). Inadequately completed, lapsed, or missing 
school records that might have guided the provision of Free and Appropriate Public Education (IDEA, 
2004) in correctional facilities is also a common barrier to adequate instruction (Krezmien, et al., 2013; 
Leone & Weinberg, 2012). Special education in juvenile corrections can potentially provide academic 
instruction and supports as well as access to behavioral and mental health services, but identification of 
special needs in these settings can be impeded by student histories of truancy and the aforementioned 
paperwork problems (Krezmien et al., 2008). Teachers in these facilities are often isolated and have 
limited access to training and professional development specific to their needs (Gagnon & Barber, 2014; 
Tannis, 2014). Because facilities are designed with safety and behavior modification as a priority over 
education, controlling behavior is often a prerequisite to learning that limits the materials teachers can 
employ in their classes and the research that can be effectively carried out in these facilities (Mulcahy 
et al., 2008; Houchins, et al., 2008).

Characteristics of Science Classroom Environments

Most science classrooms in juvenile corrections schools are small and lack the materials and equipment 
typical of a high school science class. Science classes are typically devoid of any equipment that could 
be used as a weapon, like microscopes, chemistry glassware, burners, and chemical supplies, petri dishes, 
specimen containers and biological specimens. The classrooms in most facilities are multi-purpose and 
not specifically dedicated to a single subject, and most are small, with limited space to move around 
and engage in differentiated activities. Most classrooms have a computer for the teacher only, though 
many have interactive whiteboards. The partnering classroom for Project RAISE was typical of juvenile 
corrections settings.

The classrooms in the facilities are generally small. The rooms usually have a small white board, an 
LCD projector, a few desks for students, an additional chair for the custodial/security staff, and a chair 
and desk for the teacher. Science class lasted for 45 minutes and usually included 4-5 students. The 
teacher typically used a textbook and worksheets, and the students were instructed to read the textbook 
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and answer the questions in the worksheets. The teacher responded to student questions and helped them 
to complete the worksheets as needed. During class, it was a common occurrence for custody staff to 
call students out of the classroom to attend to various issues.

Characteristics of Teachers

There is limited research on the characteristics and qualities of teachers in juvenile corrections settings. 
Teachers in juvenile corrections settings are often required to teach in subjects outside of their content 
area (Gagnon et al., 2009). Teachers are sometimes second career teachers. Sometimes teachers are not 
licensed teachers, and many are on waivers as they pursue a teaching license. Facilities compete for 
a generally limited pool of certified science teachers, who are in high demand and can get preferred 
teaching jobs in public schools. The partner science teacher for Project RAISE was a licensed veteran 
teacher certified to teach high school mathematics. The teacher was not licensed to teach science. The 
teacher had 28 years of teaching experience in juvenile detention facilities, and had taught mathematics 
and science for the last eight years.

Technology in Facilities

Juvenile justice educators typically face three major challenges with respect to technology. First, most 
juvenile corrections facilities lack the necessary fiscal and structural resources necessary to employ 
technology in the classroom. For instance, educators typically lack an instructional budget to purchase 
computers and interactive whiteboards. Additionally, facilities often lack the technological infrastruc-
ture to install technology or the technical support to maintain the technology. Second, juvenile justice 
educators that do have access to technology typically lack the intensive training, support, and ongoing 
professional development necessary to successfully employ the technology to promote engagement and 
learning. So, interactive whiteboards are often only used as a typical whiteboard. Interactive software 
is not adequately utilized because the teachers lack resources to support student use. Third, internet ac-
cess is typically not available for student use. Because juvenile corrections settings are heavily focused 
on safety and security, security measures often lock Internet access. In facilities that allow instructional 
use of the Internet, security breaches typically result in system-wide shutdowns of the Internet on both 
a temporary and permanent basis. As a result, science teachers in juvenile justice schools typically lack 
access to the conventional online resources available in public schools or cannot consistently plan les-
sons around the utilization of online resources even when the facility has internet access. Consequently, 
teachers often revert to the use of worksheets and independent textbook reading as the primary means 
of science instruction.

THE PROJECT RAISE MODEL

We designed Project RAISE to address the challenges with providing rigorous science education in 
juvenile corrections settings. Project RAISE addressed the four major challenges of effective science 
instruction in juvenile corrections settings: (1) the science learning profile of incarcerated students, (2) 
the dearth of effective inquiry-based science instruction, (3) the limitations of the classroom and facili-
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ties environments, and (4) the inconsistency with technology hardware and software consistency and 
support. The Project RAISE model involved a Project Based Inquiry Science (PBIS) instructional design 
based upon the Universal Design for Learning (UDL) framework and delivered through a standalone 
tablet-based platform. We will describe the components of the model in the following sections, and 
will provide initial findings about student interest and engagement in science using the model. We will 
discuss PBIS, UDL, and Technology separately, but we will include examples from one of our tablet-
based PBIS-UDL lessons to show how these frameworks function in concert to respond to student needs. 
The lesson addresses the 10% rule, a critical concept in ecology that is also part of the Next Generation 
Science Standards (NGSS Lead States, 2013). In the 10% Rule iBook, students learn how energy is 
transferred in an ecosystem, and that in any ecosystem, about 10% of the energy is transferred from one 
trophic level to the next. Students are required to understand the mathematical model in the context of 
an oceanic ecosystem, as well as to calculate multistep math problems involving the transfer of energy. 
The RAISE 10% Rule iBook addresses parts of two NGSS standards:

• HS-LS2-6 asked students to demonstrate understanding regarding how to evaluate the claims, 
evidence, and reasoning that the complex interactions in ecosystems maintain relatively consistent 
numbers and types of organisms in stable conditions, but changing conditions may result in a new 
ecosystem.

• MS-LS2-1 asked students to demonstrate understanding regarding how to analyze and interpret 
data and to provide evidence for the effects of resource availability on organisms and populations 
of organisms in an ecosystem.

The 10% Rule lesson incorporates Project Based Inquiry Science and Universal Design for Learning 
delivered in a tablet-based e-book.

Student Learning Goals

Despite the numerous challenges around science education in juvenile corrections, we adopted the NGSS 
learning goals for Project RAISE. We did not modify or adapt the learning goals of the NGSS in any 
way. Rather, we employed the use of PBIS, UDL, and technology to modify the content, delivery, and 
supports in a manner that would allow incarcerated students to meet the standards set by the NGSS. 
Incarcerated students can meet rigorous learning goals if the instruction is designed in a manner that 
supports all learners and engages students in authentic and meaningful ways.

Technology and Usability

Project RAISE adopted tablet-based technology that allowed us to overcome the numerous individual 
and structural barriers to learning in juvenile corrections settings. Internet access is inconsistent in ju-
venile corrections settings, so we have developed a curriculum that functions offline, without the use 
of any online supports. We have adopted the Apple iPad because it provides a single device per student 
at a relatively low cost, does not require the use of a keyboard, allows for split screens so that students 
to use multiple tools simultaneously, and accepts a variety of inputs including: a touch screen interface, 
drag and drop tasks, typed notes and responses, handwritten responses using a finger or a stylus, audio 
recording, and visual recording through pictures and video. The incarcerated learners involved in our 



598

The Use of Tablet Technology to Support Inquiry Science
 

project have responded positively to the use of the iPad tablets. They reported (1) the touch screen is 
easy to use, (2) the interactive tools are engaging and useful, (3) the opportunity to write, type, speak, 
or video are helpful, (4) and the ability to access information via video, images, multimedia, and text 
make information more engaging and accessible.

Project-Based Inquiry Science

The 10% Rule iBook utilizes the principles of Project Based Inquiry Science by giving students op-
portunities to engage in content organized by active investigations to answer driving questions (Marx, 
Blumenfeld, Krajcik, & Soloway, 1997) and an extended process of responding to questions, problems, 
or challenges (Buck Institute for Education, 2013). The process requires students to think critically as 
they generate questions, generate hypotheses, revise hypotheses, collect data, evaluate findings, com-
municate, and collaborate with peers. Rather than being the source of instruction, the teacher serves as 
a facilitator (Barron & Darling-Hammond, 2008) by structuring tasks that build knowledge, promoting 
utilization of social skills, maximizing engagement of all students, and conducting ongoing assessment 
of student performance. Consequently, students who engage in Project Based Learning acquire a deep 
understanding of concepts, develop a lifelong interest in learning, learn to use technology, acquire skills 
vital to careers and employment, and become increasingly motivated to solve problems of the 21-century 
(Buck Institute for Education, 2013).

While project-based learning has the potential to enhance students’ use of critical thinking skills as 
they apply knowledge and skills to real-world problems, there are formidable barriers that must be over-
come when exposing incarcerated youth to this type of learning. First, the secure nature of the facilities 
prevents students from experiencing the natural world and conducting field-based science activities. 
Second, within the classrooms, security protocols restrict the use of any living organisms, glassware, 
and microscopes within the classroom, and even prohibit the use of virtual simulations that require the 
internet. Consequently, students cannot participate in any typical scientific hands-on laboratory experi-
ences. Third, many project-based learning protocols require teachers to be skillful with technology and 
to understand its use as a tool to enhance learning and thinking (Blumenfeld, Fishman, Krajcik, Marx 
& Soloway, 2000). To overcome these barriers, we developed a final Universal Design for Learning 
Project-Based Inquiry Science (UDL-PBIS) curriculum that includes virtual learning environments, 
virtual laboratories, and digital scaffolds and supports that promote scientific learning.

The 10% Rule iBook is built within a PBIS framework in multiple ways. First, the 10% Rule iBook is 
part of an overarching four-week unit project focused on the human impact on the environment. In that 
project, students will create Identity Maps—visual representations of their own identity and their place 
in the ecological world. Over the course of the unit, students revise the Identity Maps by incorporating 
information learned during the lessons into their Map. The Identity Maps are completed using various 
apps on the iBooks that allow students to create visual art projects (e.g., self-portraits with symbolic 
references), multimedia projects (e.g., audio-video presentations), or audio projects such as music or 
spoken word. The Identity Map unit project addresses multiple aspects of PBIS, including (1) sustained 
inquiry, (2) student voice and choice, (3) opportunities for reflection on the content and on their individual 
projects, (4) continuous opportunities to critique and revise their identity molecule projects, and (5) a 
publicly presented product that allows students to share and explain their project to facility personnel, 
managerial personnel, members of the community, and parents (Buck Institute for Education, 2013). 
Additionally, the project is authentic and specific to the unique perspectives of the incarcerated learner, 
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allowing each student to explore the conceptual and content knowledge of the unit within the context of 
their own experiences and perspectives (Buck Institute for Education, 2013).

Finally, the 10% Rule iBook incorporates aspects of PBIS into the discrete components of the les-
son. For instance, the 10% Rule is introduced to the students through a short video that shows a single 
ocean ecosystem and that describes the energy relationships between algae, krill, mackerel, seal, and 
a great white shark in an aquatic ecosystem. The video is accompanied by a challenging driving ques-
tion (Buck Institute for Education, 2013), “Where is most of the energy in an energy pyramid?” The 
students are engaged in a discussion and independent reporting activity about the video using one of the 
Visible Thinking routines from Harvard’s Project Zero, known as “See, Think, Wonder.” This routine 
encourages students to explore the concept of energy and energy transfer in a single ecosystem by listing 
observations (in this case, from the video), using their observations as justifications for thoughts, and 
extending these insights into questions. The students then move on to an exploration of a model of the 
energy pyramid, with embedded video-based supports that teach students how the energy pyramid model 
explains the transfer of energy they observed in the video. Then the students engage with an interactive 
energy pyramid tool (See Figure 1) that allows the students to explore the 10% rule through manipula-
tion of the organisms and energy in the ocean ecosystem from the video.

Figure 1. Interactive energy pyramid
Source: RAISE 10% Rule iBook
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The energy pyramid tool in Figure 1 allows students to add or subtract energy to trophic level 1 of 
the pyramid by clicking on the buttons at the bottom. As they add energy, images of the representative 
organisms (algae, krill, mackerel, seal, shark) appear in the respective trophic level, and the energy needed 
at that trophic level appears in the text boxes next to the images in each respective level. The energy 
pyramid tool is accompanied by a series of multiple choice and open-response questions. The multiple 
choice questions provide instantaneous feedback to students. For instance, if a student chose the incor-
rect choice “C”, the tool will provide them with feedback specific to the errors in choice “C”, will give 
them some feedback to help them rethink the answer, and give them another opportunity to respond to 
the question. The students can answer using by a whiteboard tool to do longhand computations, using a 
calculator, and/or using the interactive pyramid tool, all within the lesson’s interface. After the students 
complete the questions, the students are asked to revisit the answer they developed for the driving ques-
tion, “Where is most of the energy in an energy pyramid?” The question appears in the iBook and their 
original response is shown in the integrated whiteboard tool. Students discuss what they learned through 
the interactive tool, and make changes to their response to the driving question or add to it by reflecting 
on what they have learned. The interactive aspects of the activities, the utilization of video representa-
tions of ecosystems that the students cannot visit, and the responsive multiple-choice questions which 
provide instantaneous feedback allow the students to participate in a rich and meaningful experience 
despite the restrictions of the environment. The students then have the opportunity to watch part of a 
video about human impact on the environment, and to incorporate what they have learned in this lesson 
into their identity molecule. These PBIS activities allow the students to develop a personal connection 
to the content, which can typically feel abstract or esoteric.

Universal Design for Learning

Because the students face substantial and complex issues that impede learning, we designed all Project 
RAISE lessons within the Universal Design for Learning framework (UDL). UDL is an educational de-
sign framework for the development of curriculum and instruction that expects and accounts for learner 
variability (Meyer, Rose, & Gordon, 2014). UDL views human variability as a natural phenomenon and 
considers differences to be the norm. The significance of this view lies in its implications for the initial 
design of learning experiences: curricula can be developed with flexible options and supports that anticipate 
variations in how learners will perceive, act on, and internalize information in the environment. UDL has 
three guiding principles, corresponding to three neural networks, that promote options in learning: (1) 
multiple means of representation (corresponding to the recognition network, or the “what” of learning); 
(2) multiple means of student action and expression (corresponding to the strategic network, or the “how” 
of learning); and (3) multiple means of student engagement (corresponding to the affective network, 
or the “why” of learning) (Rose & Meyer, 2002). UDL further posits that the use of digital technology 
can help facilitate the development of flexible curricula by creating dynamic learning opportunities for 
students and teachers (Meyer & Rose, 2005). The 10% Rule lesson has numerous examples that show 
how options for perception (representation), action and expression, and engagement were established or 
enhanced through the integration of the three guiding principles into the curricular design.
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UDL Principle I: Multiple Means of Representation

There are multiple ways that Project RAISE has incorporated multiple means of representation and 
thus options for comprehension into the lesson. First, we aligned the textbook text with the NGSS, and 
eliminated any text that was not directly related to the standards. This resulted in a reduction of about 
80% of the text, thereby reducing the number of words and sentences. Additionally, we re-authored the 
text so that non-essential (not directly linked to science knowledge or concepts) complex multisyllabic 
words were eliminated and sentences were written as short declarative sentences. Finally, we limited the 
amount of text per page of the e-book to reduce the perceptual load, and added audio and audiovisual 
versions of the text as alternative representations of the same information. For example, our final ocean 
ecosystem video is accompanied by a standards-aligned oral narration, and has the option for subtitles. 
The changes to the text and the associated media dramatically increased accessibility for students with 
below grade level reading skills, and substantially decreased the literacy barriers for students with 
learning disabilities and dyslexia. Instead of dedicating substantial time and effort trying to decode 
and understand complex text, students spend time engaged in a multimedia experience that delivers the 
content in multiple ways and in a straightforward design.

Figure 2 also shows multiple ways that multiple means of representation are integrated into a single 
interactive tool. Second, each level is differentiated by text-based titles, color, shading patterns, space 
between each level, and images of the organisms in each level drawn from the original video. Addition-
ally, the images of the organisms are interactive: students can touch an image to replay the section of 
the video that is related just to that organism in the video. Finally, when a student taps on a specific 
level, the level is highlighted as shown separately in the right hand pyramid in Figure 2. These features 
guide information processing through multiple means, and also allow students to experience multiple 

Figure 2. UDL representations of the energy pyramid
Source: RAISE 10% Rule iBook



602

The Use of Tablet Technology to Support Inquiry Science
 

representations of the same concepts in a single interactive tool. As with the multiple representations of 
the text, the broadened representations of the energy pyramid provide more entry-points into the con-
tent. The options to customize the display of information help individualize the content to the learner, 
and thus decrease the amount of time and effort that might be spent trying to understand a single fixed 
model, while increasing the amount of time on learning.

UDL Principle II: Multiple Means of Expression

The 10% Rule iBook also provides multiple means of expression, which allows students to convey their 
knowledge, ideas, and understanding in multiple ways. For example, the 10% Rule iBook has multiple 
types of questions and multiple types of response systems. Figure 3 displays two different interactive 
types of questions. The right side shows a drag and drop tool that allows students to demonstrate their 
knowledge about the energy chain by dragging images into the chain itself. The images are the same 
images used in the video and in the energy pyramid diagram, and the chain is color coded to match the 
pyramid, to maximize transfer and generalization throughout the iBook. Additionally, students can use the 
“check answer” feature to self-monitor their understanding. The 10% iBook also utilizes an app-based tool 
that allows students to answer open-ended questions by typing, writing with their fingers or a stylus, or 
drawing. The tool also includes images and figures from the iBook, such as the energy pyramid in Figure 
2, which allows the students to make notes or annotations next to or over the figures that they encounter 
in the iBook. Additionally, students can use the tool to record audio or video of themselves explaining 
answers to questions. These various methods of response provide students with multiple ways to com-
municate their knowledge. Immediate feedback supports their expressive strategy development. Data 
storage systems, built-in to the iBook, prevent work from being lost or not turned in, a behavior typical 
of students with LD or ADHD. These options for action and expression also allow students to convey 
their thoughts, knowledge, and ideas in more individualized ways. These tools increase the amount of 
time and effort students can dedicate to higher-order thinking tasks like answering questions, and allows 
the teachers to have multiple data sources by which to evaluate student achievement.

Figure 3. Drag and drop tool and multiple choice tool
Source: RAISE 10% Rule iBook
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Additionally, the 10% Rule iBook includes tools and supports that help students to answer concep-
tual and mathematical questions even if they have limited or no computational skills, which is typical 
of many of the students in juvenile corrections settings. The supports for expression and executive 
functioning are clear in the math questions related to the 10% rule. First, the iBook has an embedded 
video that provides students with on-demand support for how to calculate 10% of a number, and the 
video contextualizes this instruction by using organisms from the lesson. Second, the iBook contains a 
calculator app that students can use if they struggle with hand and/or mental calculations. Third, Figure 
4 shows how the energy in the 10% model can be represented in multiple ways that can help a student 
to better express their understanding of the 10% rule. Figure 4 shows the kilocalories available at each 
level of the energy pyramid in a graphic representation. The graphic representation of kilocalories as 
boxes (like math manipulative blocks) helps students to understand the magnitude of the energy at each 
level. Furthermore, the arrangement of the energy boxes in the pyramid orientation with the same color 
coding and images of the representative organisms from each trophic level maintains a pattern of rep-
resentation that can serve as a scaffold for students to understand where most of the energy is found in 
an energy pyramid, the driving question of the lesson. The students can use their understanding of the 

Figure 4. Graphic Representation of kilocalories in an energy pyramid
Source: RAISE 10% Rule iBook
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graphic representation to explain their understanding of the 10% rule, and can use the figure to answer 
multiple choice and open-ended questions about the 10% rule.

Figure 5. shows an example of one of the whiteboard features used to answer the driving question, 
“Where is most of the energy in an energy pyramid.” The student whose work is shown in Figure 5. used 
the typing tool to write, revisit, and revise his response to the driving question. In comparison to Figure 
1, Figure 5 shows how the student’s understanding of the energy pyramid developed over the course 
of the lesson, and also shows that the student was able refine his understanding by reading some of the 
material available in the 10% Rule iBook. Figure 5 also shows how the tool allows the student to reply 
in multiple ways, through typing, writing, drawing tools, or recording tools (located in the bottom bar).

Finally, Figure 1 shows the interactive energy pyramid that allows students to explore how the 10% 
rule functions. However, this interactive model can also be used as a calculation tool, allowing students 
to change the numbers of representative organisms in the first trophic level, observe the changes in the 
representative organisms in higher levels, and use the energy totals in the number boxes at the top to 
determine how much energy is at each level. By adding or subtracting algae in the model, students can 
determine how much energy is used at each subsequent trophic level. So, if a student struggles with 
computation and even struggles with the use of a calculator, the student can use the interactive energy 
pyramid tool to answer math questions.

Figure 5. Whiteboard tool with an example of a student response to the driving question
Source: RAISE 10% Rule iBook
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UDL Principle III: Multiple Means of Engagement

The entire Project RAISE curriculum is designed with attention to providing multiple means of engage-
ment throughout all activities. The UDL framework considers self-regulation, effort and persistence, and 
interest as broad components of engagement. Project RAISE lessons are designed to address these aspects 
of engagement. For example, Project RAISE iBooks recruit interest by utilize various sorts of videos 
that show students examples of living organisms in authentic environments as well as tutorial videos 
that have been aligned with the lesson content. The videos are presented in ways that activate or supply 
background knowledge, which in turn optimizes the relevance of and minimizes aversive responses to 
the instructional materials. The iBooks support self-regulation and persistence by allowing students to 
access videos at any time. This option supports their self-assessment and develops their coping skills and 
learning strategies because it encourages students to question their understanding and utilize resources 
in the environment to support their learning. This option also helps sustain their efforts to answer ques-
tions, because it facilitates students’ drawing on evidence from the lesson. Also, the iBook pages have 
been designed with the other two UDL principles in mind, and as such they reduce the cognitive load 
normally required during the reading of textually and visually complex science textbooks. This makes 
the relevant text more accessible and subsequently more likely to be engaged with by incarcerated learn-
ers. By making complex content more accessible, we are recruiting student interest and thus increase 
the likelihood that learners will feel motivated to participate in difficult assessments that they typically 
skip in a textbook and worksheet driven model of instruction.

Project RAISE also incorporates numerous interactive features, like the interactive energy pyramid 
(See Figure 1), which increase the choices students have over how they acquire and engage with concepts. 
All of these features are incorporated within a single student driven Identity Map project that optimizes 
the relevance, value and authenticity of the learning experience as students relate the content to their 
individual lives and experiences.

Curricular Co-Design and the Project RAISE Prototyping Process

In curriculum design, the UDL framework helps educators and instructional designers consider and de-
velop as many options for learning as appropriate, given the instructional goal, to insure the engagement 
of the widest range of learners possible. In digital design (e.g., the development of web sites and mobile 
applications), User Experience (UX) techniques emphasize iterative cycles of prototype development 
and user testing to insure the best product experience possible. There are emerging efforts to enlist older 
students as co-creators of curricula (Bovill, Cook-Sather, & Felten, 2011), but Project RAISE has been 
unique in that it combined UDL and UX approaches into a co-design model, and engaged juvenile cor-
rections students and teachers as authentic collaborators throughout the curricular development stages.

In addition to bridging the gap between pedagogical practices and methods of technology develop-
ment, the RAISE co-design model rests on established theories in the learning sciences. It represents 
the fruition of Donald Campbell’s (1969) position that, to solve complex problems, scholars should 
bridge their disciplinary knowledge with others in related but distinct fields – rather than just pursue 
continued, siloed expertise solely in their discipline. Expanding on Campbell’s idea, Gerard Fischer 
endorsed a theory of distributed intelligence, which contends that collaboration with other people and 
technology extends the power of the unaided human mind (Fischer, 2006). More recently, scholars at the 
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intersection of education and technology have described the potential of “knowledge communities,” or 
“socially-oriented” learning environments, enabled by contemporary advances in technology, in which 
“the production and aggregation of content emerges from the collective contributions of all members of 
the community, rather than from a single authoritative source” (Tissenbaum, Lui, & Slotta, 2012, p. 328). 
By including marginalized students and teachers as experts alongside traditional education “experts” in 
our curriculum development process, we are drawing on a more comprehensive pool human intelligence 
to more comprehensively address the multifaceted challenges associated with science education in the 
juvenile justice system. In conjunction with what can be described as the “artificial” intelligence avail-
able through mobile technologies, the RAISE team is then able to innovate and creatively re-define what 
constitutes a UDL-PBIS digital curriculum, as well as what is possible in juvenile justice education.

We piloted the co-design model by testing the 10% Rule iBook prototype with students in two juve-
nile corrections facilities. A RAISE team researcher with over a decade of science teaching experience 
introduced the lesson by projecting the cover and first page of the iBook for the whole class to see. The 
researcher engaged the students in some discussion about what they might already know about the topic, 
and then stated the objectives of the lesson. After discussing the driving question, the students proceeded 
through the lesson individually, with the researcher and classroom teacher providing individual support 
to students as needed. A second researcher observed and recorded behaviors and comments. Finally, we 
posed questions in a focus-group format at the conclusion of the lesson to collect feedback from both 
students and the teacher. Figure 6 displays the records from one 20-minute observation. The Student 
behavior columns show that the students were engaged in task related behaviors for the entire 20-minute 
session. Student comments were directly related to the instructional content, and demonstrate some ca-
pacity to understand the potential ethical issues associated with the film, which is critical to the ability 
to relate to the content in an authentic and meaningful manner.

RECOMMENDATIONS

Researchers evaluated student responses by collecting both feedback as well as artifacts of student 
navigation and engagement captured by the technology in the iBooks. Students generally commented 
positively on the 10% rule iBook, but they also provided substantial informative and critical feedback. 
Students appreciated the videos and the interactive and responsive quizzes. However, they found that 
some of the video narrations were difficult to understand. As a response, the team revised the narration 
that accompanied the videos. The students responded positively to the look and feel of the interactive 
pyramid, and they used the embedded instructional videos associated with the calculation of the 10% rule. 
The students were critical of the use of a separate whiteboard apps. Specifically, they reported problems 
with opening and closing the iBook in order to access the whiteboard tools. Based on student sugges-
tions, the development team redesigned all of the iBooks and accompanying apps to function via split 
screen, so that the iBook can always be open and used as a resource in associated activities. However, 
the students also indicated that the tools were difficult to control using fingers and suggested styli. As a 
result, the development team procured styli as an option for all tablet activities. The RAISE researchers 
and instructional designers also analyzed evidence of student use of features in the iBook (e.g., which 
videos were played? How often were calculator and/or white board tools used?) and student responses 
to questions to evaluate not just what students said about the iBook, but what they did when it was in 
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Figure 6. Example of direct observation of prototype session
Source: RAISE 10% Rule iBook
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front of them during class. We recommend capturing both kinds of information as our data resonates 
with established social-science understandings of human behavior: people often say one thing, and do 
another. We took into account student’s articulated reactions to the curriculum in tandem with the work 
they produced within the curriculum, compared this with the insights of teachers and science education 
experts, and used this multi-layered feedback to redesign lessons and re-test the revisions. We suggest 
that this iterative and inclusive approach, when bounded by deadlines and time tables, yields better qual-
ity learning experiences and produces improved learner outcomes in science.

FUTURE RESEARCH DIRECTIONS

The process for the development of the 10% Rule lesson, described in this chapter, was repeatedly ap-
plied to each of the lessons in this four-week curriculum to develop a final version for piloting in juvenile 
corrections classrooms. Following the analysis of results, we anticipate expanding our co-development 
method to create semester and year-long curricula, with the intention of capturing more long-term 
outcomes. In the age of ephemeral digital media, it is especially important for educators to track what 
students learn and how; otherwise, future technology development efforts might miss opportunities 
for innovatively supporting the widest possible range of learners. One interesting example might lie 
in considering how dosage compares to quality of experience: how might short and long-term student 
learning outcomes compare between, say, a multi-level complex game or simulation, or a set of lessons 
in an e-book, to a single short engaging video clip, or a high-definition three-dimensional image? It will 
also be interesting to try to disentangle the elements that constitute engagement: are students interacting 
with educational mobile technologies because they are novel, or because their curiosity in the academic 
content is peaked? Does distinguishing these kinds of engagement even matter? And are digital platforms 
presenting students with opportunities to engage with content in unique and dynamic ways, or are they 
merely reproducing conventional didactic instruction in a shiny new package? As the possibilities for 
learning expand with the development of mobile technologies, research along these lines will need to 
use nuanced methods to better approximate the outcomes and implications of what technology enables 
marginalized learners to do.

CONCLUSION

Mobile tablet-based technology has dramatically enhanced the ability to provide engaging and enriching 
science instruction and associated experiences for incarcerated learners. The developmental phase of 
Project RAISE has led to innovations in the ability to provide meaningful project based inquiry science 
opportunities to our most vulnerable and disengaged learners. The tablet technology fully supports a 
plethora of UDL features that can decrease or eliminate barriers to learning for a population of learners 
characterized by disability, gaps in factual and conceptual knowledge, and major deficiencies in reading 
and mathematics skills. The Project RAISE PBIS-UDL curriculum built on the tablet platform has also 
provided us with the ability to provide engaging and meaningful virtual experiences despite the facility 
strictures that prevent laboratory opportunities, the use of equipment or materials for classroom experi-
ments, and limit access to typical Internet based resources available in public schools. Project RAISE 
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utilizes tablet-based technology to develop content knowledge, inquiry skills, and increased interest and 
engagement in science among a group of incarcerated youth. The PBIS-UDL Biology curriculum will 
provide incarcerated learners with the supports necessary to fully participate in science learning. It has 
the capacity to promote increased interest and engagement in science and other STEM fields and the 
potential for postsecondary STEM education or STEM careers.
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KEY TERMS AND DEFINITIONS

Co-Design: A process based in generative design research methods that seeks to collect the explicit 
as well as tacit knowledge of users, as well as entrust users as colleagues and collaborators in the devel-
opment of new experiences and technologies.

Human Variability: The normally occurring vast range of differences between and within individu-
als that result from the varying conditions surrounding human development.

Project-Based Learning: A method of instruction in which students learn content by working for 
an extended period of time to investigate and respond to complex, real-world issues.

Prototyping: The creation and testing, with users, of preliminary models that elicit insights about 
improvements and lead to iterative development of a final product.

Scientific Inquiry: The process by which scientists study and explain phenomena; the activities 
students undertake, such as formulating questions, designing investigations, conducting observations, 
analyzing data, drawing conclusions, and communicating results.

Special Education: Instruction designed to meet the unique needs of a student with a disability, at 
no cost to the child’s primary caregiver(s).

Universal Design for Learning (UDL): A framework for designing learning environments and 
materials that addresses human variability by providing multiple options for perception, action and 
expression, and engagement.
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ABSTRACT

The chapter examines the alignment of science inquiry skills to the information literacy framework (Bent 
& Stubbings, 2011) and considers how these skills were supported by a range of web 2.0 tools using the 
TPACK framework to create an on-line scaffolded inquiry in two school contexts. Two case studies of 
inquiry around the pedagogy of ICT skills are examined here; one study in six grade seven high school 
classes and the other in a single extension group of twenty-five primary students from grade five to grade 
seven. In addition the affordances and limitations of the technology tools are assessed to determine 
how the scaffolded on-line inquiry process could be implemented in schools. In conclusion the chapter 
describes how in these cases, scaffolded on-line inquiry provides an opportunity for students to create 
an authentic, rich and detailed inquiry around their focus utilising a range of ICT tools and strategies.

CONTEXT

The grade seven inquiry focused on water as a resource through the Earth and Space Sciences strand 
of the curriculum, particularly considering the sustainability of water where students selected problems 
that related to the use, conservation and function of water in their local environments. The focus of the 
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inquiry in the primary classroom was the chemistry of chocolates, lollies and soft drinks, relating to the 
Chemical Sciences strand of the curriculum, with a particular emphasis on the composition of chocolates 
and lollies, including additives, sugar and fat content.

INTRODUCTION

Children need to demonstrate high-level competency in Information and Communication Technologies 
(ICT) to be able to navigate an increasingly complex and information-rich life. In recent years the value 
and importance of developing these high-level ICT knowledge and skills in students have been alluded 
to in the international arena. UNESCO (Delors, 2010) and ISTE (2008) suggest that information literacy 
is essential to enable people to utilise vast quantities of information and communication technology that 
they come into contact with every day (Ministerial Council on Education Employment Training and Youth 
Affairs, 2008; Ministerial Council on Education Employment Training and Youth Affairs Performance 
Measurement and Reporting Taskforce, 2005; World Bank Group, 2011).

Rapid and continuing advances in information and communication technologies (ICT) are changing 
the way people use, share, develop and process technology in this digital age (Ministerial Council on 
Education Employment Training and Youth Affairs, 2008, p. 6).

BACKGROUND: THE NEED FOR DIGITAL KNOWLEDGE

Children growing up in the current digital age will need to demonstrate high-level competencies in their 
day-to-day work with Information and Communication Technologies (ICT) to be able to navigate an 
increasingly complex and information-rich life. Key information literacy and inquiry skills have been 
recognised as vital learning goals by the Australian Curriculum, Assessment and Reporting Authority 
(ACARA) (2011) and the International Society for Technology in Education (ISTE) (2008). In recent 
years the value and importance of developing high-level ICT knowledge and skills have been alluded to 
in the international arena as both UNESCO (Delors, 2010) and International Society for Technology in 
Education (ISTE) (2008b) suggest that information literacy is essential to enable people to utilise vast 
quantities of information and communication technology (Ministerial Council on Education Employ-
ment Training and Youth Affairs, 2008; World Bank Group, 2011).

Hence, contemporary teachers have an obligation to support and scaffold students’ learning of ICT-
related competencies and do this in an authentic context within the frame of curriculum (Australian 
Curriculium Assessment and Reporting Authority, 2013). ICT are fast, automated, interactive and mul-
timodal, and they support the rapid communication and representation of knowledge to many audiences 
and its adaptation in different contexts. They have the capacity to transform the ways that students think 
and learn and give them greater control over how, where and when they learn. They are rapidly evolving 
and young people need specific knowledge, skills and confidence to use them effectively, not only in a 
school setting, but in their future workplaces and also extending to their communities.

The curriculum describes how students should effectively access reliable information, curate, collate 
and communicate information. Finding information has become incredibly easy, but finding credible 
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information has become increasingly difficult. With a few key words and the push of the search button, 
students are linked to a vast torrent of information. These students need to be confident that the infor-
mation that they have found is accurate and reliable. How do they know if the site that they are using 
does not come from a biased perspective with a specific agenda? Consequently students need specific 
training in how to identify a problem, generate questions and subsequently source reliable information.

THE SYNERGY BETWEEN SCIENCE INQUIRY AND ICT

One possible synergy to help incorporate ICT skills into a classroom, in an integrated rather than an 
additional way, is to examine the synergy between science inquiry and information literacy. The skills 
and competencies considered necessary to create information literate students have been identified in 
the Society of College and University Libraries (SCONUL) Information Literacy framework. The skills 
showing the similarity between science inquiry and information literacy have been are mapped in Table 1.

All students considered information integrity, intellectual property and ethical use of information 
with a selection of tools appropriate to the research task. These tools included concept mapping and 
question generation tools, content curation tools (e.g. Scoop.it, Trello and Pinterest), which assisted in 
the collation of online information sources. Students were able to investigate questions of interest using 
secondary data generated from online searches using search engine and curation tools. The importance 
of data integrity and validity was highlighted as students were required to use an analysis matrix to 
evaluate the validity and reliability of their chosen websites.

Table 1. Comparing science inquiry and information literacy pedagogy

Science Inquiry Skills 
(Australian Curriculum)

Information Process 
(SONUCL 7 Pillars of Information Literacy)

Questioning and predicting
Identifying and constructing questions, proposing hypotheses and 
suggesting possible outcomes.

Defining
Identify - Able to identify a personal need for information
Scope - Can assess current knowledge and identify gaps

Planning and conducting
Making decisions regarding how to investigate or solve a problem 
and carrying out an investigation, including the collection of data.

Planning
Plan - Can construct strategies for locating information and data
Gather - Can locate and access the information and data they need

Processing and analysing data & information
Representing data in meaningful and useful ways; identifying 
trends, patterns and relationships in data, and using this evidence 
to justify conclusions.

Processing
Manage - Can organise information professionally and ethically

Evaluating
Considering the quality of available evidence and the merit or 
significance of a claim, proposition or conclusion with reference to 
that evidence.

Evaluating
Can review the research process and compare and evaluate 
information and data

Communicating
Conveying information or ideas to others through appropriate 
representations, text types and modes.

Presenting
Can apply the knowledge gained: presenting the results of their 
research, synthesising new and old information and data to create 
new knowledge and disseminating it in a variety of ways
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Theoretical Framework, Technology, Pedagogy and 
Content Knowledge Through the TPACK Model

A technological pedagogical and content knowledge framework (TPACK) developed by Mishra and 
Koehler (2006) who sought to describe how teachers could combine technological knowledge (TK), 
content knowledge (CK) and pedagogical knowledge (PK) and integrate this into their teaching. This 
work built on the work of Shulman’s (2005) description of pedagogical content knowledge (PCK) and 
content knowledge (CK).

The unit was developed using the TPACK model as a frame and within it teachers could specify

• The type of content knowledge that they were focusing on,
• The strategies the teacher would use to present this knowledge (pedagogy) and
• The technology the teacher could employ to effectively teach this knowledge.

At the intersection of these three areas, TPACK, the balancing point of the technical skills, pedagogi-
cal strategies and content knowledge that the teacher employs in their classroom.

Science Inquiry and TPACK

The design of the secondary and primary programmes were based on the frame of TPACK, where the 
three key aspects were defined by the curriculum developers to enable them to create a balance between 
specifically identified pedagogical skills, knowledge and technology. Using the TPACK model enabled 
each aspect to be considered as equally important and at the core of the aspects equilibrium was cre-
ated. The adapted model developed by the unit designers forms the basis of the inquiry unit is shown 
below in Figure 1. Due to the focus on Science as the content area the TPACK model is re-articulated 
as TPASK model, where the ‘S’ stands for ‘science’ (see Table 2) (Jimoyiannis, 2010; Sheffield R & 
McIlvenny L, 2014)

Figure 1. TPASK framework 
R. Sheffield and McIlvenny (2014)
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Science Inquiry

Inquiry has long been considered an important plank in the science curricula nationally and internationally 
(Gayford C G, 2002; Martin D, 2012). Rather than being a means to an end in itself, the inquiry process 
can help students to make sense of science concepts or in the case of this study the set of practices or skills 
can be used to help students investigate a complex authentic problem that may not be limited to science 
knowledge but could also incorporate mathematical, geological, geographical and historical knowledge. 
It is only school systems that traditionally ‘silo’ knowledge into subjects, real-life problems involve an 
understanding of a range of subject areas. Inquiry provides a process that enables students to approach 
a complex problem and using the inquiry processes set about making sense of the problem, identify the 
key questions and then seek out answers to those questions using evidence-based knowledge. With the 
plethora of secondary data available to students through the Internet providing them with a framework 
to enable them to identify, shift, collate and draw evidence based conclusions to articulate answers to 
their original questions (National Research Council, 2000, 2012).

Traditional science inquiry in the classroom has always focused on hands-on activities where students 
follow a series of ‘recipe type’ steps to a conclusion which is often known in advance (Goodrum, Hack-
ling, & Rennie, 2001; Martin, 2012). Wenning (2005) mapped inquiry along a continuum, from teacher 
directed ‘discovery’ inquiry which requires a low level of intellectual sophistication to the ‘Hypotheti-
cal inquiry’ where the student is total autonomous and at the highest level of cognitive sophistication.

In this study the student participated in open but scaffolded inquiry where they choose a problem 
from a specific area (for example water) and then designed their own research questions and investigated 
a real-life problem themselves. This type of inquiry requires a higher level of student sophistication then 
the usual recipe style hands-on (Berlin & Lee, 2005). Although the inquiry is open rather than guided, 
it is highly scaffolded and because it is all online, the inquiry used in the project can be defined as scaf-
folded online open inquiry.

Table 2. Comparing aspects of science inquiry and information literacy pedagogy

Aspects of TPACK Secondary School (Year 7) Primary School (Year 4, 5 and 6)

Content knowledge (Earth and Space Sciences) Water as a 
resource

(Chemical Sciences) Chocolate, Lollies and soft 
drinks

Pedagogical knowledge Inquiry Skills 
     • determining and outlining a problem 
     • generating suitable researchable questions 
     • designing investigation to answer questions 
     • making predictions based on scientific concepts 
     • gathering data, using evidence to propose explanations, and communicating scientific 
explanations

Technology Web 2.0 tools (including) 
     • on-line avatar (Voki) to articulate the problem
     • on-line mind mapping tools to examine the ideas for example, bubbl.us.com
     • Presentation tools such as prezi and slidebomb
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THE CASE STUDIES

The aims of the studies were to redefine the TPACK framework to suit the needs of the unit developers 
within the two contexts, creating unique open but scaffolded online inquiry. The curriculum developers 
considered the TPACK model to meet the needs using Web 2.0 tools to examine sustainability using 
Inquiry. The study also sought to determine the success of the unit in supporting students to participate 
in scaffolded inquiry where they were able to choose and research an area within their contextual frame-
work. Finally the case studies examine the affordances and limitations of the ICT in helping students 
enact their task.

Case Study 1: Grade 7 Water Sustainability

Inquiring About Water was a 3 week / 10 lesson unit in first semester undertaken by 132 Year 7 students 
in six classes in a secondary context in a private girl’s school (see Table 3). The unit was designed to 
ensure students had an immersed and deep understanding of the inquiry process, to provide an engaging 
and motivating experience by embedding useful open-source Web 2.0 tools into the unit and to meet the 
assessment requirements of the school. www.inquiringaboutwater.weebly.com.

Table 3. Participants, context and methodology of case studies

Criteria *Brolga Primary School *Fernihurst College for Girls

Context 
School

Small State run primary school in affluent suburb with 
students from Year 1 to Year 7

Large private all-girls school in affluent suburb 
with girls from Kindergarten to Grade 12

Context 
Students

25 science enrichment students from Year 5, 6 and also 
Year 7

132 Year 7 students taught in 6 classes with 3 
teachers

Content Subject Subject focuses on aspects of chemistry including 
solids, liquids and gases and the properties of 
substances

Subject focuses on water (includes conservation, 
use and functions)

Collaboration (how 
inquiry enacted)

Student groups of two or three were supported through 
the tasks with the teacher demonstrating and structuring 
the activities and then helping them to create product 
(i.e. Voki). Students observe and completed hands-on 
activities every session and scaffolded on-line tasks to 
create their project

Student groups of two choose a water issue 
(relating to water use). 
Students completed the activities using their 
laptops and email to communicate in addition to 
class face-to-face time

Time Students attended science class every Monday initially 
for one hour per week but this was insufficient and 
students were given two hours either in the science 
room or in the library.

Students were given four weeks in Term Two with 
a total of 10 lessons. All students worked on the 
project in their classes concurrently.

Assessment Formative assessment was ongoing including 
investigation results, concept maps, Voki and research 
questions (uploaded to the website). 
Summative assessment included the presentation of 
work in poster, Power Point or video.

Formative assessment included teacher feedback 
and student completing a checklist of activities as 
they worked through the Unit. 
Summative assessment comprised a report based 
on teacher-set criteria, to which students attached 
their concept map, research questions, search 
methodology and findings. Students also created a 
presentation of their key findings

Website www.scienceinthekitchen.weebly.com www.y7pcwater.weebly.com.

* Pseudonyms used to ensure the schools and students remain anonymous

http://www.scienceinthekitchen.weebly.com
http://www.y7pcwater.weebly.com
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Sustainability is one of the cross-curriculum priorities in the Australian Curriculum and has a broad 
application for developing authentic learning opportunities, especially in a science context. Students 
chose any aspect of water usage that they found interesting and engaging in their local environment, and 
were required to produce a report and a presentation based on their research findings at the conclusion 
of their studies. The report was written over the length of the unit with students initially submitting a 
research proposal that received feedback as part of the formative assessment.

All secondary year 7 students at Fernihurst were guided through a series of tasks that scaffolded the 
Inquiry process on the website. The site contained several pages and a series of ICT tasks (for example to 
create a Voki) with a fish called Percy who appeared as an avatar to demonstrate the Voki tool and then 
appeared on most pages to guide the students. See Table 4 for all the tasks and the assessment details.

Case Study 2: Grade 4-7 Chocolate, Lollies and Soft Drinks

Twenty-six grade 5, 6 and 7 students in a science extension class in a primary school (see Table 3). 
Students were withdrawn on a Monday afternoon from their various classes to participate in the exten-
sion class with a specialist science teacher. The teacher Mrs. Green taught all the science in the school 
throughout the week with all students and this class was an extra extension class whose learning was 
above the curriculum material taught in the regular science classes. As a consequence Mrs. Green 
wanted the students to participate in an interesting and engaging unit of work that had a focus (chemi-
cal science) but that extended the students’ knowledge rather than confining it within the boundary of 
the curriculum. The class of 26 included 14 boys and 12 girls and worked in groups of twos and threes 
most frequently with students in their own year group, as this was more convenient for them outside of 
the Monday science class.

Inquiry in the Kitchen was an 11 week / 10 lesson unit in final term where students attended science 
extension lessons every Monday afternoon from the end of term three until the end of term four, with 
about eight hour-long lessons. The unit was designed to ensure students had a deep understanding of the 
inquiry process, to provide an engaging and motivating experience by embedding useful open-source 
Web 2.0 tools into the unit and to meet the assessment requirements of the school. Website: www.sci-
enceinthekitchen.weebly.com

Chemistry has a different focus in each of the years, in grade five the focus is on the properties of 
solids, liquids and gases where as in grade six the focus is on the changes of materials including physical 
and chemical changes and in grade seven the focus extends to types of solutions (formed by chemical 
and physical changes) and how these can be separated.

All primary students were guided through a series of tasks that scaffolded the inquiry process on the 
website. The site contained several pages and a series of ICT tasks (for example create a Voki) with a 
gingerbread man called Ginger who appeared as an avatar to demonstrate the tool and then appeared in 
most of the pages to guide the students. See Table 5 for the tasks and assessment details.

RESEARCH DESIGN

The research design is based on a case study methodology which examines a vast array of both qualita-
tive and quantitative tools and instruments to examine the use of the TPASK model as the frame for 
the units, including the success of the units in improving the students understanding and confidence in 
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Table 4. Implementing the unit water as a resource in grade 7

Inquiry Workshops Outcomes Tasks Inquiry Journey

1. Our Team • working well will ensure you are 
productive

1. You now have a partner that has been chosen by your 
teacher. 
2. Complete the SurveyMonkey about your on-line 
experiences and confidence. 
3. Examine the newspaper, web and ask family and 
friends about issues in the local environmental to start 
to get ideas for your inquiry problem.

Complete the 
survey about 
your on-line 
experiences.

2. What is 
Inquiry?

• consider what is inquiry, read the 
stories and answer the questions 
• complete an investigation about 
filtering water

1. Inquiry in action 1. Complete the investigation 
exactly as outlined and answer the questions. 
2. Read the science story and answer the questions.
3. Use the newspaper to identify one fact establishing 
article and one attempting to establish a causal 
relationship.

Read the 
newspaper and 
engage in local 
news to find 
problems

Questioning 
and Predicting

3.Our topic Identify a Problem
• identify an area that interest you 
• use 1 mind mapping tool to identify 
all the prior knowledge that you know 
about each area 
• create an avatar that will provide a 
brief overview of your topic

1. Use a mind mapping tool to explore 2 topics (1 tool 
type for each topic). 
2. Create a Voki about the topic you have chosen in 75 
words explain what problem you have chosen. The Voki 
should identify the problem and why you have chosen it.

Show your teacher 
the mind map that 
illustrates your 
planning

4. Our 
Questions

Developing effective Questions
• create a variety of questions using 
models such as: the 5 W’s and the 
Question Matrix 
• create 3 questions to answer in your 
investigation

1. Examine the questioning tools that have been 
provided for you and use them with your topic to create 
as many different questions as possible. 
2. Choose 3 or 4 open ended questions that will form 
the basis of your inquiry.

Show your teacher 
a list of 3 or 4 
questions that 
will lead your 
investigation

Planning and 
Conducting

5.Our 
research

Searching for Data
• identify sources of information that 
will help you to answer your inquiry 
questions 
• consider the quality of the 
information that you find

1. Use a search engine and search the same phrase 
related to your investigation to determine what different 
sites are presented to you. 
2. Evaluate two websites using the rubric provided and 
determine which sites contain reliable material and why 
you think it is reliable.

6. Saving our 
work

Collating and curating
• examine a range of content curation 
tools, select one to store and organise 
the websites that you are using for your 
inquiry

1. Examine a range of digital organisers, select one to 
store and organise your collected information. 
2. Create a folder on the Student Shared Drive to store 
your own work and notes.

Show your teacher 
that you are 
creating notes

Processing 
and analysing 
data and 
information

7. 
Synthesising

Synthesising data and information
• synthesis data into a report format

1. Highlight the key aspects of the report style with 
a focus on the headings that guide the report you are 
creating.

8. Creating a 
Presentation

Communicating
• examine the presentation tools 
provided, select a tool that would be 
suitable for presenting 
• create a presentation which clearly 
tell us the key points of your report

1. Identify the audience with whom you want to share 
the presentation. 
2. Decide which type of presentation tool you are going 
to use. 
3. Watch the video of ‘what not to do’ in creating a 
power point. 
4. Identify the key points for your presentation and 
create your presentation.

Communicating 9.Evaluating 
your 
journey and 
Exhibition

Presenting
• present the findings of your project 
and as a consequence the answers or 
findings of your inquiry

1. Complete the SurveyMonkey survey about your on-
line experiences. 
2. Display your project in the format you have chosen. 
3. Complete and hand in your summative final report 
using the framework as your template.

Hand in your 
presentation and 
your report
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inquiry, the differences in the implementation of the units due to the age difference of the students and 
the issues relating to the content and the ICT embedded in the units (Yin, 1998).

Instruments

Instruments included pre and post anonymous on-line surveys, using the open source tool (Survey 
Monkey) to ask students about their perceived understanding of the ICT, the inquiry process and sci-
ence concepts. Anonymous comments were collected through the group interview process. Finally the 
students’ assessment tasks were also considered and the number of students who achieved at a range of 
different levels was mapped.

Table 5. Implementing the unit chocolate, lollies and soft drinks in grades 5, 6 and 7

Inquiry Workshops Outcomes Tasks Inquiry Journey

1. Our Team • working well together will ensure 
you are productive

1. Choose a partner or two other people to work with. 
2. Complete the SurveyMonkey about your on-line 
experiences and confidence.

Complete the 
survey

2. What is 
Inquiry

• consider what is inquiry, read the 
stories and answer the questions 
• complete an investigation about 
filtering water

1. How many smarties of each colour are in the pack? 
Complete the investigation exactly as outlined and 
answer the questions. Inquiry in action 1 
2. Can you give an example of primary and secondary 
data?

Questioning 
and Predicting

3.Our topic Identify a Problem
• identify an area that interests you 
• use 1 mind mapping tool to identify 
all the prior knowledge that you know 
about each area 
• create an avatar that will provide a 
brief overview of your topic

1. Use a mind mapping tool to explore a topic.
2. Create a Voki about the topic you have chosen in 
75 words explain what problem you have chosen. The 
Voki should identify the problem and why you have 
chosen it. 
3. Inquiry in action 2. How far can you stretch a snake? 
Complete the investigation and answer the questions.

Show your 
teacher your mind 
map planning for 
your investigation

4. Our 
Questions

Developing effective Questions
• create list of questions using 5W’s 
• create 3 questions to answer in your 
investigation

1. Use the 5W tool that has been provided for you and 
create 5 different questions. 
2. Choose 2 or 3 open ended questions that will form 
the basis of your inquiry.

Show your 
teacher the list of 
questions

Planning and 
Conducting

5.Our research Searching for Data
• identify sources of information that 
will help you to answer your inquiry 
questions 
• consider the quality of the 
information that you find

1. Use a search engine and search the same phrase 
related to your investigation to determine what 
different sites are presented to you. 
2. Evaluate the website provided using the rubric 
provided and determine which sites contain reliable 
material and why you think it is reliable.

6. Saving our 
work

Collating and curating
• examine a range of content curation 
tools

1. Examine a range of digital organisers.
2. Inquiry in action 3. What taste is that? Complete 
the investigation exactly as outlined and answer the 
questions.

Show your 
teacher that you 
are creating notes

Processing and 
analysing data 
and information

7. Synthesising Synthesising data and information
• synthesis data

1. Highlight the key aspects of the data you have 
collected. 
4. Inquiry in action 4. Diet coke vs coke. Complete the 
investigation and answer the questions.

8. Creating a 
Presentation

Communicating
• examine the presentation tools 
provided, select a tool 
• create a presentation to tell us the 
key points of your research

4. Identify the audience with whom you want to share 
the presentation. 
5. Decide which type of presentation tool you are 
going to use. 
6. Identify the key points for your presentation and 
create your presentation.

Communicating 9. Evaluating 
your journey & 
Exhibition

Presenting
• present the findings of your project 
and answer the questions you created

3. Complete the SurveyMonkey survey about your 
on-line experiences. 
4. Display your project in the format you have chosen.

Hand in your 
presentation
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RESULTS AND FINDINGS

The findings consider three aspects of the study; the interpretation of the TPASK model, the success of 
the students and also the affordances and limitations of the ICT.

Web 2.0 tools were incorporated into the unit to avoid incompatible technology platforms and soft-
ware applications (Bybee, Ellis, & Mathews, 1992; International Society for Technology in Education 
(ISTE), 2008b). Tools included opened sourced Trello which created a collaborative on-line learning 
space for students to share ideas and information. The lessons were structured around the key aspects 
of the inquiry process as outlined in the Australian Curriculum (Australian Curriculum Assessment 
and Reporting Authority, 2013) and these processes also aligned with the framework for Information 
Literacy (Bent & Stubbings, 2011).

The inquiry process was used to scaffold students’ contextual use of ICT tools to explore problems 
and questions relating to their content with a focus on contexts that they are familiar with.

The pedagogical focus in this example on the intersect of PCK was the Science Inquiry process based 
on the Science Inquiry strand of the Australian Curriculum (Australian Curriculum Assessment and 
Reporting Authority, 2013). The content elements were different for each study but revolved around the 
key content objectives also from the Australian Curriculum. In Grade 7 in the Earth and Space strand 
the focus is on water as a resource, its uses and conservation. In the second study the students were part 
of an extension group composed of students from Grade 5, 6 and 7 and so there were a range of dif-
ferent chemistry outcomes that the programme sought to address including the physical and chemical 
properties of matter, and the properties of different types of matter in different phases. At the centre of 
the TPASK model the harmony of the core components of the TPACK model where curriculum design-
ers determined that the Web 2.0 tools that facilitated the Science Inquiry process with the context of a 
problem examined from the specific focus.

Case Study 1: Grade 7 - Water Sustainability

Working in pairs students used the Web 2.0 tools such as Voki to articulate their problem and rationale 
which later after initial feedback became embedded into their final word report and presentation, and 
they used a curation tool such as Scoop.it to find and then curate their on-line articles. The web evalu-
ation tool and subsequent discussion enabled them to determine the reliability of websites and articles 
that they found. Students’ success was determined in a number of ways, including the production of a 
word report and also completing pre and post surveys, where they were asked about their feelings and 
confidence relating to subject knowledge, knowledge of the Science Inquiry process and their confi-
dence and perceived ability to utilise the tools they had used during the unit. The results indicated that 
with support students were able to complete a complex open inquiry where they were able to articulate 
their own problem and design and answer their own questions using a range of evidence-based sources. 
Report results indicated that students struggled most frequently with writing the methodology of the 
inquiry, where 33% of students received a zero mark out of a possible three marks. Students also failed 
in creating a suitable bibliography as 38% of students did not receive a mark in this section.

In the presentation all student groups were able to explain their problem and the significance and 
what they had learnt, but 50% of the student groups only received one mark out of a possible three for 
communicating their project to their peers and teacher (n=50, results for two classes of students). This 
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may be due to the time constraints which resulted in lack of preparation by the students or their inexpe-
rience in this area. Results indicated in the analysis of the written report and the presentation that the 
students were able to articulate their chosen problem and create researchable questions and determined 
answers to these questions as a result of their research. Although the results were varied with some 
groups achieving a high level of results for both tasks others were not as successful, however, out of the 
two classes only two groups failed one or other of the tasks.

Students already indicated in the pre survey that they were familiar and confident with using certain 
internet and communication tools regularly, with 93% daily using the internet and 83% using email on a 
daily basis to communicate with peers, family and teachers (n= 108). Much smaller numbers were familiar 
and confident with Facebook with only 24% of students using this tool daily whilst 49% reporting that 
they did not use the tool at all. With the web 2.0 tools only 17% reported using these tools infrequently 
whilst 70% did not use the tools in any capacity at home or at school.

Results from the post surveys indicated that students felt they were more comfortable and confident 
with the technologies at the conclusion of the unit. They reported a 63% increase in confidence in using 
web 2.0 tools, 50% of students felt the unit had increased their confidence in using the internet, 60% of 
students had seen an increase in confidence in completing web surveys and a 50% of students increase 
in confidence in using presentation tools. When students were asked about the reliability of websites 
there was little overall change in their perception of the reliability of materials available on the web 
with 37% reporting most material is reliable before the unit and 43% indicating most material is reliable 
at the conclusion. In the post survey this was accompanied by students all providing an explanation of 
how they would determine if material was reliable thus leading to an increase in confidence in the use 
of information from the Web.

When asked about advice to students in the 2015 cohort, the girls indicated that creating questions 
that could be researched and answered was important.

Case Study 2: Grade 5, 6 and 7 – Kitchen Chemistry

Students in the science extension class at Brolga Primary School had a wide variety of topics that they 
were able to research in their inquiry. Students were encouraged to think carefully about lollies, chocolate 
and soft drinks and find an aspect of these products that interested them. Students wanted to know about 
the sugar and fat content of a variety of lollies and had questions about the composition of different types 
of chocolate (dark or white). They designed their Voki’s to articulate the problem that puzzled them and 
then used the 5 W chart on paper to define a series of more specific questions. These questions were 
captured on video and added to their Voki’s which were uploaded onto the website to enable classmates 
and parents to follow their journey and provide evidence of their learning for the teacher to use as part 
of her evaluation of their progress. (http://scienceinthekitchen.weebly.com/aimee-and-eleanor.html). 
Students produced presentations but were not required to complete reports. Their presentations were in 
a range of interesting and engaging formats including videos that were uploaded through YouTube and 
also posters and power point presentations.

Students were asked to complete a pre and post survey similar to the one that the secondary students 
completed which examined their confidence in using ICT and how reliable they believed the data was 
that they found on-line. From this survey it was determined that all students used the internet either 
every day or frequently during the week and all of them (100%, n= 26) reported being highly confident 
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in using this tool. Unlike the secondary students, 50% of the Primary students did not have access to 
social media such as Facebook or Twitter. It was determined in the pre-survey that 88% of students had 
never used Web 2.0 tools previously.

All students reported being confident in using YouTube and Word and 95% reported being confident 
to use presentation tools and on-line computer games (n=26). These students reported that they were 
more sceptical in believing the material that they found on-line, however, when they were challenged 
with a made up website during the topic most accepted it initially at face value until asked to examine it 
more closely and realising that the assertions on the site (sugar is white so it will make your teeth whiter) 
were false and the site had been created solely to deceive them. Sixty five percent of students reported 
that they frequently engaged with science stories in the media and the majority of students (75–100%) 
identified jobs that involved people doing science; however, fewer were able to identify open-ended 
scientific questions.

At the conclusion of the unit in the post survey 50% of students reported an increase in their ability 
to use web 2.0 tools on their own and 46% could use them with some help. Students were more scepti-
cal about material on the internet and were slightly less confident in searching for reliable information 
online. All students; however, reported enjoying the unit and learning more about the chemistry of lollies, 
chocolates and soft drinks. Two groups of students even conducted surveys of their peers because their 
inquiry led them to wonder about the opinions and understandings of their peers. This led them to focus 
on primary data rather than the secondary web-based data as originally anticipated.

IMPLEMENTATION CHALLENGES ACROSS CONTEXTS

Assessment

One of the differences between the two groups was the younger students were not bound by the same 
issues regarding assessment so the primary teacher decided that the students would not complete the 
report but they would complete the presentation which would be displayed for the rest of the school at 
an assembly and also in the library at the conclusions of the topic.

To mitigate the assessment aspects in the primary school their products were displayed on the website 
including their Voki’s, the questions they created (http://scienceinthekitchen.weebly.com/aimee-and-
eleanor.html) and currently researchers are seeking permission and bandwidth to upload their presenta-
tions onto the site.

Assessment caused the biggest issue in the secondary school with a couple of parents complaining 
to the teacher about unfair sharing of the work in the project and concern expressed by a teacher of her 
difficulty in separating students on the assessment scale who had worked together.

Of the secondary students the majority, about 85%, completed Power Point presentations. In the pri-
mary school, students completed a wider range of presentations including a Mythbusters style programme 
debunking the myths of the chocolates that they investigated, a poster with actual sugar stuck onto the 
poster with empty cans of soft drink as well as Power Points and movies.
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Activities

The secondary students were limited in the time available to complete the task and therefore the ‘Inquiry 
in Action’ activities were not included as completing them did not add to the completion of the final as-
sessed task. In the primary class the students enjoyed the ‘Inquiry in Action’ activities as these enabled 
the students to experiment with how long different brand of snake lollies could be stretched, how many 
smarties of each colour were in the packets of different brands and also using senses and observational 
skills to identify the sweet and sour tastes of different types of lollies.

AFFORDANCES AND LIMITATIONS

In this section, the limitations and affordances of the tools in relation to their role in promoting science 
Inquiry are examined. All the tools chosen were identified as Web 2.0 tools, which were open source, 
and therefore freely available to students, some tools were limited and had more functionality when they 
were upgraded to a paid version. A matrix mapped the intersection of pedagogy and technology for all 
the tools employed in the unit was created (Table 6). The affordances and limitations of the technologies 
in delivering a fully on-line unit were documented. Seamlessly, the science content provided an authentic 
context for the inquiry process using the range of identified technical tools and strategies.

CONCLUSION AND IMPLICATIONS

Overall it was concluded that the TPACK model provided curriculum designers with a frame that led to 
the successful blend of technology, pedagogy and content knowledge into two contexts. TPACK is not 
designed to be a prescriptive model with rigid confines, it is a flexible framework, presenting teachers 
and curriculum designers with a unique combination or weaving together of these three factors. Accord-
ingly, ‘there is no single technological solution that applies for every teacher, every course, or every view 
of teaching’, (Koehler M J & Mishra P, 2009, p. 65). The framework enabled curriculum designers to 
mould and ‘weave’ the strands of technology, pedagogy and science content together to create interesting 
and engaging opportunities for students (Koehler M J & Mishra P, 2009).

Criticism can be levelled at the Year 7 Secondary project lacked a hands-on inquiry component in-
volving activities in the laboratory but students were exposed to a range of experimental investigations 
in other science units as part of the Year 7 Science course.

Students were able to explore a wide range of problems that extended beyond the narrow range of 
science and into communities, geography, mathematics and also history and use the science inquiry 
process to frame their investigations. Surveys and analysis of assessment indicated that all students, both 
primary and secondary, had an improved understanding of the science concepts they investigated and 
of the inquiry process. It was determined that all primary students with support and scaffolding were 
able to identify an area of interest and seek to find reliable information and create a report to highlight 
their findings.
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Table 6. Matrix of technology/pedagogy affordances and limitations 

Technology Pedagogy

Type 
Elaboration Limitation Inquiry Information 

Literacy Intersect Technology and Pedagogy

Website Weebly.
com 
Open source 
On-line platform 
for delivery

Free version basic 
functionality. Upgraded 
to pro version (cost) 
enable videos added

All elements 
of Inquiry are 
supported through 
the online delivery 
of the unit

Provided 
framework 
enabled all 
aspects of the 
process to be 
actioned.

The online delivery of the unit enables 
students to access the content and tools 
at point of need. The scaffolded approach 
provides students with the opportunity to 
access what information they need. www.
weebly.com

Voki
Avatar creation 
tool that allows 
users to express 
ideas using an 
anonymous 
animated 
character

The free version of 
the program has a 75 
word limit. Greater 
functionality in paid 
version of program

Communicating Presenting This communication tool allows students to 
succinctly express their key ideas in the form 
of an avatar. The anonymity of the characters 
is significant in an online platform where 
students’ safety is paramount. 
www.voki.com

Trello
A free online 
notice board as a 
forum

Enables communication 
and organisation of 
ideas and a place for 
students to jump off to 
other chosen websites

Planning and 
conducting 
Communicating

Presenting The collaborative nature of the program allows 
students to share ideas and provides a platform 
for the teacher to see the ‘thinking and 
planning’ of their students’. Used as formative 
assessment tool and promotes collaborative 
learning through the sharing of ideas online. 
www.trello.com

YouTube
A site to host 
videos for students 
to view

This is a public site and 
there is a 15 minute 
limit with free access. 
Sign up required

Evaluating/ 
Communicating

Gathering and 
evaluating

The multimedia nature of the material 
supports different learning styles and the 
ability for YouTube videos to be embedded in 
a wide range of platforms ensures the videos 
have multiple uses. 
www.youtube.com

Survey Monkey
On line survey

Free version limited to 
10 Questions. Survey 
is anonymous. Sign up 
required

Processing and 
Analysing

Managing 
Gathering

Survey can be created anonymously and 
is completed on line. The survey can be 
embedded into a website or sent as a link in an 
email. Results automatically collated. www.
surveymonkey.com

Concept maps 
Creativity tool 
which can be 
collaborative in 
nature

May be limitations 
about what can be done 
with the map once it is 
created

Planning and 
conducting 
Communicating

Planning 
Identifying 
Gathering 
Presenting

These maps can be used at all stages of the 
Inquiry process. Value as a formative and 
summative assessment tool. https://bubbl.us

Scoop.it
Content curation 
tools that allow 
you to tag store 
and manage web 
resources

Provides a great 
collection tool but there 
is no ability to organise 
the material once 
collated

Planning and 
conducting

Gathering The ability to manage vast amounts of 
information online is imperative and content 
curation tools can assist in this. They provide 
the ability to tag, store, organise and use 
information collected as research is conducted 
on-line.www.scoop.it.com

R Sheffield and McIlvenny (2013)
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KEY TERMS AND DEFINITIONS

Curriculum: The Government mandated document which specifies the outcomes that the teacher 
must use to create their lessons.

Information Literacy: All information that comes through a variety of sources, most frequently 
the internet.

Investigation: In relation to a science investigation or inquiry relates to those skills and processes that 
are specified in the mandated curriculum. These skills and process can be enacted in a number of ways.

Pedagogy: The strategies that the educator adopts to teach a specific body of materials based on the 
expert knowledge of the teacher.

Web: The World Wide Web abbreviated to web is a network of interconnected systems containing data.

This research was previously published in Optimizing K-12 Education through Online and Blended Learning edited by Nathan-
iel Ostashewski, Jennifer Howell, and Martha Cleveland-Innes, pages 240-255, copyright year 2017 by Information Science 
Reference (an imprint of IGI Global).
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ABSTRACT

Situated in the video game design literature to foster problem-based learning, this chapter illustrates the 
application of educational theories to create Serious Educational Games (SEGs). SEGs present a learn-
ing condition where students can be engaged in standard-based STEM concepts and incorporate these 
concepts into a fun, interactive challenge where the goal is to solve a problem. This chapter explores a 
theoretical research investigation of such a learning environment. Students researched standard-based 
STEM concepts then used design techniques (i.e., story creation, flow chart, decision trees, and story-
boarding techniques) and proprietary software to develop their own SEGs. This work sheds light on the 
process and encourages others to partake in creating similar learning environments, while providing 
insight into how to design for sustainability.
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INTRODUCTION

Serious Educational Games (SEGs) are on the rise and several psychological and educational theories 
have been utilized by researchers to justify why educators should invest time and energy to incorporate 
SEGs into teaching environments (Dede, 1995; Dede, 2005; Gee, 2003; Gee, 2005; Shaffer, Squire, 
Halverson, & Gee, 2005). SEGs “allow teachers and students to connect real-world scenarios with 
common school content, thus answering the age-old question, ‘Why do I need to know this?’ (Annetta, 
2010). Teachers face this question often. In an effort to incorporate a more well-rounded and holistic 
curriculum we highlight in this chapter a three-year project to bring STEM boldly into one teacher’s 
classroom. The project entailed teachers attending professional development for video-game construc-
tion then bringing their students to summer workshops to have students create their own video games. 
Science and mathematics teachers were invited to summer institutes where they used game development 
software to create content standard-based video games their students would play during the school year. 
Student perceptions were gathered after they played their teacher’s game. This feedback was used to 
inform further development of the software funded through the National Science Foundation (for further 
details see Annetta, Holmes, Cheng, & Folta, 2010). The software was scaled-up and used the follow-
ing year by the same students to create their science content standard-based video game. The intention 
was to have the video games from the project in a repository to be used as part of educational activities.

In this chapter we will first present the research foundation of SEGs and problem-based learning then 
we turn to our theoretical research, a study where teachers and students created science content video 
games. Third, we discuss focus group interviews conducted to gather information about student percep-
tions toward their learning of and engagement with scientific concepts through research and SEG devel-
opment. We also interviewed a teacher who explored the value of integrating SEGs into the curriculum. 
We complete the chapter with classroom models for the incorporation of SEGs into science classrooms.

SERIOUS EDUCATIONAL GAMES

According to Shaffer (2006), games provide a more authentic context for student inquiries. This supports 
the National Science Education Standards position that “inquiry into authentic questions generated from 
student experiences is the central strategy for teaching science” (NSES, 1996).

Annetta, Cook, and Schultz (2007) explored how video game design could foster problem-based 
learning that was congruent with inquiry-based instruction. In the article, they discuss a game that was 
created by a high school science teacher based on science competency goals that allowed for students to 
engage in an interactive environment while learning the science content. According to the researchers, 
“one way to harness the power of video games for science instruction is to design games as problem 
based learning scenarios” (Annetta, Cook, & Schultz, 2007). As students played the game, their prior 
knowledge of the science content the teacher had taught was connected to real-life experiences that 
students could experience through the virtual world as they engaged in solving a problem within the 
gaming environment.

According to Dickey (2007), educational game design is based on constructivist teaching models. 
As students play the game, they are able to explore and construct knowledge. Challenges embedded for 
players throughout the game allow students to use their critical thinking skills to solve problems. In this 
way, educational games become more than just a way to entertain students and captivate students’ at-
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tention within the classroom. Educational games become a purposeful educational tool or instructional 
method to promote student learning.

Studies have shown SEGs to increase students’ academic performance, with positive learning gains 
after play (Garris, Ahlers, & Driskell, 2002; Linn, 2004; Mayo, 2009; Tuzun, Yilmaz-Soylu, Karakus, 
Inal, & Kizilkaya, 2009). With the advent of SEGs and integration of these technologies in today’s K-12 
science classrooms we may begin to see improvements in science scores across the country as more 
students become motivated and are engaged to learn science. Mayo (2007) proposed five reasons why 
video games could potentially address the science deficiencies seen in the educational system today. 
First, video games are able to reach a large number of students since a number of students already play 
video games on a daily basis. Second, video games give students the opportunity to learn science content 
outside of the classroom as they engage with the video games outside of school. The third reason pro-
posed, Mayo bases that video games are compelling for students because they involve experiential and 
inquiry learning. As students play the game, they are learning by doing. Throughout the game, students 
are making decisions that have either positive or negative consequences that affect the player’s ability 
to reach the end goal of the game. As students progress through the game and are rewarded for mak-
ing correct decisions, students are encouraged to continue playing the game to reach the end goal. The 
fourth reason Mayo proposes video games have the potential to address science deficiencies is based on 
research that has shown gaming to increase dopamine levels, which has been found to be important in 
memory storage. As students engage in the game, dopamine levels increase, which may stimulate learn-
ing of content material embedded within the game. The final reason proposed by Mayo is that video 
games are a better alternative to lecture as they increase time students are on task. As students play, 
they are actively engaging with not only the gaming environment, but also with the content embedded 
within that environment. As students play games, they may have a greater depth of understanding of the 
content and be better able to recall the concepts they learned through play.

Piaget (1962) suggested the main organizing element in game play consists of explicit rules that guide 
children’s group behavior. Game play is very organized in comparison to sociodramatic play. Games usu-
ally involve two or more sides, competition, and agreed-upon criteria for determining a winner. Children 
use games flexibly to meet social and intellectual needs. In single player games, the “other side” in the 
competitive duo is the machine-through interaction with non-player characters. This allows for learning 
to be replicable and the learning objects to be met by a variety of learners who possess a variety of skills 
and competencies. The rules need be explicit so learning can increase and become more complex as 
the player proceeds through the game environment. The actions of the player are usually repetitive and 
serve to explore the environment and its objects (Phillips, 1981; Piaget, 1962).

Several studies and articles, including the article “Major changes needed to boost K-8 science achieve-
ment” (2006) have elucidated that our current methods of teaching science are insufficient at preparing 
students to enter fields related to science and technology. Students in K-12 are traditionally taught science 
using lecture based teaching methodologies. Studies that have compared traditional lecture teaching to 
teaching approaches that utilize video games have been positive, in that students score higher after learn-
ing through video game play than learning through lecture (McClean, Saini-Eidukat, Schwert, Slator, & 
White, 2001; Annetta, Klesath, & Meyer, 2009), indicating that lecture based learning may not be the 
best instructional approach for today’s students. Although these teaching and learning techniques may 
have been sufficient before today’s students referred to as digital natives require an alternative approach 
to teaching and learning to motivate and interest them in learning science.
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Spires (2008) elaborates on the challenge teachers face today reaching today’s generation of students 
coined the N generation or Net generation. Spires proposes that serious games have the potential to not 
only reach today’s students who come into classrooms a different set of skills, needs, and interests, but 
also to redefine how students learn. In order to reach today’s students and prepare these students with 
the 21st century skills needed to be successful, teachers must understand and be able to meet the needs 
of today’s students through their design of appropriate instruction. Since a growing number of students 
are playing video games, video games afford teachers the opportunity to transform an activity students 
are already doing for entertainment to an activity that engages students to learn. SEGs require students 
to utilize critical thinking and problem solving skills. SEGs, if integrated properly into classrooms as an 
instructional method, can increase students’ problem solving skills and thus better prepare today’s students.

One way to motivate and interest students to learn science is through serious educational games. 
Rieber (1998) suggested that serious play provides students with both extrinsic and intrinsic motivation 
to learn. As students play, they engage in the activity at hand and devote their time and energy to ac-
complishing the task (Cheng, Annetta, Folta, & Holmes, 2009; Rieber, 1998).

Although research has shown the potential for SEGs to increase student motivation and learning, 
eSchool News (2008) reports that only 10% of teachers use gaming as an instructional too although 
64% of students surveyed indicated that they play online games regularly. Of the students surveyed, 
51% indicated they were interested in educational gaming because it makes difficult topics easier to 
understand. Video games are educational tools that can teach students about real-life problems, while 
entertaining and engaging students (Reuters, 2007). Borja (2006) indicated, “educational video games 
have great potential to hone critical thinking skills, help teach academic curricula, and evaluate what 
students learn.” Other studies indicated the impact SEGs have on 21st Century Skills (Annetta, Cheng, 
& Holmes, 2010; Federation of American Scientists, 2006; Galarneau & Zibit, 2006; Jenkins, Clinton, 
Purushotma, Robinson, & Weigel, 2007; Rosser, et al., 2007), Universal Design (Annetta, Cook, & 
Schultz, 2007), and student engagement (Annetta, Mangrum, Holmes, Collazo, & Cheng, 2009; Annetta, 
Minogue, Holmes, & Cheng, 2009).

The purpose of incorporating SEGs into science classrooms is to engage students with scientific con-
cepts and increase student learning. In order for SEGs to be utilized as instructional tools, the SEGs have 
to be designed to address the needs of today’s learners. To be successful, SEGs must have the following 
elements, including: giving the player an identity, immersing the player into the game and motivating 
them to learn, allowing the player to interact with an ever increasingly complex gaming environment, 
and increasing assessment through informed learning within game play. In addition, the SEG should 
inform teaching practice and allow teachers to create other instructional activities that are in line with 
the learning goals of the SEG (Annetta, 2010).

THEORETICAL RESEARCH

Our theoretical research into the ability of SEGs to teach and engage students with scientific concepts 
revealed that students believed games made the learning of science concepts fun and interesting, and that 
it was a useful tool that teachers could use to engage and entertain students. Although still in its infant 
stages, the integration of gaming technologies, such as the student created SEGs in this study into sci-
ence classrooms, is a potential model for future STEM instruction. The aim of this study was to bridge 
the current gap between research and practice. Research has shown the potential for SEGs to motivate 
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and interest students in science (Zyda, 2007) and has shown that SEGs can help students understand 
and master science concepts (Shaffer, 2006); yet few teachers are using SEGs as an instructional tool in 
their classrooms (Stransbury, 2008).

This study was part of a larger research project and sought to investigate student perceptions of learn-
ing and engagement with scientific concepts through research and SEG development. The two phases of 
this study involved both teacher creation of SEGs and student creation of SEGs. Teachers participated in 
professional development to create SEGs situated in standard-based science and math curriculum over 
a two-year period. Students of those teachers participating were incorporated into the study during the 
second year to play the teacher created game and provide feedback. This feedback was used to improve 
the SEG software package design for phase two of the study, which began in the third year of the project 
and involved students creating their own SEGs. In this study, we focused on one teacher from a small, 
urban, technology-focused high school and his students.

Students Develop SEGs

Students participating in this study, included students who had participated in both phase one and phase 
two of the project (Group A) and students who had participated only in phase two of the project (Group 
B). With the support of their school and their mentor teacher, the students from both groups participated 
in the study to fulfill part of their graduation project requirement. Students attended a summer workshop 
during which the students began creating a SEG based on a science topic that they had previously re-
searched. Both groups of students had previously researched a standard-based science topic during the 
school year and completed the research paper requirement prior to creating their game.

During the three-day summer workshop, students worked on their game design, created storyboards 
and flow charts, and began developing their SEG. The first day of the workshop, students created story-
boards for their games (See Figure 1). Creating storyboards allowed the students to outline major aspects 

Figure 1. Student creating a storyboard to outline the SEG from the beginning to the end goal
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of their game from the starting point of the game to the end goal of the game. Each student’s game was 
broken up into at least four episodes that were based on STEM content gleaned from the topic chosen 
for the student’s research paper. Episodes were then broken down into segments of the game with each 
segment representing a single decision or problem-solving portion of the game. In these segments, the 
player would assume the role of a scientist, engineer, mathematician, or technologist and make decisions 
based on STEM content knowledge. Segments were further broken down into nodes, each node repre-
senting a single scene when playing the game or some decision point where the player needed to make 
a choice. Each decision point had benefits and/or consequences for the user playing. At the beginning 
of each episode, tutorials were included to introduce a learning concept and/or explain the game goals 
to the player. After a segment or during an episode, assessments were included, which was arguably 
the most important piece that students needed to include in each episode. During the assessments, us-
ers would be quizzed and graded on the information that was explained in the tutorial and experienced 
in that segment of the game. The embedded assessments within the SEGs allowed for scaffolding and 
support of specific learning outcomes that the game creator wanted the player to reach (Annetta, 2010). 
During the students’ creation of the game, teachers and/or project staff facilitated the STEM content to 
be sure misconceptions were not perpetuated in the game.

After creating their storyboards, students were introduced to the upgraded SEG software package and 
started to “play” with the program to learn the new version and start building their game. The remain-
ing two days of the workshop, students continued working on their game design documents and further 
developed their SEGs by designing their gaming environments; adding characters, objects, and sounds; 
and coding action events and player quizzes. It is important to note that during the three-day workshop, 
explicit directions were not provided to students as previous workshops revealed that students progressed 
more rapidly when individualized instruction was provided to students as they needed help.

Towards the end of the summer workshop, interviews were conducted with five students from Group 
A and four students from Group B to answer the following research questions:

1.  How did student participation in first phase of the project affect the development of their SEG in 
the second phase?

2.  What are student perceptions toward their learning of and engagement with scientific concepts 
through research and SEG development?

Student Focus Groups

Although more students participated in the summer workshop to build SEGs, a convenience sample of 
nine students were interviewed in two focus groups. These nine students were selected based on their 
length of participation in the study. Five students were from Group A, those who participated in the 
project for three years, and four students from Group B, who participated in the project for one year. 
Students interviewed were between 15 to 17 years old and included seven males and two females, with 
self-described ethnicities as Asian American (1), African (1), White (1), Hispanic (1) and African 
American (5). Interviews were conducted with these selected students to elicit responses related to stu-
dent perceptions of their learning and engagement with scientific concepts through the writing of their 
research papers and through the creation of their SEGs. The two groups were selected to determine the 
effects, if any, that participating in phase one had on the development of student SEGs in phase two 
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of the study and student perception toward their learning of and engagement with scientific concepts 
through research and SEG development.

Data analysis followed a qualitative methodology that was both inductive and recursive, involving 
transcription of audio taped interviews, identification of themes and categories, and recognition of 
similarities and differences between participant responses (Creswell, 2007; Miles & Huberman, 1994). 
Interviews were individually coded and emergent themes were identified by two researchers using a 
constant-comparative method (Glaser & Strauss, 1967) to describe student perceptions of learning and 
engagement within the project. The refined data from both researchers were reviewed collectively and 
consensus was obtained on all themes.

During the interviews, students were asked about their experiences in science classes that had taken, 
their usage of computers and video games in class and at home, and questions relating to their experi-
ence playing and creating games and their knowledge of science content.

Student Experience With Computers

Of the five students in Group A, who had been a part of Phase I and Phase II of the study, only one stu-
dent indicated science as their favorite class, with English being favored by most of the other students. 
All four students in Group B, who were only a part of Phase II, reported science as their favorite class. 
Overall, students in both groups reported an average rating of 8 with regards to how much they liked 
science on a scale from 1-10, with certain science classes, including biology and elective science classes 
being rated higher than other science classes, such as chemistry.

Students in Group A reported labs and hands-on experience being their favorite part of science class, 
while students in Group B reported learning new things and learning about life to be their favorite part. 
Students in both groups reported using computers in their science classes on a regular basis, with vary-
ing degrees of usage and type of usage depending on the particular science class. Students reported little 
usage of computers in their chemistry classes, limited to using the computers as a reference or to look up 
assignments posted online. While other classes, including the life science classes (Biology and Anatomy 
& Physiology) utilized the computers for conducting lab simulations and research.

Students in both groups reported using computers and playing video games outside of school, with the 
amount of time spent on the computer or playing video games depending on parental control, school, and 
interaction with other individuals in the computer/gaming environment. The students reported a range 
of computer and video game usage from less than one hour a day to up to fifteen hours a day. Group A 
students reported playing video games an average of two hours per day on school days and between five 
to fifteen hours during the weekend.

Experience Creating and Playing SEGs

When asked about student preference for creating versus playing a video game, all students responded 
that they would rather play versus create a video game. Group A students reported that while creating a 
video game allowed them to funnel their ideas, utilize their creativity, and have a sense of pride for what 
they had created, that creating a game took time, that the game they were creating was not what they 
had envisioned due to restrictions of the software program, and that creating a game required problem 
solving. “What I don’t like is when you are programming and you have so many ideas of exactly how 
to do it. You know it is going to be awesome when you are done, but you [have] to figure out what you 
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have to do to make it that awesome. It’s hard.” Group B students enjoyed learning how to create a game, 
having control over the gaming environment, and being able to program, but believed creating a game 
was more work and didn’t involve the “fun” of being able to play the game.

Prior to creating their SEGs, students wrote a research paper about a specific science topic that later 
influenced the direction of their game development. Students in Group A indicated that writing the 
research paper prior to building their game was helpful, because it allowed the student to work faster 
by having something to build from, while students from Group B either had not seen the connection 
yet between their research paper and the game they were creating or found it difficult to connect the 
two. “[The research paper] gives me ideas of what I want to do for my game. The hard part is trying to 
connect what you are trying to teach the player and make the game.” These differences may be in part 
attributed to Group A students being part of Phase I in which they were able to play a game that their 
teacher had created prior to writing their research paper and creating their own game. Although some 
students in both groups reported having to change their game due to programming restrictions, no stu-
dents reported having to conduct more research during the game development phase, indicating that the 
research they had already done for their research paper about that science topic gave them more than 
enough ideas from which to build their game. All of the student concerns were skills we wanted them to 
learn, including problem solving and critical thinking. It was hard because they have not learned these 
skills though traditional instruction.

Finally, students were asked about whether they believed they learned more science content by creating 
or playing SEGs. Students from both groups believed that both creating and playing games allowed them 
to learn science content, but that true mastery of the content came from developing their own game. In 
addition, students from Group A reported that you have to know the content in order to create the game 
and you spend more time creating a game than playing it, so the knowledge is longer lasting. “While 
creating a game, you are working on it for a longer period of time and even though you are learning it, 
ten years from now you probably won’t [remember it] if you are playing a game for like 10 minutes, 
while if you are creating a game that took you 3 or 4 months to make, it’s probably going to be pretty 
deep in your head.” Students also indicated that while playing allows you to refresh your knowledge, 
you are limited in the knowledge of the content that the game creator felt was important for you to know.

With regards to the ability of games to teach science concepts, both groups of students believed that 
using games to teach concepts made learning those concepts fun and interesting and that it was a use-
ful tool that teachers could use to engage and entertain students. One student from Group A reported 
that the use of games to teach concepts could be equivalent to a textbook if created efficiently. Students 
already having experienced playing video games inside and outside of school reported that video games 
are a form of media that relates to the students and captures their attention. They also indicated that they 
would like to see more games integrated into science classrooms to help them learn science concepts, 
but that it can’t just be any game – it needs to be a game that is created well.

By participating in this study, students were able to create a SEG that hopefully will be utilized by 
other teachers and students alike to teach science concepts. Students in Group A, having participated 
in the first phase of the project, were better prepared for developing their own SEG during the second 
phase. Those students were also able to better connect the science concepts in their research paper and 
integrate those concepts into their game development, than the students who did not participate in the 
first phase of the study.
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While the students in this study believed that both playing and creating games can help them to learn 
science concepts in a more engaging environment, they also believed that by creating their own game 
versus merely playing the game that they had developed a deeper understanding and true mastery of the 
concepts, but that playing games was more fun than creating games. From our interviews with students 
from both groups, it was evident that as students created their games that students had to first learn the 
content of game development before they learned the science content, as creating games requires more 
than just integrating science content knowledge. Until the student is able to overcome problems with 
programming and able to learn the controls and coding required creating their game, they are not truly 
engaging in learning science concepts. It was only after students utilized their problem solving skills and 
learned the content of game development that they began to connect their game to the science content.

IMPLICATIONS FOR CLASSROOM INSTRUCTION

Our theoretical research sought to evaluate students’ creation of SEGs as a method for engaging and 
teaching students about science content. The findings from this research study have implications not 
only for those interested in integrating technology, such as SEGs into the classroom to engage students 
to learn science concepts, but also for those interested in improving how we teach and how students 
learn science through innovative instructional approaches, including the integration of video games in 
classrooms as educational tools. With ongoing discussions about how science is best learned and how 
students should be taught science, our research into the ability of SEGs to teach and engage students with 
scientific concepts is not only timely with today’s generation of students, but also provides insight into 
a method of teaching that could be utilized to teach today’s students not only about science concepts, 
but also to prepare them with the 21st century skills they need to be successful in science and technol-
ogy related fields. This study exemplifies how teachers could integrate SEGs into their curriculum to 
positively impact student learning, though this approach requires some out of school time since the 
curriculum is so packed.

Teacher Reflection

The teacher whose students were involved in the study, who had also created his own SEG for his stu-
dents to play the previous year, reflected on the role of SEGs in the future of math and science education 
and the value of integrating SEGs into the curriculum. Although he was unsure about the future use of 
SEGs in math and science classrooms due to the lack of accessible games that would be both fun and 
educational for students stating, “we are just not there yet,” he did see the value of integrating SEGs 
into the curriculum. “It strengthened me as a teacher to rethink my curriculum in terms of how I could 
get topics to be experiential instead of just problems on paper. To create a game, design a game, around 
curriculum made me think: How does this stuff relate to the real world?”

During his creation of his own mathematics game in phase one of the project, the teacher indicated 
that he first wanted to get students into the game and learning how to use the controls within the game, 
before introducing the algebra content. “There was some definite intention in getting the kids sucked 
into the game atmosphere and the skill part of it and then once they’re invested in the game...bringing 
in some of the math concepts as they came to decision points.” This statement highlights a key and 
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important aspect of integrating games as instructional tools in classrooms and echoes what students 
indicated from our interviews, that in order for students to be engaged with the content, they must first 
be engaged with the game.

As the teacher reflected on the second phase of the project, during which his students were creating 
SEGs, he indicated that motivation was a key component to whether the experience of creating a SEG 
could improve student learning of STEM concepts and/or encourage students to pursue STEM careers 
in the future. While some students were extrinsically motivated to participate in the project and create a 
SEG, because they had chosen this as their graduation project; other students were intrinsically motivated 
and were interested in and curious about the topic they had chosen and gained satisfaction by creating 
an SEG that other students could play to learn that topic.

While most of the SEGs created during the summer workshop focused on life sciences (Figure 2), 
with a strong emphasis on medical science, the integration of SEGs into the science curriculum is not 
limited to just life sciences. SEGs have the potential to be integrated in other science content areas, in-
cluding chemistry and physics. While we are not claiming that SEGs are the only way to engage students 
to learn science concepts, from our previous research and this particular study, it is apparent that SEGs 
can be one instructional approach that teacher’s can integrate in their classrooms to improve student 
engagement and understanding of science concepts.

Although instructional time is a concern for most teachers, SEGs do not have to monopolize class 
time. One of the benefits of educational games is that Serious Gaming can extend the classroom learning 

Figure 2. Student building a SEG that explores standard-based STEM concepts
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experience as students play the games and continue their learning from home. Students are already spend-
ing hours playing video games at home each week. If we could integrate science video game play into 
students’ home lives, we could double the amount of time students spend learning science (Mayo, 2007).

When they get home from school, children eagerly devour new information and concepts through the 
virtual environments of video games. In what I call a stealth-learning environment, children develop skills 
that connect and manipulate information in the virtual worlds of video games without really knowing 
that they’re learning. Rather than fight what children obviously enjoy and what is natural for them, the 
enticement of video games can be used to enhance K-12 education. (Annetta, 2007)

As educators, we need to seriously consider what role educational games play in the science class-
room and access the learning outcomes achieved by student play of games. The Federation of American 
Scientists (Feller, 2006) has indicated that video games have the potential to “redefine education.” From 
our research and other studies, it is evident that it is not just playing video games that benefit students, 
that students can also have positive learning gains from creating video games. In this way students 
develop a deeper understanding of the science content (Mayo, 2007). Regardless of whether SEGs are 
teacher, student, or commercially created, in order for SEGs to be successfully integrated into science 
classrooms and have a positive effect on student learning outcomes, the game must be embedded into 
the curriculum in such a way that the game becomes more than just a “one-time adventure” for students 
(Annetta, Minogue, Holmes, & Cheng, 2009). Incorporating SEGs into the curriculum requires teachers 
to re-examine the relationship between the teacher, the learner, and curriculum and instruction (Rieber, 
Smith, & Noah, 1998). When incorporated effectively into the curriculum, SEGs have the potential to 
enhance instruction, promote learning, and increase achievement among students in science classrooms.

Classroom Models

While “games provide an alternative platform for communicating science” (Krotoski, 2010) to students, 
it is difficult at this stage of SEG development to elaborate on a single classroom model in which teachers 
can integrate SEGs into science classrooms to engage students and help students learn scientific concepts. 
Although research has shown that games have the potential to teach concepts just as well as other media, 
including books (Schollmeyer, 2006), research into the extent to which teachers could implement SEGs 
in classrooms to improve student learning is still in its infant stages. The following examples will hope-
fully provide classroom teachers with a better understanding of the potential of SEGs to be integrated 
into their own science classrooms to impact student learning.

Rankin, Vargas, and Taylor (2009) conducted a study to examine the potential of two games, designed 
for high school chemistry classes, to teach students about solubility curves and chemical reactions involv-
ing precipitation. Although designed for high school students, the study involved 27 university students 
who were introduced to the games, given the opportunity to play the games, and then asked to evaluate 
their experience playing the games. Results from the study indicated that overall the university students 
enjoyed the games, would play the games again, and believed the games were helpful for learning the 
chemistry concepts embedded within the games. It is interesting to note that during the interviews with 
students from our study, students noted the limited usage of computers or games in chemistry classes. 
This research shows the potential for teaching students about chemistry concepts using a gaming envi-
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ronment. Rankin, Vargas, and Taylor (2009) elaborated on their vision for incorporating these games 
into high school chemistry classes, providing teachers with a potential model for incorporating SEGs 
into the classroom. They indicated that the games by themselves were not intended to teach the concepts 
of solubility curves or chemical reactions, but rather the games were to be incorporated as part of the 
classroom teacher’s lesson. They envisioned the classroom teacher using the game to first engage students 
with the concepts and then to do a follow-up lesson, during which the teacher would teach the students 
about the concepts that they had engaged with in the game. Another key feature of their research that 
could be utilized as a model for future integration of SEGs into classrooms was the usage of workbooks. 
As students played the games and solved problems throughout the game, they utilized workbooks to 
record their results. Using workbooks during SEG play could be a valuable tool for teachers to evaluate 
student learning during game play.

Unlike the above example that involved an outsider creating SEGs for student use within the class-
room, another potential classroom model for the integration of SEGs into science classrooms involves 
teacher created SEGs. It is possible that teachers that create SEGs are more likely to utilize the SEG 
within the classroom to teach their students, because they take ownership in the game they have created 
for their students (Annetta, Minogue, Holmes, & Cheng, 2009). It is also possible, as indicated during 
our interviews with students in our study, that students may have a greater appreciation for playing a 
game that their teacher created. Students in Group A of our study, who were involved in both phases 
of the study (Phase I playing the teacher created game and Phase II creating their own game) indicated 
that they enjoyed playing the game that their teacher had created during Phase I because they knew the 
individual who had created it and it wasn’t a random game they were playing, it was a game created 
by their teacher to teach them specific concepts. In speaking with the students, it was apparent that the 
students respected the efforts the teacher went through to create a game to help teach them the concepts 
they needed to know, and was respect that was strengthened by the students’ struggles creating their 
own educational games.

Although creating a SEG takes considerable time, especially for the novice teacher with little expe-
rience programming and gaming, the time invested to create an SEG is not unreasonable considering 
the amount of time the teacher might invest in creating or finding another activity to engage students 
with and teach students about various scientific concepts. In a study by Annetta, Minogue, Holmes, 
and Cheng (2009), a high school biology teacher created a game for her students to review genetics 
concepts. The teacher created game was a problem-based crime scene investigation that tested students’ 
knowledge about pedigrees, Mendelian genetics, blood typing, and DNA fingerprinting as students 
worked to solve to the mystery of who committed the crime. In order to compare engagement and learn-
ing of students using the teacher created game, the researchers established a control and experimental 
group of students who were taught by the same biology teacher. Both the control students (n=63) and 
experimental students (n=66) were first taught about genetics by their classroom teacher using lecture, 
hands-on inquiry activities, discussions, and independent practice. Following the lesson on genetics, 
students in the experimental group reviewed genetics concepts by playing the teacher created genetics 
game, while the control group of students reviewed by using group discussions and doing independent 
practice activities. After reviewing, both groups were given the end of unit test to access their understand-
ing of genetics concepts. Although post test scores from both groups revealed no significant difference 
between the two groups, the researchers attributed this to the short time of game play during which the 
students may have been learning more about maneuvering through the gaming environment rather than 
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engaging with the content of the game, and that maybe both groups had learned the material just as 
well from the regular instruction rather than what was gained from the review. Although the results of 
this particular study indicate no difference in student learning of genetic concepts by playing a game to 
review the concepts versus an alternative method of review, students did report being more engaged by 
playing the game and again several factors could have been attributed to the lack of statistical differences 
in students’ posttest scores. The model described here is different from the previously mentioned model 
with chemistry games, in that the teacher created the game versus an outsider. Teacher created SEGs 
allow the teacher to align the game with classroom instruction and content standards and allows for the 
facilitation of inquiry based instruction as teachers select specific content to embed within the game 
based on the experiences of the teacher’s own students. In this way, the teacher utilizes her students’ 
experiences to give students a deeper understanding of the content. This model is also different in that 
the teacher utilized the game as a review for students instead of as a hook to immerse students in the 
content prior to teaching the content.

Another potential model for the integration of SEGs into classrooms is to allow students to experience 
the virtual world within the SEG and the real world. A study conducted by Folta (2010), 81 middle school 
students played the SEG Red Wolf Caper. In the game, students played the role of a wildlife biologist, 
botanist, or an entomologist to figure out the mystery of who was poisoning the red wolves. At two points 
during the game, students left the virtual world to venture out into the real world to conduct field tests, 
in which students identified tracks, scat, trees, or invertebrates depending on the role (wildlife biologist, 
botanist, entomologist) they chose to play in the game. The researcher hoped that by students experiencing 
both the virtual and real worlds, students would have a greater interest in the natural world around them 
and an improved understanding of environmental education concepts. Results from the study indicated that 
all but one student enjoyed the game and felt the game would be a useful educational tool. As a measure 
of whether the game increased student learning of environmental concepts, students took a pre and post 
test and were asked to write a letter to a judge explaining the importance of the reintroducing wolves 
to the area. From the letters, it was evident that the students were able to apply the concepts learned in 
the game to a real world scenario. Furthermore, pre and post test scores were statistically different, with 
higher post test score averages, indicating that students came away from the SEG game experience with 
more environmental content knowledge. This model is unique and is one that classroom teachers could 
implement in their efforts to engage students using inquiry based teaching methods.

High school and middle school students are not the only students that can benefit from the integra-
tion of SEGs into the science classroom, or are SEGs limited to particular science subjects. In a 2008 
study conducted by Annetta, 74 fifth grade students played a teacher created game called Dr. Friction 
to learn more about simple machines. Prior to playing the game, the students had studied forces and 
motion for three weeks. Two days prior to playing the game, the teacher introduced the students to the 
gaming environment to get them familiar with the controls of the game. The researchers were interested 
in examining whether playing the game enhanced student learning of simple machines and student 
engagement. Pre and post test score results revealed that students had positive gains in their learning 
of simple machines from playing the game Dr. Friction and observational video analysis revealed high 
student engagement during play. In this particular study, students played the teacher created game for 
several days in the middle of the unit, instead of at the beginning of the unit to capture student interest 
or at the end of the unit to review concepts with students. This is yet another model that a classroom 
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teacher could utilize when thinking about how to integrate SEGs as an instructional teaching method to 
increase student engagement and learning of various science concepts.

The classroom models presented above are only but a few of the ways that SEGs could be incorpo-
rated into science classrooms not only to entertain and engage students, but also to foster learning of 
science concepts. Although there is no single best model for how SEGs should or could be integrated 
into classroom learning environments, as more teachers integrate SEGs into their classrooms and as 
researchers continue to evaluate the effect of SEGs on student motivation, engagement, and learning, 
more models will likely emerge. It is important for teachers to evaluate each of these potential models 
to determine which model(s) are best suited or applicable to teaching within the teacher’s context spe-
cific classroom, because “games designed using sound pedagogy actively engage the Net Generation in 
learning” (Annetta, Murray, Laird, Bohr, & Park, 2006). Annetta, Cook, and Schultz (2007) propose that 
video games have the potential to meet the growing needs of today’s students who are not only diverse 
in their learning styles but also in their experiences with technology. Integrating SEGs into science 
classrooms should be engaging for all students and should provide all students with the opportunity to 
learn science concepts in an innovative way; however, research has shown that this may not be the case. 
Therefore, it is important for teachers to consider culture, race, and gender issues that might inhibit the 
effectiveness of integrating SEGs into their classroom to increase student learning and engagement with 
scientific concepts.

Although there is a limited commercial market at this time for serious educational games and the 
games that are commercially available are likely out of the budget range of most schools and teachers, 
there are several gaming platforms that teachers and students alike can utilize to create educational 
games situated in constructivist and inquiry based teaching and learning. For those teachers that might 
be weary of creating a SEG or doubtful of their own skills, continue reading about how a group of in-
service teachers participating in a university course designed educational games for their students that 
were aligned with state science standards and required students to utilize problem solving skills. Annetta, 
Murray, Laird, Bohr, and Park (2006) evaluated a course that was designed for in-service teachers to 
create SEGs for students in grades 5-12. The in-service teachers participating in the course were diverse 
in terms of their technological and computer skill and comfort levels. During the course, the teachers 
were tasked with creating a game for their students that taught the students about science content. All of 
the in-service teachers successfully completed the task and created games that had the potential to teach 
and engage their students with the science content they had chosen. Reflecting on the experience, most 
of the in-service teachers reported that not only were they excited about implementing the games into 
their classroom instruction, but that they felt their students would also be excited about playing the games 
because it would give students a break from the traditional classroom activities. Although teachers felt 
students would be enthusiastic about playing the game to learn the science content, it was mentioned a 
particular in-service teacher, like students in our study mentioned, that it would really depend on how 
well the game was designed. This research with in-service teachers should provide some encouragement 
for those teachers who do not feel that they are technologically savvy enough to create a SEG or who 
are not avid gamers. Although creating a SEG takes considerable time, teachers with the resources and 
support to implement SEGs into the classroom can have positive impacts on their students learning of 
science concepts.
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KEY TERMS AND DEFINITIONS

Educational Game Creation: The design and construction of a Serious Educational game.
Educational Video Games: Synonymous with SEG.
Gaming Technologies: Immersive 2-dimensional or 3-dimensional environments used to play com-

petitive or collaborative games.
Problem-Based Learning: Instructional approach where students are confronted with a problem and 

challenged to work towards a solution. The problem is complex and ill-structured, and does not provide 
enough information for a simple resolution.

Serious Educational Games (SEG): Games used for training and learning for K-16 educational 
purposes and not for entertainment. A derivative of the commonly used Serious Games, which is defined 
as games designed for a primary purpose other than pure entertainment.

STEM Concepts: The Big Ideas in Science, Technology, Engineering, and Mathematics.
Student Engagement: Skinner and Belmont (1993) posit engagement has interacting components 

of affect, cognition, and behavior; where there is tension between challenging learning environments 
and freedom to interact coupled with positive emotions.

This research was previously published in Cases on Inquiry through Instructional Technology in Math and Science edited by 
Lesia Lennex and Kimberely Fletcher Nettleton, pages 464-486, copyright year 2012 by Information Science Reference (an 
imprint of IGI Global).
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ABSTRACT

Science is traditionally considered one of the most complex and demanding subjects in school, yet can be 
one of the most inspiring experiences one has encountered in their academic life. Scientific knowledge can 
be applied to and explain everyday life phenomena beyond the boundaries of a conventional classroom. 
This is the key to teach and learn science effectively and can be assisted by technology as a pedagogical 
tool. The i2Flex model was implemented in a High School Science IB class as online/virtual laboratory 
investigations, in an effort to enhance high cognitive skills and academic performance of students. By 
allowing students to self-pace and self-direct their learning and practice to some extent, students not 
only engaged more actively in the science curriculum but improved their practical, writing and even 
collaborative skills. Teaching time in class became more flexible and productive and addressed areas 
of learning, such as critical thinking, analysis and elaboration of performed work, which have always 
puzzled students and perhaps lowered academic outcome.

INTRODUCTION

Many would agree with the French physiologist Claude Bernard’s quote (BrainyQuote, n.d.): “Obser-
vation is passive science, experimentation an active science”. This is fundamental when teaching or 
learning science at any level. In a traditional school setting, science would be taught by an instructor in 
a lecture-based lesson with students passively listening and participating occasionally in oral discussions 
spurred by their instructor or classmates. Testing of taught theory by experimentation would involve 
conducting a procedure in an appropriately equipped laboratory under specific conditions with certain 
materials available. Paper lab manuals and lab notebooks would be used by students to record data and 
make observations. In recent years, the traditional chalk boards in most schools have been replaced by 
the novel interactive smartboards, which already urge instructors to think more creatively about teaching 
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science, and make the lesson more interactive and appealing to students even beyond the class bound-
aries. Traditional lab booklets can now be replaced by electronic manuals and students may now take 
lab notes using their laptops or tablet devices. Experimental science is in the center of technological 
advancement and this should be taken into account when teaching or learning it. This is exactly what 
this chapter attempts to approach from the instructor’s point of view but always maintaining the focus 
on student-centered learning.

BACKGROUND

In the final years of High School and especially in demanding and rigorous high honors classes and/or 
International Baccalaureate (IB) classes, science often seems to the eyes of students as really “rocket 
science’’! Academic outcome may frequently be hindered by lack of interactive and life-connecting 
experiences of scientific concepts. As a former science researcher and a current instructor in IB/AP 
Biology and Environmental Science, I seek-alternative to conventional-ways of teaching Biology or 
Environmental Science in a theoretical and practical level not only to satisfy academically the college 
or university requirements, but to instill the scientific method and way of thinking in young individuals, 
who will become science professionals and the future citizens of our society.

Empowering young individuals to construct their own learning by being autonomous, taking initiatives, 
analyzing, synthesizing and evaluating their knowledge and understanding is the basis of constructivist 
pedagogy (Brooks & Brooks, 1999). Initially, this new methodology may seem utopic or even radical 
to many traditional instructors but it gains more and more ground in modern schools as it challenges 
instructors to transform into mediators of students and environments, instead of simply being providers of 
information and managers of behavior. Taking this into consideration, the idea of implementing blended 
learning into the teaching of experimental science in the form of complementing the face-to-face class 
meetings with virtual or online laboratory activities formed my own action research topic as an educator, 
and opened up a new era to me as an instructor to use technology as a pedagogical tool to meet student 
needs and address different learning styles. Specifically, virtual/online laboratories are delivered with 
computer technology and offer investigations, which involve simulated material and equipment and are 
performed by the students. Additionally, another type of online laboratory can be performed by students 
with physical apparatus operated at a distance or alternatively students can base their investigation on 
datasets already manipulated by usually professional organizations (de Jong et al., 2014). In recent years, 
a repository for online experiments has been developed which includes online labs, learning applica-
tions, and virtual inquiry learning spaces making them accessible to teachers all over the world (Dikke 
et al., 2014). In my class setting I have mainly used virtual simulations of well-known experiments in 
Biology (see examples below), which offered the opportunity to compare them directly with hands-on 
laboratories and were user-friendly, easily accessible online for all students, and provided a wealth of 
experimental skills to students of all learning levels.

Although the value of physical hands-on experience cannot be disqualified, there is now a wealth of 
literature about using virtual teaching of experimental skills and practices starting from K12 up to higher 
education. Numerous universities have included in their educational programs online courses and many 
university instructors have already incorporated online components in their teaching. K12 studies have 
investigated physical versus virtual experimentation in specific science subjects. For instance, Zacharia 
and Olympiou (2011) conducted an experiment on heat and heat transfer that showed that virtual labs 
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can be effective to promote conceptual learning. Another study conducted in a High School in Turkey 
showed that the blended learning model contributed more to the students’ achievement in Biology than 
traditional teaching methods (Yapici & Akbayin, 2012). The concept of flipped classroom has been 
applied in numerous cases in science and has gained much support from both the student body and 
the faculty, as students can self-direct and self-pace their learning (Ng, 2014). A summary of the main 
similarities and differences between physical conventional laboratories and virtual/online laboratories, 
as discussed by de Jong et al. (2013) and combined with personal observations from my action research 
in progress, is provided in Table 1.

Our school has piloted implementing in the last couple of years this non-traditional i2Flex learning 
methodology that integrates technology-supported student learning and is independent and inquiry-based, 
though still guided and monitored by faculty with face-to-face, flexible learning (Avgerinou et al., 2014; 
Gialamas & Avgerinou, 2015). To me and my students the model of i2Flex means independent student 
learning for all, irrespective of individual student learning style, flexibility to try different things in an 
experimental setting especially if materials and resources are scarce, lack of fear to make mistakes but 
more chances to fix them without feeling intimidated in a classroom environment, abundance of time to 
ask questions, promotion of dialogue between all students and student-teacher, and even time to research 
and be inspired about a laboratory investigation. All these of course should be coupled with guided 
instructions from the instructor and coordination of time according to learning needs.

Except for learning and practicing science, another important aspect in high school or IB classes, which 
stresses out both students and instructors and takes up a lot of teaching time, is assessment of students’ 
work. Laboratory investigations should be reported in writing following certain international assess-
ment criteria as published officially by the IB organization (occ.ibo.org). It is anticipated that training 
students with some virtual/online labs, on one side will free time for an instructor to spend productive 

Table 1. Comparison between physical and virtual/online laboratories

Physical Laboratories Virtual/Online Laboratories

Similarities • Both explore the nature of science 
• Both develop teamwork abilities 
• Both cultivate interest in science 

• Both promote conceptual understanding 
• Both develop inquiry skills 

• Both teach the scientific method

Differences • Use of physical equipment allows students to develop 
troubleshooting skills for machinery used in experiments 
• More realistic approach of challenges that real 
scientists face when planning experiments in real labs 
• Variables are set and difficult to change 
• Require more set-up time 
• Include time delays between trials 
• Discourage the conduction of time-consuming 
experiments or long-term observations 
• Real, authentic experimental errors, either systematic 
or human-generated challenge student interpretation of 
results 
• Make it difficult to identify students who need 
specialized tutoring or help

• Reality can be adapted, for example time scale can 
be modified, weather conditions can be simulated, etc. 
• Unobservable phenomena can be investigated, 
for example chemical reactions, human body organ 
systems, etc. 
• Variables can be easily changed, for example speed 
of sound or light, cardiac rate, etc. 
• Require less set-up time 
• Allow lengthy investigations to take place and 
provide results immediately 
• Authentic measurement errors are excluded from 
the investigations and thus students are not exposed to 
unanticipated difficulties 
• Individual students who need specialized tutoring 
can be easily identified through logs of student work

(modified from de Jong et al., 2013)
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time in class to provide constructive feedback on the writing component of a lab investigation, and thus 
assist the academic performance of students; and, on the other side will allow students to spend more 
time in class improving their writing skills and elaborating on their own work guided by the instructor.

SETTING THE SCENE FOR VIRTUAL LAB LEARNING IN PRACTICE

The IB learner profile shapes young individuals to become inquirers, knowledgeable, thinkers, com-
municators, principled, open-minded, caring, risk-takers, balanced and reflective young individuals 
(occ.ibo.org) and is reinforced by our school’s vision “empowering individuals to transform the world 
as architects of their own learning” (ACS Athens Website, 2015). For this purpose, instructors have the 
challenging task to inspire these virtues in their students without compromising their learning needs 
and their ultimate goal to continue in higher education. As an instructor in an International School, I 
deal with a mixed population of IB students, who often struggle to keep to the expectations of such a 
multisided and demanding educational program due to limited time, level of material difficulty, language 
differences, and plethora of time consuming extra-curricular activities they participate in, or simply poor 
organization and time management skills. In addition, students may be coming from different educational 
systems of other countries and thus be exposed to different levels of laboratory experience in science.

Ideally, in a classroom setting the student number should allow the conduction of safe hands-on ex-
periments that address parts of the taught material and enhance student learning and performance. Up 
to recently, this has always been applied to my IB classes as I am a strong believer that science is only 
comprehended and learned when it is really “felt” and applied to everyday life. Laboratory investigations 
can mimic life phenomena and often do give a taste of what could be happening outside the classroom 
boundaries. At times though student numbers may be large, student learning level may be very variable, 
student attendance may sometimes be poor, or student interests may be numerous and of a wide range. 
Thus conduction of labs in class may be unsafe, more time-consuming than planned, not representative 
of breadth of scientific concepts and interests of students, or just not realistic enough.

Implementing virtual labs in teaching an IB class may resolve many of the aforementioned issues. 
Firstly, students may research to find a laboratory investigation that appeals to their interests but still 
relates to what they need to learn, according to instructor’s recommendations. Secondly, students them-
selves choose the methodology they will use online, this means the materials they will use, the amounts 
of chemicals, the sample size, the appropriate apparatus, etc. They have a choice and thus can critically 
think which plan of investigation fits their experiment best. Thirdly, students can perform the experi-
ment when they are relaxed in their own space or time, without distractions and time limitations that a 
classroom environment may impose. More importantly, students flexibly learn through the trial-and-error 
method to end up with valid and objective experimental results as they can repeat the experiment online 
many times, make mistakes, modify conditions, or use new materials. Finally, before producing their 
final written lab report, students can discuss results in online discussion forums, where the instructor 
can address many questions at the same time, or they can complete online lab worksheets with feedback 
given instantly. Online discussions create opportunities for students to access a support network of their 
peers who can answer questions and clarify confusion. If students have a space to discuss complex sci-
ence topics, they are more likely to stay engaged in the curriculum (Tucker, 2012). In class, the teacher 
can orchestrate the classroom dialogue and provide opportunities for all students to participate in dif-
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ferent ways, and allow intellectual autonomy to students to form their own concepts. Having practiced 
the way scientific method works through online lab activities, students can even improve their practical 
skills on site (in class) when they perform an experiment and be more prepared and organized prior to 
conducting it. Furthermore, students can spend more time in class working on their lab report and get 
immediate and face-to-face feedback from the instructor. Social and collaboration skills are also devel-
oped between students as they share resources, results and ideas, and present their case to their peers 
when they come back to class.

IMPLEMENTING THE i2Flex METHODOLOGY IN MY CLASS

One of the major challenges in my professional academic career has been to instill the inquiry virtue and 
higher cognitive skills to my students at any academic level. As years pass by and traditional teaching 
becomes enriched with new fascinating ways of transferring knowledge, I find myself inquiring whether 
technology can serve the role of an educator or can assist an educator in developing new skills and novel 
ways of teaching. All of this could be very well explored and even implemented in my high school IB 
science class, where all the necessary skills need to be adopted successfully by students so that they 
progress to their university studies.

In the past, I would spend one or often two or even three class periods to conduct laboratory inves-
tigations with my students, as time would never be sufficient, and often students would be placed in 
groups as materials or space would be also limited. I would first introduce the theoretical framework 
of the experiment as a Powerpoint presentation and would provide students with instructions as hard 
copy lab manuals. Sometimes, experimental results would never be collected within the time frame of 
a class period, and clean-up of lab equipment would never be completed on the day of the experiment. 
Nevertheless, my students would be exposed to real scientific investigation by coming up with ways to 
overcome unexpected hurdles, perhaps reaching contradicting outcomes between their groups and trying 
to find a way to explain and compare their own ideas with the ones demonstrated by the investigation 
both in writing and orally.

In the new era of i2Flex intervention, fundamental changes in the scenario mentioned above have been 
implemented and at least have addressed some of the problematic areas. An example of a lesson plan for 
a conventional and then virtual lab is included in the Appendix. In my class, prior to the performance of 
a laboratory investigation pertaining to the IB curriculum I introduced the concepts or theory behind it 
beyond a typical lecture-based classroom lesson of the past by embedding articles, lectures, demonstra-
tions and documentaries to our online Moodle-supported class in order for students to engage more with 
the topic of investigation and be inspired. Students were asked to formulate their own research questions 
and scientific hypotheses, and post them in forums before conducting their investigation. In addition, 
anonymous samples of previously assessed student work provided me with a precious pedagogical tool 
in my hands to teach and reinforce scientific reading and writing to my students as they were asked to 
assess that work online and compare their outcomes with those of their peers. This did not only save 
time in class for both students and instructor but unexpectedly fired a debate between students who 
were more lenient in their assessment compared to the stricter ones, and thus made students realize the 
scientific method and how important scientific writing and terminology are, when it comes to com-
municating science.
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For example, teaching the concept of cell division (mitosis) to my students was reinforced by a physi-
cal lab they conducted using plant cells like onion roots and observing the stages of mitosis under the 
microscope (Appendix). For assessment, students answered reflective questions in writing, and produced 
a lab report including their own scientific drawings of mitosis stages. To take this investigation a step 
further I recommended a virtual lab to students which aimed to compare the reproduction processes 
between healthy and cancerous cells, an investigation which would never have taken place in real time in 
a school laboratory (McGraw Hill Education website, 2015a; Appendix) (http://www.mhhe.com/biosci/
genbio/virtual_labs/BL_23/BL_23.html) Students not only grasped the opportunity but were intrigued by 
the results obtained and exchanged ideas and opinions online in chats, which also allowed peer tutoring. 
In addition, students had the time at home to research scientific articles and case studies around different 
types of cancer and came up with questions, which were discussed face-to-face with me in class, and 
thus sparked a fruitful and informative dialogue between all class members.

As mentioned above, for the practical component, I chose representative virtual/online laboratory 
investigations matching the IB curriculum this first year for 11th grade students in IB Biology, which were 
student friendly and not too much time-consuming so as to expose students to the novel i2Flex method-
ology that was implemented in our school for the first time in an IB Science class. Online resources for 
additional information on the specific topic were also uploaded and recommended to students as further 
reading and practice.

Another example of virtual lab I used this year was on the concept of population growth and competi-
tion between species (McGraw Hill Education website, 2015b). Here students virtually grew populations 
of protozoans under the appropriate conditions and observed what happens when they are grown alone or 
together in the same container. This experiment mimicked competition between species in an ecosystem 
and simulated an ideal environment when resources are plentiful. Modelling an ecosystem and observing 
interactions of living species would require much more time and perhaps access to it would be difficult 
in a real setting. On the other hand, the virtual lab enabled students to make real-life connections and 
realize that humans are not the center of life but interact and interconnect with other species. In the 
context of this investigation, other concepts like natural selection and population dynamics were also 
reinforced to students. Finally, students practiced their analytical skills by constructing in class graphical 
representations of population growth and using them to interpret data collected.

At many points down the process, student work was submitted electronically and feedback was 
frequently given through online discussion forums, online quizzes, as well as face-to-face question-and-
answer sessions, peer reviewing sessions in class or simple instruction. For all the online activities and 
communication, the Moodle platform was used throughout the academic year and was really an essential 
part of this reciprocal teaching and learning between students and teacher.

OUTCOMES OF VIRTUAL LAB LEARNING IN MY CLASS

A first impression of how the i2Flex teaching and learning model impacted my science class was given 
by a small survey that was conducted towards the end of the first IB year, in which my Biology students 
were simply asked if they preferred the virtual labs over the traditional ones. Thirty students who had 
performed three virtual and three physical labs in class in one academic year responded in writing and 
their answers and comments were recorded by the instructor (Figure 1). It was interesting to find out that 

http://www.mhhe.com/biosci/genbio/virtual_labs/BL_23/BL_23.html
http://www.mhhe.com/biosci/genbio/virtual_labs/BL_23/BL_23.html
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a good percentage of students in my class preferred to perform an experiment online or virtually (about 
71% of the total class population; Figure 1) as it made them feel more independent about their learning 
and more excited about a research topic they themselves could choose how to investigate and how to 
obtain results. It should be mentioned that these students were part of the broader category of students 
who did not necessarily want to pursue a scientific career, perhaps faced some learning difficulties or 
were real technology-experts. The minority of students (about 19%; Figure 1) answered they would prefer 
the traditional hands-on experiments conducted within the class environment as they believed that learn-
ing the scientific method and acquiring the necessary skills is more efficient, if they practice with their 
own hands without the assistance of technology-generated data or methodology. Characteristically, a 11th 
grade student who wants to pursue a medical degree mentioned: “Since I would like to become a physi-
cian, doing a lab online or virtually is like making a diagnosis for a patient from a distance or without 
really examining the patient myself, and I do not consider this being entirely professional nor ethical”. 
Nevertheless, this group of students appreciated the time saving attribute and the more chances for re-
flective discussion in class rather than the simple execution of experiments that online labs offered them.

As far as assessment is concerned, students were mainly assessed according to the IB criteria for 
laboratory investigations by submitting written lab reports. For the purpose of this study, individual com-
ponents of the lab reports were graded on a percentage scale using a modified rubric, and a final overall 
grade was given to the students. These components included timely submission of all work, practical/
analytical skills, and writing skills. Collaborative skills were also assessed as students had to collaborate 
at some points either in class or in the virtual environment to discuss data, share ideas and evaluate the 
experiment. For the virtually-conducted labs, students were asked to submit their work electronically 
whereas for the conventional labs they submitted a hard copy. What I noticed was that more students 
submitted their work on time and managed their time better in terms of asking questions prior to sub-
mission deadline when prompt to submit it electronically than when submitting it hand-to-hand in class 

Figure 1. Relative proportions of students’ answers to the question “Do you prefer to do a virtual/on-
line laboratory investigation or a conventional hands-on experiment in class?” Responses of thirty IB 
Biology students were obtained after having completed three virtual labs and three conventional labs 
during one academic school year
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(Figure 2). Writing and analytical/practical skills between the two groups also showed a difference with 
more students clearly improving their writing skills because they had the time and instruction in class to 
do so since the experimental part had been completed online than those performing the lab in real time. 
The improvement in practical skills was less apparent and this can be explained perhaps by the fact that 
sometimes the automation of technological tools may not be as effective as physical practice and may 
not allow students to make mistakes and troubleshoot them (Figure 2). In addition, a very important 
component of the online/virtual labs was that students were exposed to online pre-lab questions as well 
as post-lab reflective questions, which they had to answer in writing, and discuss them in face-to-face 
class sessions and online discussion forums with the instructor and their peers. Previously, class time 
was never enough to go over these questions before the actual written report was turned in.

Further to the experimental work, students’ practical and critical thinking skills were assessed by 
sample IB exam questions either given in class or uploaded on Moodle class page for students to answer. 
Students who undertook the virtual/online labs achieved average higher grades in both lab reports and 

Figure 2. Average percentage of performance in written lab reports of IB Biology students following in-
class laboratory investigations compared with virtual/online ones. Assessment by instructor was carried 
out in five individual areas and according to the IB published criteria for lab work in this subject. Thirty 
students were assessed in total in 6 laboratory investigations throughout an academic year

Table 2. Average performance grade in lab reports and past-paper exam questions testing practical 
skills, following the implementation of virtual and physical laboratory investigations in thirty students 
of IB Biology year 1

Average Performance Assessment of Students (%)

Excellent 
(80-100%)

Very Good 
(70-79%)

Good 
(50-69%)

Moderate 
(31-49%)

Poor 
(0-30%)

Physical Virtual Physical Virtual Physical Virtual Physical Virtual Physical Virtual

Lab 
reports

1 2 5 5 50 55 33 30 11 8

Exam 
questions

4 4 8 10 60 63 20 16 8 7
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exam questions in the middle range of scores (good) and slightly higher scores in the high ranks (excel-
lent, and very good) compared to those who performed the physical lab. Interestingly enough, fewer 
students performed poorly when conducting virtual labs than conventional ones (Table 2). It is worth 
mentioning that the average performance in laboratory reports and exam questions increased more with 
the combination of virtual/online labs and in-class sessions for analysis and evaluation of experimental 
results, rather than online or in-class experiments alone. Also, it is interesting that the majority of students 
obtained grades in the middle range of the scoring scale, and this suggests that students still confront 
academic difficulties in these components of the curriculum, and perhaps need more than ever support 
from their teachers with new ideas, instruction plans and novel ways of practice to raise their academic 
performance. Nevertheless, this assumption was based on one academic year’s observations and a single 
class with a specific learning level which may have not been the optimal.

Except for the academic outcome, I observed a greater collaboration spirit slowly building up in 
my class (Figure 2). I saw students offering their help to less proficient with technology students, and 
this greatly contributed to their social skill development. I also witnessed students participating more 
in class discussions concerning the analysis of laboratory results, reflecting them more and evaluating 
the scientific method like true young researchers using higher-order thinking skills. Students made con-
nections between their investigations and real-world applications and acknowledged the importance of 
their experiments and the limitations involved. They were also encouraged to use metaphors to describe 
constructing relationships between in vitro and in vivo situations. This also built up their self-esteem, 
shaped their character and familiarized them with all aspects of science and even research. Finally, I 
observed academically weaker students getting enthusiastic about what they found in an experiment and 
coming to class to discuss it and ask questions or even repeat it, whereas in the past they may never have 
completed an experiment during class or have obtained their own experimental results. One of these 
students wrote in his reflection:

Wow, I was never good in science classes and always thought this was my most boring subject but now I 
understand what it is all about; thinking methodically, applying knowledge, asking questions, discover-
ing ways to answer them, and making other people wanting to learn about what you found. I think I can 
do that and technology can help me! (11th grade IB Biology student)

Since this i2Flex implementation in my teaching is for me an ongoing action research process which 
I will continue in the next academic year, at the end of this academic year a preliminary questionnaire 
was also distributed to students with three main questions to answer about their experience with virtual/
online labs, as follows:

• How did you feel the learning of practical skills changed with the implementation of the virtual 
component to your regular IB Biology curriculum?

• How did you feel the writing process of reporting experimental results changed with the imple-
mentation of the virtual component to your regular IB Biology curriculum?

• Did you enjoy doing the virtual/online labs and has this affected in any way your interest in sci-
ence at a higher level?
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Most students’ responses focused on the positive impact of technology on improving writing skills 
and the student body was divided almost in half in terms of the practical skills. As mentioned before, 
the value of true empirical lab work cannot be entirely replaced by a virtual environment and many stu-
dents felt that they learn the material better when there is physical interaction with the teacher in class. 
Nevertheless, most students immensely enjoyed doing labs using more hi-tech tools and programs as 
this enhanced their technology literacy and thus combined with their personal interests and their youth, 
and even changed their view on how difficult the subject of IB Biology is, and how they can approach it.

REFLECTIONS ON IMPLEMENTING VIRTUAL LAB LEARNING IN MY CLASS

No experiment or research comes without limitations or difficulties, and this also applies to the i2Flex 
intervention in traditional education. In this case, the small sample of students (30 in total) together with 
the small sample of labs conducted (3 conventional and 3 virtual labs) throughout the first academic year 
of the IB program meant that no valid statistical analysis of the information obtained could be further 
performed. My intention and one of my professional goals is to include more virtual/online labs in more 
of my science classes in the next academic year, which perhaps can run in parallel with conventional 
labs and obtain more reliable conclusions. Moreover, two students out of the total number of thirty were 
absent in one class period when the physical experiments were conducted and this may have affected 
negatively their academic performance.

Nevertheless, the empirical results collected thus far set the base for a more detailed and in-depth 
research into the applications of the i2Flex methodology implemented in an IB science class. Covering 
the theory of the course syllabus in time is a great priority for every IB instructor and this also poses a 
fundamental obstacle in expanding this methodology and using it more regularly with IB students in all 
laboratories conducted in a school year. In addition, it would be ideal if online versions of conventional 
labs were available so that a direct comparison would be possible, but, unfortunately to my current 
knowledge, this was not possible with all the labs included in the IB curriculum. However, it is essential 
that online/virtual labs are always accompanied by worksheets, critical thinking questions, quantitative 
reasoning questions, calculations, quizzes, etc. to assess student learning and identify areas of strength 
or weakness.

Applying this methodology to all IB Science subjects would also be much more informative, and 
would enrich the already existing knowledge and resources we currently possess on using technology 
as a pedagogical tool in all sciences. There is a delicate line between practicing science and learning 
experimental skills at the high school pre-university level, if student learning is based exclusively online, 
as the essence of being a young investigator or a good educator may be undermined by the sophistication 
of technological tools. Therefore, it is vitally important for an instructor to balance time and quality of 
content between conventional and i2Flex teaching.
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FUTURE EXPECTATIONS: THE NEXT STEPS

In an era of technological advancement, novel teaching methods and implementation of blended learn-
ing at many levels as alternative ways of teaching practical skills in science may open a new way for 
instructors to think about teaching science and a new learning pathway to students who think cannot 
learn or do well in science courses.

For the successful use and application of online learning activities by instructors, a repository of reli-
able resources for both teachers and students as mentioned above is vital together with a recommender 
system for supporting learning design-driven online recommendations that take into consideration 
teacher’s profiling elements, as well as teachers’ information and communication technology competency 
profiles (Zervas et al., 2015).

One expansion of using online space instructionally would be to facilitate online lab groups to pro-
mote teamwork. Students could be grouped heterogeneously, according to academic performance or area 
of interest, so that a mutual beneficial interaction-even amongst students who would never collaborate 
in class-can be achieved. Lab results and group work could be discussed online so that reserved or less 
language-proficient students could engage in a more active role and be motivated to actively participate 
in the topic discussed. These conversations could possibly have a positive impact on writing lab reports 
that students produce as they would be more thoroughly thought and critically evaluated.

Furthermore, blended learning could be enriched with the use of online tools to help students explore 
digital writing and multimedia use to develop media literacy by, for example, creating documentaries or 
movies to demonstrate understanding of scientific topics and present experimental data in an attractive, 
illustrative and interesting manner. This would not only help those students who have chosen a science 
career but also those students with different talents and interests, like arts or journalism, who just study 
science at a higher level out of curiosity, IB requirements, or just plain interest. Thus, my plan is to as-
sign multimedia projects to inspire students to think more deeply about their work and the subject of 
study and at the same time develop their talent without compromising the quality of the teaching and 
learning process.

On a personal note, the most rewarding experience for me thus far after beginning to implement 
i2Flex in my class and exploring its possibilities as an instructional method, is seeing the smiles on the 
faces of my students when they realize that science is not anymore “rocket science” and technology can 
act as a learning tool for them. It remains to be seen to what extent this can be implemented, and the 
efficiency with which such a novel teaching methodology can contribute to academic outcome, espe-
cially in higher classes. I would feel content as an educator if the academic scores of my students in their 
official IB exams and lab components were improved due to the i2Flex model, but would feel complete 
if my students were better prepared to face university challenges and become successful professionals 
in order to “metamorphose” this world after having attended one of my classes. After all, “to raise new 
questions, new possibilities, to regard old problems from a new angle, requires creative imagination and 
marks real advance in science” as Albert Einstein (BrainyQuote, n.d.) very explicitly put it, and perhaps 
this is how science and technology can serve the world in our days.
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APPENDIX

Traditional Lesson on Cell Division: Laboratory Investigation on Plant Cells

Grade Level: 11th

Subject Area: IB Biology
Unit Topic: Chapter 1. Cell Biology; 1.6 Cell Division
Brief Description of Activity: Students will perform a mitosis lab in class using onion root tips to 

identify different stages of mitosis.
Objectives: In this lab, students will:

 ◦ Identify and sketch all the stages of mitosis.
 ◦ Calculate the mitotic index.
 ◦ Determine the approximate time it takes for a cell to pass through each of the stages of 

mitosis.
Theoretical Background: Teacher will use Powerpoint slides to deliver the lesson on cell division and 

students will be taking notes.
Preparation for Lab: Students will review the lab safety rules and the theoretical background on Cell 

Division from the Powerpoint slides and their IB textbook. Students will grow in water their own 
onions for a couple of days prior to experiment and bring them to class on the day of the lab.

At School: Students will form heterogeneous small groups that represent all learning levels to conduct 
the experiment. One student will be the recorder of data, one will be the materials manager, and 
one will be the experimenter (conducts the experimental process). Students will rotate roles so that 
all group members take on all tasks.

Evaluation/Assessment: Students will be writing individually a Lab report and will be assessed ac-
cording to the published IB criteria for internal assessment.

Correlation with Bloom’s Taxonomy:
1.  Creating: Students will create their own scientific drawings of different stages of mitosis in 

plants using onion root tips as an example.
2.  Evaluating: Students will identify the stages of mitosis by looking down the microscope.
3.  Analyzing: Students will analyze the major events that take place in each phase of the cell 

cycle.
4.  Applying: Students will count cells in different stages of mitosis using the microscope and 

calculate the mitotic index from micrographs they take.
5.  Understanding: Students will comprehend the biochemical processes that take place in 

mitosis, the differences between nuclear and cytoplasmic division and the significance of 
mitosis in a cell’s life.

6.  Remembering: Students creating their own drawings of the phases of mitosis will help them 
recall the main events that take place.
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An i2Flex Lesson on Cell Division: Virtual Lab on Cancerous and Healthy Cells

Grade Level: 11th

Subject Area: IB Biology
Unit Topic: Chapter 1. Cell Biology; 1.6 Cell Division
Brief Description of Activity: Students will perform a virtual lab on cancerous and normal cells in 

order to explore the similarities and differences between their cell cycles and identify the different 
phases of them.

Objectives of Lab:
 ◦ Identify the various phases of the cell cycle.
 ◦ Compare and contrast the life cycles of normal and cancer cells.

At Home: Students will watch the teacher-made Powerpoint presentation on cell division and the video 
incorporated in the virtual lab website. They will then answer reflective questions (entrance ticket) 
posted on Moodle class page. Students will perform a virtual experiment using the following link 
http://www.mhhe.com/biosci/genbio/virtual_labs/BL_23/BL_23.html and will also answer the 
journal questions included.

At School: Students will discuss the answers to the reflective questions in class and raise any new from 
the material they studied. Answers to virtual lab questions can be also discussed in class. Students 
will be also given a scientific article in class about the accidental discovery of cyclins, such as 
Hunt. 2004, Cell, 116(2 Suppl):S63-4, and the role they play in the cell cycle, and will be asked 
to summarize orally the main points and comment on the importance of cancer research. Here 
students can make a Venn diagram about the positive and negative aspects of cancer research and 
where they intertwine.

Cooperative Learning: Students are given information in the virtual lab about common types of cancer 
(ex. lung, stomach and ovary) and the risk factors associated with them. In groups of two, students 
will choose one type of cancer and using VoiceThread will make a brief video to discuss the pa-
thology, disease, treatment and prevention of this type of cancer. This video can be uploaded on 
the class webpage by the students and commented on by their peers and graded by the instructor.

Evaluation/Assessment: Students will be assessed with online timed quizzes created by the teacher and 
uploaded on Moodle class page. Students will submit their data tables to the instructor via email 
(automatically done by the lab’s software). Students will be also writing individually a Lab report 
and assessed according to the published IB criteria for internal assessment.

Correlation with Bloom’s Taxonomy:
1.  Creating: Students will create their own graphical representations of data collected, their 

own Venn diagrams and videos.
2.  Evaluating: Students will identify the stages of mitosis by using the virtual microscope and 

the index provided online.
3.  Analyzing: Students will analyze tissue samples under the virtual microscope for various 

types of cells and recognize the differences between the cell cycles of cancerous and normal 
cells.

http://www.mhhe.com/biosci/genbio/virtual_labs/BL_23/BL_23.html
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4.  Applying: Students will count cells in different stages of mitosis using the virtual microscope 
and calculate the mitotic index from micrographs.

5.  Understanding: Students will comprehend the biochemical processes that take place in 
mitosis, the differences between nuclear and cytoplasmic division and the significance of 
mitosis in a cell’s life, such as contributing to cancer.

6.  Remembering: Students answering the online quizzes will help them remember the key 
events of the cell cycle.

This research was previously published in Revolutionizing K-12 Blended Learning through the i2Flex Classroom Model edited 
by Maria D. Avgerinou and Stefanos P. Gialamas, pages 349-362, copyright year 2016 by Information Science Reference (an 
imprint of IGI Global).
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ABSTRACT

This chapter discusses a project of curriculum development for the non-formal educational sector. The 
project aims at student learning about sustainability issues in a chemistry-related context. For this purpose, 
non-formal laboratory-based learning environments are developed. The learning environments center 
round half- or one-day visits of secondary school students in a university laboratory and are networked 
with the formal school syllabus in chemistry and science education respectively. All modules integrate 
the non-formal laboratory event about issues of sustainability with teaching materials for preparation 
and assessment tasks in school to fulfill part of the school curriculum in chemistry or science teaching. 
This chapter discusses the project of developing respective modules, the structure thereof, and initial 
findings from their application. The discussion is illustrated by a module on environmental problems 
connected to the chemistry of the atmosphere, namely climate change, the hole in the ozone layer, and 
the phenomenon of summer smog.
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INTRODUCTION

The global economy of the last few decades can be characterized, at least in the Western countries, by 
continuous growth, and in most cases a great improvement in the quality of life. A lot of innovations from 
science and technology have simplified life. Today, it is hard to imagine life without modern health care, 
materials, or energy supply. Chemistry and chemical industry contributes greatly to this development 
(Bradley, 2005). However, this development had and still has its price. Mankind has to cope with growing 
scarcity of resources, availability of clean water, climate change, and many other problems (Mortensen, 
2000). In order to deal with these issues, emissions have to be reduced and both energy and available 
raw materials must be used as efficiently as possible (Vinten, 1994). Again, chemistry is central to the 
response to these challenges. One way in which chemistry may answer these challenges is constructed 
around the idea of a Green or Sustainable Chemistry as a guiding framework for contemporary chemistry 
research, development, and industrial production (Centi & Perathoner, 2009; Höfer & Bigorra, 2007).

With the growing importance of sustainability issues in science and technology research and indus-
trial production, it is suggested that respective topics play a more prominent role in education in general 
(Wheeler & Bijur, 2000), and chemistry education in particular (Burmeister, Rauch & Eilks, 2012). 
Student learning, about issues of sustainability and the environment, is needed to develop a balanced 
view towards contemporary chemistry and shaping respective attitudes (Ware, 2000). Knowledge and 
skills are needed to enable students to assess new chemistry-based products and technologies in their 
life and society and to act appropriately (Hjeresen, Schutt & Boese, 2000; Dawe, Jucker & Martin, 2005; 
Arbuthnott, 2009; Karpudewan, Ismail & Mohamed, 2011). Unfortunately, research has shown that 
students have a lack of understanding sustainable issues such as global warming, ozone and greenhouse 
effect (Howard, Brown, Chung, Jobson & VanReken, 2013). This may be caused due the fact that learning 
about sustainability issues is barely represented in many science curricula in general, and in secondary 
chemistry education in particular (Burmeister et al., 2012). The reasons for this range from teaching and 
learning materials not being sufficiently available, via a lack of adequate experiments and laboratory 
equipment in schools, towards deficits in teacher education (Burmeister, Schmidt-Jacob & Eilks, 2013).

The project discussed in this paper intends to rectify this situation by implementing innovations 
into chemistry teaching via non-formal settings, combined with curriculum development for secondary 
chemistry education, and contributions to teacher continuous professional development. The project 
is called “Sustainability and chemistry in non-formal student laboratories”. It aims at developing and 
implementing innovative non-formal laboratory teaching and learning environments for secondary school 
students which allow for contention with sustainability issues connected to the science and chemistry 
curricula in schools respectively. This paper discusses the basic issues of the project, the structure of the 
teaching and learning environments, and illustrates the description utilizing an exemplary case focusing 
environmental problems connected to the chemistry of the atmosphere, namely climate change, the hole 
in the ozone layer, and the phenomenon of summer smog.

ORGANIZATION BACKGROUND

“Sustainability and chemistry in non-formal student laboratories” is a cooperative project between the 
Universities of Bremen and of the Saarland, both in Germany. The project is driven both by researchers in 
chemistry and environmental sciences together with domain-specific researchers and curriculum experts 
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from the field of chemistry education. The cooperation was established to secure access to authentic and 
up-to-date research in the field of sustainable chemistry as well as to structure learning environments 
in line with modern educational theory. The project is funded with about 250.000 € by the Deutsche 
Bundesstiftung Umwelt (German Environmental Funds) for the years 2012-2014.

The central focus of the project is to develop half- and full-day non-formal laboratory-based learn-
ing environments on issues of sustainability in chemistry related contexts. All together a minimum of 
ten different learning environments, each five per partner, for the non-formal student laboratories in 
the universities of Bremen and the Saarland are to be developed and implemented (Table 1). The target 
groups are secondary science and chemistry classes of grade 5-13 (age range 10-19 years).

The development of the learning environments follows a cyclical process of design, testing, evalua-
tion, and revision. In this means the innovation project can be understood as a project of Action Research 
triggered innovation of classroom practice (Eilks, 2014; Mamlok-Naaman & Eilks, 2012). The laboratory 
environments are designed based on available information about the science background, knowledge from 
educational theory and documented teaching and learning experiences, e.g. about available school-type 
and university-type experiments. The initial designs are pre-tested and reflected upon with small groups 
of secondary school students or student teachers. Beginning with the first complete design, the learning 
environments are cyclically tested and refined with secondary school classes visiting the university’s 
student laboratory.

Within the cyclical process of refining, the case is constantly evaluated based on a qualitative paradigm 
as suggested for classroom-based curriculum innovations by Bodner, MacIsaac and White (1999). A 
qualitative paradigm is chosen since the development is cyclical and the project takes place in authentic 
teaching and learning situations. To achieve valid interpretations Eilks and Ralle (2002) suggested data 
collection with different tools and a coverage of feedback from all relevant groups of within the devel-
opmental process. Thus, data is collected about the expectations as well as experiences from both the 
teachers’ and students’ point of view by applying respective questionnaires. Additional data stems from 
short open feedback reports of the teachers and classroom observation reports from the accompanying 

Table 1. Overview of the modules developed at the University of Bremen and their connection to chem-
istry-related sustainability issues

Grade Module Sustainability focus

5th / 6th Fragrances from flowers und fruits Consideration of resources and the use of renewable 
raw materials

7th / 8th Chemistry of the atmosphere Human influences on the planet and its climate

9th / 10th Biodiesel produced by vegetable fats Renewable energy sources to protect resources and 
limit climate change

9th - 13th Parabens in cosmetics Alternative ingredients in products and more 
sustainable routes for chemical compounds

11th - 13th

Synthesis of vanillin
Natural products, synthetic alternatives, and 
assessment of different pathways for industrial 
chemical production

Click-Chemistry
Applications of Green Chemistry principles in 
modern chemistry research and industryZeolites and molecular sieves -Applications in 

industry and daily life
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university staff. In this way evaluation takes into consideration all the viewpoints of the teachers, students, 
and accompanying university staff as well it uses different types of data collection. Data evaluation is 
driven by an interpretative approach by qualitatively analyzing the raw data and triangulating them to 
construct meaning. Driving criteria of the analysis and triangulation process are to achieve plausibility, 
credibility, relevance and importance in the conclusions as suggested by Altheide and Johnson (1994). 
This is done by a negotiation process of data interpretation within a group of researchers.

SETTING THE STAGE

Non-Formal Learning Environments and Science Education

Scientists develop new knowledge through a continuous interaction of experimental observations and 
scientific theories; hence science without laboratory work is virtually unthinkable (Hofstein & Lunetta, 
2003). That is why laboratory work is assigned a central role in any student-oriented science education 
(Tobin, 1990; Abrahams, 2011). However, the positive effect of practical work on learning is not self-
evident (Hofstein, Kipnis & Abrahams, 2012). In the school setting, experiments often take place under 
difficult conditions: the laboratories are less equipped, time is limited, and the teacher-student ratios are 
unfavorable. Experiments are often conducted as a pure demonstration without any inquiry-character 
which makes them illustrations of content but does not use them to challenge students’ thinking (Tobin, 
1990; Hofstein & Kind, 2012).

Out-of-school settings provide good conditions for a different type of experimentation in science 
education. They show potential for supporting science learning. Time and equipment is less restricted; 
the teacher-student ratio is more comfortable (Rennie, 2007; Coll, Gilbert, Pilot & Streller, 2012). Out-of-
school activities are commonly divided into informal and non-formal settings (OECD, 2012). The main 
difference is to whether learning has a specific structure (even if it includes open tasks) and whether it 
is connected to any kind of a formal syllabus or curriculum. If all activities are free of choice and rarely 
connected to formal learning, like unstructured leisure visits of a museum or zoo, the environment is 
called informal. If there is a specific program and maybe a connection to a certain curriculum, out-of-
school activities are to be called non-formal. In this means, our project focuses the development of non-
formal laboratory learning environments. The learning environments are organized for visits of regular 
secondary school science classes to the university laboratory. The learning focuses a certain topic that is 
connected to the official school curriculum. For each learning group a specific module is structured that 
is before and after the laboratory visit both prepared and continued in the regular school science lessons.

Werquin (2010) suggests a greater recognition of non-formal learning settings by highlighting the 
main benefits of out-of-school learning settings clearly. Motivation, a positive perception of learning, 
supporting career orientation by identifying interests, and continuous professional development of the 
accompanying teachers are described as the main benefits. Eshach (2007) adds that non-formal learn-
ing may offer enjoyable learning and create scientifically literate school leavers. These advantages and 
benefits are not easily transposable as it needs a good connection between in- and out-of-school learn-
ing. Thus, linking outer- and inner-school learning will be the challenge to benefit from the alternate 
learning setting (Bybee, 2001). Gallacher and Feutrie (2003), Eshach (2007), Hofstein and Rosenfeld 
(1996), Orion and Hofstein (1994), Rennie (2007), Rennie and McClafferty (1996), and Braund and 
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Reiss (2006) suggest the following points in order to make optimum use of non-formal learning environ-
ments in science education:

• Flexible and individually adaptable programs ease the integration of non-formal learning activi-
ties into formal school curricula.

• A preparatory learning phase in school is necessary to raise effective learning in the non-formal 
setting.

• The working materials for the non-formal environment need to be adjustable to the current stu-
dent’s performance and knowledge level.

• The learning environment should be student-centered, inquiry-based, interactive, and provoke 
cooperative learning.

• After the non-formal learning activity the contents and topics should be picked up in school again.
• National Science Education Standards or governmental syllabi shall be met to bridge formal and 

non-formal education.

Educational Philosophy of the Learning Environments

In order to create effective non-formal university student laboratory environments dealing with issues 
of sustainable development this project tries to take into account all of the parameters described in the 
previous section. All modules developed in the project are modular in construction to ensure a flexible 
use and individual adaptability to the learning objectives and the students’ prior knowledge. In each 
module a pool of experiments and instructions is offered. In negotiation with the accompanying university 
staff, the teachers select those experiments which fit best their objectives and the students’ abilities. All 
modules encompass the non-formal student learning environment, but also consist of a set of teaching 
and learning materials for a preparatory phase in school prior to the visit as well as suggestions and 
materials for reflection and assessment (Figure 1). These materials focus both the science content nec-
essary to complete the laboratory experience as well as learning about the significance of the topic for 
sustainable development (see Table 1). This means that all materials not only cover the learning of the 
science background but also a reflection of the topic in the foreground of its ecological, economic and 
societal implications as the three most prominent dimensions of most sustainability models (Burmeister 
et al., 2012). The materials for preparation and assessment enable the linkage between the non-formal 
laboratory visit and formal teaching in the school setting as well as the laboratory experience with edu-
cation for sustainable development.

In the theory of situated cognition (Greeno, 1988) learning is suggested to be most effective if it is 
embedded into meaningful contexts. Such contexts might stem from the life-world of the students, the 
society they live and operate, from technology, or a potential later workspace (Parchmann, Gräsel, Bär, 
Nentwig, Demuth & Ralle, 2006; Rannikmäe, Teppo & Holbrook, 2010). Contexts that are bound to 
chemical technology, research and industry (e.g. Hofstein & Kesner, 2006) as well as to societal relevant 
issues (e.g. Hofstein, Eilks & Bybee, 2011) provide the most promising frameworks to connect chemistry 
learning with all the different dimensions that make the learning of science relevant (Stuckey, Mamlok-
Naaman, Hofstein & Eilks, 2013). Accordingly, this project operates a context-based and societal-oriented 
approach to science learning. The contexts are current and authentic practices of research and industrial 
applications to promote a more sustainable chemistry for the future. The spectrum of examples ranges 
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from daily-life natural and industrial products (such as vanillin, plastics and fuels) to authentic and 
controversial societal issues (such as climate change and renewable energy supply).

Concerning the pedagogy, a student-orientated (Eilks, Prins & Lazarowitz, 2013) and inquiry-
based (Hofstein, Kipnis & Abrahams, 2013) educational paradigm is applied. The tasks for learning 
are problem-based and provoke investigations of questions, scenarios and problems. Science education 
literature (Hofstein, Navon, Kipnis & Mamlok-Naaman, 2005; Berg, Bergendahl, Lundberg & Tibell, 
2003) suggests that such an approach is advantageous for learning about the nature of science, achieving 
a deeper understanding of concepts, supports the development of problem-solving and evaluation skills, 
and contributes enhancing motivation. In practice, the tasks in the laboratory learning environment range 
from guided to open inquiry questions. Operating the inquiry tasks asks for open minded thinking and 
structured problem-solving. The laboratory instructions are designed in such a way to allow for differ-
entiation. The experimental instructions offer different levels of complexity and differentiated learning 
aids are available. By using these learning aids student of different abilities will be able to complete the 

Figure 1. Structure of the learning modules
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different tasks successfully on their own. Self-directed and autonomous learning becomes possible and 
can be adapted to the students’ skills and prior knowledge. The students’ tasks are given to small groups 
of students to enable cooperative learning processes.

All the tasks are designed to be solved by autonomous, self-determined and cooperative work of the 
students. Nevertheless, scaffolding by the accompanying university staff and structured aids are available 
if necessary. It has been suggested that failures during inquiry- based experimentations are essential to 
learning success (Lunetta, Hofstein & Clough, 2007). The inquiries are in most cases split into steps of 
15-20 minutes. Thus, trying out potentially unsuccessful attempts will not exceed time limitations. The 
laboratory environment is directed by researcher’s booklets given to the students. The booklets include 
all necessary worksheets, regulations and safety instructions. All experiments start with a short presenta-
tion of the problem that needs to be solved by the students. Space is available to write down hypotheses, 
ideas, sketches, observations and notes.

A non-mandatory part of each module is a field trip into research laboratories in the university or 
branches of industry that fit the thematic background of the module and that operate sustainability strate-
gies in an authentic research or industry context. These trips are intended to make the context of learning 
even more authentic and allow for further career orientation. Finally, all the modules are structured in a 
way that contents and contexts are in line with the national German science education standards as well 
as the regional syllabi in question.

The teacher handbooks for each module include all this information. The handbook covers all the 
experiments, even those that were not selected for the laboratory visit, a theoretical introduction and 
a selection of work sheets for preparing the visit and to assess it. This teacher handout consists of the 
following chapters:

• General information on the project: The general structure and the central focus of the project 
are outlined.

• Necessary prior knowledge: A description is given which chemistry knowledge and skills are 
necessary to operate the laboratory visit in this specific module successfully.

• Connection of the topic with the national science education standards.
• Specific scientific and sustainability background: The teachers get information about the spe-

cific scientific knowledge the students will learn in their module and how the specific example is 
embedded into any kind of innovation aiming on contributing to sustainable development. This 
information is meant to update the teachers’ subject matter and sustainability related knowledge, 
too.

• Information about inquiry-experimentation: The philosophy and different approaches to inqui-
ry-based learning in the laboratory are outlined.

• Description of the experiments: An overview about the experiments is given. Objectives, opera-
tions, and sample solutions are briefly portrayed.

• Embedding the laboratory visit into the school curriculum: Materials and scenarios for the 
preparation phase, exemplary selections of experiments for certain sustainability foci, and materi-
als for reflection and assessment are discussed.

• Master copies for all experiments and worksheets.
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AN EXAMPLARY CASE IN PRACTICE: CHEMISTRY OF THE ATMOSPHERE

Background and Scope

One of the modules developed during this project deals with chemistry-related problems of the atmosphere. 
Global climate change, the hole in the ozone layer, and summer smog are among the great environmental 
and economic challenges in the 21th century (Mortensen, 2000). Researchers undertake major efforts 
to analyze and counteract these atmospheric problems (Lefohn, Shadwick, Oltmans, 2010, McEvoy, 
Gibbs & Longhurst, 2000; Alonso, Bond & Dumesic, 2010). Therefore, the problems are authentic, 
relevant, controversial, and openly discussed in the media. This offers prototypic issues, within the topic, 
for societal oriented science education aiming on general educational skills and participatory learning 
(Eilks, Nielsen & Hofstein, 2014). The reasons for the greenhouse effect, ozone whole, and summer 
smog are multi-faceted and complex (Monks, 2007, Gallego-Alvarez, 2012; Tang, Wilson, Solomon, 
Shao & Madronich, 2011). Understanding these reasons may contribute more thorough environmentally 
conscious behavior and thinking among students.

The module “Chemistry of the atmosphere” focusses on grade 7-8 teaching (age range 13-15). In these 
grades topics like air, air quality, and environmental problems in the atmosphere are typically embed-
ded in all the German regional chemistry or science syllabi respectively. In order to successfully work 
in the laboratory the teachers have to assure that different basic contents were learned by the students:

• the composition of air.
• states of matter, their changes, and explanations on the particulate level.
• a first model of atoms and molecules.
• basic issues of chemical reactions, especially combustion.
• the various layers of the atmosphere.
• basic knowledge about photosynthesis.
• energy conversion, especially from heating radiation to light radiation and vice versa.

In the teacher guide, different scenarios are outlined to cover either the whole range of potential 
environmental problems in the atmosphere or to concentrate with the students on selected aspects. Ob-
jectives from applying the module encompass:

• Learning about the basics of the greenhouse effect and climate change, the role and effects of 
ozone both in stratosphere and troposphere, and about the role of aerosols and clouds and their 
effects in the atmosphere.

• Gaining experience and confidence in doing experiments in a chemical laboratory, in conducting 
science inquiries and problem-solving activities, and practicing the documentation process of 
chemical investigations.

• Becoming aware about the influence of humans on generating air pollutants, recognizing that air 
pollution is a problem that has a profound effect on the climate and life on earth, and to become 
aware of the complexity and susceptibility of atmospheric processes.

• Reflecting upon our own actions for a sustainable action in everyday life and society and their 
potential contribution to reducing environmental problems.

• Developing skills in cooperative working in a team of three or four.
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The Learning Environment

It is the decision of the teacher what the students should perform during the laboratory visit. The whole 
module could be confined to one part of the thematic contents that will be performed intensively but giv-
ing an overview is also possible. One of the outlined scenarios aiming at an overview and the distinction 
of the different environmental problems in the atmosphere is called “The atmosphere as a patient”. This 
scenario outlines a parallel from environmental problems in the atmosphere to diseases in the human 
body. The atmosphere may be treated as a patient. The patient’s diseases are called greenhouse effect, 
ozone hole, and summer smog. On this base the three environmental problems are reflected in the fore-
ground of symptoms of the disease, causes of the disease, and potential cure. The symptoms are climate 
change, the hole in the ozone layer, and bad air quality in cities. The causes are emissions by carbon 
dioxide, chlorofluorocarbons (CFCs), and dust particles. The cure for a more sustainable development 
is based in reduced emissions and alternative technologies.

Based on this scenario the students prepare for their visit in the non-formal student laboratory. In 
the laboratory a selection of respective experiments is offered to the students (Table 2). In the practical 
part of the module the students examine the atmospheric diseases with regard to causes and symptoms. 
Visitors can learn about basics of the greenhouse effect through an experiment about absorptions of 
heating radiation by different gases. The effects of increasing carbon dioxide emissions are shown by an 
experimental model of the greenhouse effect. Other experiments are on the topic of ozone. Ozone may be 
both a pathogen and remedy. One the one hand it protects earth’s surface and life against hazardous UV 
radiation in stratosphere. On the other hand ground level ozone acts like a pathogen and causes summer 
smog and dying plants. The last of the three topics is about aerosols and clouds. Clouds may generated 
by accumulation of particles. Experiments show how clouds emerge. The effects of clouds and dust on 
light intensity and temperature are also examined. The students become acquainted with the symptoms of 
atmospheric diseases during the non-formal chemistry laboratory in university. Identifying the pathogens 
is the major learning objective in post-processing after experimentation. In addition to this they have to 
learn something about how to fight against these diseases and what each and every student is able to do.

Table 2. Selected experiments for the scenario “The atmosphere as a patient”

Greenhouse effect:
E5 Absorption of heat radiation by different gases
E6 Model experiment of the greenhouse effect

Ozone:
E8 Positive effects of ozone: Ozone in the stratosphere
E9 Negative effects of ozone: effects on plants

Aerosols:
E11 Formation of aerosols and their effects on temperature
E12 Formation of aerosols and their effects on light intensity
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Exemplary Experimental Tasks

Model Experiment of the Greenhouse Effect

A simple experiment may demonstrate the greenhouse effect. It can be used to show how an increased 
carbon dioxide value may influence temperature on earth. Therefore the earth and the atmosphere are 
portrayed utilizing a model. The earth and its atmosphere are demonstrated by a poly-styrene box with 
a black inner floor. Clouds and water vapor in the atmosphere are modeled by using a crystallizing dish 
filled with water, and the sun by a lamp (Figure 2; Parchmann & Jansen, 1996). The box needs to be 
pierced by a thermometer near the ‘ground’. It needs also to be covered by the transparent film. The tem-

Figure 2. Model experiment of the greenhouse effect (experimental set up)
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perature is measured inside the box. Afterwards the lamp is turned on. After waiting for two minutes the 
temperature is measured again. The experiment can be repeated with different amounts of carbon dioxide 
inside the box as well as with other greenhouse gases, e.g. methane. Preparing this experiment, students 
will learn that the higher the concentration of carbon dioxide in the air the greater temperature rise.

Negative Effects of Ozone: Effects on plants

Negative effects of ozone on the process of photosynthesis may be shown by another small experiment. 
Ozone destroys the chlorophyll that causes the green color of leaves. Without a sufficient amount of 
chlorophyll plants metabolism is disturbed. The plants death is an inevitable result of this. Chlorophyll 
may be isolated out from leaves by using an extraction technique with ethanol. Therefore leaves are 
crushed with a pestle and mortar and overlaid with ethanol. Extracted chlorophyll dyes ethanol green 
immediately. The ethanol-chlorophyll mixture colors brown after ozone gas has transported through 
the mixture (Figure 3). This brown color demonstrates clearly that chlorophyll is destroyed by ozone.

Formation of Aerosols and Its Effects on Light Intensity and Heat Radiation

Clouds may reduce light intensity and heat radiation. These effects are shown clearly by a simple experi-
ment. To this end, light intensity of a lamp is measured by a luxmeter. This value needs to be compared 
with the light radiation that is influenced by aerosol clouds. A closed, light transmissible vessel which 
is filled with aerosol cloud has to be placed between the lamp and the luxmeter (Figure 4; Ammermann, 
Kaminski & Pietzner, 2012). Measurements of influences of heat radiation are equal to this, except a 
thermometer is used instead of a luxmeter.

Getting the aerosol cloud inside a vessel can be achieved on several ways: (1) a gasoline oxygen-ozone 
mixture is combined with essential oils (e.g. eucalyptus oil) inside the vessel or (2) a burning incense 
stick is placed into the vessel before closing the vessel.

Expectations and Experiences

The various modules of this project have been prepared since February 2012. More than 600 students 
and 20 teachers have participated in the project so far and carried out experiments within the non-formal 
chemistry laboratory in Bremen. The module “Chemistry of the atmosphere” has been offered since 

Figure 3. Ethanol-chlorophyll mixture before (left) and after (right) exposition to ozone
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January 2013. Two groups with a total of 32 students so far examined the greenhouse effect, summer 
smog, atmospheric ozone and aerosols.

In all the visits, both teachers and students are invited to contribute to a survey prior to and after 
visiting the university laboratory. The pre-questionnaire for the teachers consists of 15 Likert-items and 
five open questions, while the student’s questionnaire consists of 16 Likert-items and two open tasks. All 
questions focus the prior expectations of the participants towards the visit in the non-formal university 
student laboratory. Similar structured teacher and student questionnaires inquire into the teachers’ and 
students’ personal experiences and reflections after the visit in the non-formal university student laboratory.

In the responses from the pre-questionnaire, the teachers supported a need for more intense experi-
mentation in science classes. The teachers indicated that it is difficult for them to conduct appropriate 
experiments in their schools because of insufficient equipment and facilities. There was hope that the 
visit in the non-formal university laboratory would contribute to and enrich the practice of laboratory 
work in their classes. The teachers expected the non-formal university laboratory to contribute to raising 
motivation in science learning. They attributed motivational potential to the societally relevant aspects 
of the experience, such as providing students with insights into university education as well as chemistry 
which is relevant to everyday life. The teachers only partially expected relevant content learning which 
would fulfill the school curriculum and governmental syllabus. Within their point of view, the visit to 
non-formal learning environments should have other benefits beyond cognitive school achievements. 
This offers a contrast with the students’ point of view, in that they expected better marks after visiting 

Figure 4. Experiment on effects of aerosol clouds on light intensity
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the university laboratory (see below). It seems that teachers also appreciate content that goes beyond 
the typical school topics and objectives. For the teachers it was more important to use the non-formal 
laboratory context to make the students aware of the relevance of chemistry, than to fulfill part of their 
formal curriculum. Nearly 90% of the teachers agreed with this statement.

From the student perspective, students expected to have a pleasant laboratory and research experience 
in the non-formal chemistry laboratory.

I am looking forward to the visit of the university laboratory because I like very much to do experiments. 
I believe that there is a big difference between in preparing experiments here [in the university]. I am 
glad to gain a new experience in the university and to feel like a real researcher during the experiments. 
(Translated from the open tasked questionnaire) 

This quote was typical for many students. Only one percent was not excited to visit the university 
laboratory. If the visit meets these expectations, this finding allows positive consideration that visiting 
the non-formal lab has potential to affect students’ attitudes towards chemistry and science learning. 
The students connect their positive expectations mainly with their hope to do interesting experiments; 
especially those that cannot be done in schools (e.g. experiments with ozone are no longer allowed in 
German school laboratories). Students seem to be aware that school conditions are far from being opti-
mal for doing open experiments. The missing availability of experimental material and chemicals were 
criticized by many students, also the 45-minutes timing of the science lessons was criticized as they 
believed that it hindered open experimental work. Thus, it was exactly these aspects that the students 
expected from the university student laboratory. The students explicitly expressed their view that there is 
a gap in open and problem-based experiments in school and their hope for a different experience in the 
non-formal laboratory. However, the students also expected to gain a better understanding of chemical 
issues in school and later better grades by having visited the non-formal education environment. The 
majority of students did not want to see the non-formal chemistry laboratory separated from formal 
learning in school. They expected something more tangible, in terms of getting better marks in school, 
however, that is inevitable.

The teacher’s and students’ feedback was very positive throughout. It was quite the same among the 
different modules and grade level of the students. After the visit, the overwhelming majority of teach-
ers and students enjoyed the unfamiliar, non-formal atmosphere of visiting the university laboratories. 
Most teachers and students gave very positive feedback. Some students mentioned that working in the 
non-formal university laboratory was exhausting. That is why it was suggested that laboratory sessions 
should not exceed 2-3 hours. The teachers gave similar feedback. In contrast to the students the teachers 
placed big emphasis on the quality of care, organization and the connection to the school curriculum 
and the official syllabus. Some selected aspects that were mentioned often in the open part of the ques-
tionnaire were:

• Interesting and motivating experiments were carried out within laboratory session.
• The students were allowed to do all the experiments autonomously.
• Lots of experiments were done during the session. The students liked to do lot of experiments. 

Some students additionally liked to prepare their experiments on their own which they had not 
experienced prior to this in the school context.
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• The staff to student ratio in the laboratory was much better than the teacher to student ratio in 
school. Students got assistance quickly when required.

• Students liked the open work in small groups.

CONCLUSION AND RECOMMENDATIONS

The students enjoyed the unfamiliar, non-formal atmosphere of visiting the university chemistry labo-
ratory. Orion and Hofstein (1991) suggested that the development of a more positive student attitude 
towards learning science could be fostered by visiting informal and non-formal learning environments. 
This is in line with our findings. Only a very small minority of students were not looking forward to the 
visit or were disappointed after it. Together with the positive feedback in the open questionnaires, there 
is promising potential to contribute to students developing more positive attitudes towards chemistry, 
science and technology. There are also indications that visiting the learning environment in this non-
formal university laboratory can serve as a motivating factor in science education. Connecting science 
learning to authentic and innovative issues from the sustainability debate embedded into the non-formal 
learning experience was motivating and meaningful to the learners.

Also the teachers responded well to the program. The teachers followed their students’ behavior in the 
laboratory with great interest. Through this they learned about new strategies of sustainable chemistry, 
they became familiar with new experiments, of which at least part of, can be implemented into practical 
work in the school science classroom, and they experienced how motivating the topics from the sustain-
ability debate and activities of an inquiry nature can be for their students. From this perspective there 
is hope that the project contributes to teacher continuous professional development and through this 
pathway helps in implementing issues of sustainable development more thoroughly into school science 
education in the future.

Limitations in the initiative lie in the limited regional range of the project. It is also clear that often 
the effects of such visits are short-term if the visits are only singular. Some studies in this area indicated 
a clear cognitive gain of visits in non-formal educational environments, while others were not able to 
support these findings (Stronck, 1983). The same applies to the motivational effects. DeWitt and Storks-
dieck (2008) explained this finding was due to the short term nature of most field trips and non-formal 
learning events that may not be suited to create lasting cognitive and motivational effects. However, there 
is little research investigating whether a repeated visit in such a non-formal learning environment will 
have more durable effects. This project has the scope to examine this as it offers non-formal learning 
environments for a range of topics, all of them with connection to chemistry-related issues of sustain-
ability and sustainable development, for all grades in the lower and upper secondary level. Nevertheless, 
more research is needed to show how often and how regular visits are needed to contribute to long-term 
effects on motivation, attitudes and cognitive gains by the non-formal learning environment as well as 
in contention with topics from the sustainability debate.
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ABSTRACT

In this study, a modified Draw-A-Scientist Test (mDAST) and an Attitude Toward Science Survey (ATS) 
were analyzed. Results revealed that students’ (N=127) drawings of scientists were not consistent with 
students’ attitude toward science in grades 5, 9, and 12. Attitudes toward science continued to decline 
while student drawings became more positive in respect to where they were drawing scientists and what 
activities scientists were doing in grades 9 through 12. Most importantly, the fact that students’ percep-
tion of the appearance of scientists did not change from the end of elementary school to the end of high 
school suggests the severity and longevity of these images. The findings of this study reinforce the sig-
nificance of ATS and perceptions of scientists in conjunction with the interest of science-related careers.
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INTRODUCTION

The National Science Board publishes the most current data on trends in science and technology in the 
United States (National Science Board, 2014). This data helps the public understand who is entering the 
science field and at what rate. For example, from 1993 to 2010, growth occurred in both the proportion 
of workers with a highest degree in an S&E field who are women (increasing from 31% to 37%) and the 
proportion of women in S&E occupations (increasing from 23% to 28%) (National Science Board, 2012). 
While the authors realizes there are influences on the career choices people make, this study will focus 
on parents, media, and schools, and, in particular, how and if these influences impact attitudes toward 
science and perceptions of scientists at various school levels. It is hoped that this information will help 
teachers and researchers alike understand the how’s and why’s of career interest.

Recent data appears to suggest the United States, as a country, is making progress attracting girls 
to high-level science and math courses (National Center for Education Statistics, 2009) although some 
studies (Hadjar & Aeschlimann, 2015) indicate that overall girls are still selecting “gender typical” 
careers. Girls have also made gains in terms of performance when compared with boys at middle and 
high school levels (National Center for Education Statistics, 2009). The National Center for Education 
Statistics (2009) shared these promising results, considering years of gender gap in the educational at-
tainment of women; however, the number of girls who are training to become scientists and engineers 
remains low (30%), while the number of jobs requiring science and engineering is growing.

The choices boys and girls make to enter science careers happens long before they graduate from 
college, which makes understanding their attitudes toward science and their perceptions of scientists of 
utmost importance. Even though most recent efforts focus on attracting girls into science-related careers, 
understanding what motivates both genders is beneficial. National Science Board (2012) reveals that gaps 
concerning Advanced Placements (AP) courses narrowed somewhat during the relatively short period 
of time from 2009 to 2011. The white-black gap decreased from 36 to 34 points. The white-Hispanic 
gap fell from 30 to 26 points. The proportion of male and female students in the class of 2012 taking 
mathematics and science exams varied by subject.

It becomes even more interesting to examine students involved in Advanced Placement Courses. 
Black and Hispanic students were underrepresented among AP exam takers. Male students were more 
likely than female students to take AP courses, including calculus BC (59% versus 41%), physics B (65% 
versus 35%), and both physics C courses (about 75% versus 25%). However, female students were more 
likely than male students to take AP exams in biology (59% versus 41%) and environmental science 
(55% versus 45%). Black students made up about 15% of the 2012 graduating class, but they represented 
less than 8% of students taking any AP mathematics or science exams. Hispanic students made up about 
18% of the class of 2012, but their representation among AP exam takers ranged from a high of 15% for 
environmental science to a low of 8% for calculus BC and 7% for physics C: electricity/magnetism. The 
gap between low- and high-performing students dropped from 89 to 87 points.

Performance disparities in mathematics and science were evident among different demographic groups 
at grades K, 4, and 8. Some score gaps narrowed over time, however. At grades K, 4, and 8, students from 
low-income families or homes where the primary language used was not English had lower mathematics 
and science scores than their peers from more advantaged backgrounds (National Science Board, 2012). 
Black, Hispanic, and American Indian or Alaska Native students performed substantially lower than 
their white and Asian or Pacific Islander counterparts. Gender differences in achievement were gener-
ally small and favored boys in most cases. Among black students, however, girls performed better. Some 
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gaps in mathematics narrowed over time at grade 4. Between 1990 and 2011, the score gaps decreased 
between white and black students (from 32 to 25 points) and between low- and high-performing students 
(i.e., at the 10th and 90th percentiles) (from 82 to 73 points) (National Science Board, 2012). Students’ 
attitudes toward science can be one influence on their success in science courses.

ATTITUDES TOWARD SCIENCE

An attitude is a learned predisposition to respond in a consistent manner to a given object or situation 
and may manifest itself as a bias, view or position. Attitudes can be described as positive or negative 
and are usually the result of varied experiences. For the purpose of this study, a discussion will follow 
which provides a variety of reasons why students may develop negative attitudes toward science.

Attitudes are important concepts to understand because positive attitudes can increase involvement 
in science classes and confidence toward career selection (Carey & Shavelson, 1988). Positive attitudes 
render the learner more likely to engage in further learning and are enhanced by feelings of positive 
self-efficacy toward the subject domain (George & Kaplan, 1998; Norwich & Duncan, 1990).

Negative Attitudes

The development of negative attitudes toward school science may be the reason why many students fail 
to participate in science courses beyond the basic requirements and consequently may prevent them from 
entering scientific fields after school. This is especially true for females and minorities (Bamberger, 
2015; Hadjar & Aeschlimann, 2015; Kahle, 1990). Negative attitudes toward school science originate 
and are reinforced from several sources. These sources include lack of parental support for their children 
to enroll in advanced science courses or pursue scientific careers (Acosta & Hsu, 2014; Dabney et al., 
2013; Ing, 2014; Kaya & Lundeen, 2010; Perera & Devangi, 2014), societal norms which govern the 
appropriateness of career selection to gender, (Farenga & Joyce, 1998), teacher attitude (Brickhouse, 
1994; Greenfield, 1995; Jovanovic et al. 1994; Kahle, 1990; Plucker, 1996; Shepardson & Pizzini, 1992), 
and peer support (Simpson & Oliver, 1990). Brandon (1991) found that family immigration status, 
language, parental education, ethnicity, and degree of family socialization influenced the value system 
imparted to children.

PARENTAL INFLUENCE

Parents’ perceptions of their offspring’s abilities and their involvement in the learning process of their 
children (Oostdam & Hooge, 2013) may be a powerful developmental influence on how the children 
will come to view their own ability. In turn, children’s perceptions of their abilities will influence their 
own expectations for success, achievement and interest in school subjects and future careers. Results of 
surveys indicate that the selection of careers is dependent upon many factors (Bandura, 1993; Eccles 
& Hoffman, 1984; Koch, 1992; Parsons, 1997). For example, females tend not to select careers that 
are perceived by parents, peers and teachers to be masculine domains (Bamberger, 2015; Hadjar & Ae-
schlimann, 2015) and this fact may account for the lower numbers of females entering science careers.
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Since parents are the first educators and tend to reflect the views and values of society at large, their 
influence on their children’s career choice is the primary reason given by students for their career selec-
tion (Brandon, 1991; Eccles et al., 1983; Maple & Stage, 1991).

Andre et al. (1999) conducted a study to determine if there were correlations between the attitudes 
of parents and their children with regard to perceived ability and positive attitudes toward science. 
Confirming findings in the literature (Bandura, 1993), Andre et al. (1999) noted that although parents 
perceive math and science to be equally important for both males and females, they perceived males to 
be more competent in math and science than females. Andre also found that the parents’ perception of 
the importance of each subject influenced the attitude of their children toward that subject.

George and Kaplan (1998) conducted an analysis of the National Educational Longitudinal Study 
of 1988 (NELS: 88) and also found that parents significantly influenced the attitude toward science of 
eighth graders who were surveyed. They concluded that parents can foster positive attitudes by encour-
aging their children to participate in science activities, which in turn could foster more positive attitudes 
toward the domain of science.

Consistent with the literature and the results of this study is the fact that both males and females are 
equally enthusiastic about science in grades 1 through 3 (Plucker, 1996), yet their interests diverge by 
middle school, suggesting that perhaps there is a causal relationship between experiences in school and 
course and career selection. For example, a significant deterrent to minorities and females entering sci-
ence as a field of study or vocation appears to rest with the stereotypical images of scientists that they 
hold (Finson, 2002; Khishfe & Boujaoude, 2014) to be discussed later.

Additionally, when careers are viewed as strictly masculine or feminine domains, and parents con-
sciously or unconsciously support this view, children are not able to make fully informed choices. Through 
the selection of their own careers, and through verbal and non-verbal cues, when parents suggest that 
math is for boys and English is for girls, the attitudes of children toward those careers are affected (Ar-
cher & McDonald, 1991; Mason, 1986). In studies conducted by Kahle and Meece (1994) and Larson 
et al. (2014), it was found that females held less positive attitudes toward careers that were perceived as 
masculine and consequently were less inclined to pursue those careers.

With regard to educational reseachers’ understanding of parent-child relationships, parental influence 
on students’ perceptions of scientists cannot be overlooked. Bregman & Killen (1999), Eccles, Wigfield, 
& Schiefele (1998), and Jacobs & Eccles (2000) have discussed the important role parents’ attitudes 
play in shaping their children’s later self-perceptions and achievement behaviors. The messages parents 
provide to their children include information regarding values and importance that the parents attach to 
activities (Eccles-Parsons et al.; 1983). For example, a parent who seeks out math or science opportuni-
ties for his or her child, such as a science club or camp, conveys to the child the message that math or 
science is of value and has importance.

INFLUENCE OF MEDIA

Media messages are often interpreted by students in ways that help them define what they perceive to be 
culturally acceptable thinking and behavior (Cavanaugh & Cavanaugh, 2005). Scientists are frequently 
portrayed in movies, books, cartoons television programs, and video games as the “mad scientist.” A 
common theme portrays the scientist, usually a white male, who is often found creating a creature, mon-
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ster, or weapon that eventually falls out of his control, leading to the scientist’s eventual defeat or ruin. 
Therefore, it is not surprising that science educators have long since suspected a connection between the 
relationship of media and its influence upon students’ perceptions (or conceptions) of scientists (Flick, 
1990; Gardner, 1980; Schibeci, 1986). Numerous authors have argued that media significantly contributes 
to students’ schema development (Baker-Sperry & Grauerholz, 2003; Cavanaugh & Cavanaugh, 2005; 
Flick, 1990; Gardner, 1980; Gough, 2007; Schebeci, 1986; Shaffer et al., 2005).

In terms of how scientists are represented in print media, Farland (2003) concluded that some 3rd 
graders’ perceptions of scientists can be broadened based on their weekly exposure to non-fiction his-
torical-based trade books depicting the work of scientists. Other DAST research has suggested texts can 
send messages to females that the math or science contributions of their gender are not as worthy as that 
of their male counterparts. In an extensive review of five widely used seventh grade life science texts, 
Potter and Rosser (1992) reported textbooks were gender biased with regard to pictures, text, language, 
and accomplishments of individuals. Accomplishments of females were either missing, trivialized, or 
criticized. Also noted was a lack of topics of particular interest to women, consistent use of occupational 
stereotypes, a predominance of pictures with males, and males displayed in active roles while females 
were presented in passive roles. Gender portrayals in books have been hypothesized to help children 
develop a sense of their own gender role and gender appropriate behaviors (Koch, 1992).

In addition to the speculation that media influences students’ perceptions of scientists, some research-
ers have also suggested that schools, and the activities that occur in them (Farland-Smith & McComas, 
2009) have significant effects upon students’ perceptions of scientists. “Draw A Scientist” protocols 
have been utilized by science education researchers to investigate learners’ perceptions of scientists and 
related factors such as science identity. Farland, Finson, Boone & Yale (2012) investigated these four 
influences to determine which one, if any, impacted students’ perceptions of scientists most often: parents, 
schools, media, and books. Seventy-nine 4th and 5th graders were included in the study. Each generated 
three drawings of scientists, and then responded to a semi-structured interview. Data were treated by 
first applying Rasch partial credit model analysis, followed by parametric procedures. Results suggest 
media (specifically television shows) had the strongest influence upon students’ perceptions of scientists.

SCHOOL AND TEACHER INFLUENCES

In addition to the speculation that media influences students’ perceptions of scientists, some researchers 
have also suggested that schools, and the activities that occur in them (Farland-Smith & McComas, 2009) 
have significant effects upon students’ perceptions of scientists. Numerous studies have been conducted 
that consider what teachers do in their classrooms can be affected by teachers’ attitudes and dispositions 
toward science, including confidence levels in doing science (Fennema & Leder, 1990; Jones & Wheatley, 
1990; Sadker & Sadker, 1986). In particular, teacher attitudes matter because they manifest themselves 
in actions that are fully recognizable to students and consequently influence student behavior (Bandura, 
1993; Goddard et al., 2000; Fennema & Leder, 1990; Sadker & Sadker, 1986).

Teacher attitudes matter (Eshach et al., 2013; Goddard et al., 2000; Sadker & Sadker, 1986) because 
attitudes manifest themselves in actions (Fennema & Leder, 1990), which are fully recognizable to stu-
dents and influence student behavior (Bandura, 1993).
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Clearly then, a synopsis of the above research studies reveals that a variety of sources including 
parents, teachers, and/or schools and experiences may contribute to students’ attitudes toward science. 
As past research indicates, these influences may be positive or negative and determine if students take 
additional science courses. This, in turn, may have an important relationship to how students perceive 
scientists, with the exception of other factors like socio-economic status, language first spoken, ethnic, 
and cultural differences.

STUDENTS’ PERCEPTIONS OF SCIENTISTS

The stereotypical white male has been consistently illustrated as a scientist by students for many years 
(Barman, 1997; Chambers, 1983; Fort & Varney, 1989; Mead & Metraux, 1957; Schibeci & Sorenson, 
1983). Mead and Metraux (1957) identified that high school students described scientists as brilliant, 
dedicated, and essential to the world. However, when they were asked about science as a career, they 
responded with a negative image of scientists and scientific work. Students viewed scientific work as 
dull and envisioned those doing science as isolated and antisocial.

Perhaps the most interesting part is that these insular, often negative perceptions of science and 
scientists are not only common in high school and middle school students, but also in young children 
(Barman, 1997; Chambers, 1983). Chambers (1983) revealed that older elementary students included 
more indicators of stereotypical images in their illustrations than did five- to seven-year-olds, suggesting 
that by fourth and fifth grades, students have already formed their limited views of who a scientist is. 
Holding a stereotypic image of science would not be research-worthy in and of itself if it had not been 
suggested that these images affect students’ attitudes toward science. Students demonstrate negative 
perceptions of science and scientists in a variety of ways (Mason, 1986). They equate science with de-
struction, difficulty, big words, boredom, and the right answers. Scientists and scientific work are often 
viewed as unpleasant entities. This stereotype may lead children to believe that a successful scientist must 
be a genius, enjoy working alone, and have a limited social life. It also implies that scientists’ lifestyles 
will be greatly constrained by their work. It is possible that students are not likely to pursue scientific 
careers if those perceptions do not fit with beliefs about themselves or their aspirations for the future.

We have known for many years that students’ occupational preferences and career aspirations are 
strongly linked to their images of particular occupations (Gottfredson, 1981). Smith and Erb (1986) 
hypothesized that if students encountered a variety of appropriate career role models in science, then the 
attitudes of both male and female students toward women in science and scientists would be positively 
affected. Gettys and Cann (1981) noted that students categorize occupations based on gender, and this 
affects the range of possible careers from which they choose. Although this stereotyping persists as 
students grow, upon approaching adolescence they do become more accepting in their views of whether 
jobs could be done by either sex; with girls showing more flexible attitudes than boys (Entwisle & 
Greenberger, 1972). However, it is important to recognize that girls between 5th and 7th grades limit 
their personal career choices in the areas of science and technology (Erb, 1981). This finding supports 
the argument for early career education interventions. If students are not made aware of the variety of 
scientific careers, misinterpretations about becoming a scientist may evolve, as well as misunderstand-
ings of what scientists do. Entwisle and Greenberger (1972) suggested that these ideas about scientists 
are already formed by the end of students’ elementary education.



688

Understanding How Images and Attitudes Contribute to Science Identities
 

SCIENCE IDENTITY

Gender is one important part of identity, but not the only part. A person’s identity is always in continuous 
development, even if a person has a relatively stable perception of “who” one is. For example, Giddens 
(1991) discussed the circumstances of new knowledge and new experiences; people constantly recon-
sider and redevelop their self. Some choices people make and are continuously making and remaking 
on a daily basis might be clothing, physical appearance, leisure activities, music, sports, sexuality, and 
beliefs (Giddens, 1991). Let’s examine how this relates to the science classroom. One’s science identity, 
as defined by Carlone (1994) demonstrates competent performance in relevant scientific practices with 
deep meaningful knowledge and understanding of science, and recognizes oneself and gets recognized 
as a science person by others. The construction of this identity requires the participation of others, as 
it is constructed socially within communities of practice (Tan & Calabrese-Barton, 2007). Lave and 
Wenger (1991) concur that students develop identities through engaging with the practices and tasks 
of the science class upon entering a community of practice such as the science classroom. Learning 
science in this community then becomes “a process of becoming to be, of forging identities in activity” 
(Lave & Wenger, 1991, p.3).

Carlone & Johnson (2007) view science identity as how students make meaning of science experi-
ences and how society structures those possible meanings. The community of practice is dependent on 
environmental factors inherent within that community as it is accepted that these identities are fluid and 
subject to change. According to Brickhouse and Potter (2001) having a science or technology-related 
identity does not mean that one will necessarily succeed in school, if that science-related identity does 
not also reflect the values of the school-mediated engagement, or if the students do not have access to the 
resources they need to do well in science. However, successful participation in school science, despite the 
lack of resources in a home environment, can be better facilitated when students have a science-related 
identity they can draw upon.

If science identity in consideration of attitudes, feelings, and intellect is embedded within a particular 
context, such as a community of practice, the term personal science identity is based on the introspective 
nature of one’s science identity or the internal interactions within oneself, as defined by the Farland-
Smith (2009). One’s personal science identity is embedded within his or her science identity of his or 
her identities-in-practice. The identities-in-practice is the result of the external features one can see, such 
as classroom participation, etc. The personal science identity is deeper in magnitude, and is the sum of 
all experiences in science.

One way in which this internalization is communicated is through the pictures girls draw about 
scientists. It is important to discriminate between science identity and personal science identity; the 
difference being internal reactions versus external actions. Identity construction is composed of science 
identity that is exhibited and revealed to others in a social setting. One’s personal science identity may 
never be fully revealed to others because it houses all of the experiences with science and scientists. 
The likes and dislikes, whether they have an opportunity to rise to the surface or not, are dependent 
upon the community of practice and opportunities, including a person’s self-efficacy and comfort level 
with science. For example, a student may like something and not know why or what situation informed 
her choice. All students engage in identity work while participating in science, whether purposefully 
or not (Tan et al., 2013). This is precisely why attitudes toward science and perceptions of those in the 
field are important; they are the foundational negotiations and understanding upon which identity is 
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structured. Therefore, it is important for us to discuss the different struggles at each level of schooling 
to fully understand the identity negotiations taking place.

Struggles of Science Identity Construction During Early Childhood Years

Both male and female students from the youngest ages face a struggle in which they must negotiate without 
even being aware. Young people are absorbing all kinds of the education system’s messages about race 
and gender (Hanson, 2009). There is substantial evidence that a mother’s educational and occupational 
resources have an impact on her daughter’s behaviors and aspirations (Mau et al., 1995). This influence 
may be stronger in black versus white (Maple & Stage, 1991). White women are two times as likely to 
have a mother with a college education and to have a father in a professional occupation. Surprisingly, 
there is no difference between the two groups of young women as to whether their mothers work in a 
professional occupation. When a mother has a college degree it increases the odds that her daughter will 
take science in college. For example, parents may reinforce the belief that science is a male subject by 
explicit messages i.e., comments regarding gender abilities or their own past abilities. However, they are 
also sending implicit messages about this in their purchases of toys and games (Tomasetto et al., 2011).

Regrettably, many students at an early age form perceptions of scientists and science that are narrow, 
inappropriate, and inaccurate (Barman, 1997; Chambers, 1983; Finson, 2002; Fort & Varney, 1989; 
Mead & Metraux, 1957; Schibeci & Sorenson, 1983). Chambers (1983) revealed that older elementary 
students included more indicators of stereotypical images in their illustrations, than did five- to seven-
year-olds, suggesting that by 4th and 5th grades, students already have formed their limited views of who 
a scientist is. These inaccurate views of scientists are widely held by students from elementary through 
secondary school (Barman, 1996; Chambers, 1983). Newton & Newton (1998) found in six years of 
research with having children draw pictures of scientists that the stereotypical, male images of white 
men in the laboratory increased with age. Therefore, the most females and most minorities portrayed in 
the pictures are drawn at the youngest of ages, meaning the pictures that portray the least stereotypes 
are drawn by the youngest children (Farland, 2003).

In the examination of gender differences, only girls draw female scientists and the majority of the 
female scientists are drawn by Kindergarten to second grade students, meaning children are less aware 
of the gender stereotypes associated with scientists at the youngest of ages (Farland, 2003). Parents, 
teachers, and school administrators have unknowingly provided experiences for children that lead them 
away from, rather than toward, rich and rewarding experiences in science (Farland-Smith, 2009).

Struggles of Science Identity During Middle School Years

Males and females in middle school face a different struggle; one in which they begin limiting their 
personal career choices in the areas of science and technology. This is because during this time of ado-
lescence children are developing their identities, and they either accept or reject science careers because 
their identities are in continuous development and constantly change as they reconsider and redevelop 
themselves (Giddens, 1991). It is commonly accepted that students categorize occupations based on gen-
der, which affects the range of possible careers from which they choose (Gettys & Cann, 1981). Several 
studies have found that students’ subject interest is the key factor in educational choices, like selecting a 
career (Angell et al., 2003; Lindahl, 2003). However, just because someone is interested in a subject, it 
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does not mean that they will necessarily select that subject as a career; this appears to be especially true 
for young women (Storen & Arnesen, 2003). Several researchers have found that in science education, 
girls, especially non-white girls do not identify with science even if their achievement is high (Archer et 
al., 2013; Sadker, Sadker & Zittleman, 2009). And so the importance of understanding the complexities 
and formation of science identity is critical.

Struggles of Science Identity During High School Years

Both males and females in high school face a different struggle; one in which girls must negotiate being 
“invisible” in science classes and boys do not. The more masculine stereotyped the course is, the greater 
the probability that girls will avoid participation or exhibit poor performance (Brickhouse, Lowery & 
Schultz, 2000). Many authors refer to this reality of being invisible as ‘alienation’. For example, peer 
pressure and feedback are particularly relevant given the focus on science education in the high school 
years. It is during this time that the young person is forming their identity and feedback from peers. It 
is this identity and feedback from peers that is one of the strongest influences for youth. It is this iden-
tity (so heavily influenced by the attitudes and feedback of peers) that will be an important element in 
predicting success or failure in school science (Sadowski, 2003).

Some have argued that since women perform less well in science than men, and minorities do less 
well than whites, there will be a double disadvantage for African American women in science (Clewell 
& Anderson, 1991; Cobb, 1993; Vining Brown, 1994). Findings from NELS data show that in the area 
of science course-taking, there are often no differences between white women and African American 
women. Where there are differences there tends to be an African American advantage. Although data on 
science achievement shows a clear white advantage on most indicators, eight years out of high school the 
African American women are more likely to report a job in science. Hanson (2009) noted the strong inter-
est in science shown by young African American women that was discovered in earlier research (Hanson, 
1996; Hanson & Palmer-Johnson, 2000). Textbooks and teachers focus mainly on science knowledge 
and inventions created by white scientists. Hence, they are seldom made aware of the contributions of 
African Americans (much less African American women) in science (Ovelton Sammons, 1990; Von 
Sentima, 1985). Role modeling, self-confidence building, and providing a sense of belonging are also 
important for minority youth in the science classroom (Hoyte & Collett, 1993). Many of these strategies 
are not normal parts of high school or undergraduate science classes and programs. Yet these strategies, 
together with a diverse faculty and a school system that encourages faculty development on these issues, 
are key to promoting success for racial minorities in the science classroom (Hoyte & Collett, 1993).

RESEARCH DESIGN

The authors designed this simple stratified research project for comparative analysis for the purposes of 
understanding how and why students’ perceptions of scientists and attitudes toward science impacted 
their identity at particular levels of schooling. While this is a complex, multifaceted topic, the intention 
was to grasp more understanding of what children thought and when, in respect to scientists and attitudes 
toward science. The sample (N=129) consisted of students, heterogeneously grouped in three grades, 5 
(n=46), 9 (n=64) and 12 (n=19).
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Subjects

The study was conducted in an independent school located in central Virginia that serves approximately 
1,000 students. The sample was specifically selected because of the academic excellence associated with 
this particular independent school system. The college acceptance rate of high school seniors is 80%. The 
students who are enrolled at this school are upper-middle class as the tuition requirements exceed most 
private school tuitions. Class size ranges from twelve to sixteen students at all three levels: elementary, 
middle, and high school.

Students were specifically selected to participate in this study because the previous Spring they had 
completed either elementary, middle, and/or high school. Teachers of these classes participated on a 
voluntary basis related to their interest and enthusiasm for the study. The students’ science teachers at 
each level administered the mDAST and Attitude Toward Science Surveys. The 5th grade students were 
enrolled in a general science course; the 9th grade students were enrolled in Conceptual Physics; and the 
12th grade students were enrolled in Honors Physics.

Methodology

Students were asked to complete mDAST (Farland, 2003) and an Attitude Toward Science Survey (Far-
land, 2003) during the same class period. Classroom teachers administered the tests following guidelines 
provided by the researchers. Efforts were taken to ensure that participants were not provided additional 
directions or special instructions while completing tests. Once the tests were completed they were sent 
to the researchers for scoring and analysis. All drawings were scored using the DAST Rubric (Farland, 
2003). mDAST scores and attitude toward science scores were analyzed using a two-tailed t-test. A two 
tailed t-test was used because the authors did not predict the outcome of the results.

INSTRUMENTATION

Attitude Toward Science Survey

The researchers used a modified form of the Student Opinion Survey (McMillan, 1992) developed by 
the Virginia Commonwealth University in conjunction with the Virginia Department of Education. The 
instrument was found to be valid and reliable according to standards for test development for Education 
and Psychological Tests (1985).

The Attitude Toward Science questionnaire component consists of 13 questions requiring students 
to respond using a Likert scale to indicate strength of agreement with the statements provided. The 
Likert scale range is from one to four with four being the strongest degree of agreement. T-tests were 
then used to analyze if there were any significant differences between the attitude scores of students in 
the 5th, 9th or 12th grades.

Description of the Modified DAST (mDAST)

The mDAST is based on the Draw-A-Scientist Test (DAST) developed by Chambers (1983). This test 
was designed to capture students’ images of scientist regardless of writing ability, since all children 
cannot respond appropriately to written instruments but can draw a picture of their perceptions. The 
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instructions for the original DAST were limited to “draw a scientist.” For a previous study a modified 
DAST was developed by one of the researchers; the directions were as follows:

Imagine that tomorrow you are going on a trip (anywhere) to visit a scientist in a place where the 
scientist is working right now. Draw the scientist busy with the work this scientist does. Add a caption, 
which tells what this scientist might be saying to you about the work you are watching the scientist do. 

A space is then provided for children to illustrate their perception. This modified DAST also consists 
of a second page of four questions asking for specific information about the drawing in the event the 
illustration is unclear. The children were asked:

1.  Was the scientist you drew a man or woman?
2.  Was the scientist you drew working outdoors or indoors?
3.  What was the scientist doing in your picture? (open response);
4.  Lastly, students were asked to record their own gender.

The DAST Rubric

The DAST-Rubric (Figure 1 below) was developed by one of the researchers to specifically score the 
mDAST. The original DAST has been often scored with the DAST-C (Finson, Beaver & Cramond, 
1995). The DAST-C is a checklist for scoring students’ illustrations and was not suitable for this study 
for several reasons; 1) The DAST-C is a tool that is limited to labeling stereotypic features of drawings 
2) The DAST-C is not concerned with the activity of the scientist or other important features of the 
drawing, such as location. Therefore, the mDAST rubric was developed after discovering the consistent 
trends of the way students were drawing scientists in terms of what they wore (appearance), where they 
worked (location), and what they were doing (activity). Therefore the DAST rubric is scored in those 
three categories for the reasons described above.

Description of Scoring Categories

Illustrations which score a 1 in appearance can be referred to as ‘sensationalized.’ These drawings contain 
a man or a woman who may resemble a monster or who has a clearly odd or comic book-like appearance. 
Illustrations which score a 2 in appearance can be referred to as ‘traditional’. These drawings contain a 
standard looking white male. Illustrations which score a 3 in appearance can be referred to as ‘broader 
than traditional.’ These drawings include a minority or woman scientist. Illustrations which score a 0 in 
appearance can be referred to as ‘can’t be categorized.’ These drawings contain a stick figure, a histori-
cal figure, no scientist or a teacher/student.

Illustrations which score a 1 in location can be referred to as ‘sensationalized’. These drawings contain 
a location that resembles a basement, cave, or setting of secrecy, scariness or horror, often with elaborate 
equipment not normally found in a laboratory. Illustrations which score a 2 in location can be referred to 
as ‘traditional.’ The setting of this drawing is a traditional laboratory with a table and equipment (may 
include a computer) in a normal-looking room. Illustrations which score a 3 in location can be referred 
to as ‘broader than traditional.’ These drawings include a scene that is not a basement laboratory and 
different from a traditional laboratory setting. Illustrations which score a 0 in location can be referred to 
‘cannot be categorized. The scene of this drawing may be difficult to determine or that of a classroom.
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Illustrations which score a 1 in activity can be referred to as ‘sensationalized.’ These drawings reveal 
an activity that may include scariness or horror, often with elaborate equipment not normally found in a 
laboratory. Drawings which include fire, explosives, or dangerous work are also included in this category. 
Illustrations which score a 2 in activity can be referred to as ‘naïve or traditional.’ These drawings reveal 
an activity that the student believes may happen, but in truth, the activity is highly unlikely to occur. 
This category also includes drawings where the student writes, “this scientist is studying… or trying to 
…”, but does not show how this is being done. Illustrations which score a 3 in activity can be referred to 
as ‘broader than traditional.’ These drawings portray realistic activities that reflect the work a scientist 
might actually do with the appropriate tools needed to perform these activities. A student may write, 
“this scientist is studying… or trying to…and, shows how this is being done. Illustrations which score 
a 0 for activity can be referred to as ‘difficult/unable to determine.’

For this study each drawing was scored by one of the researchers. Inter-rate reliability was established 
at 80% of these categories before the study began. 

RESULTS OF THE STUDY

The attitudes toward science and mDAST scores were analyzed independently. The attitude surveys were 
scored on a Likert scale ranging from 1-4. T-test analysis on the attitude surveys indicated that there 
was a decrease in attitude toward science from grades 5 to 9 and the decrease was significant as Table 
1 indicates. There were significant decreases in attitude from grade 5 to grade 9 as well as from grade 
5 to 12. Differences were not significant from grades 9 to 12.

When asked whether students would be interested in science related careers, fifty-six percent of stu-
dents in the fifth grade responded in the affirmative while only thirty-seven percent of 9th grade students 
expressed an interest in pursuing careers in science. The drastic decline noted in this study in science 
career interest between grades 5 and 9 is consistent with previous literature.

Student drawings were scored in three different categories: appearance, location and activity of 
scientists demonstrated in Table 2. Students received a score for each category and these categories 
were compared using a t-test. As a result, students in grade 5 showed no significant difference in their 

Table 1. Comparison of attitude toward science scores for grades 5 and 9

Grades N M SD t

5 46 28.8 0.68 2.85*

9 64 26.0 0.63

*p < .05.

Table 2. Comparison of ‘appearance’ and ‘location’ scores of students in grade 9

Grade 9 N X SD t

Appearance 48 1.75 0.72

Location 60 2.11 0.69 1.59*

*p < .05.
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perception of appearance, location and activities of scientists. As shown in Table 2, grade 9 students 
demonstrated a significant difference between their perception of the appearance of scientists and their 
perception of locations where scientists work. In other words, students in grade 9 had more insular per-
ceptions of whom scientists are and what they look like (appearance) when compared to the location of 
where science is done. No significant difference was obtained between students in grade 5 and 9 in the 
students’ perceptions of the activity of scientists.

As Table 3 indicates, students in grade 12 scored higher on the perception of where science is done 
(location) when compared to their perceptions of the appearance of scientists.

DISCUSSION AND IMPLICATIONS OF THE STUDY

This research was designed to answer the following questions:

How Do Attitudes Toward Science Change as 
Students Progress Through School?

As children progress through school their attitudes toward science decline significantly as previous 
research indicates. However, this study advances those findings by Andre et al. (1999), Brickhouse 
(1994), and Carey and Shavelson (1988) by revealing that once attitudes toward science decline they 
remain static. In this study, student scores from grade 9 to grade 12 showed no significant differences. 
This information is beneficial for science educators to recognize the decrease of attitudes toward sci-
ence so that strategies can be developed which encourage students to maintain a more positive attitude 
toward science as they progress through school. As demonstrated by this research, young children have 
a more positive attitude toward science at the end of elementary school than students at the end of both 
middle and high school. Between the end of elementary school and the end of middle school these at-
titudes decrease and they remain decreased until the completion of high school. Therefore, teachers must 
seek instructional strategies, which will maintain these positive attitudes. Additionally, it is important 
for educators to acknowledge that once attitude toward science scores decline, they may continue to 
degenerate. For example, results of this study indicated that students in grade 9 had similarly low scores 
to students in grade 12, leading both researchers of this study to conclude that once the attitude scores 
declined, they remained static.

Table 3. A comparison of ‘location’ and ‘appearance’ scores of students in grade 12

Grade 12 N M SD t

Appearance 13 2.07 0.75

Location 18 2.55 1.96*

*p < .05.
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Do Student Drawings Significantly Change as They Progress Through School?

As children progress through school their images of scientists become more stereotypical as previous 
research indicates. However, this study advances the findings of Barman (1997) and Chambers (1983) 
by specifically identifying which aspect of the students’ drawings become more stereotypical: their 
appearance, location or activity. The DAST Rubric is a lens by which the researchers of this study ana-
lyzed students’ images of scientists in a novel and creative way that has never been done before. As a 
specific tool designed to assess students’ drawings in three categories: appearance, location and activity, 
researchers were able to analyze the results numerically in order to determine if there were significant 
differences in the three categories among 5th, 9th and 12th graders. Each of the categories will now be 
discussed at each of the three grade levels.

There was not a significant change in the perception of appearance of scientists when comparing 
5th to 9th grade students and to 12th grade students. Therefore, the appearance of scientists, as noted by 
their images drawn, did not change from the end of elementary school through the end of high school. 
This fact leads researchers of this study to conclude that if young children form negative, stereotypic, 
perceptions of the way a scientist appears and if that image is not challenged, this image, unlike their 
attitudes may remain unchanged throughout high school. This new insight as demonstrated in graph 1 
below leads the researchers to conclude that students’ attitudes toward science may have a more likely 
chance of being more positive, because they only need to be maintained, whereas their perception of 
the appearance of a scientist is never more positive than negative. The question remains, if there is an 
intervention of their appearance of scientists and this becomes more positive, does it directly influence 
their attitudes toward science?

There was no significant difference in the perception of the location of scientists between the end of 
elementary school and the end of middle school, leading the researchers to conclude that student expo-
sure to a variety of locations of where science is done was limited in the school years between these two 
levels. There was a significant difference in how students perceive the location scientists work in when 
comparing students between the end of middle school and the end of high school. This improvement 
in students’ perceptions of where scientists work led researchers to conclude high school students were 
exposed to a variety of locations of where science is done more so than middle school students. More 
education (science courses) and media exposure of where scientists work may be a result of this difference.

To those involved in the field of secondary science education, this might not come as a surprise. 
However, it is a promising indication of the role of increased exposure and education of the places 
scientists work. In fifty years of past research with students’ perceptions of scientists, it has never 
been suggested that students’ perceptions improve in any aspect of their drawings. Past research only 
highlights the stereotypical natures of these drawings and the increased stereotypical features with a 
numerical representation. Finson, Beaver, & Crammond (1995), for example only categorized the num-
ber of stereotypical features in a drawing. This study reveals that if we view these images through the 
lens of the DAST Rubric it actually has positive results for today’s secondary educators and students. 
More importantly, in the area of students’ perceptions of scientists, few studies have suggested that an 
intervention for improving these stereotypes was possible.

This new insight that students’ perception of where scientists work can be changed through proper 
instructional strategies is promising. These results are encouraging, as future research might examine 
the methods of interventions for the other two categories of the DAST Rubric; students’ perceptions of 
the appearance of scientists and the work that scientists do. A task for educators and researchers is to 
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challenge the question of why do students’ images of where scientists work and the activities done by 
scientists change and their appearance remain stereotypical?

There was no significant difference in students’ perceptions of the activities scientist do when compar-
ing students in grades 5 to 9. There was however a significant difference in the perception of activities 
done by scientists when comparing grades 9 through 12. This fact leads the researchers to believe that 
students recognize multiple activities of scientists as they progress through high school. This may be 
the result of more specifically focused science courses taken in high school, i.e.; Physics, Chemistry, 
Biology, etc.

Are Students’ Drawings of Scientists Consistent With Their 
Attitude of Science as They Progress Through School?

Students’ drawings of scientists are not consistent with their attitudes of science as they progress through 
school as indicated in Table 1. Attitudes continued to decrease while student drawings became more 
inclusive in the category of location and activity in grades 9 through 12. This led the researchers to 
establish that the exposure of students to more specific and higher level science classes, and an increase 
in instructional time in the high school years may have broadened students’ perceptions of where scien-
tists work. Therefore, it is interesting that students have the most positive attitudes toward science when 
they are least informed about science, which leads the researchers to conclude that in high school, they 
broaden their perceptions of where science is done and what scientists do, but their attitudes and percep-
tion of the appearance of scientists remains unchanged since the elementary years. These factors must 
be directly linked to the declining numbers of high school students selecting science–related careers.

What Is the Percentage of Students at Each Grade Level Who 
Report That They May Consider a Science-Related Career?

Students’ interest in science-related careers decreased significantly from the end of elementary to the 
end of middle school and the decrease was consistent until the end of high school. It is interesting that 
the survey question involving career choice is consistent with ATS scores which also decline signifi-
cantly after elementary school and remain static until the end of high school. This decline in ATS is 
consistent with previous research and reinforces that attitude toward science is a significant factor to 
whether students may become interested in science-related careers. Therefore, instructional strategies, 
which are focused on raising attitude toward science scores, should be implemented which may improve 
the number of students selecting science-related careers.

The question that remains, however, is whether student attitudes toward science affect their percep-
tions of scientists or do their perceptions of scientists affect their attitudes towards science?

LIMITATIONS OF THE STUDY

This study was conducted at a small, independent school known for its rigorous academics and reputa-
tion; therefore results may not be generalizable to larger and more academically diverse public schools. 
It is worthy to note that the parents of the students participating in this study can be identified as upper-
middle class, well educated, professionals who are committed to their child’s education and yet, attitude 
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toward science scores revealed a significant decrease from the end of elementary to end of middle school 
and remained static until the end of high school.

This study was a one shot quasi-experimental research project where neither equivalency testing nor 
pre- to post-changes were examined. Additionally, the curriculum was not mandated by the state, but 
by the school and was left to individual science teachers as specified in their course syllabi. Data was 
not collected on teacher background and education to determine if all teachers had degrees in science 
or education. Likewise, data was not collected on parental involvement. Lastly, a major limitation was 
the small number of students participating in this study at grade 12.

FUTURE STUDIES

Future studies should be conducted with a larger sample size in a public school setting. In addition, a 
pre and post design should be conducted in order evaluate whether gain scores have been achieved in 
attitude toward science and perceptions of scientists. In addition, future studies should closely examine 
students’ perceptions of the appearance of scientists and the variety of ways in which young children 
form their perception of what a scientist looks like.

Instructional strategies designed to raise attitude toward science at middle and high school levels 
should continue to be researched. Also, research should be conducted in colleges of education to provide 
more instructional strategies to prospective pre-service teachers at these levels.

Additionally, researchers (Trujillo, & Tanner, 2014) suggest further studies to determine if there is a 
correlation between students’ perceptions of science self-efficacy and the extent to which students see 
themselves as “science persons” capable of pursuing scientific fields and accomplishing science tasks.
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ABSTRACT

This chapter presents research about a combination of physical experimentation (PE) and virtual ex-
perimentation (VE) in computer-based inquiry learning as an instructional value to students’ affective 
domain. For this study, the author has developed a science lesson for promoting interactive inquiry 
learning, and the researcher investigated whether orchestrating PE and VE in sequential learning af-
fect students’ learning perception and science motivation. To evaluate the lesson, questionnaires were 
used to examine how students perceived the lesson and their perceptions about how the lesson promotes 
science motivation. The results indicated students’ positive perceptions that experiencing the lesson sup-
ported cognitive performance, emotional practice, and the social inquiry process. In addition, exposure 
to the lesson improved students’ science motivation for both females and males. This highlights that the 
combination is an effective way to enhance the effectiveness of high school science learning.

INTRODUCTION

Based upon the recent demand for human resources in science, technology, engineering, and mathematics 
(STEM), there is a need for the development of high-quality programs for STEM teaching and learning in 
K through 12 environments. Many students need more robust STEM education to survive with accelerat-

Motivating Inquiry-
Based Learning Through 

a Combination of Physical 
and Virtual Computer-Based 

Laboratory Experiments 
in High School Science

Niwat Srisawasdi
Khon Kaen University, Thailand



705

Motivating Inquiry-Based Learning
 

ing changes in the 21st century society (Sanders, 2009; State Educational Directors Association, 2008). 
To create effective classroom environments for STEM teaching and learning, there is a requirement for 
comprehensive integration of technology as a fundamental building block into education in the follow-
ing areas: (a) to develop proficiency in 21st century skills for students; (b) to support innovative teaching 
and learning; and (c) to create the robust education support system for both students and teachers (State 
Educational Technology Directors Association, 2008).

Technology has profound and lasting impacts in school classrooms as being a powerful instructional 
tool. It can transform the way core subjects are taught by facilitating both teachers’ instructional practices 
and students’ learning processes (Edelson, 2001; Jimoyiannis & Komis, 2007). STEM educators value 
the use of technology to support STEM instruction. They believe that several technologies including 
probeware, computer simulations, software applications, programmable instruments, mobile devices, 
and laptop/notebook computers could be used effectively to impact student learning in STEM subjects. 
To meet the challenges in teaching STEM subjects, the use of computer-based laboratories and features 
make it possible to envision dramatic changes in instructional environments and create unique STEM 
learning environments in particular support of STEM teaching strategies and active learning.

It is widely known that teaching science by way of memorizing scientific facts, describing what sci-
ence is, and showing students how to do science does not work for motivating students into meaningful 
learning of the sciences and in developing a comprehensive understanding about science (Srisawasdi, 
Moonsara, & Panjaburee, 2013). The traditional, highly structured laboratories, which provide questions, 
theories, and experimental and analytical procedures of inquiry, produce a robotic style of thinking, and 
are not sufficient for developing mind-on learning about science and science literacy (Zion, 2006; Zion 
& Sadeh, 2007; Srisawasdi, 2012a). The traditional lab situation may prevent learners from obtaining 
valuable scientific experiences from the inquiry process, and in reality, may result in students’ lack of 
understanding because of an inability to transfer what they learned (Srisawasdi, Kerdcharoen, & Suits, 
2008; Srisawasdi, 2012a). Moreover, they cannot feel the ownership of learning because of their pas-
sive role in traditional science classrooms. The crucial idea, in promoting the students’ involvement in 
active learning and the potential of scientific inquiry, was the use of technology to support their inquiry 
experience. Due to reform efforts in the science education community, computer-based laboratory en-
vironments are widely used in inquiry-based activities motivating and enabling students to experience 
science. In addition, they have been used to improve scientific inquiry activities by providing instructional 
affordances for more flexible inquiry-based learning experiences and by incorporating more features of 
authenticity in science (Buck, Bretz, & Towns, 2008; Chinn & Molhotra, 2002; Chinn & Hmelo-Silver, 
2002; Srisawasdi, 2012b).

Physical and virtual laboratories promote favorable science learning environments for students. 
Integrating physical and virtual laboratories could be used as a platform to provide inquiry learning ex-
perience in science-based content for exploring the nature of science and scientific inquiry, developing 
team work abilities, cultivating interest in science and scientific attitudes, promoting conceptual under-
standing, and developing inquiry skills (de Jong, Linn, & Zacharia, 2013). Using physical laboratories, 
students develop practical laboratory skills and experience the challenges that scientists face when they 
conduct science-based experimentation. A related affordance of physical experimentation is taking ad-
vantage of tactile information that fosters the students’ development of conceptual knowledge in science. 
Additionally, virtual experimentation offers less setup time, provides results of lengthy investigations 
instantaneously, and enables students to perform more experiments or gather more information in the 
same amount of time than means of physical experimentation. Moreover, virtual experimentation can 
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enhance science learning by providing visualizations of unobservable and micro-world phenomena and 
also presenting necessary information in multiple representations (Suits & Srisawasdi, 2013). These 
features could promote interest in, and motivation to learn, science. Many well-controlled comparison 
studies have reported no difference between physical and virtual experimentation on student learning 
in science. However, some educational researchers state that physical labs provide rich context and 
multi-sensory experiences, but often fail in showing the underlying concepts clearly (Klahr, Triona, & 
Williams, 2007; Lazonder & Ehrenhard, 2014). Virtual labs help students focus on concepts through 
visual, interactive simulations, but often lack a sense of reality. Well-designed combinations of physical 
and virtual experiments can capitalize on the features of each approach and allow students to gain a more 
nuanced understanding of scientific phenomena and a more robust understanding of inquiry compared 
with either one alone (de Jong et al., 2013).

Based on the above mentioned rationale, the goal of this chapter is to present findings of a research 
project including the study of design and development, and efficacy study (Institute of Education Sciences 
[IES], U.S. Department of Education [ED], & National Science Foundation [NSF], 2013), in a sequence, 
on the use of combined computer-based physical experimentation (PE) and virtual experimentation (VE) 
in science learning. To investigate the success of this intervention design, the researcher has conducted a 
series of two distinct studies in which we have used the combination of PE and VE during inquiry-based 
learning process to facilitate students’ science investigation. The author investigated students’ percep-
tions about computer-based inquiry learning and science motivation delivered in the combination of PE 
and VE context to specifically answer the following questions:

1.  What are students’ self-reported experiences during inquiry-based learning with combined computer-
based PE and VE? Qualitative and quantitative methods can be integrated for different purposes to 
provide a more comprehensive picture of students’ perceptions of learning experience than either 
method can alone. Using qualitative analysis the author anticipated gaining information that would 
elaborate the results from another and provide additional details about students’ perceptions of 
inquiry-based learning with the combined environment.

2.  Do the students engaged in combined computer-based PE and VE inquiry-based learning experi-
ences demonstrate significantly greater science motivation? The author hypothesized that there 
will be a significant difference in students’ science motivation after participating in an alternative 
instructional setting compared to a conventional one.

CONTEXT OF THAILAND SCIENCE EDUCATION

Conceptions of Scientific Inquiry and Enactment in Compulsory Education

During the past two decades, Thailand’s perspectives about teaching and learning have shifted from the 
teacher-centered approach toward the student-centered approach (ONEC, 2000). Before the period of 
the educational reform enactment of the first National Education Act of Thailand (ONEC, 1999), most 
teachers taught with an emphasis on content rather than on the processes of science, and with a focus on 
memorization of scientific facts rather than support in essential scientific and thinking skills (Keawdang, 
1998). According to this act, promoting the implementation of the student-centered approach in science 
classroom has been the central focus of The Thailand Basic Education Core Curriculum considered by 



707

Motivating Inquiry-Based Learning
 

Ministry of Education (MOE) and the Institution for the Promotion of Teaching Science and Technology 
of Thailand (IPST). Similar to many other countries around the world, achieving scientific literacy in 
precollege schooling is the central goal to the science education reform in Thailand. Improving scientific 
inquiry and understanding of the Nature of Science (NOS) are the emphasized cognitive and learning 
outcomes for students. Under the direction of MOE and IPST, to improve the quality of Thailand’s sci-
ence education, “Inquiry” has been a central term in the rhetoric of past and present Thailand science 
education reforms (IPST, 2002). The primary goal, coupled with specific inquiry-related objectives in 
the various science content areas, may be interpreted as a change to help Thai students in the following 
ways: (a) to understand basic principles and theories of science; (b) to understand the limitations and 
nature of science; (c) to gain skills of investigation, and scientific and technological formulation; (d) to 
develop the processes of thinking and imagination, and the ability to manage and solve problems, com-
municate, and make decisions (e) to recognize the relationships among science, technologies, human 
beings, and environments in terms of influence and affectation; (f) to apply the knowledge of science 
and technology to make it useful for society and for living; and (g) to think scientifically and ethically 
toward the original use of science and technology (MOE, 2008)

Currently, inquiry-based teaching and learning has served as the benchmark for Thailand science 
education. The National Science Curriculum Standards: The Basic Education Curriculum B.E. 2551 
(A.D. 2008) for science highlights the importance of inquiry learning processes in science by emphasizing 
the connection of scientific knowledge with scientific processes, acquiring essential skills to search and 
construct knowledge through investigative processes and diverse problem solving experiences, creating 
opportunities for student participation in all stages of learning, and organizing various hands-on activities 
suitable for learners in each level (IPST, 2008). The subject areas advance from simple to more complex 
conceptual concepts in ascending grade levels (Soydhurum, 2001). Inquiry-based learning cycles (e.g., 
5E learning cycle of engagement, exploration, explanation, elaboration, and evaluation) and inquiry-
type laboratories (e.g., guided- and open-inquiry experiments) provide exemplars for the enactment of 
inquiry in Thailand precollege science classrooms. These kinds of inquiry learning are embedded in 
most of the contemporary science textbooks and teachers manuals published by MOE and IPST (Soy-
dhurum, 2001). To better serve this aim, not only do all students need to learn science through inquiry-
based approaches, but teachers also need to be educated and prepared for implementing inquiry-based 
pedagogy into their classroom teaching practices (Srisawasdi, 2014). In addition, these inquiry-based 
pedagogies are an important part of science teacher professional development in most teacher education 
colleges in Thailand. For example, the Science Education Program at Khon Kaen University focuses on 
fostering pre-service and in-service science teachers’ pedagogical knowledge of inquiry-based science 
learning in a variety of instructional strategies, both learning cycle-oriented (i.e. 4Es, 4Esx2, 5Es, 7Es) 
and openness-oriented approaches (i.e. confirmatory, structured inquiry, guided inquiry, open inquiry, 
authentic inquiry)(Srisawasdi, 2014). There is a shared perception among educational leaders that the 
implementation of these kinds of inquiry learning techniques will bring profound changes and replace 
the exclusive emphasis on confirmation and structured-inquiry learning activities. In addition, IPST has 
promoted science process skills, mathematical skills and other skills for the 21st century among learners 
by way of the integrated science, technology, engineering, and mathematics (STEM) curriculum (IPST, 
2013). The IPST had started implementing STEM education into Thailand compulsory education by 
training in-service science teachers and students in school science since 2013. In order to equip students 
with contemporary knowledge and skills essential for addressing society’s needs, STEM literacy would 
be the next benchmark of science education in Thailand (Reeve, 2013). Regarding development of the 
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STEM literacy, inquiry-based learning approaches very clearly contain the structure of learning activity 
as well as engages students think and act like scientists or engineering. As such, STEM education should 
emphasize using inquiry-based pedagogy (Reeve, 2013). However, the successful implementation of our 
vision for inquiry-based science learning has been a challenging undertaking. It seems that the curricu-
lar emphasis on inquiry, while necessary, is not sufficient for fruitful implementation of inquiry-based 
learning approaches of science in Thailand. The major potential problem is the absence of a clearly 
formulated philosophy of the nature of scientific inquiry. Another potential problem is that the scope of 
inquiry attributes presented (or inferred) from the curriculum is very limited. The curriculum seems to 
highlight the hands-on component of inquiry or doing science to the neglect of the minds-on component. 
Therefore, we need to reorganize inquiry-based learning contexts in science where the scientific inquiry 
involves mindful investigation based on scientific inquiry process, metacognitive scaffolds attending 
their scientific investigations for building and revising scientific understanding, and facilitating scientific 
collaborative construction of scientific knowledge and skills (Kim, Hannafin, & Bryan, 2007). Such 
implementation would require the prolonged commitment and concerted efforts of all parties involved 
in order to truly reform inquiry-based learning approaches in Thailand science education.

Digital Technology for Inquiry-Based Science Education

Over the past several decades, digital technologies and learning resources have played increasingly 
important roles in education, and recent research indicates that the digital technologies can effectively 
support teachers’ teaching practices in integrating inquiry-based instruction into science classrooms. 
(Srisawasdi, 2014). In the context of Thailand, the first phase of ICT use in education in compulsory 
schooling began in 1984 aimed to provide students a basic understanding of computer systems and its 
applications (Waitayangkoon, 2007). Then, revisions were eventually made to cope with rapid techno-
logical advancements, but implementation of ICT as a tool to support inquiry-based learning in science 
was not explicitly mentioned in the National Science Curriculum Standards. Moreover, digital learning 
resources for science education at a basic education level are still limited, both in terms of curriculum 
coverage and alignment (Langkhapin, 2009). In 2005, the Joint Working Group of the Royal Thai 
Government and the Australian Government decided to use ICT to promote innovation in educational 
processes of Thailand and to foster the development of science and mathematics literacy by transferring 
the Australian multimedia learning objects into Thailand basic education level. Following this initial 
effort, the project built capacity within IPST to manage the development of digital learning objects in 
science and mathematics learning. This kind of digital learning technology is a new way of looking at 
curriculum in which content is broken up into discrete pieces or learning objects, ranging from a small 
chunk of instruction to a series of resources. With the learning objects in mind, teachers and students 
would interactively creating linkages between chunks in order to construct understanding of subject 
content (Polsani, 2003). A number of educationally sound Thai exemplar learning objects based on the 
Australian model have been developed and disseminated for compulsory schooling with an accompanying 
professional development program by IPST, with the cooperation of Ministry of Science and Technol-
ogy, the MOE, and Thailand Cyber University Project (Waitayangkoon, 2007). Since 2010, the Office 
of the Basic Education Commission (OBEC) of the MOE has begun to train in-service science teachers 
to create computer-simulated experiments for physics and chemistry in school science by using the soft-
ware program Yenka. This engaging software allows teachers to use and edit an ever-growing library of 
learning activities for science, math, technology, and computing. The features of Yenka enable teachers 
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to create simulations to give students a model that they can manipulate to achieve a specific goal, and 
thereby test and develop their understanding of various scientific phenomena (Herga & Dinevski, 2012). 
For science teacher professional development, the Science Education Program faculty at Khon Kaen 
University utilizes interactive computer simulations obtained from the Physics Education Technology 
(PhET) Project (University of Colorado Boulder, 2015). These simulations are used as pedagogical tools 
to conduct classroom research through inquiry learning approaches and train both pre-service and in-
service science teachers in competencies for applying the PhET simulation in science classes (Srisawasdi, 
2014). In Thailand, learning objects and computer simulations (e.g. Yenka, PhET) have been used to 
encourage inquiry-based science learning by visualizing scientific phenomena and examining them in 
their everyday experiences. Srisawasdi and Kroothkeaw (2014), and Srisawasdi & Sornkhatha (2014), 
implemented simulation-based open inquiry in science classes with Thai secondary school students and 
found that the learning approach of simulation-based open inquiry effectively promoted better conceptual 
understanding in science and induced cognitive mechanisms of conceptual change for students. However, 
the use of both visualized digital technology still remains rare in Thai science classrooms. To serve the 
improvement of science-based education through inquiry-based investigation, a number of international 
high schools in Thailand and public schools for gifted and talented students in science and mathematics 
employ data loggers or data logging systems (also known as microcomputer-based laboratory or MBL) 
to support students’ practical work in the science laboratory. The MBL is the most frequently used tool 
in school science laboratories to collect physical data and display them in a manner that can be manipu-
lated; this tool could eliminate the drudgery associated with data collection and display and encourage 
an inquiry approach to science (Srisawasdi, 2012b). Srisawasdi (2012a) examined Thai secondary school 
students’ perceptions towards authentic inquiry investigation with physical computer-based experimenta-
tion and the results indicated that students perceived a favorable effect on their cognitive performance, 
scientific inquiry skills, emotional practice, and social inquiry process. A number of Thai educators and 
science teachers are driving change in Thailand science education research and practices by promoting 
digital technologies (i.e., computer simulation, MBL, digital game, mobile device and app.) as appro-
priate inquiry tools to bring about benefits to investigative and inquiry learning environments for both 
science-based and integrated STEM education.

THEORITICAL BACKGROUND

Affordances of PE and VE in Science Instruction

Recently, computer-based technology became commonplace in the science education community at all 
levels as an integral part of the science classroom and laboratory experimentation. Researchers are now 
applying technology to bring students’ science activities closer to authentic processes of doing science. 
With the support of technology, students can take advantage of computer simulated worlds to interact 
with and investigate how the real world works by using the tools, data collection techniques, models, 
and theories of science in physical experimentation (PE) or in virtual experimentation (VE) (de Jong et 
al., 2013). Over the past few decades, educators and researchers attempted to discover effective ways to 
engage students of all ages in interesting and motivating science learning experiences. As such, several 
researchers documented the value of PE and VE, and its affordances in science instruction (Jaakkola, 
Nurmi, & Veermans, 2010; Toth, Morrow, & Ludvico, 2009; Triona & Klahr, 2003; Winn, Stahr, Sara-
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son, Fruland, Oppenheimer, & Lee, 2006; Zacharia & Anderson, 2003; Zacharia & Constantinou, 2008; 
Zacharia & Olympiou, 2011; Zacharia, Olympiou, & Papaevripidou, 2008). The National Research 
Council (2006) stated that using PE and VE can achieve similar educational objectives, such as explor-
ing the nature of science, enhancing conceptual development, developing scientific inquiry skills, and 
cultivating interest and motivation in science.

The uses and applications of PE and VE are recognized differently by researchers depending on their 
individual attributes, possibilities for interaction interaction, quality of materials, and methods used 
for science instruction (de Jong, Linn, & Zacharia, 2013; Finkelstein, Adams, Keller, Kohl, Perkins, & 
Podolefsky, 2005; Winn et al., 2006; Zacharia 2007; Zacharia et al., 2008). For instance, Olympiou and 
Zacharia (2012) detailed that only PE can offer students experiences that involve the manipulation of 
the actual items of an experiment, and only VE can provide students with opportunities to manipulate 
the conceptual objects involved in an experiment. VE may be used to visualize things at a molecular 
level and may directly link unobservable processes to symbolic equations and observable phenomena, 
encouraging learners to make abstractions over different representations; whereas PE cannot (McElhaney 
& Linn, 2011; van der Meij & de Jong, 2006). Considering time need for conducting experiments, VE 
offers efficiencies over PE because it typically requires less setup and provides the results of lengthy 
investigations instantaneously (Zacharia et al., 2008). Finally, by performing scientific investigations 
in PE, students learn about the complexities of science by dealing with unanticipated events, instead of 
any potential VE-specific aberrations in equipment or software (de Jong et al., 2013).

Both PE and VE involve numerous overlapping applications. Both provide opportunities to manipulate 
laboratory experimentation that under certain conditions, provide similar effects on students’ conceptual 
learning (Triona & Klahr, 2003; Zacharia & Constantinou, 2008; Zacharia & Olympiou, 2011). PE and 
VE can provide the same kinds of challenging experiences that many scientists face when planning ex-
periments requiring careful setup of variables and observations (de Jong et al., 2013). Moreover, both PE 
and VE can provide high levels of interaction and learner engagement. In terms of learning processes, 
using both PE and VE could provide a perceptual grounding for concepts that might otherwise be too 
abstract to be easily understood (Winn et al., 2006), and promote active participation that, in turn, fosters 
a deeper understanding of a phenomenon or phenomena (Triona & Klahr, 2003). Additionally, the use 
of both PE and VE can meet the goals for investigation in science courses where students must use and 
apply tools, data collection techniques, models, and theories of science, as main part of their learning 
process (National Research Council [NRC], 2006).

Research has shown that combining the use of PE and VE is more beneficial than using them sepa-
rately (Campbell, Bourne, Mosterman, & Brodersen, 2002; Jaakkola & Nurmi, 2008; Jaakkola et al., 
2010; Toth et al., 2009;Winn et al., 2006; Zacharia & Constantinou, 2008; Zacharia & Olympiou, 2011; 
Zacharia et al., 2008), allowing instructors to capitalize on the features of each approach, maximize the 
potential for science laboratory learning. Olympiou and Zacharia (2012), and Zacharia, Olympiou, and 
Papaevripidou (2008), have suggested that using PE and VE should be learning-objective dependent.

PE Through Microcomputer-Based Laboratory

In science-based education, physical hands-on experimentation with microcomputer-based laboratory 
(MBL) is a major recommendation for use to enhance science learning, and have been in use for science 
laboratory experimentation in school science for more than three decades. In terms of the use, MBL 
is a computerized data-logging instrument, which has a number of computers with electronic sensor 
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interfaces, to measure, collect, and analyze data of physical systems on computers or handheld devices 
such as tablets and smart phones. A MBL instrument includes the hardware and software used for col-
lecting data (data acquisition) and using sensors/probes (such as temperature, pH sensors, gas sensors, 
cameras, and so on) connected to a microcomputer (or laptop) through an interface (Lavonen, Juuti, & 
Meisalo, 2003). MBLs have been recognized by educators and researchers as a computing tool for pro-
viding learners with opportunities to conduct science in the context of PE (Russell, Lucas, & McRobbie, 
2003), interacting directly with naturally occurring phenomena (Nakhleh, 1994; NRC, 2006; Thornton, 
1987), and fostering inquiry-based experiences (Lavonen et al., 2003). Several advantageous features of 
MBLs could contribute to instructional design of technology-integrated laboratories (e.g. quick setup of 
an experiment, speed of data capture, real-time processing and display, immediately transforming data 
into screen graphs, data captured by multiple sensors simultaneously, autonomous data collection and 
storing, immediate feedback) (Gil-Perez & Carrascosa-Allis 1994; Kelly & Crawford, 1996; Rogers, 
1995; Thornton, 1987). Regarding affective benefits to students, the high-tech novelty of MBLs could 
motivate science learning as well as its facilitate ease of use by novices and reduce the drudgery of data 
collection and manipulation (Russell et al., 2003). In terms of pedagogical gain, Thornton (1987) and 
Russell, Lucas, and McRobbie (2003) suggested that the use of MBLs make science laboratory experi-
mentation more engaging and effective for developing useful scientific intuition, allowing students to 
concentrate on the scientific ideas, avoiding robotic-style experimentation through cook-book laboratory 
activities, and encouraging an inquiry approach to science.

In comparing the effectiveness of MBL to traditional laboratory activities, researchers have concluded 
that MBLs are more effective in promoting science learning than traditional laboratories (Nakhleh & 
Krajcik, 1994; Nicolaou, Nicolaidou, Zacharia, & Constantinou, 2007). Results of many studies about 
the effectiveness of MBL strategies have been ambiguous, especially in respect to science achievement. 
According to a study by McRobbie and Thomas (2000), MBL in a chemistry classroom had negligible 
influence on students’ development of conceptual understanding. Nakhleh and Krajcik (1994) also 
studied the contribution of MBL methods in a chemistry context and reported that the MBL displayed 
left the most enduring visual image for students to analyze, the MBL methods affected students more 
actively involved during the tasks, and that students generated more concepts and propositions. In ad-
dition, Roth, Woszczyna, and Smith (1996) investigated the roles of the computer in contributing to 
group interactions and learning in a physics course and suggested that MBL might have the capacity 
to present the phenomena better than a simulation, using real events of actual experiments in place of 
computer-generated diagrams. Clark and Jackson (1998) investigated the impact of technology in Year 
9 physics classes to determine any effects on student motivation and concurrent cognitive changes and 
found that the students showed positive motivational gains when using MBL methods and they expressed 
confidence in the accuracy of computer measurements. Further, students enjoyed working in science 
with a computer. Additionally, Friedler, Nachmias and Songer (1989), and Friedler, Nachmias, and Linn 
(1990) reported a positive effect on the development of scientific enquiry skills for students using MBL 
technology. Attempting to find the role of MBL in supporting the construction of new scientific under-
standing, Russell, Lucas and McRobbie (2003) conducted MBL of kinematics with a predict-observe-
explain learning task to a Year 11 physics class; they found that the MBL displays led to a deeper level 
of mental engagement, and better understanding of processes of conceptual change.
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VE Through Computer Simulation

Computers can play important roles in the science classroom and laboratory, and one type of computer 
application in science education is the simulation (or computer simulation). Computer simulations have 
been used extensively as a visual representation tool to advocate presenting dynamic theoretical or simpli-
fied models of real world components, phenomena, or processes; enabling students to observe, explore, 
recreate, and receive immediate feedback about real objects, phenomena, and processes (Srisawasdi & 
Kroothkeaw, 2014; Srisawasdi & Sornkhatha, 2014). Considering its attributes, computer simulation 
employs visual information, such as pictures, graphic symbols, animations, two or three-dimensional 
simple shapes, to model a dynamic system’s structures and inherent causal relationships over time help-
ing explanation of the system. Moreover, simulations provide more access to science experiments that 
are normally impossible, dangerous, inaccessible, too slow or too fast (Strauss & Kinzie, 1994; Sahin, 
2006). With the support of visualization features, virtual experimentation delivered with computer 
simulations add value to science learning processes by allowing students to explore unobservable phe-
nomena; link observable and unobservable phenomena; point out salient information; enable learners to 
conduct multiple experiments in a short amount of time; and provide learners online, adaptive guidance 
(de Jong et al., 2013). In terms of pedagogy, computer simulations can provide students with theoretical 
or simplified models of real-world phenomena and invite students to change features of the models so 
that they can use inquiry in observing the results.

Computer simulations can be classified into different types. Gredler (1996) distinguishes between 
two types of simulations: symbolic and experiential. During symbolic simulations, students are not ac-
tive participants of the program environment. Although students may execute any of several tasks such 
as predicting population trends in a demography simulation, students remain external to the evolving 
events. Experiential simulations immerse the students in a complex, changing environment as active 
components. They allow students to execute multidimensional problem-solving strategies as part of their 
role in the program. They also provide learners with opportunities to develop their cognitive strategies 
by learning to organize and manage their own thinking and learning. Similarly, de Jong and van Jooling 
(1998) divided computer simulations into two main categories: simulations containing a conceptual 
model, and those based on an operational model. Conceptual models hold principles, concepts, and 
facts related to the systems being simulated, but operational models include sequences of cognitive and 
non-cognitive operations procedures that can be applied to the simulated systems.

Computer simulation adds several educational values to science learning activities. Researchers have 
found that computer simulation works well with remediation by producing change to the alternative 
conceptions held by learners (Bell & Trundle, 2008; Zacharia & Anderson, 2003; Windschitl & Andre, 
1998; Muller, Sharma, & Reimann, 2008). Some researchers explored benefits of computer simulation 
when it was embedded in an environment intended to support specific aspects of discovery learning, 
called simulation-based discovery learning; they found that simulations improved the performance of 
gaining intuitive domain knowledge, more qualitative knowledge than formalized knowledge (de Jong 
et al., 1999; Veemans, van Joolingen, & de Jong, 2006). Using computer simulation as a prelab exercise, 
researchers found that the simulation influenced students by helping them gain theoretical focus and 
developing a more coherent understanding of the concepts (Winberg & Berg, 2007). A study was con-
ducted using computer-simulated experiments combined with a problem solving approach and the results 
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showed that the simulation produced significantly greater achievement in the subject area, science process 
skills, and led to a more positive attitude towards science studies (Geban, Askar, & Ozkan, 1992). In ad-
dition, Russel et al. (1997), Srisawasdi and Kroothkeaw (2014), and Srisawasdi and Sornkhatha (2014), 
showed that computer simulation aids students in visualizing observable and unobservable worlds, and 
helps increase their mastery understanding of science concepts. Suits and Srisawasdi (2013) reported 
that computer simulation enhanced students’ acquisition of more advanced mental models.

THE STUDY

The Computer-Based PE-VE Combination

Teaching students how to conduct inquiry-based processes in science through practical experience in 
contemporary scientific laboratory research has been an essential aspect of recent efforts to reform sci-
ence education. As such, a series of computer-based physical (hands-on) experimentation and virtual 
(computer-simulated) experimentation representing superhydrophobic surface phenomena, which is a part 
of self-cleaning nanoscience studies, were created to motivate students’ learning of science and promote 
practical experience in emerging science. Due to the nature of the phenomena, there is an interaction 
among macro-scale (explicit) and micro-scale (implicit) views. Previous research described a pedagogy 
wherein students were provided an opportunity to construct scientific understanding of a phenomenon 
by first eliciting descriptions of how something behaves within certain circumstances (macro view), 
and then by adding detailed explanations for why the phenomenon behaved the way it did (micro view) 
(Simon, 2000). The combination of PE and VE in this study was strategically designed to provide a rich 
context of knowledge representations where macro- and micro-scale representations were employed 
coordinately to visualize how the physical phenomena work.

Following a similar approach, the author developed a low-cost laboratory instrument for measuring the 
contact angle, or angle at which the vapor/liquid interface meets another solid/liquid interface resulting 
from intermolecular interactions between a liquid and a solid surface. Basically, the characteristic angle 
of wetting is defined by an observed contact angle of less than 90ο, while perfect wetting would have a 
contact angle of 0ο. A hydrophilic surface exhibits angles in this range. An observed contact angle of 
larger than 90ο characterizes a non-wetting phenomenon and the surface could be classified as hydro-
phobic (Lages & Mendez, 2007; Schwarz, Eisenmenger-Sittner, & Steiner, 2008). Figure 1 illustrates a 
simplified schematic of the contact angle measurement instrument for physical experimentation.

Figure 1. A simplified schematic of a physical computer-based experiment instrument for contact angle 
measurement
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To promote student learning about science, an integration of computer simulation was considered 
pedagogically important. In this study, an interactive computer simulation representing nanoscale sci-
ence phenomena created by the researcher was used as the source of inquiry experience for students. 
Figure 2 displays an example of the computer-simulated experimentation on contact angle in this study.

To promote students’ active learning about self-cleaning surfaces in this study, there were three 
integrated computer-based laboratory learning experiences about surface wettability in the lesson: (1) 
cohesive and adhesive properties in capillary action; (2) properties of hydrophilic and hydrophobic sur-
face; and (3) contact angle and wetting properties. Table 1 displays the covered content of the combined 
computer-based experimentation about surface wettability.

Study One: Design and Development

Design and development research (IES, ED, & NSF, 2013), refers to study in developing solutions to 
achieve a goal related to education or learning, such as improving student engagement or mastery of 
a set of skills. This kind of study may include pilot tests of fully developed interventions to determine 
whether they achieve their intended outcomes under various conditions. With this in mind, the first 
study was conducted as a pilot investigation to explore students’ perceptions of inquiry-based learning in 
combination with computer-based PE and VE environment. The author developed a low-cost laboratory 
instrument measurement and a series of computer simulations for physical experimentation of contact 
angle and its virtual experimentation.

Figure 2. A screen of virtual computer-simulated experimentation of contact angle measurement

Table 1. Details of the combined computer-based PE and VE about surface wettability

Lab Concept Description Scientific 
Phenomenon

Lab Activity 1 Cohesive and adhesive 
force; hydrogen bonds

This lab provided an independent inquiry opportunity in order 
to discover factors related to the phenomenon of capillary 
action.

Capillary action

Lab Activity 2 Hydrogen bonds; 
hydrophilicity and 
hydrophobicity

This lab provided an independent inquiry opportunity in order 
to discover factors related to surface wetting situations.

Hydrophilic/ 
Hydrophobic 
substances

Lab Activity 3 Cohesive and adhesive 
force; hydrophilicity 
and hydrophobicity; 
hydrogen bonds

This lab provided an independent inquiry opportunity in order 
to discover factors related to surface wetting and dewetting 
situations.

Contact angle 
phenomenon
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Subjects and Procedures

The study was conducted with 32 tenth-grade students at a large public girls’ secondary school located in 
central Thailand. All were females aged between 15-16 years old. The students signed up voluntarily to 
participate in a special workshop on self-cleaning nanotechnology conducted by the researcher and two 
laboratory assistants. The workshop was conducted in three 3-hour laboratory class in the school. Two 
weeks before attending the workshop, the students were asked to provide a profile about their pre-existing 
learning backgrounds in conducting science experiments. The submissions revealed that the students had 
neither science laboratory experience relating to surface wettability nor had used technological tools for 
doing science laboratory work. After completing their laboratory work in the workshop, a survey instru-
ment was administrated to the students. The purpose of the survey was to determine how they perceived 
the learning environment of this laboratory workshop. The survey instrument consisted of 15 rating scale 
items on three constructs (five items for each of the three constructs) and two open-ended questions. 
The three constructs were cognitive performance, emotional practice and social inquiry process. Stu-
dents responses to the questionnaire were coded on a scale of 1 (strongly disagree) to 5 (strongly agree) 
based on their experience with the combined laboratory environment. So that higher scores represented 
more positive perceptions toward the laboratory environment. Quantitative data of students’ perceptions 
was measured and analyzed by the average item mean and standard deviation for each issue construct. 
Also, the students were asked to respond to two open-ended questions in the survey. The answers were 
analyzed qualitatively and diagnosed to explain their learning perceptions for improving the laboratory 
learning environment.

Results and Discussions

Table 2 shows the results of the quantitative data analysis on students’ inquiry learning perception and 
Figure 3 is used to visualize graphically the results from Table 2.

Table 2 summarizes the average item mean and standard deviation scores of the students’ inquiry 
learning perceptions for the three constructs related to the laboratory learning environment. For the 
cognitive performance construct, the item mean scores of the students’ inquiry learning perceptions in 
decreasing order were ranked as self-initiative, understanding, causality, self-regulation and inquiry. 
The overall mean score of the cognitive performance construct was 4.24 (SD = 0.72) which on a scale 
of 1-5, indicated that on the whole, students perceived relatively highly of their mental effort during 
performing the experiments of surface wettability by using a simple real-time contact angle measure-
ment device. With the emotional practice construct, their average item mean scores in decreasing order 
were satisfaction, self-confidence, interest, motivation and enjoyment, respectively. For the emotional 
practice construct, the overall mean score was 4.38 (SD = 0.67), indicating a relatively high degree of 
students’ satisfaction about the experimentation. As for the social inquiry process construct, their mean 
perception scores were, in order from the highest to lowest: had a relationship with teacher, organiza-
tion, multiple perspectives, involvement and cohesiveness. For the construct of social inquiry process, 
the overall mean score was 4.24 (SD = 0.68) suggesting a relatively high degree of communication and 
negotiation while conducting the experiment. Figure 3 displays a graphical representation of students’ 
inquiry learning perceptions of cognitive performance, emotional practice, and social inquiry process, 
toward the laboratory learning environment in using a simple real-time contact angle measurement device 
for a surface wettability experiment.
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In summary, the average item mean for each construct had a score above 4.00, indicating that the 
students generally perceived a high level of affordability to develop, within the laboratory learning envi-
ronment, their cognitive performance, emotional practice and social inquiry processes. The results also 
suggested that the degree of the perceived emotional practice construct was higher than the cognitive 

Table 2. Descriptive statistics of students’ perceptions toward laboratory learning environment of na-
noscale science experiment of surface wettability

Issue constructs Description of issue construct Characteristics of Learning 
environment

Average item 
mean

Average item 
S.D.

Cognitive performance Extent to which students 
made the effort to perform 
learning during open-inquiry 
experimentation

Inquiry 4.03 0.78

Understanding 4.28 0.63

Causality 4.28 0.77

Self regulation 4.25 0.72

Self initiative 4.38 0.71

Average mean 4.24 0.72

Emotional practice Student feelings about open-
inquiry experimentation

Self confidence 4.41 0.67

Motivation 4.28 0.73

Interest 4.34 0.70

Enjoyment 4.28 0.77

Satisfaction 4.56 0.50

Average mean 4.38 0.67

Social inquiry process Extent to which students 
communicated and negotiated 
during open-inquiry 
experimentation

Involvement 4.13 0.71

Relations with teacher 4.53 0.67

Multiple perspectives 4.19 0.69

Cohesiveness 4.13 0.71

Organization 4.25 0.62

Average mean 4.24 0.68

Figure 3. Graphical representation of students’ inquiry learning perception scores on each construct 
and overall
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performance and social inquiry process; the latter was equally rated. This statistical evidence indicated 
that the laboratory learning environment had a greater impact on the development of the students’ emo-
tional practice when compared to their cognitive performance and the social inquiry process.

Figure 2 displays mean score distributions and a comparison of the mean scores for each issue con-
struct and reveals the differences in what students perceived from the laboratory learning environment 
in terms of cognitive performance, emotional practice and social inquiry process. This finding shows 
that compared to their cognitive performance and social inquiry process, students’ emotional practice 
was more strongly affected by the laboratory learning environment. Students’ responses to the two open-
ended questions suggested several improvements to the laboratory learning environment. The qualitative 
responses were read as a whole in order to gain a comprehensive insight into their learning perceptions. 
Key points of the responses to the open-ended questions were coded and summarized in Table 3.

Overall results of students’ perceptions toward the laboratory learning environment revealed that 
their prevalent perception was the environment afforded them better opportunities to develop emotional 
practice and both cognitive performance and the social inquiry process. The result was consistent with the 
research findings that microcomputer-based laboratories encouraged students to play active roles in their 
learning tasks, reinforced their comprehension of scientific conceptual understanding and awareness of 
science–technology relationships, and made science more comprehensible and attractive to larger num-

Table 3. Summary of students’ responses on open-ended questions

Open-Ended Questions Students’ Response Frequency %

What did you get from this 
experimental learning experience?

Cognitive performance

• Helped me understand the lotus effect phenomenon 
• Provided a contemporary scientific method in scientific 
research 
• Stimulated more thinking in everyday things or phenomena

21 
20 
12

65.63 
62.50 
37.50

Emotional practice

• Provided a real working experience with nanoparticles 
• Provided easy and interesting ways to measure the contact 
angle 
• Made learning interesting and enjoyable by practice with 
modern technology 
• Allowed interaction with technology-based scientific 
laboratory instruments 
• Enhanced scientific practice skills through the use of 
computer technology

29 
25 
17 
15 
10

90.63 
78.13 
53.13 
46.88 
31.25

Social inquiry process

• Gave an opportunity to design the experiment with group 
members

12 37.50

What improvements should be made 
to this experimental experience?

Cognitive performance

• Incorporate nanotechnology into the current curriculum 6 18.75

Emotional practice

• Provide the device individually for each group to gain more 
experience with it 
• Provide more time for performing practical laboratory work 
• Provide a larger variety of instruments for laboratory work 
(e.g. scanning probe microscope)

13 
12 
11

40.63 
37.50 
34.38
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bers of students (Trumper & Gelbman, 2001). Freedman (1997) also provided evidence that laboratory 
experiences had a positive effect on secondary students’ attitudes towards science and achievement in 
science knowledge and there was a highly significant correlation between attitude and achievement. Based 
on meta-analysis of a number of studies, Hofstein and Lunetta (2004) mentioned the need to focus on the 
use of technology in the science classroom and that technology provided students with unique benefits 
to learn science. Also, it could lead to a more complete understanding than other teaching methods. By 
increasing opportunities for authentic hands-on experiences (Zumbach, Schmitt, Reimann, & Starkloff, 
2006) and helping students to construct links between theories and phenomena (Hennessy, Deaney, 
Ruthven, 2006), computer technology and educational software provide new learning opportunities that 
could change the look and feel of traditional science classrooms (Chi-Yan & Treagust, 2004).

Study Two: Efficacy

In order to generate reliable estimates of the ability of a fully-developed intervention or strategy to achieve 
its intended outcomes, efficacy research studies allows for testing of the strategy or intervention under 
ideal circumstances or optimal conditions (IES, ED, & NSF 2013; Plass, Milne, Homer, Schwartz, Hay-
ward, Jordan, Verkuilen, Ng, Wang, & Barrientos, 2012). The efficacy study may limit the investigation 
to a single population of interest (IES, ED, & NSF 2013; Plass et al., 2012); in our case this involved 
the use of combined computer-based PE and VE during a single science class period, with the research 
team in a prominent support role. Study 2 was conducted with this view to examine students’ science 
motivation delivered by inquiry-based learning in the combined laboratory environment.

Subjects and Procedures

A total of 46 eleven-grade students, from a class, aged between 17-18 years old in a large public sec-
ondary school located in Northeast Thailand (N=46) were involved in this study. The students signed 
up voluntarily to participate in a special workshop on self-cleaning nanotechnology conducted by the 
researcher and two laboratory assistants. The results of an informal interview with the regular class 
instructor before starting this study indicated that all of the participants had satisfactory skills on using 
basic computers and communication technology but they had not experienced using computer-based 
hands-on experimentation and computer simulations in science learning. In addition, they had never 
experienced having a formal class with open-ended scientific inquiry in any formal class, implying that 
they were homogeneous before participating in this study.

Measuring students’ science motivation was a challenge for science educators and teachers in order 
to explain why students strive to learn science, what emotions or feelings characterize how much they 
strive, how intensively they strive, and how long they strive (Glynn, Taasoobshirazi, & Brickman, 2007). 
In order to investigate their science motivation, the Science Motivation Questionnaire II (Glynn, Brick-
man, Armstrong, & Taasoobshirazi, 2011) based on social cognitive theory was revised by rephrasing 
the word “science” into “nanoscience” for using as a discipline-specific version of the questionnaire, and 
used in this study to explore secondary school students’ motivation to learn nanoscience. The question-
naire involved five constructs to capture the essence of science motivation: Intrinsic Motivation (IM), 
which involves the inherent satisfaction in learning science for its own sake; Self-determination (SDT), 
which refers to the control students’ believe they have over their learning of science; Self-efficacy (SEC), 
which refers to students’ beliefs that they can achieve well in science; and Career Motivation (CM) and 



719

Motivating Inquiry-Based Learning
 

Grade Motivation (GM), which involves learning science as a means to science careers and learning 
achievement in science subjects, respectively (Glynn et al., 2007; Glynn et al., 2011). The questionnaire 
was translated from English into the Thai language by the researcher and it was administered to Thai 
eleven-grade students (N=106) to assess its internal consistencies by Cronbach’s alphas. The results of 
the Thai nanoscience motivation questionnaire follow: IM (0.79), CM (0.81); SDT (0.81); SEC (0.89); 
and GM (0.85). The Cronbach’s alpha of all 25 items in Thai version was 0.92. Students responded to 
each item on a rating scale of agreement level: strongly disagree (1), disagree (2), neutral (3), agree (4), 
and strongly agree (5). The maximum score on each of the five 5-item scales was 25. The students took 
15 minutes to fill out the nanoscience motivation questionnaire in class on the first and last weeks of the 
lesson. These two tests represented pre- and post-nanoscience motivation test scores. In order to answer 
the abovementioned research questions, a paired-sample t-test was conducted to evaluate whether there 
was significant difference between scores from pre- and post-nanoscience motivation.

Results and Discussions

The paired t-test indicated a significant difference between the pre- and post-test mean scores of the males 
(t(19)= -2.609, p= .017), and of the females (t(25)= -3.794, p= .001) in respect to their improvement 
in nanoscience motivation. The results showed significant differences in all constructs of nanoscience 
motivation for females but only in three constructs (i.e. IM, SDT, SEC) for males as shown in Table 4.

Table 4 indicates that after participating in the inquiry-based learning in the combined computer-based 
PE and VE environment, both male and female students increased their motivation to learn nanoscience. 
For males, there was a statistically significant difference between the mean scores from pre-test to post-
test, t(19)= -2.33, p<.05 for IM. The analysis also found a statistical difference between the mean scores 
from pre-test and post-test, t(19)= -2.11, p<.05 for SDT as well as the mean scores from pre-test and 
post-test, t(19)= -3.56, p<.01 for SEC, the highest improvement score. However, there was no statistical 
difference between the mean scores from pre-test and post-test for CM (t(19)= -1.63, p=.120) and GM 
(t(19)= -1.41, p=.175) within the males. These data indicate that male students’ IM, SDT, and SEC 
increased significantly (p<.01) after participating in the inquiry-based learning module. For females, 
Table 4 indicates that female students’ nanoscience motivation on all constructs increased significantly 
(p<.01) after participating in the inquiry-based learning module: IM, t(25)= -4.02, p<.01; CM, t(25)= 
-2.73, p<.05, SDT, t(25)= -3.44, p<.01, SEC, t(25)= -3.29, p<.01; and GM t(25)= -2.73, p<.05.

The paired sample t-test results showed that at the end of the inquiry lesson, both females and males 
expressed enhanced motivation to learn nanoscience. Significant effects of the computer-assisted inquiry 
learning module about self-cleaning nanotechnology on students’ nanoscience motivation were found 
on IM, SDT, and SEC for both genders. These results are in line with Plant et al. (2009) who examined 
gender influences on the use of motivating animated pedagogical agents as a learning companion in 
an inquiry learning environment and reported that both females and males’ self-efficacy increased sig-
nificantly after interacting with the agent. This could be supported by Messaris (1998) who suggested 
that the quality of education and motivation for achieved learning is becoming increasingly dependent 
on the quality of the visual aids incorporated in teaching materials. In addition, previous studies (Gib-
son & Chase, 2002; Piraksa & Srisawasdi, 2014; Shimoda et al., 2002; Tuan et al., 2005) reported that 
inquiry-based lessons could increase students’ learning motivation in science. However, only females 
exhibited an overall significant increase in nanoscience motivation at the end of the learning module. 
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This is consistent with Arroyo, et al. (2011) and Van der Meija, Van der Meijb, & Harmsen (2012), who 
found that females showed a gender-specific motivation effect during and after program training, and 
the use of an inquiry learning environment influenced females’ motivation to learn science more than 
males. With regard to the inquiry lesson it is important to note that the combined computer-based PE 
and VE environment improved secondary school students’ nanoscience motivation.

CONCLUSION

The goal of this study was to examine if inquiry-based learning supported by combined computer-based 
PE and VE environments could make a positive difference in student perceptions of science learning and 
their motivations to learn science when integrated into high school science classrooms. The results of 
this study have important implications for current reform efforts in Thailand science education. More-
over, it could be used to strengthen learning in the field of STEM education. This study demonstrated a 
pedagogical way to encourage student to independently design and collaboratively work on doing science 
utilizing technology-based inquiry materials, and combine physical hands-on experimentation and vir-
tual computer-simulated experimentation. Students in this study reported a stronger desire to learn with 
combined computer-based PE and VE environments. The results of study one showed students perceived 
a relatively high degree of supporting during inquiry learning experience by the combined laboratory 
environment. In this study, inquiry-based learning conducted with combined environments was seen as 
mostly favorable by the students in terms of supporting their cognitive performance, emotional practice, 
and social inquiry process. Moreover, a unique inquiry learning environment integrating computer-based 
hands-on and computer-simulated experimentation could promote, according to study two, motivation 

Table 4. A comparison of pre- and post-science motivation scores on the motivation components

Motivation Construct Pre-Test Post-Test t p-Value

Mean S.D. Mean S.D.

Male (N=20)

IM 18.23 3.69 21.69 2.38 -2.33 .031*

CM 18.73 3.89 21.27 2.54 -1.63 .120

SDT 16.88 3.09 19.69 2.67 -2.11 .049*

SEC 15.85 3.64 18.92 3.55 -3.56 .002**

GM 19.12 3.36 21.58 2.58 -1.41 .175

Female (N=26)

IM 18.55 3.27 21.00 2.66 -4.02 .000**

CM 19.35 2.85 20.80 2.33 -2.73 .011*

SDT 16.90 2.73 19.00 3.26 -3.44 .002**

SEC 15.35 3.31 19.40 3.56 -3.29 .003**

GM 19.70 4.14 21.035 3.42 -2.73 .011*

*significant at p<.05; **significant at p<.01
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to learn science for both female and male students, but likely enhance female secondary school students’ 
science motivation more than male students’ motivation. These findings suggest that the incorporation 
of combined computer-based PE and VE environments for inquiry-based learning in science can have 
a positive impact on how high school students learn science and affect student attitudes about learning 
science. As such, the author recommends combining the two to strengthen science learning.
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KEY TERMS AND DEFINITIONS

Combined Laboratory: The sequential combination of physical experimentation (PE) and virtual 
experimentation (VE) to address a certain learning goal in curriculum (e.g., students conduct the first 
set of the experiments of a certain variables with PE and the other set (or the same set of another vari-
ables) with VE).

Data Loggers: An electronic device that records data over time either from a built-in instrument or 
external instruments and sensors, allowing for computerized (or a digital processor) experiments in the 
classroom and to plug electronic sensors into the computer at the same time.

Inquiry Learning Perception: An internal process that extracts relevant or meaningful information 
from the inquiry learning environment, a stimulus array of learning tasks or activities, as the result of 
inquiry learning experience in terms of three constructs: cognitive performance, emotional practice, and 
social inquiry process.

Microcomputer-Based Laboratory: A computerized data-logging instrument, which has a number 
of electronic sensors connected with a data logger, that enables students to measure, collect, and analyze 
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data of physical systems through a software on computers or handheld devices such as tablets and smart 
phones simultaneously.

Physical Experimentation: An actual learning experience that involves a process in which students 
physically manipulate real-world physical or concrete material and apparatus to observe and understand 
the natural or material world.

Science Motivation: The internal state of motivation to learn science in terms of five dimensions: 
intrinsic motivation and personal relevance, self-efficacy and assessment anxiety, self-determination, 
career motivation, and grade motivation.

Simulation: A computer-based visual representation application presenting dynamic, theoretical, or 
simplified models of real world components, phenomena, or processes that involves a process in which 
students virtually manipulate/interact with this application to observe, explore, recreate, and receive 
immediate feedback about real objects, phenomena, and processes.

Simulation-Based Open Inquiry: An active learning process based on an inquiry approach in which 
students investigate scientific or natural phenomena by interacting with simulations, wherein instructors 
provide an open-ended inquiry question and basic science background wherein learners have to develop 
their own procedure, analysis, communication, and conclusions to address an instructor-provided question.

Virtual Experimentation: An onscreen (active touching of computer screen) learning experience 
that involves a process in which students virtually manipulate or interact with onscreen objects (e.g. 
virtual materials and apparatus) to observe and understand the natural or material world.

This research was previously published in Improving K-12 STEM Education Outcomes through Technological Integration 
edited by Michael J. Urban and David A. Falvo, pages 108-134, copyright year 2016 by Information Science Reference (an 
imprint of IGI Global).
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EXECUTIVE SUMMARY

It has been mentioned that gifted students may not necessarily just be the ones who have high IQ and 
perform consistently well in their examinations but also those who are able to showcase their creative 
talents through content and skills gained in their academic subjects. This chapter highlights how a class 
of academically less-inclined students in Singapore has been able to showcase their creative talents in 
science and other subjects through a values-driven toy storytelling project that serves a community need. 
Results from this study show that the project has provided an avenue for the students’ creative talents 
in science and other subjects to be recognized by members of the community. The positive recognition 
through the students’ work instilled a sense of pride and self-worthiness amongst them.

BACKGROUND INFORMATION OF NT STUDENTS IN SINGAPORE

In Singapore, students who do not perform well in the national Primary School Leaving Examination 
(PSLE) to qualify for the traditional academic streams are placed in the Normal Technical (NT) stream in 
secondary schools. The NT stream was established in 1994 and comprises about 15% of the students in 
each cohort in Singapore (Albright, Heng & Harris, 2008; Ismail & Tan, 2004; Ser, 2004a). The number 
of students that enter the secondary one NT stream ranges from 7795 in 2000 to 6491 in 2010 (Singapore 
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Department of Statistics, 2011). In 2010, there are about 26,010 NT students across the neighbourhood 
schools in Singapore (Singapore Department of Statistics, 2011).

Many of the students in NT stream are predominantly kinesthetic learners with short attention spans 
and seem to exhibit a disinterest in studying when the subject content is not set in contexts that appeal 
to them and teaching approaches that are not matched to their learning styles (Chang, 1997; Ismail & 
Tan, 2004). Ser (2004b) stated that having already been relegated to the bottom stream, these students 
lose interest in their studies very quickly. Many students in this stream have also been identified as ones 
that have difficulties reading, understanding and answering questions across subjects because of their 
weak proficiency in the English language (Albright et al., 2008; Ismail & Tan, 2004; Kramer-Dahl & 
Kwek, 2011; Lee & Bathmaker, 2007). Several students in this stream have been diagnosed with dys-
lexia and exhibit ADHD-symptoms, and a few have been reported to have mild autism (Ho, Lim & Ho, 
2005). Most of these students also come from low-income family backgrounds (Ng, 1993 as cited by 
Lee & Bathmaker, 2007) and are deemed to be the ones who are less academically inclined because of 
their poor performance in English, mathematics and science (Moo, 1997 as cited by Lee & Bathmaker, 
2007). Ng (2004) reported that most teachers see these pupils as poor, coming from dysfunctional homes 
or having parents who do not care enough. Because of these, the pupils are then seen not to be coping 
well in school.

Reports have shown that teachers, parents and non-NT students (who are more academically-inclined) 
seem to have negative perception of students in the NT stream (Albright et al., 2008). Ser (2004a) men-
tioned from her interviews with parents and non-NT students that at their best, normal tech students are 
perceived to be unmotivated and lazy, and at their worst, an ill-disciplined and disruptive bunch gener-
ally beyond redemption.

Ser (2004a) also reported from her interviews with teachers that they felt there is only so much a teacher 
can do to help NT students, because not all of them are willing to be helped. Ser (2004b) mentioned that 
teachers and school councilors told her that many of these students also have a greater propensity for 
delinquency. Ser (2004b) also stated that according to the Singapore Children’s Society, one-third of kids 
who land up in (the juvenile) court are from this stream. Ser’s (2004b) interview with teachers revealed 
that several teachers emphasise the need to look into the social issues of these students. A teacher men-
tioned that a lot of these NT students tend to come from the lower income families and face difficulties 
at home. He also mentioned that these students are very sensitive and while they can be loyalist and do a 
lot of things for their friends, they can also be easily influenced by the other students in a negative way. 
In this regard, it is very important to teach them how to manage their lives. The teacher also mentioned 
that these students often feel de-motivated once they realize that they are not able to achieve the same 
things when compared to the more academically-inclined students. Ser’s (2004b) interview with several 
NT students revealed that while they acknowledge that they are slow learners, they wish for teachers 
and society to respect them and look up at them in a positive manner. When this happens, they too will 
act in a positive way. Ser (2004b) mentioned that perhaps what NT students need is a change in the way 
these students are guided in school in meeting up to such expectations.
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SETTING THE STAGE

Giftedness and Creativity Amongst Academically Less-Inclined Students

Fostering creativity amongst our students has become ever-increasingly important to prepare them for 
the complex work environments of the 21st century. Raviv (2002) mentioned that many schools seem to 
focus on getting students to acquire knowledge but neglect in getting students to be trained in creative 
thinking. This will lead to a considerable number of students losing the basic skills for defining, under-
standing and solving problems. These traits would be valuable in getting students to contribute to their 
personal, social, and technological achievements which could contribute to the economy (Haigh, 2007; 
Lee, 2001; Metz, 2010). Furthermore, Metz (2010) and Washton (1971) highlighted how students may 
perform very well in theoretical examinations but ‘suffer’ when they are out in the working world as they 
are insufficiently equipped with problem-solving skills to prepare them for the increasingly complex 
work environments of the 21st century. Job security for students today are not only dependent on just a 
high level of academic content and skill-sets that are instilled in them from schools and institutions of 
higher learning but also through their creative capabilities to contribute to a productive and innovative 
workforce (Metz, 2010).

Because routine work can be outsourced or automated, successful workers will be those who can imagine 
and create —Metz (2010) p 6

It has been mentioned that gifted students may not necessarily just be the ones who have high IQ and 
perform consistently well in their examinations but also those who are able to showcase their creative 
talents through content and skills gained in their academic subjects (Gilbert, 2005; Gilbert & Newberry, 
2007; SingTeach, 2010). Stouffer, Russel & Olivia (2004) highlighted that the ‘Torrance Tests of Creative 
Thinking’ used in 1966 and 1974 (Torrance, 1966; Torrance, 1974), ‘debunked the common assumption 
that IQ alone determined creativity’. Torrance (1987) mentioned that he was spurred to come up with 
the creativity tests as he saw that students who were deemed as those who were ‘unable to think’ were 
actually showing traits of creativity.

I have seen children who had seemed previously to be “non-thinkers” learn to think creatively, and I have 
seen them continuing for years thereafter to think creatively. I have seen, heard, and otherwise experi-
enced their creativity. Their parents have told me that they saw it happening. Many of the children, now 
adults, say that it happened. I also know that these things would not have happened by chance because 
I have seen them “not happening” to multitude of their peers —Torrance (1987) p 189

Palaniappan (2007) made use of the ‘Torrance Tests of Creative Thinking’ and did a study with 497 
Form Four Malaysian students to explore the academic achievement of students based on creativity and 
intelligence. The results of his study showed no significant difference in academic achievement between 
students who were deemed intelligent (having high IQ and yet low in creativity) and students who were 
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deemed less intelligent (having low IQ but high in creativity). He highlighted a need to push for foster-
ing creativity among students who were less-academically inclined as this could enhance their academic 
achievement and put them on par with students who were more academically inclined. Earlier studies 
carried out by Guilford (1959) have also shown that that there is little correlation between academic 
performance and creativity. 

These discussion points highlight the importance on the need to come up with classroom instructional 
approaches to foster the creativity of not just academically-abled students, but also NT students through 
content and skills gained in their academic subjects. As a classroom teacher of NT students over the last 
11 years, I have observed that there are programmes in place to nurture NT students to showcase their 
creative talents in music and the arts (for example, showcasing their creativity in art through displaying 
paintings and sculptures done in art lessons, and showcasing their creativity in music and aesthetics 
through hip-hop dance and band performances in front of the school). Little however has been discussed 
on feasible classroom instructional approaches in getting NT students gain science content while at the 
same time showcasing their creative abilities through knowledge from science. Many of the experiments 
in science activity books published for NT students, while allowing them to be engaged in learning sci-
ence through a hands-on approach, seem to lack instructional elements that would allow teachers to guide 
them to showcase their creative talents in science (Abrahams, 2009; Abrahams & Millar, 2008; Amir 
& Subramaniam, 2012). As such, I find that while is important to push for instructional approaches to 
get NT students to be inquisitive and find out how science plays a role in the real world, what is equally 
important is to equip these NT students with the knowledge and skills to solve problems through knowl-
edge from science, and guide them to showcase their creative talents in science.

Fostering Creativity in Science Amongst NT Students During Science Lessons

Wardle (2009) highlights that ‘creativity’ can be perceived with a variety of meanings. According to 
Puccio (2011), Rhodes (1961) attempted to find one unifying definition of creativity. Rhodes’s (1961) 
review of more than 50 studies led to him finding more than 40 different definitions of creativity. Rhodes 
(1961) found that traits of creativity are dependent and, can be grouped, around four themes. He called 
this the four P’s of creativity. Based on Rhodes (1961) 4P’s of creativity, Fox (2011) elaborated on how 
each of these themes such as the characteristics of a ‘person’, the components of a ‘process’, aspects of 
a ‘product’ and qualities of an environment (or ‘press’) all play a part in fostering creativity.

A common thread across the definitions of creativity based on the works of Barlex (2007), Chris-
tensen, (1988), Guilford (1959), Robinson (2006), Spendlove (2005) and Torrance (1966; 1974) is that 
creativity has to do with producing something original or novel and of value (product). The works of 
Amabile (1996), Besemer (2010), Craft (2001), Cropley & Cropley (2010), Cziksentmihalyi (1998), 
Dacey & Lennon (2000), Feldman, Csikszentmihalyi, & Gardner, (1994), Ryhammer & Brolin (1999), 
and Vernon (1989) suggest that the term ‘fostering creativity’ has equivalent meaning to ‘encouraging’ 
or ‘promoting’ creativity. A common approach to foster creativity through problem solving activities 
is to equip students with divergent thinking skills during problem solving activities (process) (Gardner, 
1997; Garret, 1987; McCormack, 1971; Moravcsik, 1981; Pereira, 1999; Plucker & Runco, 1999; Piz-
zini, Shepardson & Abell, 1989; Washton, 1971; West, 1981; and Williams, 1972). Based on the work 
of these educators, if we merge the ‘process’ and ‘product’ themes of creativity together, we can say that 
creativity in science can be looked upon as the process of solving problems through the use of science 
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knowledge, in coming up with solutions that are original or novel and of value (product). In this regard, 
fostering creativity in science can be perceived as the process of guiding students to come up with original 
and valuable ideas that draws knowledge from science in the course of solving problems. Encouraging 
science teachers to foster creativity in science amongst NT students can provide a way for these students 
to exhibit the core components of creativity (fluency, flexibility, originality and elaboration) through 
scientific reasoning. This could be a way for them to showcase of their creative talents in science.

Instructional Approaches for NT Students to 
Showcase Their Creative Talents in Science

The work of Norman (1993), Sidawi (2009), and West (1997) suggest that a way to engage academi-
cally less-inclined students in science is through design-based science projects. Attempts to show how 
educators have presented science content and foster creativity in science through design-based science 
projects have been described in the literature (Childress, 1996; Fortus, Krajcikb, Dershimerb, Marx, & 
Mamlok-Naamand, 2004; 2005; Lewis, Barlex & Colin, 2007; Zubrowski, 2002). Furthermore, teachers 
who adopt design-based projects can stir students’ interest in learning if the projects appeal to students 
(Hoang, 2007) such as toy projects that work on scientific principles (Featonby, 2005; Güémez, Fiolhais, 
& Fiolhais, 2009; Sarquis, Sarquis, & Williams, 1995). Such an approach taps on the kinaesthetic learn-
ing styles of the students and appeal factors that are in the toys to generate the NT students’ interest in 
learning science. Being predominantly visual-spatial rather than visual-linguistic learners (Ramadas, 
2009), a suitable way teachers can guide NT students to record their learning of science through design-
based projects would be through the use of use of sketches and annotations in design sheets instead of 
getting them to write in full sentences (Austin & Shore, 1995; Barak & Doppelt, 2000; Mackin, 1996; 
Slater, 1996; Trumbo, 2006; Wiebe, Clark & Hasse, 2001).

While design-based toy projects may seem to offer a favourable approach in presenting science content 
to the academically less-inclined students, I find that little has been reported on how science-based toy 
projects can be extended to other subjects that these students study in school in view of making learning 
content within these other subjects relevant for them, and in offering support for these students to show-
case their creative talents through these subjects. The work of Caine & Caine (1991), Fogarty (1991), 
Jarvis (2009) and Lee (2007) suggest that design-based science projects can be linked to other subjects 
so that NT students can find a sense of purpose in learning content in these other subjects. Showcasing 
the creative work of NT students through their projects to educational stakeholders and the community 
could lead to these students feeling proud of their efforts and develop heightened self-esteems (Anandan 
& Kan, 2008; Thuraisingam, 2007).

The points brought about in the previous sections highlight the possibility of crafting a multi-disciplinary 
science-based toy project that would allow NT students to pick up academic content across a number of 
subjects that they study in school, after which showcasing the work of these students to members of the 
community. Findings from a study by Lee, Goh, Chia, & Wan. (2006) revealed that from a pragmatic 
viewpoint of teachers, if there is a need to craft out approaches to foster creativity during curricula hours 
in school, then these approaches cannot be at the expense of presenting academic content that is in the 
subject syllabuses. As such, I was in search of feasible classroom teaching approaches that would allow 
NT students to gain science content and showcase their creative talents through knowledge from science, 
at the same time through a design-based science toy project.
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CASE DESCRIPTION

Inspiration to Start the Toy Story: Telling Project

I was motivated to carry out a toy story-telling project for my NT students because I noticed that several 
teachers in special schools (teaching children who are intellectually disabled) struggle at engaging their 
young students to pay attention to them when it comes to teaching fairy tale stories through verbal modes, 
often accompanied by picture cards. I was unable to find toys that worked on science principles that 
could be suitable as aids for these teachers in telling stories to these intellectually disabled children or 
even to young children in nursery schools (three to four years of age). Currently, many of the toy story-
telling teaching aids available are in the form of picture cards, puppets, cartoons available in CD/DVDs, 
and the internet. While these teaching aids may be colourful and attractive, they very much only tap on 
the visual and auditory senses of three to four year old children and intellectually disabled children in 
learning. These teaching aids lack the mechanics that a science toy may offer and do not seem to carry 
much elements of surprise in them. I feel that these are crucial factors that trigger the kinaesthetic senses 
of young children and get them curious and inquisitive to think about the mechanical operations of a toy.

Many of the science concepts that lower secondary NT students (13 – 14 years) study in school lie 
in physics. With this in mind, I came up with the idea of getting my class of 37 secondary two NT stu-
dents (14 girls and 23 boys, averaging 14 years of age) to design and fabricate toys that work on physics 
principles, which would be suitable to be used as story-telling aids for the young children (three to six 
years of age) who may be less fortunate than them. This ties in nicely with the topics of ‘forces’ and 
‘simple machines’ that has to be covered in the secondary two NT science syllabus (MOE, 2007). This 
toy story-telling project also created an opportunity for me to link with other subject teachers so that 
these students would be able to pick up knowledge and skills from other subjects to pursue the design 
requirements given to them. Apart from reaching out on the cognitive learning domains of my NT stu-
dents, having such a project would also reach out on their affective domains, by promoting in them a 
consciousness of community needs. Feedback on the views of the young children and their teachers on 
the efforts of my NT students on being able to showcase their creative talents in science for a good cause 
could contribute to a sense of self-worth and heightened self-esteem amongst them.

This led me to the formation of three research questions in the interest of this action-research study:

1.  Are lower secondary NT students able to showcase their creativity in science through a multi-
disciplinary toy story-telling project?

2.  What are some of the views of these students on acquiring academic content and showcasing their 
creative talents in science through this project?

3.  What are some of the views of these students on the use of this project as an avenue for them to 
contribute to the community and instill a sense of self-worthiness amongst them?

Capturing the Performance Task of NT Students 
Through the Toy Story-Telling Project

In crafting a way to gather data to address the first research question, the works of Balchin (2005), Barak 
& Doppelt (2000), Childress (1996), Doppelt (2005), Fortus et al. (2004; 2005), Johnsey (1999), Lim, 
Lim & Atencio (2013), McCormick (1997), Sage & Steeg (1993), Sharkawy, Barlex, Welch, McDuff, 
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& Craig (2009), Sidawi (2009), Welch & Barlex (2004), and Zubrowski (2002) suggest that the NT 
students’ creative talents in science through their design-based toy story-telling project can be captured 
through scans of their sketches taken off from their design sheets, and photographs of their physical 
artefacts. Ideas gathered from Besemer (1998), Cross (2007), Davidson, Evens, & McCormick (1998), 
Hansen (2009), and Zubrowski (2002) suggest that a way to analyse creativity from the students’ proj-
ects would be to sieve out the clever use of science in the students’ projects through their design sheets, 
and look into the functionality of their artefacts through the contexts which they are placed in. As such, 
samples of the NT students’ work will be presented in the form of scans of the students’ design sheets, 
and photographs of their artefacts, which will be accompanied with descriptive commentaries on how 
science contributes to the functionality of their toy designs.

Capturing the Views of NT Students at the End of the Toy Story-Telling Project

In crafting a way to gather data to address the second research question, articles on subject interaction 
through the works of Amir & Subramaniam (2012), Brodie & Thompson (2009), Caine & Caine (1991), 
Davidson et al. (1998), Fogarty (1991), Höhn & Harsch (2009), Jarvis (2009), Klein & Shragai (2001), 
Lee (2007), and Nickerson (2009) suggest that it could be useful to come up with an instrument to cap-
ture the views of NT students on how they were able to acquire academic content and showcase their 
creative talents in science through the multi-disciplinary toy story-telling project.

In crafting a way to gather data to address the third research question, the works of Amir & Subra-
maniam (2012), Balchin (2005), and Lim et al. (2013) suggest that my students can be encouraged to 
reflect their views on the use of the toy story-telling project as an avenue for them to contribute to the 
community after going through the entire activity. The works of Stake (1995) and Yin (1989) suggest 
that the sentences written down by students can be broken down to sieve out key phrases to interpret 
their views. It seems plausible then that I can analyse the written views of my students to find out if this 
project has provided an avenue to instil a sense of self-worthiness amongst them.

The works of Baxter & Jack (2008), Brymen (2001), Denzin (1970), Guion, Diehl, & McDonald 
(2011), Jick (1983), Knafl & Breitmayer (1989) and Stainback & Stainback (1988) suggest that I could 
triangulate the results from the three research questions in finding out if the toy story-telling project 
adopted in this action research study would be a useful instructional approach in getting NT students to 
showcase their creative talents in science, and in getting them to acquire academic content through the 
various subjects, and also in instilling a sense of self-worthiness amongst them.

PROCEDURES

Staring Out the Project

Prior to the start of the project, arrangements were made with a special school such that I would be able 
to carry out a Community Involvement Program (CIP) with them through the toy story-telling project. 
Staff members from the special school welcomed the idea. I then invited the English and Computer Ap-
plications (CPA) teachers of my NT students to discuss the possibility of linking up the toy story-telling 
project to their subjects. This was done over a simple hour-long coffee session in the school canteen. 
In making the subject interaction approach feasible for all three of us, it was agreed that I (the science 
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teacher) would present the design challenge to the students and guide them to make their toys through the 
use of scientific principles. This would be carried out over six weeks after which both the other teach-
ers would guide the students to gather language, narration and some aspects of dramatization skills (in 
English lessons) and apply graphic and animation skills in MS-PowerPoint (in CPA lessons) into their 
project over two weeks. It was also decided that each story should be presented to the young children in 
a time span of five to ten minutes.

Guiding Students in Science Lessons (6 Weeks)

I first brought my NT students to the special school to let them have a feel of where they would be tell-
ing their stories. Here, they had a chance to talk to several teachers teaching these young children and 
see the children themselves to have an idea of how these children might best learn from their stories.

In the first science lesson back in school, my students were told to group themselves up into three to 
four students per group. Each group was then required to list out no less than five fairy tale stories. They 
were then made to narrow down to three stories they think the younger children will enjoy. Having done 
that, the students had to discuss about how physics principles, particularly from the topic of ‘forces’ and 
‘simple machines’ can be incorporated into the functionality of some toy designs that would be suitable as 
teaching aids in the presentation of these stories. As not many toy demonstration models were available 
in the market, the students had to rely entirely on their experience of playing with toys and synergizing 
with their group-mates to look out for ideas on how physics can play a part in the functionality of their 
toy designs. As an aid to trigger their thinking, I guided them to look into the details of several simple 
everyday items that work on mechanical principles such as a cloth peg, pulley on a flag pole and a see-
saw amongst a few others. The students were discouraged from buying anything that costs more than 
two dollars for each project.

The students used their science books as reference books and were observed to flip through all pages 
of the book (and not only the topics that they have been taught to them) as they brainstormed for ideas. 
I moved around from group to group facilitating the use of physics in their designs and provided ideas 
on how some of their designs can be improved. I encouraged them to come up with designs that would 
get the young children curious to find out how physics contributes to a toy’s functionality. I also had 
to ensure that each group chooses to present a different story so that there will not be an overlap in the 
stories that will be told to the younger children. Along the way in facilitating my students, I constantly 
reminded them on the design context at hand – that is, why there is a need to make these toys, how and 
where they will be used and who are these toys are made for. These reminders kept the students in-check. 
They were able to realize that it is important that the stories be kept simple and suitable to be used as an 
aid in telling fairy tale stories to special children. As such, there should not be any complicated mecha-
nisms or steps to operate their toys.

The students took about two weeks during curriculum time (about six hours) to finalize their ideas. 
Each group was made to present their finalized ideas to the other groups and explain how they plan to 
make their toys through the use of simple and recycled materials, and how their toys would function 
through the use of physics principles. As each group presented their design plans to their classmates, 
I noticed how other groups contributed more ideas to further improve each others’ toy designs. I also 
observed how the different groups were able to tap on ideas on the use of physics principles from one toy 
design to another. A total of four weeks science curriculum time (about ten hours) was spent fabricating 
their toys which included experimentation with different materials, trying out principles of forces and 
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making simple machines through ideas gathered from the internet. They also spent some part of this 
time colouring their toys. At the end of the four weeks, each group was made to submit their work which 
includes their prototype, their design sheets which describes how physics has been incorporated in the 
context of their fairy tale toy designs, and also the designs of three other groups. Doing this led to each 
group gaining the physics concepts that are also in their friends’ designs.

Creative Use of Physics in Students’ Fairy Tale Toys

As a whole, the efforts made by these students to incorporate physics into their toy designs are com-
mendable. Figures 1-14 present samples of how the NT students were able to showcase their creative 
talents in science through their toy designs.

Design 1: Rapunzel

In the design to support the story of Rapunzel, a group of students made use of a cardboard roll (from a 
kitchen towel) to represent the tower of the castle. Extract from their design page in Figure 1 highlights 
the reason the group made use of the cardboard roll - ‘This is the Rapunzel tower. We used kitchen towel 
because it is hard, stable and attractive’, which is indicative of the students being able to reason out 
material properties of stiffness for their choice of design.

In terms of mechanical operations of the toy, the group made a pulley system to bring the prince up to 
Rapunzel. The group first made use of a small wheel (with a thin bamboo stick protruding in it’s middle) 
that rest on an opening at the top of the cardboard roll. For Rapunzel’s hair, the group wove two white 
strings and attached them to the small wheel through the use of adhesive tape. They then attached the 

Figure 1. Design page showcasing the scientific principles in the Rapunzel story
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small wheel to a bigger wheel(placed at the bottom of the tower), through the use of rubber band, which 
is affixed to an ‘Allan’ key that acts as a crank, as shown in Figure 2. In this configuration, users of the 
toy will only need to turn the crank a few rounds in order to get Rapunzel’s hair to move up and down. 
This is possible because of the mechanical advantage of the pulley since different diameters of wheels 
are used. The group mentions in their design page that ‘We use the pulley to pull down the hair. Just need 
to reverse and forward it’. The word just suggests the simplicity of the mechanical operation of this toy.

In the experimental stages of coming up with this toy, the group attached a small piece of magnet 
to the free-end of Rapunzel’s hair through the use of a knot. The group decided to make the prince 
from a piece of cardboard since it is a light material. They decided to attach a paper clip to the back of 
the cardboard. Paperclip, being a magnetic material easily attaches itself to the magnet on Rapunzel’s 
hair. The group mentions in their design page that ‘We put the paperclip behind the small cardboard 
so that the magnet will attract the paper clip behind the cardboard and the prince will be ready to save 
the princess’. When the crank is turned, users of the toy will be able to see the prince ‘climbing up’ to 
Rapunzel to ‘rescue her’. Figure 3 shows how the group experimented with the mechanical operations 
of the toy through the combination of pulley, magnet and paper clip.

After successfully getting the mechanical operations of the toy to function well, the group then coloured 
the toy. The group convinced me that through their research on the internet, they found Rapunzel to be 
blonde. At that point in time, I only had limited paint colour tubes available in the physics laboratory. 
The group showed how resourceful they were by overcoming the problem through the use of coloured 
highlighters (which were easily available). The group mentions in their design page that ‘we can’t find 
yellowish colour, so what we do is we used yellow and orange highlighter’. Figure 4 shows the coloured 
Rapunzel toy.

Design 2: Hare and Tortoise

In the design to support the story of the Hare and Tortoise, a group of students made use of a rectangu-
lar piece of Styrofoam to represent the race track. The track is divided into two sections – one for the 
movement of the Hare and the other for the Tortoise. Both the Hare and Tortoise have strings attached 
to them in a way that allows the user to pull the two from the start to the finish line. The Hare is made 

Figure 2. Pulley system offers mechanical advantage
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Figure 3. Experimenting with the mechanical operations of the toy

Figure 4. Coloured Rapunzel toy (front view on the left and back view on the right)
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from white corrugated board and cotton wool, while the Tortoise was already available as a toy from 
one of the students in the group.

In terms of scientific operations of the toy, the group decided that a way to get the Hare to ‘stop and 
sleep’ just before the finish line is through the principle of magnetic attraction. They decided to hide 
a metal piece in the body of the Hare, somewhere near it’s base. On the race track, the students cut a 
rectangular slot in the Styrofoam board just wide enough to insert a bar magnet as shown in Figure 5.

After inserting the bar magnet into the slot, the group then used a piece of rectangular cardboard to 
cover the top of the Styrofoam. They painted the cardboard with green and black colour to make it look 
like a track in the woods. A tree was placed at a location where the magnet was hidden in the Styrofoam 
board, as shown in Figure 6.

The group’s idea is to invite two children from the audience to be volunteers in helping them tell this 
story to their classmates (in the special school). The children will not know about the hidden magnet. 
One child will focus on pulling the string attached to the Hare and the other child will pull the string that 
is attached to the Tortoise. At the start of the race, the child pulling the Hare will be told to exert a larger 
force as compared to the child pulling the Tortoise. The Hare, being subjected to the larger pulling force 
will move faster along the race track and be ahead of the Tortoise. However, when the Hare reaches the 
location of the tree, the hidden magnet in the Styrofoam board will attract the piece of metal in the body 
of the Hare causing it to stop. This depicts the Hare ‘having it’s nap’. The child who is applying a lesser 
amount of force on the Tortoise will inevitably cause it to move slower but there is nothing to stop the 
Tortoise till it reaches the finishing line. As the Tortoise passes through the finishing line, the group of 
NT students will encourage the child (pulling the Hare) to pull the string with a force large enough to 

Figure 5. Slot to insert a bar magnet
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overcome the magnetic attraction. By the time this is done, the Tortoise would have finished the race. 
The group hopes that such an interactive toy will entertain the young children as they watch their friends 
battle it out on the racetrack. They convinced me that such a design would also inject curiousity in the 
young children to find out the scientific operations behind getting the Hare stuck under the tree.

Design 3: The 3 Little Pigs

In the design to support the story of ‘The 3 Little Pigs’, a group of students made use of their knowledge 
from strength of materials to come up with the different houses for each little pig. Each little pig was 
made from plasticine (a soft modeling material) fairly easily as shown in Figure 7.

The challenge this group faced was in coming up with the different houses that would withstand a 
fair amount of wind energy that is produced bya hand-held motorized fan (depicting the huffs and puffs 
from the big bad wolf). In the experimental stages of coming up with this toy, the group first made sev-
eral structures out of different simple materials. These include newspapers, printing papers, straws, ice 
cream sticks, bamboo sticks, dried leaves, Styrofoam boards and cardboards. They then made use of a 
hand-held motorized fan to blow on these structures to find out the time taken for each of these structures 
to collapse as shown in Figure 8. Care was taken to ensure that the distance from the motorized fan to 
each structure was the same throughout this part of the experiment.

Figure 6. Hidden magnet is below the tree
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The results from the group’s experiment showed that the structure formed by interlocking printing 
papers will cause it to collapse within just a few seconds after it is subjected to wind energy coming 
from the hand-held motorized fan. It takes a longer time for the motorized fan to bring down a structure 
made from straws that are interlocked together. The motorized fan will not be able to bring down a 
structure made from ice cream sticks. These results led them to build the houses for the three little pigs 
as shown in Figure 9.

Figure 7. Using plasticine to make the three pigs

Figure 8. Testing the structural strength of different materials with a motorized fan
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According to their story, the youngest pig would be placed under the structure made from printing 
papers. When this ‘house’ collapses, the pig will be shifted (by hand action) to the structure made from 
straws where the second pig will already be in. When this second house collapses, both the pigs will be 
shifted (again by hand action) to the house made from ice cream sticks, where all three pigs will unite. 
The rest of the story will be told through the use of PowerPoint slides.

Design 4: Goldilocks and the 3 Bears

In the design to support the story of ‘Goldilocks and The 3 Bears’, another group of students also made 
use of their knowledge from properties of materials to come up with the different beds for each bear.

According to the story, papa bear sleeps on a very hard mattress on his bed, while mama bear sleeps 
on a softer mattress, and baby bear sleeps on an even softer mattress. In meeting up to this part of the 
story through their toy design, the group experimented with different materials that would be suitable 
to be used as mattresses for the three different beds. The group decided that the mattress for papa bear 
would be made from ice cream sticks as it is a hard material. Several ice cream sticks are joined together 
through the use of glue and attached to cardboard rolls that depict the legs of the bed. The headboard is 
made from a piece of cardboard. The bed designed for papa bear is shown in Figure 10.

The challenge this group faced was in coming up with two materials that had to be distinctively dif-
ferent in terms of hardness and yet suitable to be used as mattresses for mama bear and baby bear. The 
group eventually came up with the idea of using a sponge to be used as the mattress for baby bear’s bed. 
They took several steps to try and convince me that baby bear would be comfortable on the mattress that 
was to be made from sponge. In doing so, the group first made the bed for baby bear by attaching a piece 
of sponge to the legs and headboard. They then made a figurine out of plasticine, and placed it on this 
bed. They convinced me that the sponge which was flat before the figurine is placed on it, would bend 
slightly and follow the contour of the body of the figurine as shown in Figure 11. This proves that baby 
bear will not be sleeping on a very hard or very soft mattress but rather a comfortable one.

A member of this group had a collection of old erasers (the ones that has the country flags on each 
of them). This sparked an idea in them to make use of erasers for mama bear’s bed. The group told to 
me that erasers are made from rubber, and rubber is not too hard but yet not as soft as sponge, which 
would make it suitable for the mattress for mama bear’s bed. I agreed to their justification and told them 

Figure 9. Knowledge of material strength used in making the houses for the 3 little pigs
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to go ahead in making the bed for mama bear. Each of the three bears was made from cardboard, which 
was coloured and attached to ice cream sticks to be hand-held by the students when they tell this story. 
Figure 12 shows the bears resting on their respective beds.

The group took further steps to make the house for the three bears as shown in Figure 13. Similar to 
the three bears, Goldilocks was also made from cardboard, which was coloured and attached to an ice 
cream stick. The group’s idea is to first show the audience Goldilocks coming into the house (through 
hand action), and then sitting down on each of the three chairs in the living room, after which she will 
taste the soup in three bowls, before going up the stairs to the bedrooms.

Figure 10. Ice cream sticks depicting the hard mattress in papa bear’s bed

Figure 11. Sponge follows the contour of the body of the figurine
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Figure 14 shows the chairs made for the three bears. The group has made bigger chairs for papa bear 
and mama bear than for baby bear. Apart from the size of the chairs, another main difference is in the 
way the seats of the chairs (made from Styrofoam boards) are joined to the legs and the backrest (made 
from ice cream sticks).

For baby bear’s chair, the group has made use of glue to firmly join the Styrofoam board to the legs 
and the backrest. However, for papa bear and mama bears’ chairs, the group has glued the seat only to 
the backrest of each chair. The front legs of each of these two chairs are joined to the seat by just a little 
adhesive tape. This makes the chair collapsible when there is sufficient force applied on it. The group’s 
idea is to show the audience that the chair designs for papa bear and mama bear will collapse when 
Goldilocks sits on them. This would be done by the hand action of pressing Goldilocks (attached to the 
ice cream stick) down on both these chairs. However when Goldilocks sits on the baby chair, it will not 

Figure 12. The three bears on their beds made from different materials

Figure 13. House of the three bears
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collapse. This corresponds to the part of the story that states the baby bear’s chair being ‘just the right’ 
chair for Goldilocks to sit on.

Applying Knowledge and Skills From CPA and English 
Lessons Into Their Projects (2 Weeks)

Two weeks before their presentation to children in the special school, the students prepared animation 
slides in their CPA lessons and practiced their language and narration skills in English lessons.

In CPA lessons, this part of the project provided them a chance to explore the graphic and anima-
tion tools available in MS-PowerPoint. When I visited them in these lessons, I noticed how the use of 
Information-Communication Technology (ICT) has helped them in expressing their creative ideas. Hav-
ing in mind a known storyline helped them focus to come up with their slides. Having made their toys 
also helped them narrow down certain aspects of the stories that they would want the audience to focus 
more (or less) on. For example, the group that was came up with the ‘Rapunzel’ toy did not want much 
animation to be included in the slides showing the prince climbing up the castle tower as they wanted 
the audience to pay attention to mechanical operations of their toy. They however used more animation 
in the other slides (for example, the part where Rapunzel was locked up in the tower by the witch).

As a whole, a minimum of four hours was spent in coming up with the colourful slides and anima-
tions to capture the attention of the young children. As I walked around the computer terminals asking 
the students why they added so much colour into their slides, I was pleased to hear a common answer 
– “to make the young children happy” or “so that they (the young children) will enjoy our story”. A 
number of students even brought their self-made toys to the computer labs so that they can create a 
similar graphical model on their slides. This would help the young children relate the story they see on 
the screen to the physical toys. One example is a toy boat that is used to support a Singapore folk story 

Figure 14. Chairs made for the three bears
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entitled ‘Sang Nila Utama’. This boat works on a mechanical principle in that it rocks vigorously during 
a thunderstorm and remains calm during sunny weather. The boat that almost depicts the physical toy 
is shown in Figure 15.

In one of the English lessons, the English teacher provided the students with an opportunity to be 
exposed to learn skills in dramatization. The teacher believes that this could help the students create an 
impact in the audience when they tell their stories. Groups of students were made to draft out aspects 
worthy of being dramatized in front of the young children. This included acting out as the hungry and 
eventually angry big bad wolf, or little Goldilocks jumping from one bed to another. Figure 16 shows 
students gaining skills in the dramatization lesson.

In the subsequent English lessons, groups had to present their stories in front of their classmates and 
teachers, who acted out as the mock-up audiences shown in Figure 17. Doing this allowed the groups to 
rehearse their language and narration skills, and familiarize themselves with the way the stories had to 
be told in front of an audience. Prior to presenting their stories, members of each group had to distribute 
their roles - namely one or two students to operate the toy, one student to narrate the story and another 
student at the computer to click the buttons for slide transition. I observed how the students improved 
their presentation skills and gained confidence through these lessons.

Figure 15. The toy boat (left) and its corresponding graphical form in MS-PowerPoint (right)

Figure 16. Dramatization lessons
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Presenting the Stories to Younger Children

On the actual day of presentation, my students were enthusiastic to present their stories to the young 
children in the special school. It did not take long for us to set up a laptop to a portable projector in the 
school’s library. Eight stories were presented in total to two classes of about 20 children, ranging from 
three to six years of age.

Figure 18 shows two groups of students presenting their stories. Several of the stories were made 
interactive for the young children. For example, at the end of presenting the story of Red Riding Hood, 
the group of girls posed several questions to the young children that required them to come up to the 
screen to select an answer. The image on the right of Figure 18 shows a young boy coming up to answer 

Figure 17. Rehearsing in front of an audience

Figure 18. Presenting their stories to young children
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the question posed by the group – “Which picture represents the wolf in grandma’s clothing?” The boy 
who answered the question correctly was rewarded with sweets. This is indicative that in the planning 
stages of coming up with the slides for their presentation, this group of students did not merely just think 
of presenting their stories through the slides and toys but has also carefully thought through of making 
their presentation enjoyable and interactive for the young children.

The efforts of my students paid off when the young children and their teachers gave loud applauses to 
each group at the end of each story presentation. I observed how my students beamed with pride as the 
teachers shook their hands and thanked them for engaging and entertaining all of them. Many teachers 
also congratulated my students on being able to come up with such creative work through knowledge 
that is acquired in their academic subjects.

In closing the CIP session, the teachers surprised my students by getting the children to present 
hand-made bookmarks as tokens of their appreciation to my students. Several teachers also invited my 
students back to the school to visit the children with more of their self-made toys.

ADMINISTRATION OF SURVEY INSTRUMENTS

I developed a simple survey instrument comprising six statements, placed on a 6-point Likert Scale 
(Strongly Disagree = 1 and Strongly Agree = 6) that aimed to capture my students’ responses in ad-
dressing the second research questions. The instrument has a section to allow students to reflect on their 
learning experience through the project and how the project was able to provide an avenue for them to 
contribute to the community. Students were guided by the statement:“How was your learning experi-
ence through the project and how do you feel about helping the young children through your project?”

I administered the instrument to my NT students the day after they presented their stories to the 
younger children in the special school. The students took about ten minutes to provide their feedback 
through the instrument. Table 1 shows the mean scores and standard deviations of the responses received 
from the 37 students.

Several of the student’s comments that were written are presented as follows:

Table 1. Views of students on the toy story-telling project

Statements Mean SD

1. I am able to show my creativity in science through the story telling project. 5.74 0.48

2. I am able to understand several science concepts through the story telling project. 5.67 0.54

3. I am able to make use of animation skills that I learnt in CPA lessons in the story telling 
project.

5.56 0.61

4. I am able to make use of narration skills that I learnt in English lessons in the story telling 
project.

5.47 0.71

5. As a whole, the story telling project has made learning fun for me. 5.80 0.69

6. I am interested to do more CIP projects that allow me to showcase my creativity in science. 5.67 0.54
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Speechless ☺ I think this is the brilliant idea to learn science because this is the fun way. We are able 
to show how creative we are through our toys. I feel proud that my toy is able to make the children happy 
(Female student)

Thank you teachers for helping us whenever we need help. I really enjoyed doing my portfolio and mak-
ing the fun toys. Now I realized that I love science more and more! (Female student)

The science lessons are fun and make us more confident. Now this is the way to learn science! I wish to 
go back and help the little kids more next time! Thank you cher (teacher)! (Male student)

I’m very happy that I can use my science toy to make those nursery children smile. I just hope that all 
the NT students can learn science this way. This is amazing! (Male 14 Years Old)

ANALYSIS OF RESULTS

Results from Table 1 suggest that the entire class of NT students gave positive response towards the toy 
story-telling project. The high mean scores for all six statements and small standard deviations indi-
cated the consistency of students’ responses. I triangulated the scores from the statements with several 
of their comments, and their performance through their toy projects in helping me find out if the toy 
story-telling project is a useful instructional approach in getting NT students to showcase their creative 
talents in science, and in getting them acquire academic content through the various subjects, and also 
in instilling a sense of self-worthiness amongst them.

Narrowing in to the different statements across the survey instrument, the mean score of the NT stu-
dents through statement 1, which states that the students felt that they were able to show their creativity 
through the story telling project (score of 5.74 and standard deviation of 0.48), is closely aligned with 
the toy projects shown in Figures 1 to 14, which shows the commendable efforts made by these students 
to incorporate physics into their toy designs in clever ways. These results are further closely aligned with 
a student’s comment “We are able to show how creative we are through our toys”.

The mean score in statement 2, which states that the students felt that they were able to understand 
several science concepts through the story telling project (score of 5.67 and standard deviation of 0.54), 
and in statement 5, which states that the students felt that the story telling project has made learning fun 
for them (score of 5.80 and standard deviation of 0.69) are closely aligned with the scientific concepts 
of pulleys, magnets, and material science that they are exposed to in the projects through the context of 
a toy, as evident in Figures 1 to 14. These results are further closely aligned with students’ comments 
such as “I think this is the brilliant idea to learn science because this is the fun way” and “Now I real-
ized that I love science more and more” and “The science lessons are fun and make us more confident. 
Now this is the way to learn science!”

The mean score in statement 3, which states that the students felt that they were able to make use 
of animation skills that they learnt in CPA lessons through the story telling project (score of 5.56 and 
standard deviation of 0.61), and in statement 4, which states that the students felt that they were able to 
make use of narration skills that they learnt in English lessons through the story telling project (score 
of 5.47 and standard deviation of 0.71), are closely aligned with the students being able to explore the 
graphic and animation tools available in MS-PowerPoint for use in their slides, and in rehearsing their 
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oral presentation skills and gaining confidence to speak in front of an audience. These results are fur-
ther closely aligned to how each group was able to present their stories well to the young children and 
their teachers. A young child was also able to identify the character of the ‘wolf in grandma’s clothing’, 
which is indicative of the graphic proficiency of the students picked up in the CPA lessons. This is also 
indicative that the groups have carefully thought through of making their presentation enjoyable for the 
young children.

The mean score in statement 6, which states that the students felt that they were interested to do more 
CIP projects that would allow them to showcase their creativity in science (score of 5.67 and standard 
deviation of 0.54), is closely aligned with the a student’s comment “I wish to go back and help the little 
kids more next time!” This is further aligned to the invitation by the by teachers of the special students 
for these students to visit the children with more of their self-made toys.

The act of gesture by the young children and their teachers through the bookmarks given to the NT 
students is indicative of the appreciation they have on the efforts of the NT students to the community. 
This is closely aligned to students’ comments such as “I’m very happy that I can use my science toy to 
make those nursery children smile” and “I feel proud that my toy is able to make the children happy”. 
The terms ‘happy’ and ‘feel proud’ in the contexts of these statements suggest that the NT students feel 
a sense of self-worth after going through the project. This is also closely aligned to two students who 
mentioned “thank you teacher”, which could be indicative of them being appreciative to the teachers 
for paving a way to contribute their worth to the community through knowledge that is acquired in their 
academic subjects.

Findings from this action research study suggest that, as a whole, the responses of the NT students 
through the statements in the survey instrument are closely aligned with their comments, which are also 
closely aligned with their performance through their toy projects. Data from triangulating the results 
that came out of this study suggests that the toy story-telling project is a useful instructional approach in 
getting NT students to showcase their creative talents in science, and in getting them acquire academic 
content through the various subjects, and also in instilling a sense of self-worthiness amongst them.

FURTHER WORK

To show that the instructional approach presented in this study could work for the gifted and talented 
population of students across streams (and not just those who are academically less-inclined), more data 
could be collected by carrying out this similar study with average and high ability students. High abil-
ity students may lose interest through teaching approaches that do not stretch their potentials (Purcell, 
1993; Vaughn, Feldhusen, & Asher, 1991; Viadero, 1995). The toy story telling project could provide the 
‘stretch’ for this population of students by challenging their creative thinking skills through knowledge 
from science. In particular, it would be interesting to see how average and high ability students would 
respond to the same three research questions, and if there are similarities in their performance tasks and 
responses to the survey instrument. As mentioned earlier, the work of Stouffer, Russel & Olivia (2004); 
Palaniappan (2007) has shown how the ‘Torrance Tests of Creative Thinking’ (Torrance, 1966; 1974; 
1987) does not show a correlation between IQ and creativity. Carrying out the toy story telling project 
with average and high ability students, and then comparing their performance tasks and responses to the 
survey instrument with that of results from NT students could be a way to show this.
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CONCLUSION

The results that came out of this study should not be under-valued. There are currently more than 20,000 
NT students in Singapore secondary schools, and similar type of academically less-inclined students 
all over the world. Many of them could be struggling at understanding academic content across several 
subjects, particularly in science and mathematics, because of the way they are presented (Albright et 
al., 2008; Ismail & Tan, 2004; Kramer-Dahl & Kwek, 2011; Lee & Bathmaker, 2007). The background 
of these students and their consistent under-performance in traditional paper-and-pen modes of assess-
ment may lead to several members in our society adopting a view that these students as ‘impossible 
to teach, disruptive in the classroom, insubordinate and defiant’ (Favre, 2009). Ser (2004b) mentioned 
that what these students need is a change in the way they are guided in school and a change in the way 
society views them.

Up till now, little has been discussed on instructional approaches that are feasible enough to be carried 
out in schools in view of getting NT students to find learning academic content relevant and meaning-
ful and at the same time, be guided to showcase their creative talents in science, which can be used to 
benefit society. There has also been little discussion on how avenues can be created for members of the 
community to recognize the creative talents of these students in science. The toy story-telling project 
addresses these gaps to a certain extent. In response to the first research question, findings from this study 
suggest that it is possible for NT students to showcase their creativity through toy story-telling project. 
Extracts from the NT students’ design sheets and toys, as shown in Figures 1 to 14, show how the NT 
students made clever use physics principles in coming up with their toys. They were also able to come 
up with creative use of graphics and animations in their slides and made use of language and narration 
skills in their presentation of the stories. In response to the second research question, findings from 
the students’ work suggest that they are able to acquire academic content in science, English and CPA 
lessons through this project. The high mean scores and low standard deviations evidence this through 
the instrument shown in Table 1. In response to the third research question, students’ comments such 
as “I feel proud that my toy is able to make the children happy” and “I’m very happy that I can use my 
science toy to make those nursery children smile” suggest that this project provides an avenue for them 
to contribute to the community and instill a sense of self-worthiness amongst them.

In fostering creativity in science through a values-driven science toy project, what could be neces-
sary, as shown through the science, CPA and English lessons is in keeping the students in-check of the 
design requirements - that is, why there is a need to make these toys, how and where they will be used 
and who these toys are made for. This kept students focused on their projects and on tasks with their 
assignments. The prior visit to the special school was important as it got the students to have an idea 
of how these children might best learn from their stories. In addition to fostering creativity, the school 
values are consciously reinforced through the toy story-telling project: students learnt to respect each 
other by working in groups; they are trained to be resourceful by making use of simple and recycled 
materials to fabricate their toys; they are taught to be responsible for the care of their own design sheets 
and toys; and they learnt important lessons about resilience. There are many occasions when they would 
not be able to get their toys working well in the initial stages, but were encouraged not to give up easily.

The general public perception that NT students in Singapore are not ‘cut-out’ to do well through 
their academic abilities (Ser, 2004a) needs to be challenged. The NT students’ creative display of their 
knowledge in physics through their self-made toys as shown in this study may contribute to a positive 
change in the way society may view them - from students that are looked upon as unmotivated in school 



755

Showcasing the Creative Talents in Science 
 

to ones that have the potential to be developed as future inventors. Students involved in this study were 
on-task in their science, CPA and English lessons. I observed how these students exhibited a much higher 
level of enthusiasm and engagement in acquiring content in these subjects through the project when 
compared to teaching them through just theoretical modes and stepped-through experiments. Teachers 
in my school are also happy to see how the use of the science-based toy story-telling project can be 
extended to other subjects in view of making learning content across subjects relevant and meaningful 
for our NT students. We truly believe that immersing our students in such a problem-solving process 
that requires a merger of content knowledge and skills across subjects to pursue a design task depicts a 
real-world setting.
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ABSTRACT

Children start learning science in formal school settings as early as kindergarten ages. Scientific literacy 
is an essential component in forming science curriculum for students’ knowledge and understanding of 
scientific concepts across grades and with different scientific disciplines. Students’ cognitive engagement 
is displayed through different levels of cognitive processes involved during their knowledge construction. 
Much of the research in students’ cognitive engagement of science learning focuses on older students 
and the use of self-report measures on their cognitive strategies. Research on young learners’ cognitive 
engagement in science learning is missing in current literature. Part of the reason may be young learners 
are just beginning to develop a repertoire of cognitive strategies as well as lacking sufficient linguistic 
competence to accurately articulate the cognitive strategies involved in their science learning. The chapter 
introduces a theoretical and methodological approach, quantitative content analysis, to fulfill the gap. 
The chapter manifests the approach through three perspectives: (a) methodological approaches being 
employed in current studies of cognitive engagement in science learning, (b) the need for a different 
methodological approach for young learners, and (c) how this particular approach can be adopted in 
future research on young learners’ cognitive engagement in science learning.
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OUTLINE OF THE CHAPTER

The chapter contains five sections based on the three perspectives proposed. The first section provides a 
theoretical framework covering the definition of cognitive engagement, its related theories, and statement 
of the problem elicited on the issue of the chapter. The second section provides an overview of current 
methodologies used in the studies on students’ cognitive engagement and instructional discourse that 
promotes this engagement in science learning. Thirdly, a methodological approach and the employment 
of the approach are then introduced followed by a discussion at the end of the chapter.

THEORETICAL FRAMEWORK

Definition of Cognitive Engagement

Academic engagement is defined as students’ commitment or investment in school and is thought to 
influence students’ task management, classroom behaviors (Greenwood, Horton, & Utley, 2002), motiva-
tion (Linnenbrink & Pintrich, 2003), science attitudes, and academic achievement (Singh, Granville, & 
Dika, 2002). Cognitive engagement is originated from school engagement that includes three types of 
engagement: behavioral, emotional, and cognitive (Fredricks, Blumenfeld, & Paris, 2004). Behavioral 
engagement is defined as students’ behaviors identified in relation to their engagement such as school 
attendance, and participation in school activities. Emotional engagement is defined as students’ affec-
tive reactions to classroom such as happiness, sadness, and anxiety. Thirdly, cognitive engagement is 
defined as the students’ psychological investment in learning. Pintrich and Schrauben (1992) defined 
cognitive engagement as to include cognitive and motivational component. Motivational components 
include expectancy, value, and affect. Cognitive components include knowledge, learning strategies, and 
thinking strategies. Other researchers specifically view students’ self-regulation of their use of cognitive 
and metacognitive processes during acquisition and transformation of knowledge as a form of cognitive 
engagement (Corno & Mandinach, 1983; Mandinach & Corno, 1985). Therefore, cognitive engagement 
has been studied with different constructs such as motivation (Greene & Miller, 1996; Meece, Blumen-
feld, & Hoyle, 1988; Walker, Greene, & Mansell, 2006) and perceptions of classroom tasks (Greene, 
Miller, Crowson, Duke, & Akey, 2004). Since cognitive engagement is defined and studied differently 
with disparate constructs by researchers, in this chapter, we adopt the definition by Fredricks et al. (2004) 
and Dole and Sinatra’s descriptions of levels of information processing during knowledge construction, 
to discuss the issue on examining young children’s cognitive engagement in science learning.

Cognitive Engagement and Related Theories

Perspectives of Children’s Development

Dole and Sinatra (1998) draw upon Piaget’s notion that the process of knowledge construction involves 
the active transformation and organization of knowledge by the learner (Gallagher & Reid, 2002; 
Piaget, 1977) through processes of assimilation and accommodation. Knowledge acquisition involves 
ongoing mental constructions consisting of reorganization and reconstruction that occur when there is 
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disequilibrium within children’s current schemes. Developmental research suggests that children un-
dergo important forms of cognitive development through the school years (Flavell, 1999). Their content 
knowledge becomes better organized with age (Gallagher & Reid, 2002; Siegler, 1989) and children 
develop increased control over their cognitive processes. Children’s ability to use metacognitive knowl-
edge and reasoning also develops with age (Brown, 1987; Flavell, 1979). Children’s strategic knowledge 
and their ability to select appropriate cognitive and metacognitive strategies develop with age as well 
(Siegler, 1989). Researchers with domain-general perspectives believe that human beings form cohesive 
knowledge structures. For these reasons, cognitive engagement may look very different in kindergarten 
and elementary classrooms as opposed to middle and high school classrooms.

Additionally, from developmental perspectives, different children of the same age show a great deal 
of variability in cognitive strategy use (Siegler, 1994; Siegler & Booth, 2004; Siegler & Chen, 2002). 
For example, one student may use multiple strategies including previously learned and new strategies 
in solving a multiplication word problem. Applying the concept to the chapter, young learners of same 
age may show various patterns of cognitive engagement through what they talk about (e.g., classroom 
discourse) in science learning environments. Therefore, unlike using measures to examine older stu-
dents’ cognitive engagement, inferences of cognitive engagement for young learners must be drawn 
from (videotaped) observations of classroom learning behavior, rather than using self-report measures.

Different from domain general approaches that focus on children’s cognitive development and learn-
ing in general, domain specific approaches, in contrast, propose that human knowledge is organized in 
unique domain-specific systems such as knowledge of language, knowledge of science, and knowledge 
of mathematics (Carey & Spelke, 1994; Hirschfeld & Gelman, 1994). Researchers with domain-specific 
perspectives suggest that these domain-specific systems demonstrate functions independent and distinct 
from each other (Carey & Spelke, 1994), in other words, each domain holds different characteristics and 
may demonstrate unique and independent paths of development and learning. A key assumption of many 
scholars who favor a domain-specific perspective is that learning is continuous, gradual, and context 
dependent, rather than global, discrete, and stage-like and can be developed with sufficient practice and 
experience disregarding ages of learners. This is an important distinction between domain-specific ap-
proaches and domain-general, stage theory approaches such as those of Piaget and the neo-Piagetians 
(Case & McKeough, 1989).

From a domain-general perspective, young children cannot be expected to show higher order forms 
of cognitive engagement, which are typically defined in the research literature as forms of metacogni-
tion. Within a domain-general framework, metacognitive thinking (such as comprehension monitoring, 
planning, reflection, and evaluation), as well as declarative metacognitive knowledge (e.g., metamemory) 
are thought to emerge in the elementary school period and develop through adolescence and adulthood 
(Schneider, 2008). Therefore, self-report measures of cognitive engagement, those that codify engage-
ment in global metacognitive terms, are unlikely to capture young children’s cognitive engagement.

The need to examine young learners’ cognitive engagement in scientific contexts is essential, as 
children’s cognitive engagement is likely to be manifested contextually through participation in the 
domain-specific investigative activities of that learning environment. For example, in scientific learning 
contexts, the specific cognitive activities would be making predictions or asking questions about what 
might happen; making and recording observations; providing explanations and justifications for explana-
tions. Articulating and examining more domain-specific forms of cognitive engagement is also important 
since different disciplines may call for different types of thinking and reasoning. Young children may 
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employ nascent forms of higher order cognitive engagement such as monitoring, self-evaluation, and 
correction, contextually as they engage in specific tasks even though they cannot declaratively report on 
their engagement in such activities. These forms of cognitive engagement that are specific to scientific 
learning tasks may be missed by an overly broad, domain-general way of codifying cognitive engage-
ment. Therefore, a different methodology approach is needed to examine young learners’ cognitive 
engagement in a domain-specific science learning environment.

Information Processing Theory

Information processing perspectives extend on Piaget’s ideas but emphasize the specific kinds of cogni-
tive and metacognitive processes that constitute cognitive engagement during the acquisition and trans-
formation of knowledge. Cognitive engagement refers to students’ use of directed or purposeful mental 
processes for learning (Fredricks, et al., 2004). Dole and Sinatra (1998) define cognitive engagement in 
information processing terms and suggest that information processing should be viewed as a continuum 
“from low cognitive engagement to high metacognitive engagement” (p. 121). They further suggest that 
when students are low in cognitive engagement, they process low amounts of new information by using 
simple strategies such as rote memorizing. Students who are moderately engaged show more depth of 
processing, use more elaborative strategies (e.g., they rephrase information in their own words during 
note taking or study; they connect new information to prior knowledge), and reflect more on their learn-
ing (e.g., they identify relevant versus irrelevant information; they identify gaps in understanding) than 
those with low cognitive engagement. The highest engagement involves “deep processing, elaborative 
strategy use, and significant metacognitive reflection” (p. 121). According to Dole and Sinatra, this 
continuum of engagement is the most salient component of conceptual change processes during learning.

Research suggests that students with higher cognitive engagement perform better compared to students 
with lower cognitive engagement (Greene & Miller, 1996). Students with high cognitive engagement tend 
to self-regulate their learning, organize and structure knowledge, acquire, select, and integrate informa-
tion during the process of knowledge construction, and use elaborative learning and thinking strategies.

Vygotsky

According to Vygotsky (1978), social interactions between experienced people and novices are essential 
in supporting cognitive development and learning. It is imperative to provide a learning environment 
to support children’s development and learning through adult-child and peers interactions in context 
(Brown & Reeve, 1987). This supportive environment with scaffolding provided can help children reach 
their maturation stage from their actual developmental level into their Zone of Proximal Development 
(ZPD). Children develop their cognitive skills and knowledge through the internalization of higher psy-
chological functions that they first acquire through interactions with and support or scaffolding from 
others such as parents, teachers, or more expert peers (Vygotsky, 1978). The knowledge gained through 
this interpersonal process is transformed into an intrapersonal process that results in children’s cognitive 
development. Vygotsky’s research suggests that the nature and form of social support and interaction 
during classroom learning is likely to influence both how and what students learn. Therefore, young 
children’s cognitive engagement can be enhanced by an enriched learning environment where provides 
support for young children’s cognitive development and learning through sufficient interactions.
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From Piaget’s perspectives on cognitive development in learning, individual learners construct 
knowledge on their own that involve internal cognitive processes, whereas from Vygotsky’s viewpoints, 
individuals primarily gain and construct knowledge through their external interactions with people and/
or objects such as tools used in the environments. Both concepts of Piaget and Vygotsky are important 
components for students’ cognitive engagement in learning science and teachers’ discourse produced in 
teaching science. Researchers have studied both constructs of students’ cognitive engagement in science 
learning and instructional practices involved in the learning environments for this engagement.

Statement of the Problem

The chapter is triggered by a topic, students’ cognitive engagement in science learning, which researchers 
have studied it with various methodological approaches. After reviewing current studies on the examina-
tion of this construct, the authors find the need to broaden our understanding of what involves cognitive 
engagement for young learners in science learning by introducing a new methodological approach.

Young children’s cognitive engagement has been studied in reading. There is little research examin-
ing young children’s cognitive engagement in science learning. Part of the reason may be that current 
measures used to examine cognitive engagement are best for older students. Measures to assess young 
learners’ cognitive engagement are scarce. With the consideration of young learners’ limitation of meta-
cognitive capacity, observational techniques is the most constructive method to examine their nature of 
cognitive engagement. Furthermore, carefully designed scientific contents with the perspectives of young 
children’s cognitive development are rare. The methodological approach, quantitative content analysis, 
is introduced to serve the purposes of examining young learners’ cognitive engagement through coding 
qualitative data that quantitative methodological approach lacks, as well as conducting statistical analyses 
that qualitative methodological approach usually cannot do.

CURRENT METHODOLOGICAL APPROACHES TO 
EXAMINE COGNITIVE ENGAGEMENT

Several researchers have studied cognitive engagement through subjects’ self-reports or questionnaires 
(Greene & Miller, 1996; Greene, et al., 2004; Meece, et al., 1988; Pintrich & De Groot, 1990). These 
researchers typically employed students’ self-reported strategy use on learning tasks as a measure of their 
cognitive engagement. Researchers have also examined the relations between a variety of motivational 
variables (e.g., students’ intrinsic and extrinsic motivation, self-efficacy, goal orientations, and values 
for academic achievement) and cognitive engagement (Greene & Miller, 1996; Walker, et al., 2006). 
Other researchers have adopted qualitative approaches, using open-ended interviews with students and 
classroom observations to investigate students’ engagement patterns (Ainley, 1993; Chin & Brown, 
2000). These two groups of studies will be discussed in more detail as it follows.

Studies with Self-Report Measures

Much of the research pertaining to cognitive engagement focuses on older students and uses self report 
measures such as survey instruments to determine cognitive engagement (Blumenfeld & Meece, 1988; 
DeBacker & Crowson, 2006; Dupeyrat & Marine, 2005; Flowerday & Schraw, 2003; Greene & Miller, 
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1996; Greene, et al., 2004; Meece, et al., 1988; Metallidou & Vlachou, 2007; Walker, et al., 2006). Ex-
amples of such self-report measures include: (a) Motivation and Strategy Use Survey (Greene & Miller, 
1996) used to measure motivational and cognitive dimensions of college students’ engagement, (b) Science 
Activity Questionnaire (SAQ) (Meece, et al., 1988) used to measure 5th and 6th-grade students’ goal 
orientation and cognitive engagement, and (c) Learning Process Questionnaire (LPQ) used to measure 
the depth of cognitive engagement in 11th-grade students (Ainley, 1993). Table 1 provides a summary 
of various self-report instruments used in research on cognitive engagement with sample items used to 
measure cognitive engagement in different studies.

One instrument that is widely used in these types of research studies is the Motivated Strategies for 
Learning Questionnaire (MSLQ). Early researchers, such as Pintrich and De Groot (1990), used the 
MSLQ as a measure to examine the relationship between motivation, self-regulation, and performance 
of seventh-grade students in their English and Science classes. Students’ cognitive engagement was ana-
lyzed both in terms of the students’ cognitive and metacognitive strategy use as well as their persistence 
on difficult tasks. Participants received the MSLQ that contained 56 Likert scale items to indicate their 
motivation, cognitive and metacognitive strategy use, and management of effort.

Greene et al. (2004) conducted a study to examine how high school students’ perceptions of class-
room structures influenced their self-efficacy, perceived instrumentality, mastery goal, performance 
goal, strategy use, and achievement. Students’ strategy use was examined to be an indicator of their 
cognitive engagement. The participants included sophomores, juniors, and seniors from English classes 
in a suburban high school. The researchers used the Survey of Classroom Goals Structures to examine 
students’ perceptions of classroom structures (e.g., motivating tasks, autonomy support, and mastery 
evaluation). The Approaches to Learning instrument was used to examine students’ goal orientation, 

Table 1. Summary of instruments with self-report items for cognitive engagement

Author(s) of the Study Instrument Sample Item of Cognitive Engagement

Pintrich and De Groot (1990) MSLQ: Cognitive Strategy scale Organizational strategies: I outline the chapters in my book to 
help me study (Item 54).

Self-regulation scale Even when study materials are dull and uninteresting, I keep 
working until I finish (Item 41).

Greene et al. (2004) Approaches to Learning 
instrument: Cognitive strategies

I plan my study time for this class.

Walker et al. (2006) Motivation and Strategy Use 
Survey: Meaningful cognitive 
engagement

When I study I take note of the material I have or have not 
mastered.

Shallow cognitive engagement I try to memorize exactly what my instructors say in class.

Greene and Miller (1996) Motivation and Strategy Use 
Survey: Meaningful cognitive 
engagement

I made a plan for achieving the grade I wanted on this exam.

Shallow cognitive engagement In order for me to understand what technical terms meant, I 
memorized the textbook definitions.

Meece et al. (1988) Science Activity Questionnaire 
(SAQ): Active engagement

I went back over things I didn’t understand.

Superficial engagement I copied down someone else’s answer.
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perceived instrumentality, and cognitive strategies. The instrument was modified based on the survey 
developed by Miller, Greene, Montalvo, Ravindran, and Nichols (1996).

Several studies have also indicated the relations for cognitive engagement and motivation with dif-
ferent ages of learners (Greene & Miller, 1996; Meece, et al., 1988; Walker, et al., 2006). For example, 
Greene and Miller (1996) conducted a study to investigate the associations of goal orientation, perceived 
ability, cognitive engagement, and course achievement with 104 pre-service teachers from an Educational 
Psychology class. The Motivation and Strategy Use Survey was administered. Students’ strategy use 
was examined with two levels of cognitive engagement: meaningful and shallow cognitive engagement. 
Similarly, Walker et al. (2006) examined college students’ learning strategies to indicate their cognitive 
engagement. Students’ perceptions of belonging and valuing for academic contexts, intrinsic/extrinsic 
motivation, and self-efficacy were examined to predict their cognitive engagement. The participants 
included freshmen through seniors from Educational Psychology classes and a career exploration class. 
Motivation and Strategy Use Survey was used to examine students’ meaningful and shallow cognitive 
engagement.

Moreover, Meece et al. (1988) conducted a study for fifth and sixth-grade students’ active and su-
perficial engagement and their mastery goals, self-efficacy, perceived instrumentality, and perceptions 
of autonomy. The participants completed surveys/questionnaires to access goal orientation and their use 
of high-level or effort-minimizing learning strategies. Some items of Science Activity Questionnaire 
(SAQ) were used to assess students’ cognitive engagement (see Table 1 for sample item). Eleventh-grade 
students’ cognitive engagement was also examined with their learning strategy (Ainley, 1993).

The researchers of previously discussed studies (Greene & Miller, 1996; Greene, et al., 2004; Walker, 
et al., 2006) have analyzed students’ learning strategies as their cognitive engagement through self-
report measures. The designations of learning strategies to measure students’ cognitive engagement 
are set in self-report measures so this kind of methodology may not capture the natural occurrences of 
strategies students use while they are learning in different learning contexts. Therefore, researchers have 
used observational measures to examine students’ cognitive engagement naturally occurred in different 
learning contexts.

Studies with Direct Observation

Some researchers have employed direct observation to conduct studies for cognitive engagement with 
older students. The following section provides a discussion of these studies.

Chin and Brown (2000) identified the associations of questions students asked and the levels of 
cognitive engagement. Questions associated with a surface level of cognitive engagement tended to be 
factual (e.g., What color is that?) or procedural questions (e.g., Could we put this into the beaker now?). 
Questions associated with a deep level tended to be wonderment questions such as comprehension, pre-
diction, anomaly detection, application, and planning or strategy questions. They also investigated middle 
school students’ cognitive structures involving deep and surface approaches to cognitive engagement. 
There were six eighth-grade students purposively selected based on the results of the Learning Approach 
Questionnaire, observations of group laboratory activities, and their teacher’s evaluation of students’ 
learning approaches. The students showed different degrees of cognitive engagement (from deep to 
surface) in science learning. The data sources of the study included field notes, classroom transcriptions 
of audiotapes and videotapes, students’ interviews, and students’ written work. The researchers used 
qualitative interpretive analysis techniques to identify five emergent categories of cognitive engagement: 
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generative thinking, nature of explanations, asking questions, metacognitive activity, and approach to 
tasks. Within each category, different levels of engagement were explored. The findings were presented 
by providing excerpts from the qualitative data.

In a different study, students’ cognitive engagement was examined by analyzing four, Year 8, mathemat-
ics video lessons and teacher and student interviews (Helme & Clarke, 2001). The authors investigated 
four classroom formats (a) individuals working in parallel, (b) collaborative small group activity, (c) 
small group interactions with teacher, and (d) whole class interactions with teacher, to measure cogni-
tive engagement. The results indicated that classroom formats were associated with students’ cognitive 
engagement. Different patterns of students’ cognitive engagement were analyzed with conversations and 
behaviors presented in the four classroom formats. Table 2 provides detailed information of the indica-
tors of students’ cognitive engagement (Helme & Clarke, 2001, Table 1, p. 141).

Lee and Anderson (1993) examined the quality of students’ task engagement during science learning, 
using classroom observations and informal interviews as data sources. In the study, task engagement 
was defined as students’ goal choices and strategies in engaging in tasks. The classroom observations 
contained four kinds of class activities: (a) students read and discuss science book, (b) students conduct 
experiments, (c) students write their ideas and record their experiments in their activity book, and (d) 
students engage discussions about their ideas and conclusions. The participants were twelve sixth-grade 
students with low, medium, and high achievement levels selected by their classroom teachers to examine 
their quality of task engagement. The three achievement levels were identified based on students’ science 
performance records when they entered their middle school and their first few months of performance 
before the study began.

The researchers gave clinical interviews to examine students’ knowledge about the scientific concepts 
that they learned in the class. Students received a semi-structured interview and a self-report questionnaire 
to indicate their goals (e.g., understanding goal, fact acquisition goal, ego-social goal, and work-avoidant 
goal) in science class prior to and after the unit implementation. Students’ behavior was coded for the 
quality of task engagement as follows: (a) self-initiated cognitive engagement (e.g., initiating science 
activities for better understanding, engaging in classroom tasks beyond the requirements), (b) cognitive 
engagement (e.g., integrating personal knowledge with scientific knowledge, applying scientific knowl-
edge to understand the world around them), and (c) behavioral engagement (e.g., students show attention 
and involvement in class activities). Each type of task engagement described above was further coded to 
seven levels of engagement within type from the highest level (1) to the lowest level (7).

Table 2. Indicators of cognitive engagement in four classroom situations

Classroom situation Behavior

Individuals working in parallel Verbalising thinking, self-monitoring, concentration (resisting distractions or interruptions), gestures 
(interpreted as externalizing thought processes), seeking information and feedback

Collaborative small group 
activity

Questioning, completing peer utterances, exchanging ideas, giving directions, explanations, or 
information, justifying an argument, gestures

Small group interactions with 
teacher

Answering teacher’s questions, giving information, explaining procedures and reasoning, questions 
addressed to teacher, reflective self-questioning

Whole class interactions with 
teacher

Asking and answering questions, making evaluative comments, contributing ideas, completing teacher 
utterances
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Four patterns of task engagement emerged that indicated students’ goals differ and their level of task 
engagement varies (Lee & Anderson, 1993). The emergent patterns were intrinsically motivated to learn 
science, motivated to learn science, task avoidance, and active task resistance. The authors provided 
four case students’ discourse of classroom observations and informal interviews, to discuss the four 
emergent patterns.

The researchers in the studies previously described have typically used self-report measures to ex-
amine students’ cognitive engagement. The self-report measures are likely to be ineffective measures 
of young children’s cognitive engagement. Unlike observational measures, self-report measures do not 
provide direct evidence of students’ cognitive engagement during learning. First, many of these mea-
sures of cognitive engagement depend on students’ reports of their past cognitive and metacognitive 
strategy choices. Young learners are just beginning to develop a repertoire of cognitive strategies and 
may not have acquired mastery of a sufficient repertoire of cognitive strategies for a “choice” measure 
to make sense. Additionally, metacognitive competence is just beginning to emerge in young children 
and continues to develop significantly through the upper elementary school years and beyond, well into 
adolescence and young adulthood (Brown, 1987; Flavell, Miller, & Miller, 1993; Kuhn, 1999, 2000). 
Therefore, it is unlikely that young children have metacognitive awareness of and can report accurately 
on their own cognitive processes and strategies. Young children may also lack the linguistic competence 
to understand and rate verbal descriptions of cognitive engagement of the kind used in the scales and 
questionnaires described above. This does not mean that young children are not cognitively engaged in 
learning. Rather, it implies that we may need more direct observational measures for different patterns 
of mental activity young children can naturally display during their learning, rather than relying on 
them to report their strategies of cognitive processing. Although direct observations were used in some 
studies, the participants were older students and the findings were generally reported with narratives. 
Additionally, the categories identified could not indicate cognitive processes displayed in the contexts. 
In this chapter, we introduce a methodology, quantitative content analysis, to allow researchers to have 
another option when choosing an analytical technique to examine students’ cognitive engagement in 
science learning with qualitative data, as this methodology combines the analytical operations of both 
qualitative and quantitative approach.

As learning and teaching indicate a reciprocal relationship, we also review the studies that examine 
what instructional discourse influences students’ cognitive engagement, as cognitive engagement is more 
likely to be enhanced in a supportive learning environment. The following section provides an overview 
on what instructional discourse and methodology researchers have studied and employed in relation to 
students’ cognitive engagement.

Instructional Discourse and Students’ Cognitive Engagement

There is little research with the emphasis on the relationships between instructional discourse and stu-
dents’ cognitive engagement. In reviewing prior empirical studies for this particular interest, we found 
four studies related to this interest. Researchers have considered different instructional constructs such as 
classroom tasks (Blumenfeld & Meece, 1988; Helme & Clarke, 2001), teacher-centered versus student-
centered instruction (Trigwell, Prosser, & Waterhouse, 1999) and the role of teacher questioning (Taylor, 
Pearson, Peterson, & Rodriguez, 2003) into their research design to examining its relations to students’ 
cognitive engagement. The instructional practices studied and research methodologies employed in these 
studies are discussed.
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Classroom Tasks

Students’ cognitive engagement is influenced by classroom tasks and teachers’ behaviors. Blumenfeld 
and Meece (1988) conducted a mixed-method study to examine how task elements such as task con-
tent, social organization, procedural complexity, and products and teacher behavior related to students’ 
involvement on tasks and cognitive engagement. Participants were fourth and sixth-grade students from 
eight science classrooms in four middle-class schools. Students’ cognitive engagement was measured by 
a self-report checklist including items that measured superficial (e.g., “I just made my best guess”) and 
high-level strategy (“I tried to remember how this was like something we did before”) forms of cognitive 
engagement. Some students were selected for interviews to supplement the results of the questionnaires 
on involvement and cognitive engagement.

The activity-based lessons in the study were selected from two units. The researchers observed the 
lessons consisting of electricity, food system, physical and chemical changes, and the human body. The 
patterns of teacher behavior that promoted cognitive engagement were examined through the observer’s 
detailed narratives of teacher behavior in the lessons and transcripts of audiotaped lessons. The researchers 
found two clusters of teacher behaviors related to students’ engagement: (a) maintaining student partici-
pation that helped students develop on-task behaviors (e.g., giving prompts to help students’ attention, 
checking students’ progress) and (b) focusing on mastery learning that enhanced students’ cognitive 
engagement (e.g., requiring students’ demonstration of understanding for lesson content, communicating 
with students that they were expected to be active in learning, providing feedback on the procedures of 
an experiment). The authors also concluded that teachers’ behaviors to support students’ involvement 
and cognitive engagement varied by different social organization of class tasks (e.g., whole class, small 
group and individual).

In another study, Helme and Clarke (2001) analyzed video lessons and teacher and student interviews 
to find that classroom discourse promoting students’ cognitive engagement varied in different classroom 
task settings (e.g., student-student interactions versus teacher-student interactions) in learning math-
ematics. Students’ cognitive engagement was higher through student-student interactions than through 
teacher-student interactions. Classroom tasks are influenced by different domains and content areas, as 
in a mathematics class, teachers may encourage students to try multiple ways of solving a mathematical 
problem, whereas in a science class, teacher may encourage students to develop and evaluate scientific 
explanations.

Teacher-Centered vs. Student-Centered Instruction

Researchers have defined two instructional approaches: teacher-centered (e.g., asks students to follow 
exact procedures of an experiment from a textbook) and student-centered (e.g., encourages students to 
conduct an experiment in a group), characterized by different patterns of teacher-student interaction (Trig-
well, et al., 1999). These differences in instruction are thought to influence students’ learning outcomes.

Trigwell et al. (1999) studied college students and their teachers. Teachers’ instructional approaches 
were examined by the Approaches to Teaching Inventory that included two scales (a) Information 
Transmission/Teacher-Focused approach and (b) Conceptual Change/Student-focused approach. Table 
3 provides information of the scales administered and sample items of each scale.

Teachers who reported their teaching as student-centered (e.g., encouraging self-directed learning, 
allowing students to encounter their difficulties and make conceptual change through classroom inter-
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actions between teacher and students) had students with deeper approaches to learning compared to 
the students whose teachers reported their teaching as a teacher-centered of transmitting information. 
Students in the teacher-centered approach tended to show surface learning in class. Teacher instructional 
discourse patterns, such as challenging students’ thinking, providing scaffolding for students’ difficulties, 
coaching students’ learning strategies, and asking higher-level questions, influences students’ cognitive 
engagement in reading and writing (Taylor, et al., 2003).

The Role of Teacher Questioning

Teachers who implement instruction using higher-level questioning with high poverty students in 
grades 1-5 facilitate their writing and reading and thus reinforce their cognitive engagement (Taylor, et 
al., 2003). The types of questions teachers ask influence students’ psychological investment and their 
development in reading and writing. The researchers implemented a reading instruction that maximized 
students’ cognitive engagement in both reading and writing. The reading instruction had four dimensions 
in the framework which included: (a) support of higher-level thinking, (b) encouragement of indepen-
dent strategies for word-recognition and comprehension, (c) involve student support perspectives, and 
(d) foster active involvement. Data included results of scores on academic assessments in reading and 
writing, classroom observations, and teacher interviews.

To make classroom observations, the researchers coded certain categories to examine which instruc-
tional practices facilitated students’ achievement in reading and writing and to identify how effective 
the proposed framework was in fostering students’ cognitive engagement. Examples of the instructional 
categories coded were as follows: coaching in word-recognition strategies, vocabulary instruction, lower-
level questioning or writing about text, and higher-level questioning or writing about text. The higher-
level questioning approach helped develop students’ cognitive engagement as manifest in higher-level 
thinking (e.g., makes connections between prior knowledge and new knowledge; involves monitoring in 
the process of solving reading problems) in reading and writing. Thus, the types of questions teachers 
ask influence students’ cognitive engagement.

Studies on the role of instructional discourse in promoting students’ cognitive engagement suggest that 
teachers can use different instructional practices to enhance students’ cognitive engagement in learning 
such as providing different classroom tasks, asking higher-level questions, challenging students’ ideas, 

Table 3. Name of scales and sample item of the scales

Scale Sample Item

Approaches to Teaching Inventory: Information 
Transmission/Teacher-Focused approach (intention)

I feel it is important to present a lot of facts in the classes so that students know 
what they have to learn for this subject.

Approaches to Teaching Inventory: Information 
Transmission/Teacher-Focused approach (strategy)

I design my teaching in this subject with the assumption that most of the students 
have very little useful knowledge of the topics to be covered.

Approaches to Teaching Inventory: Conceptual 
Change/Student-focused approach (intention)

I feel a lot of teaching time in this subject should be used to question students’ 
ideas.

Approaches to Teaching Inventory: Conceptual 
Chang/Student-focused approach (strategy)

We take time out in classes so that students can discuss among themselves the 
difficulties that they encounter studying this subject.

Study Process Questionnaire In reading new material for this topic, I find that I’m continually reminded of 
material I already know, and see the latter in a new light (Item 8).
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and encouraging students’ participations. Similar to the studies on students’ cognitive engagement, these 
studies on instructional practices focus on older students. As we discussed previously, direct observa-
tions will be the best data sources for researchers to examine young learners’ cognitive engagement and 
what instructional discourse that promotes this engagement naturally displayed in a designed learning 
environment through classroom discourse. To analyze verbal data, we then introduce a methodology, 
quantitative content analysis, to serve an option for researchers who have the research interests to apply 
it in their own research.

Methodological Approach to Examine Young Learners’ Cognitive Engagement

Quantitative content analysis is originated from research of media data such as newspapers (Riffe, Lacy, 
& Fico, 2005) and has been used to analyze various forms of data sources that are messy but contain rich 
information such as webpages, transcripts of audios and videos, discussions, interviews, observations. 
Recently, this methodology not only has been used in the research on science communication through 
newspapers (Crawley, 2007), it has also been used in different research areas such as business (Barringer, 
Jones, & Neubaum, 2005), computer mediated communications (Iseke-Barnes, 1996; Mowrer, 1996), 
and development between use of technology and pedagogical and content knowledge (Koehler, Mishra, 
& Yahya, 2007). Other researchers in science education have also employed this methodology to examine 
students’ science learning (Samarapungavan, Westby, & Bodner, 2006; Samarapungavan & Wiers, 1997).

Quantitative content analysis is defined as “the systematic assignment of communication content to 
categories according to rules, and the analysis of relationships involving those categories using statisti-
cal methods” (Riffe, et al., p. 3). This methodological approach focuses on the textual content of verbal 
communication or discourse in context and is designed to analyze, compare, and contrast patterns and 
categories identified from data as well as relationships among them. It follows an objective and system-
atic way to analyze data by employing bootstrapping procedures combining top-down or theoretically 
derived and bottom-up or data-derived coding categories in the analysis of verbal data (Chi, 1997; Riffe, 
et al., 2005). Top-down codes are derived from theory and prior empirical research; bottom-up codes are 
derived from the new empirical data in the study at hand, based on the researchers’ theoretical judgments 
about the emergence of new or previously unidentified patterns. Once a set of initial coding categories 
is defined and applied to the data, the process of testing the fit of categories to data is repeated in cycles 
in order to refine and modify the definitions of categories based on the theoretical and empirical find-
ings relevant for a designated study (Chi, 1997). The defined categories then analyzed with statistical 
methods. Some researchers may argue this methodological process to bring another level of subjectiv-
ity, however, this methodological process is obviously superior to apprehend any possible phenomenon 
occurred for the construct (i.e., young children’s cognitive engagement in science learning) studied and 
make more thorough explorations with fundamental conclusions than simply using self-report measures 
or presenting results with few selected narratives.

To introduce the methodology in an integral way, we selected two references related to quantitative 
content analysis, to serve as the main sources in discussing each procedure involved in the methodology 
(Chi, 1997, Riffe, et al., 2005). Riffe et al. (2005) proposed a general model of linear progression for 
this particular methodology (see Table 3). Since most researchers should be familiar with the first part 
of the model (i.e., conceptualization and purpose), we will only discuss the procedures that involve in 
the parts of design and analysis according to the eight procedures proposed by Chi (1997). These eight 
concrete procedures of coding and data analyses are: “(1) Reducing or sampling the protocols, (2) Seg-
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menting the reduced or sampled protocols (sometimes optional), (3) Developing or choosing a coding 
scheme or formalism, (4) Operationalizing evidence in the coded protocols that constitutes a mapping 
to some chosen formalism, (5) Depicting the mapped formalism (optional), (6) Seeking pattern(s) in the 
mapped formalism, (7) Interpreting the pattern(s), and (8) Repeating the whole process, perhaps coding 
at a different grain size (optional)” (Chi, 1997, p. 283). These eight procedures exclude the steps of col-
lecting and transcribing data. The procedures can be adopted by researchers based on the design of each 
research study. We use an example study to explain how to employ each procedure of the methodology 
in detail in the next section (see Table 4).

EMPLOYMENT OF THE METHODOLOGY WITH AN EXAMPLE STUDY

In order for researchers to better understand how to employ this methodology, we came up with an ex-
ample study to model each procedure of this methodology with explanations provided.

The Example Study

The example study is designed to examine 1st-grade students’ cognitive engagement in a problem-based 
scientific learning environment with a unit named “Internal movements of plants.” There are four 1st-grade 
elementary classes from the same elementary school participating in the study. Two teachers implement 
the unit designed with problem-based lessons for science learning, and their classes serve as Intervention 
Group (IG). The other two teachers use direct instruction with the use of textbooks for the same science 
topic, and their classes serve as Traditional Group (TG). The problem-based unit is designed with three 

Table 4. General linear progression model of quantitative content analysis

Conceptualization and Purpose

Identify the problem

Review theory and research

Pose specific research questions and hypotheses

Design

Define relevant content

Specify formal design

Create dummy tables

Operationalize (coding protocol and sheets)

Specify population and sampling plans

Pretest and establish reliability procedures

Analysis

Process data (establish reliability and code content)

Apply statistical procedures

Interpret and report results

Note. Adopted from Riffe et al. (2005, p. 55).
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phases that students (1) discover a problem as a group that relates to the topic “internal movements of 
plants,” (2) design and apply experiment procedures to solve the problem, and (3) reflect on and syn-
thesize what they have learned through students’ own explanations. Each phase lasts one week, and the 
whole unit is 3-week long. The IG teachers have to implement the problem-based lessons designed for 
the unit two times each week and mainly serve as facilitators to guide students’ learning and provide 
information when necessary. Each lesson lasts 30-45 minutes. There are 91 first graders participating 
in the study – IG has 48 students (one class has 23, and the other class has 25) and TG has 43 students 
(one class has 21, and the other class has 22). All lessons are videotaped, and the primary data source 
of the study is videotaped lessons.

The main purposes of the study are to examine patterns of 1st-grade students’ cognitive engagement 
in the IG and TG as well as teachers’ instructional discourse that involves in promoting their students’ 
cognitive engagement in the two learning contexts. After the patterns are examined, differences of cogni-
tive engagement and instructional discourse between the two groups then can be compared. We assume 
that there are four research questions proposed for the example study: (1) Does 1st graders’ cognitive 
engagement vary by the two intervention classes? (2) How does teacher instructional discourse relate to 
1st graders’ cognitive engagement in the intervene group? (3) Does 1st graders’ cognitive engagement vary 
in the two groups (i.e., IG and TG)? (4) Does teachers’ instructional discourse vary in the two groups 
(i.e., IG and TG)? For all the research questions, we propose no significant difference for research ques-
tions 1, 3, and 4 and no significant associations for research question 2.

Description of Each Procedure of the Methodology With the Example Study

Chi (1997) proposed eight functional steps for quantitative content analysis in coding and analyzing 
verbal data. By using the example study, we will model the procedures with explanations of how to 
employ each step in the example study followed by discussions for the reliability and validity of quan-
titative content analysis.

Step One Is to Reduce the Samples

Researchers can decide to reduce the sample of videotaped lessons, as there are 24 video lessons as a 
total in the study. Researchers can choose sampling method depending on their concerns in the research 
design including content and time. Riffe et al. (2005) introduced non-probability and probability sam-
pling. Probability sampling includes simple random, systematic, and stratified sampling. Non-probability 
sampling contains convenience sampling and purposive sampling. There are two other sampling meth-
ods introduced: cluster and multistage sampling. In the current example study, the main purpose is to 
explore patterns of cognitive engagement for each phase, therefore, purposive sampling is used to select 
representative data for each phase. Through purposive sampling, six separate videos are selected from 
IG and TG, totaling 12 videos for analyses.

Step Two Is to Segment the Reduced or Sampled Protocols

This is to segment the unit of analysis. Each classroom discourse of the 12 selected videos can be bro-
ken down into segments called Turn Constructional Units (TCUs) and further coded each segment into 
defined categories. A discourse can be perceived as a segment being presented with a structure of utter-
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ances grouped together (Grosz, Pollack, & Sidner, 1989). A segment broken down from the classroom 
discourse or TCU is the unit of the analysis. A unit of the analysis may involve more than one sentence 
in order for a participant to generate an idea clearly (Chi, 1997; Riffe, et al., 2005).

TCUs are used to identify meaningful segments of classroom discourse (e.g., completion of an idea or 
a scientific explanation) from the transcripts for each participant (Sacks, Schegloff, & Jefferson, 1974). 
TCU indicates a complete unit of conversation in a semantic form (e.g., making a counterargument to a 
previous students’ claim, elaborating on a previous students’ contribution by adding descriptive detail). 
Each TCU needs to be coded into preliminary coding categories for the construct of the study. Each 
TCU can be coded by lesson and class. In an Excel file of TCUs, there are columns indicating classes, 
phases of problem-based lessons, and length of the lesson over which TCU is coded.

Step Three Is to Develop or Choose a Coding Scheme or Formalism

According to bootstrapping procedures, the initial coding scheme needs to be developed based on the 
prior literature and empirical data itself. For example, asking conceptual question could be identified 
as one of the categories as it has been found from previous empirical studies in examining students’ 
cognitive engagement in science learning (Chin & Brown, 2000). If researchers identify a category that 
has not been stated from prior studies on cognitive engagement in science learning, then this category 
could be identified as data-derived. The initial coding scheme of the categories and definitions of the 
categories can be revised when analyzing more data during the coding process (Riffe, et al., 2005). New 
categories can be added during the process of coding all empirical data.

Step Four Is to Operationalize Evidence in the Coded Protocols 
That Constitutes a Mapping to Some Chosen Formalism

Each unit of analysis is coded into the defined categories and the utterance needs to indicate the evidence 
for the category that the utterance is coded to. The context of classroom discourse needs to be considered 
when coding verbal data as the previous classroom discourse could be connected to latter classroom 
discourse of students and peers. The focus of the analysis is not to code the correctness or incorrectness 
of the scientific knowledge representation; it is to code the content of the verbal utterance based on what 
that utterance indicates about how learners engage their cognition in science learning. Researchers can 
employ this method to examine 1st graders’ cognitive engagement for different levels of mental processes 
engaged in their knowledge reorganization and reconstruction. By coding the 12 selected videotaped 
lessons, the final coding scheme is mapped and formalized for first graders’ cognitive engagement in 
science learning. We assume that there are 13 categories identified for 1st graders’ cognitive engagement 
and 11 categories identified for teacher instructional discourse that promotes this engagement.

Step Five Is Depicting the Mapped Formalism (Optional)

This step is to use a way to depict coded data, depending on what formalism is chosen. Researchers can 
provide a simple table presenting the proportions (i.e., frequency/time length of the lesson) of identified 
categories to depict the coded data.
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Step Six Is to Seek Pattern(s) in the Mapped Formalism

This step is to seek patterns in the depicted data in other types of dependent measures for coherence. For 
example, researchers can draw a model based on the patterns sought by the depicted data. According to 
the results of prior empirical studies, cognitive engagement can be grouped into deep and surface levels 
(Ainley, 1993; Greene & Miller, 1996; Meece, et al., 1998; Walker, et al., 2006). Therefore, researchers 
can try to seek whether there is a pattern displayed in the final coding scheme. The identified categories 
can be grouped into deep and surface levels of cognitive engagement. Researchers can provide a bar 
graph presenting frequencies, proportions for the two levels of cognitive engagement and instructional 
discourse for both students and teachers by classes to see the patterns involved in it.

Step Seven Is Interpreting the Pattern(s)

In this step, hypotheses are being tested. Frequency distributions of different coding categories can be 
analyzed using non-parametric methods to explore relationships among categories of responses within 
samples or across samples. Researchers need to select its types of statistical analysis based on their 
proposed research questions. To confirm or disconfirm the statistical hypotheses for the example study, 
researchers can conduct statistical analyses. For the purposes of the example study, MANOVA can be used 
to address research questions 1, 3, and 4, and Chi Square can be employed to answer research question 2.

Step Eight Is Repeating the Whole Process, Perhaps 
Coding at a Different Grain Size (Optional)

Researchers can choose to recode the data at a different grain size or if they want to address different 
research questions. Since verbal data contain rich sources, new research questions may occur during the 
process of recoding the data. In the example study, we assume that there is no other research question 
to be addressed so recoding the data is unnecessary.

We want to note here that although each procedure is introduced separately, the procedures may be 
employed in an integral way. For example, the procedures of segmenting unit of analysis, developing the 
coding scheme, and seeking patterns can be employed together during the coding process.

Reliability

There are two ways introduced for the reliability of quantitative content analysis. Reliability can be 
established by the percentages of agreement among two or more coders, and the acceptable percentage 
is more than 80%. The other way of conducting reliability is to conduct Cohen’s Kappa (Cohen, 1960; 
Ary, Jacobs, & Sorensen, 2006; Riffe, et al., 2005). Cohen’s Kappa is used to assess the inter-rater re-
liability when coding categorical variables and refers to the proportion of observed units beyond that 
expected by chance alone. It is the measure of agreement between two individuals in coding qualitative 
data into categories. Numbers of agreements and disagreements between the raters can be entered into 
statistical software to gain the value of reliability. A minimum value of 80% should be expected for an 
adequate reliability.
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Validity

According to Chi (1997), to establish the validity of the pattern coded from data, researchers can code 
the data twice for an identified pattern so that the second process of validity check can avoid any subjec-
tive interpretation that may occur in the first process to identify the pattern. For example, in the example 
study, researchers can first list an initial pattern with preliminarily identified categories of cognitive 
engagement by reviewing the verbal data. The pattern with the preliminarily set categories can be vali-
dated by presenting at least one verbal example as the evidence to support the pre-identified categories. 
Another way to increase the validity is to couple qualitative analysis with quantitative measures, the 
unique feature of this methodology. For example, frequencies and statistical analysis (i.e., Chi Square) 
can confirm or disconfirm the interpretations and test the hypotheses of the example study.

DISCUSSION

Our purpose in this chapter is not to manifest quantitative content analysis as the best way of conducting 
studies on young children’s cognitive engagement in science learning, rather, we propose this method-
ology that current researchers in this field may not be familiar with but can serve as an effective way 
to examine this particular construct. The benefits of employing the methodology on examining young 
learners’ cognitive engagement in science learning are discussed with four aspects (1) broadening our 
views on analysis, (2) dealing with disorganized data, (3) conducting research with domain-specific 
perspectives, and (4) directing future research.

As quantitative content analysis has been used in different areas of research (Barringer, et al., 2005; 
Crawley, 2007; Iseke-Barnes, 1996; Mowrer, 1996; Koehler, et al., 2007; Samarapungavan, et al., 2006; 
Samarapungavan & Wiers, 1997), there are still very few researchers using this methodology to exam-
ine students’ cognitive engagement in science learning. The lack of studies on young learners’ science 
learning may be due to the reason that it is challenging to find an appropriate methodology to examine 
young learners’ cognitive engagement. Quantitative content analysis is unique to solve the difficulties 
and problems as it creates broader views on analysis to overcome the constraints of qualitative and 
quantitative methodology by combining the distinguishing features of both qualitative and quantitative 
approach. Simply using measures can result in having a surface understanding of the construct, whereas 
plainly using selected narratives from qualitative data can result in researchers being subjective to data 
itself. Another benefit is that this methodology shares some flexibility that researchers can use this 
methodology along with other methodological analyses.

Researchers can use this methodology to analyze messy data into a systematic and organized pattern 
for any possible levels in the pattern and present findings with statistical results. Quantitative content 
analysis can be used for aims of examining data with rich information such as media data for young 
learners’ cognitive engagement. The use of measures is almost impossible to understand the complex 
cognitive processes involved in cognitive engagement in science learning, not to mention the intention 
to examine this engagement with young learners. Therefore, to examine this construct, data sources with 
direct observations are needed. Through quantitative content analysis, messy data such as videotaped 
lessons can be analyzed into a systematic and organized way to investigate young children’s cognitive 
engagement and teacher’s instructional discourse that enhances this engagement as well as the cogni-
tive levels. Young learners’ metacognitive skills are also more likely to be explored through interactive 



780

A Theoretical and Methodological Approach
 

conversations naturally produced in a designed scientific learning environment, which data collected 
with measures cannot explore.

This methodology is useful for a domain-specific context as specific categories in a context can be 
identified by applying the procedures. Researchers have considered domain-specific as a critical com-
ponent for children’s cognitive development that mental structures are organized separately based on 
different areas of knowledge (Carey & Spelke, 1994; Gelman & Brenneman, 2004; Hirschfeld & Gelman, 
1994). When conducting studies, participants’ states of cognitive development need to be considered as 
young learners may not have the required capability in applying the desired learning outcomes already 
set for them. In line with these perspectives, quantitative content analysis can be an effective method-
ological approach to examine the natural display of cognitive engagement with different domains and 
ages of learners.

Researchers interested in cognitive engagement need to direct more attention to explore the variation 
in patterns of cognitive engagement with younger ages of learners and in different scientific learning 
contexts, to gain a better understanding of what is involved in cognitive engagement in science learning. 
The methodology shares some flexibility in allowing researchers to purposively apply the steps to meet 
the needs and design of each research study. Researchers can also combine this methodology with the 
use of collecting quantitative data as well.
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ABSTRACT

To support effective science teaching, educators need methods to reveal student understandings and mis-
conceptions of science concepts and to offer all students an opportunity to reflect on their own knowledge 
construction and organization. Students can benefit by engaging in scientific activities in which they build 
personal connections between what they learn and their own experiences. Integrating student-constructed 
concept mapping into the science curriculum can reveal to both students and teachers the conceptual 
organization and understanding of science content, which can assist in building connections between 
concepts and personal experiences. This chapter describes how a class of third grade students used 
concept maps to understand science concepts (specifically, “watershed systems”). During class discus-
sions and interviews, students revised concept map content and structure as their ideas developed. The 
study’s results demonstrate how students’ critical thinking (self-reflection and revision) was supported 
as misconceptions were revealed through their construction of concept maps over time.

INTRODUCTION

This chapter details the benefits of using concept mapping to support students in their investigations 
into the study of watershed systems and the local watershed’s natural history. Watershed systems were 
a concept the students in this study had yet to encounter in their science investigations. Improvement in 
critical thinking, which is foundational for the growth and development of higher thinking skills, revealed 
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itself over time as students became more involved in the process of self-reflection while questioning 
their prior assumptions about science content. Additionally, this teaching approach presented a way to 
increase discourse between teacher and students enriching the learning experience for all. Participating 
students reported a growth in awareness of personal and content-focused connections leading to a strong 
sense of ownership over both the process and outcomes of learning.

A concept map is a hierarchical diagram made up of concepts that demonstrate the builder’s under-
standing. The concepts are related by linking words which are placed on connecting lines between concept 
boxes. Linking words reveal the learner’s knowledge and label the connecting lines while explaining the 
learner’s understanding of the main concept in the concept map.

Ownership over learning can lead to increased motivation within the classroom. Motivation, which 
can lead to increased effort, trumps intelligence in academic achievement and is fundamental to suc-
cess in school (Dweck, 2008). Student understanding of science concepts was complex as their concept 
maps’ content and structure revealed. In the study referenced in this chapter, connections between sci-
ence concepts and personal knowledge within the individual concept maps were developed as students 
enhanced each newly revised concept map with additional concepts. Establishing connections between 
content and personal experiences contributes to building student investment in learning.

Student-constructed concept maps can support cognitive change leading to meaningful learning 
within the domain of the natural sciences (Jonassen, Howland, Mara, & Crismond, 1999; Hay, Kinchin, 
& Lygo-Baker, 2008; Novak, 2002) from which the learner is then able to construct new understanding 
(Ausubel, Novak, & Hanesian, 1978; Novak, 2002). Through reflection on individual concept map con-
tent and structure, each student critiques his own work and is then able to construct new understanding 
through revision of the map by adding, deleting or rearranging concepts.

Constructivism, where all experience filters through the existing lens (perspective) of the learner, 
supports knowledge modification over replacement, a process which guides the learner in restructur-
ing understandings (Smith, diSessa, & Roschelle, 1993). Gains in proficiency have more to do with 
cognitive restructuring, which is supported by the process of concept map construction, than with the 
accumulation of discrete facts. The class teacher was of the concluding opinion that student thinking 
shifted from isolated knowledge bits to a more global perspective supported by the interconnectedness 
of their science studies.

To achieve a comprehensive perspective on the science topic, students were required to engage in 
a process of thinking about their accumulated knowledge and then apply that information in a manner 
that made sense to each student. As students were able to reflect on their own journey of learning, their 
awareness of how their understanding contributed to outcomes progressed and was revealed through 
their concept maps.

Through becoming aware of how students construct understanding of science concepts, teachers are 
able to intercede where misconceptions override content. Using information made available from a stu-
dent’s concept map, a teacher may intervene so conceptual knowledge can be grounded in scientifically 
valid understanding, which can lead to meaningful learning.
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BACKGROUND

Constructivism and the Nature of Science

Constructivism is the idea whereby each learner’s prior knowledge provides the lens through which all 
new learning occurs (is constructed), including classroom instruction (Smith, diSessa, & Roschelle, 1993). 
Students (and all humans) actively construct an understanding of the world around them, reflecting that 
individual’s unique perspective, strongly influenced by prior knowledge (Lederman, Lederman, and 
Bell, 2004). People interpret the world that they experience and give it meaning grounded in their prior 
experience. Meaning is embedded in and categorized by experience. Students are always constructing 
knowledge regardless of whether the context (learning situation) supports a constructivist perspective 
or not. Therefore, in order to support students in building meaning, gaining a perspective on their prior 
understandings is a key aspect of constructing knowledge.

That all students come with individualized conceptions of science, and that those understandings are 
not necessarily correct, are important instructional perspectives for all teachers of science. Ascertaining 
students’ conceptions of science is necessary by the teacher in order to craft learning activities that will 
engage and challenge a learner’s understandings of the nature of science. The identification and clari-
fication of those existing concepts will provide a useful scaffold on which additional learning can be 
built. A comprehensive teaching and learning experience in the sciences cannot occur without acquiring 
foundational knowledge in the nature of science (Hammerich, 1998). Determining students’ perceptions 
of the nature of science, how they understand the process and its application, helps provide a framework 
within which prior conceptions (misconceptions) can be revised and then modified.

Meaningful Learning

Meaningful learning refers to the quality of knowledge-building that humans experience beginning at 
birth. Research into meaningful learning and retention is typically focused on how meanings are con-
structed and then incorporated into existing cognitive structure (Ausubel, 1963). Meaningful learning 
has been proposed as necessary in order for cognitive growth and change to occur. According to Aus-
ubel’s learning theory, cognitive structure is organized hierarchically. The most inclusive and general 
concepts are positioned at the apex in the hierarchical structure of knowledge, while the less inclusive 
and more specific ideas and subconcepts are incorporated or subsumed within the more inclusive ones. 
Meaningful learning occurs when new ideas are able to be subsumed under already existing or anchoring 
ideas. Through subsumption, ideas that were initally dissociable from established knowledge units in 
the hierarchical knowledge structure are able to be retained and assimilated into the existing knowledge 
units. The desired outcome is for the learner to gain meaningful and useful knowledge from which to 
construct new understanding (Ausubel, Novak & Hanesian, 1978; Novak, 2002).

The single most important factor influencing learning (learning is defined within this context as 
acquisition, retention and transferability of knowledge) is the learner’s prior knowledge, meaning what 
he or she already knows or thinks to be valid (Ausubel, 2000, Novak & Gowin, 1984). Using student-
created concept maps, this information can be made available to the teacher.
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Student Misconceptions

The study of student misconceptions in science has been the topic of discourse and investigation by the 
National Research Council (NRC) (2007), and others in the fields of education and social sciences (Novak 
& Cañas, 2008; Smith, diSessa, & Roschelle, 1993). Smith et al. (1993) uses the term misconception “to 
designate a student conception that produces a systematic pattern of errors” (p.119). However, children’s 
misconceptions can present a roadmap for guiding a student from a series of misconceptions to a more 
authentic understanding of that particular domain (NRC, 2007). The assumptions about the natural 
world that young children bring to the classroom can provide jumping off points for science instructors 
as they create and leverage a bridge to new knowledge from established understandings (Lederman, 
Lederman, & Bell, 2004).

Children are likely to bring preconceived ideas to their school experiences about how the world around 
them works. These understandings can conflict with scientific teachings at times. It is not always easy 
for the teacher to discern student misconceptions. Children might appear to understand and accept a new 
explanation for an observed event while maintaining their original mental model of the phenomenon. 
An example of a concept about which students in this study were unclear was the ‘water table’. The 
water table is the uppermost level of ground water separating the saturated zone (ground water) from 
the unsaturated zone (Caduto, 1985). This concept, within the context of the watershed study, came up 
many times. However, it existed in an abstract nature to most children; the phrase ‘water table’ represents 
an idea and is that idea. Young children do not have prior experience or personal knowledge of a ‘water 
table’. However, they may have personal experience of drought and flooding and how those phenomena 
affect the level of observable and non-observable water in a system. The teacher worked at tying those 
ideas together for students to make the connection between classroom content and personal experience.

Children’s conceptual knowledge builds on prior experiences, personal knowledge and understandings, 
a process that provides foundational platforms upon which subsequent knowledge is constructed. New 
information is acquired through direct experiences and classroom teachings. Children then endeavor to 
create coherent explanations reflecting earlier ontological understandings of the mechanisms and clas-
sification of things. Misconceptions arise as children work to conflate earlier conceptual understanding 
with scientific knowledge that is not always intuitive.

For children to learn a new concept that appears to conflict with their own scheme of understanding, 
conceptual restructuring is necessary. This is difficult because it asks the learner to let go of familiar and 
seemingly sensible explanations and restructure their body of knowledge (Smith, deSessa, & Roschelle, 
1993). Experiences that confront children’s naïve conceptions must be provided in the science classroom. 
It is through the process (guided and supported by the teacher) of confrontation and cognitive conflict, 
followed by resolution, that pathways to conceptual change may be achieved. An approach known as 
conceptual change model (CCM, Stepans, 2003) identifies the following four conditions to be met in 
order for students to be able to effect conceptual change (Stepans, 2003):

• Students must be dissatisfied with their existing views
• The new conception must appear somewhat plausible
• The new conception must be more attractive
• The new conception must have explanatory and predictive powers
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The CCM is a way for students to achieve expertise within the sciences through cognitive change. A 
2007 study of the National Research Council concludes, “When all students develop a coherent under-
standing of the organizing principles of science, they are more likely to be able to apply their knowledge 
appropriately and will learn new, related material more effectively” (NRC 2007, p.120).

As students work to construct new knowledge from prior knowledge, a window of opportunity pres-
ents itself for engaging the learner in thoughtful reflection on his knowledge building and organization. 
The learner is presented with an opportunity to direct and correct his own understanding, promoting 
the attributes of a critical thinker.

Concept Maps and the Facilitation of Meaningful Learning

Results from a study by Novak and Musonda (1991) demonstrate the “value of concept maps as a repre-
sentational tool for cognitive developmental changes” (p. 117). Concept mapping as an evaluative tool 
and knowledge organizer, had its origin in a study conducted at Cornell University under the auspices 
of Novak and his research team. The study examined cognitive changes in students’ conceptual under-
standings of science topics over a 12-year span of schooling (Horton, McConney, Gallo, Woods, Senn, 
& Hamelin, 1993; Novak, 1990; Novak & Gowin, 1984; Novak & Musonda, 1991). The study results 
suggests the worth of using concept maps as a tool to represent cognitive structure and change and that 
concept maps can support and enhance the learning and teaching continuum by creating transparency 
in all students’ knowledge structure (Novak & Musonda).

In rote learning the pupil is presented with new knowledge unanchorable onto prior knowledge due 
to the manner of instruction and content. The content is memorized without subsuming the arbitrary and 
verbatim information into an already existing knowledge structure. When new knowledge is presented 
in rote fashion, the learner is challenged to make connections between what is already known and what 
is new. Without subsumption, new knowledge is not retained for long periods, nor is the transferability 
of new knowledge easily attained (Ausubel, 1963; Novak, 2002).

Concept maps are representational models of knowledge structures which can be constructed either with 
paper and pencil, or through the use of a computer-based software or online program. Included in these 
maps are nodes or bubbles housing concepts (ideas); connecting lines indicating a relationship between 
concepts; and linking words or phrases placed on connecting lines describing a connection between the 
two concepts, creating a propositional statement (Novak, 2002; Novak & Cañas, 2008). Propositions, 
also known as semantic units or units of meaning (Novak, 2002; Novak & Cañas, 2008), are made up of 
at least two linked concepts, along with linking words which create a complete or meaningful thought. 
The hierarchical levels of concept map structures can be created as spokes (one main idea, or hierarchi-
cal level with all sub-concepts radiating off of the central bubble), chains (multiple main ideas, many 
hierarchical levels with bubbles lined up in a chain structure), or networks (at least two or more main 
ideas, or multiple hierarchical levels with many sub-concepts connecting and interconnecting with the 
main ideas) (Hay, Kinchin, & Lyogo-Baker, 2008). Learning becomes increasingly visible through the 
use of student-created concept maps, as each concept map shape can reveal conceptual understanding 
of the learner.
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Student-created concept maps are tools for learners to observe and reflect on how they are understand-
ing information from classroom-based lessons. All students can organize, arrange, and make connections 
using either paper and pencil concept maps or computer-based concept maps.

Used within learning contexts, concept maps can provide a mode for all students to organize ideas 
revealing conceptual understanding through the transparent nature of concept maps (Hay, Kinchin, & 
Lygo-Baker, 2008) or to represent their current ideas.

RESEARCH APPROACH AND DESIGN

This chapter references a qualitative case study that was conducted in one third-grade classroom in a 
small rural Maine elementary school (K-8). The study lasted for six months of the school year (November 
– April). The participating classroom teacher (‘the teacher’) taught all the science units over the course 
of the school year. All students received training on the construction of concept maps using paper and 
pencil first, then the software. The teacher received instruction before the beginning of the study on the 
use of the software technology and constructing concept maps, and was given a brief introduction to the 
theoretic framework underpinning the study. Participants in the study were the classroom teacher and 
10 out of a total of 15 students in the class. All classroom students created concept maps, however only 
participating students were interviewed.

Data were collected from three different sources: science class observations, student and teacher in-
terviews (occurring three times) and artifacts. Artifacts comprised all science work sheets, concept maps, 
assessments, K-W-L charts, and the Concept Map Evaluative Rubric (CMER). The study incorporated 
a What I Know, What I Want to Know, What I Learned (K-W-L) chart as a tool to access student prior 

Table 1. Concept Map Evaluative Rubric (CMER)

Student:

Date:

Spoke Absent Partially Present
(1 – 3)

Present
(4 – 8)

Abundantly Present
(8+)

Nodes (Bubbles)

Connecting Lines

Arrows: 
Single Direction 
2 - Way

Linking Words

Valid Linking Words

Clearly Stated Propositions 
(Concept – Link – 
Concept)

1
Low

2 3 4
High

Science Content 
Validity

Not Present Emerging Developing Proficient

Hierarchical Levels

Concept Validity

continued on following page
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knowledge; a pre- and post-science unit assessment comprised of a collection of selected responses and 
short answers; and a concept map evaluative rubric.

The students’ first encounter with building concept maps was with paper and pencil, followed by 
the use of a concept mapping software program on classroom laptops. Student ideas were included in 
their concept maps, and the structural organization of the map displayed how information was organized 
hierarchically and connected to other concepts.

Using information made available from students’ maps, the teacher intervened so concepts based 
in scientifically valid understanding occurred. This in turn contributed to a more grounded foundation 
of understanding, as evaluated through techniques described in the following section, and represented 
a process which provided additional support to students’ learning as science concepts build upon prior 
understanding.

Chain Absent Partially Present
(1 – 3)

Present
(4 – 8)

Abundantly Present
(8+)

Nodes (Bubbles)

Connecting Lines

Arrows: 
Single Direction 
2 - Way

Linking Words

Valid Linking Words

Clearly Stated Propositions 
(Concept-Link-Concept)

1
Low

2 3 4
High

Science Content 
Validity

Not Present Emerging Developing Proficient

Hierarchical Levels

Concept Validity

Network Absent Partially Present
(1 – 3)

Present
(4 – 8)

Abundantly Present
(8+)

Nodes (Bubbles)

Connecting Lines

Arrows: 
Single Direction 
2 - Way

Linking Words

Valid Linking Words

Clearly Stated Propositions 
(Concept-Link-Concept)

1
Low

2 3 4
High

Science Content 
Validity

Not Present Emerging Developing Proficient

Hierarchical Levels

Concept Validity

Table 1. Continued
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Concept Map Evaluative Rubric (CMER)

The Concept Map Evaluative Rubric (CMER) was a tool used to record changes over time on student-
constructed concept maps (see Table 1). The author developed this tool with input from the participating 
teacher. The CMER used the conceptual work of Kinchin and Hay (2008) as a guide in its construction 
and organization. The resulting rubric was, however, the work of the author. The CMER displayed 
changes in structure, content and scientific conceptions for each participating student. The CMER cap-
tured snapshots of each student’s perceptions of science content by recording frequencies of concepts, 
lines, and linking words (valid linking words and clearly stated propositions). The rubric also noted 
hierarchical structure for each concept map. Three raters evaluated each concept map. One of the raters 
was a science content expert who evaluated each map for science content validity. The other two raters, 
a non-participating teacher within the school, and the author, scored each concept map for structure by 
recording frequency of concepts (boxes), connecting lines, arrows on connecting lines, and linking words 
in addition to changes in hierarchical levels and concept validity. This included valid linking words creating 
a complete thought or clearly stated propositions (concept - linking word – concept). Students created a 
total of seven concept maps over course of the study. Each concept map was evaluated using the CMER.

The CMER was used as a road map, charting each child’s journey in the building of concept maps over 
time. It provided a window into changes in both structure and content of each map so that the learner’s 
progress with content could be observed and compared to other indicators of each particular student, 
such as the assessment, in-class discussions, and interviews where participating students, using their 
concept maps as guides, responded to questions focusing on content and connections. Concept maps 
were compared within each student’s file, not student to student.

Accessing Prior Knowledge

The What I Know, What I Want to Learn, What I Learned (K-W-L) chart developed by Ogle (1986) is 
a simple approach to gain access to students’ prior knowledge. Other variations on this chart have been 
created but the idea behind them (to generate and record students’ prior knowledge before a study com-
mences) is similar (PRC2: Partner Reading and Content, Too [Ogle, 2009]; KLEW: what I Know, what 
I want to Learn, Evidence all students gather, Wonderings [McCloud, 2007]). During or immediately 
following the study of a specific science unit all students record what they learned in a K-W-L chart. 
This is a straightforward method of documenting what learners know or believe they know about certain 
topics; and is a popular method used among many elementary teachers (personal experience).

This method is a window into students’ belief systems about a specific content topic over time. It does 
not analyze, determine, nor predict students’ cognitive scheme of understanding but rather represents 
one approach to gaining access to students’ prior knowledge (see Table 2). Table 2 is a compilation 
of student information entered into personal K-W-L charts over the six month study period. The dates 
indicate when watershed concepts were entered into K-W-L charts.

Assessment

The assessment protocol used throughout the study referenced in this chapter was a set of questions on 
general watershed concepts. Some questions named specific bodies of water in the region, while oth-
ers were of a more general nature. The children took the assessment four times during the science unit 



793

The Nature of Third Grade Student Experiences With Concept Maps
 

(September, December, and twice in April). Questions were constructed to test student knowledge, com-
prehension, application, and analysis of watershed concepts. Types of questions included short answers, 
true/false, multiple choice, and interpretive exercise. The assessment was a way to gauge application of 
learned concepts in a more formalized context while applying test-taking skills.

STUDY MODEL

All learners bring to science class an epistemology personal to the individual. This knowledge represents 
idiosyncratic approaches, based on constructivist perspectives, to making sense of empirical events in 
students’ lives that are not necessarily apparent to the teacher. Students develop their individual under-
standing of new science concepts in relation to concepts already anchored in their cognitive scheme. 
This may potentially lead, at times, to misconceptions on the student’s part where new information is 
mismatched or incompatible with a preconceived notion of observable events. If the teacher guides the 
learner to reconstruct naïve knowledge already established within his/her hierarchical scheme of under-
standing, it can lead to the modification of embedded concepts resulting in valid scientific knowledge 
(Smith, deSessa, & Roschelle, 1993). Accessing a student’s prior knowledge that he or she brings to the 
classroom contributes to the teacher’s ability to guide learning into channels whereby new concepts can 
be assimilated into the existing scheme of knowledge. The benefit of using concept mapping to support 
and scaffold student learning provides a window for the teacher into the learner’s way of thinking.

The purpose of the study referenced in this chapter was to reveal student understandings and mis-
conceptions of science concepts through their construction of concept maps over time. The study also 
investigated the ways students used concept maps to understand watershed system concepts through 
revision of content and structure as ideas developed during class discussions and interviews. Using this 
approach of self-critiquing concept maps, students were encouraged to question their own perceptions 

Table 2. What I Know, What I Want to Know, What I Learned chart

KWL: A Watershed

What I Know (November 2010) 
(Whole class discussion)

What I Want to Know (April 2011) What I Learned (February & April 
2011)

It has something to do with water 
A shed with water inside 
A windmill 
A shed with things we use on the water 
The name of a boat 
Shedding water 
Like a greenhouse with barrels of water

What would happen if one of the steps of the 
water cycle was taken out? 
Why doesn’t the ocean overflow? 
What percent of water is saltwater? 
Why do lakes and rivers connect? 
I want to know why they named it the 
watershed? 
Why do people dirty up our watershed?

I learned about biomagnification 
And precipitation, evaporation, 
condensation, H2O, and water cycle, and 
zones (Feb. 2011) 
I learned that what we thought it 
[watershed] was, was not true. That a 
watershed is mostly ridgelines (April 2011) 
I learned that where ever [sic] you are, you 
are in a watershed (April 2011) 
I know about pollution, oil, water, sun, 
food, people, life in the ocean, ponds, 
lakes, rivers, fish, animals, estuaries, 
anadromous, and catadromous fish (April 
2011) 
Biodiversity, eutrophication, ecology, 
nonpoint pollution and point-source 
pollution (April 2011)
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and to develop an open mind receptive to possible alterations in their thinking and understanding of 
certain concepts. Self-critiquing by questioning prior assumptions is an integral aspect of developing 
critical thinking in learners.

The central research focus revealed that the nature of students’ experiences with concept maps helped 
them and their teacher to see how the science content they were learning could be arranged, organized, 
connected, and hierarchically structured to represent a map of their own thoughts. Exposure to concept 
maps, as many students expressed in interviews and class discussion, enabled them to express the ways 
by which they comprehend the known information taught in class and how to relate that understanding 
to old and new knowledge. Some of the changes observed by the teacher throughout the study were in 
students’ understanding of science concepts as misconceptions. Hierarchical awareness of content began 
to make sense as students reviewed and then reflected on their concept maps. They then correlated their 
map’s content and structure to science class curriculum, self-correcting as a result of the evaluating 
process students engaged in with their concept maps. Perceiving how one idea builds onto another idea 
began to emerge in students’ thinking. Connections between science concepts and personal links became 
stronger as students gained in confidence and understanding of content.

Science Study

Spreading the third-grade class study of the watershed unit over six months built flexibility into the 
science unit, which provided time for developing the students’ areas of interest, expertise, and personal 
connections. Because the students had the opportunity to build understanding over time with content 
and through the experience of concept maps, they could experience a non-linear mode of instruction and 
learning. Certain science concepts were presented in multiple contexts and moved among those contexts 
giving students numerous exposures to similar ideas but housed in different settings. For example, the 
theme of pollution was everpresent in all the contexts of the watershed study, whether the term was 
embedded in a book (The Watershed Journey of Linus the Loon, J. Atwood), in a discussion with a rep-
resentative from the state Department of Environmental Protection (DEP) or in a natural history slide 
show of the local watershed system. The issue of pollution was explored through causes and effects, 
along with long- and short-term outcomes. In other words, the students experienced many aspects of 
the concept of pollution within a watershed system.

This fundamental idea of pollution within the watershed system presented in a nonlinear context, 
challenged students’ thinking about the nature of pollution and its impact on the ecosystems found 
within the different parts of the watershed they studied. Another theme brought up in a variety of con-
texts was the water cycle. Students learned the key phases (evaporation, condensation, transpiration and 
precipitation) through a game with the DEP representative during her fall visit and included it in their 
concept maps. The phases were displayed on one of the classroom bulletin boards. The water cycle’s 
impact on the watershed was discussed with the students as each new element of the watershed system 
was introduced, such as new bodies of water, key features of a watershed, and the different plants and 
animals found in the varied environments within a watershed. The variability of water availability, as it 
connects to the different phases of the water cycle and different geologic locations, began to emerge as 
the topic of the water cycle. Over time the students began to see the connections between the different 
phases of the water cycle and different aspects of watershed-related issues. One student asked why the 
ocean never overflows such as a pond or river might with water spilling over its banks. The concept of 
overflowing was distinct from flooding in the student’s mind. As the student began to understand the 
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water cycle better, a theory developed about evaporation which helped the student in understanding that 
particular phase of the water cycle.

Ecology, as a study that examines the relationships between organisms and their environment, was 
another integral aspect of the science unit. Students experienced concepts of ecology as they learned 
about the interconnectedness of the different parts of the watershed and how environmental changes could 
effect both plants and animals. Sources and types of pollution was an important ecological concept. The 
students became ‘pollution detectives’ on the alert for sources of pollution from run-off of lawn fertilizer 
into the nearest body of water, or from garbage in and around watershed areas.

The overarching curricular goal of the watershed unit was for students to understand the intercon-
nectedness within watershed systems of its many constituent parts and the impact human activities can 
have on the watershed. Through questioning the assumptions they held about watersheds, uncovering 
their individual prior knowledge, and then addressing misconceptions, students were able to develop a 
deeper awareness of their own knowledge construction of the watershed and its processes. The insights 
students provided during class discussions and interviews, in the pre and post test data, along with the 
key factors seen within their concept maps, attested to their heightened awareness of the sensitivity of 
the watershed and the interconnectedness among the different aspects of all watershed sytems.

Connections: Prior Knowledge, Science Content, and Misconceptions

The student experience of creating connections among already established concepts (prior knowledge), 
recognizing new connections among science concepts, and then building additional connections within 
concept maps provided the means for the teacher to observe and identify student misconceptions. Addi-
tionally, the structure of each map, spoke, chain, or network, presented to the teacher the organizational 
perception of main ideas and sub-concepts. On an individual student basis concept map content and 
structure would evolve from map to map as science topics expanded, new ones were added, and student 
perception of the organization of watershed issues housed within concept map bubbles grew. How 
students individually perceived their personal connections to science content became apparent during 
class discussions and interviews. Subsequently these perceptions were displayed in concept map struc-
ture and content through the inclusion of individual experience and the unique perspective each student 
brings to the learning experience. Once misconceptions were identified by the teacher via concept map 
structure, content, and student discussion she re-taught and re-contextualized the science concepts. Re-
contextualizing the concept involved embedding the idea within a learning situation connected to the 
student’s personal experience and prior knowledge.

The key, according to Lederman et al. (2004) is to make use of students’ prior knowledge in order to 
create an anchor for embedding new information into already established concepts. Relating what they 
had just heard to something they were familiar with motivated students to connect actively with class-
room discussions and the science content. As students engaged with the science content on a personal 
level, concept map content and structure evolved revealing growth in valid science conceptions growing 
out of misconceptions.

Through class discussion and probing questions, the teacher was able to determine whether knowledge 
modification had occurred in the student’s understanding of the misconception. However, ascertaining 
whether prior knowledge and personal experience contained valid understandings of the science con-
cept or not was necessary. Once the teacher had made that determination, she would proceed and then 
monitor the outcomes through discussion and concept map content. The teacher’s precept for teaching 
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science content to her students rested upon this approach. As she explained, “I think I have to bring it 
[content or events] back to what the kids can connect to with the most ease. Whatever is the center with 
that little ripple, it has to be connected to self and once they can connect it to self, they can then expand 
their understanding of it…” (Interview excerpt, 1/6/11).

Concept Maps: The Process of Creating Connections

The tools of the concept-mapping software provided the affordances students needed to create content 
and structure. Students were accustomed to the classroom laptops having used them in second grade. All 
students were familiar with the process for accessing the software. Additionally, students were versed in 
the rudimentary aspects of word-processing, such as spell check, delete, copy and paste, caps function, 
etc. Therefore, when the concept mapping software was introduced, students could focus on the new 
tools without being distracted with learning basic word processing skills.

With these new concept-mapping program tools, students were able to experiment with creating and 
revising their connections among watershed concepts and their personal knowledge by placing connect-
ing lines and (sometimes) arrows at the end of some connecting lines between their science concepts. 
Students discussed among themselves, with the teacher, and in interviews, their intent behind the con-
nections they had created with their connecting lines and arrows. This process provided a window of 
opportunity for both student and teacher to view the hierarchical organization as best representing each 
child’s knowledge structure. The concept-mapping software tools allowed changes to be made easily 
within each map so students, as they were discussing content and structure, and could alter, edit, remove 
or add elements if they deemed it necessary and appropriate. Some students understood the process as 
a means of putting their ideas down on paper in a way that provided easy access to them. Others saw 
the process as building a comprehensive whole from bits and pieces that when put together created an 
understandable representation of their thoughts and ideas.

The teacher moved the students through the process of constructing concept maps in science class 
in a slow, methodical manner. With few exceptions this allowed software tools to be mastered, and their 
effectiveness to be determined and applied in a meaningful way for each student. In other words, students 
had the time to experiment with each software tool and learn its applications since they were using only 
a few new tools at a time. However, one student encountered challenges using the software tools. This 
student would have benefited from creating concept maps using paper and pencils. He had trouble hit-
ting the laptop keys with accuracy, which at times led to frustration on his part. This held him up so he 
was not able to achieve the concept map structure with the science content he had in mind. These issues 
arose during interviews as he explained that the map did not look like he wanted it to look and that he 
had run out of time to work on it.

An interview with Student #1 on the first concept map (see Figure 1), focused on the content and 
connections, which highlighted the process underwent as the map was constructed and then the student 
explained the map. Student #1’s understanding of watersheds at this point in the study was revealed 
through comments on the map content and structure. The map was a spoke shape, with most of the 
ideas radiating out from or into the central theme of watersheds. This map structure shows the student’s 
centralized perception of the information being learned. The student was in the process of organizing all 
the watershed ideas as they connected to the main idea. Student #1 included everything that had been 
learned so far about watersheds in the first map. Hierarchical structure was simple (one level) while 
organization of concepts was not apparent in the initial map. The connections created and then explained 
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in this interview show how Student #1’s understanding of watershed-related ideas, as they connected 
and related to the watershed, had not evolved beyond the conviction that all the concepts were connected 
to the watershed with equal importance and validity. Student #1 was in the emergent phase of creating 
connections between sub-concepts.

Interview Excerpt with Student #1 (1/25/11):

Student #1: I knew that everything would connect to watershed and then I had to think what would they 
be connected to [sub-concepts], so I thought of all these different things and when I thought about 
them, I had to add new ones too [ideas]. I thought of new ones too, its like, um well the fertilizer 
would go with food ‘cause fertilizer is food for the soil so those three would go together and then 
the cows would go with the food ‘cause cows eat food and the cow…

Researcher: Explain connections between ponds and oceans.
Student #1: They are both bodies of waters and so is lakes so those three connect and so does that too 

‘cause a bog is a part of a water [bog and watershed].
Researcher: Line to mud from watershed, what’s that connection?
Student #1: Well, if there is dirt and it rains it can make mud so that has to do with water
and then I have the evaporation that goes with watershed because that is part of the water cycle. I though 

the water table would probably go with evaporation because um, it just sort of ... that it would go.
Researcher: What is the water table?
Student #1: It’s like a um, sort of like, um... the water table is sort of like, I can picture it in my head I 

just don’t know.

Student #4 described the process she experienced as she created her concept maps in the following 
interview excerpt (see Figure 2). This student was actively engaged in reflective thinking about the 
building process and understanding watersheds and connections as she percieved them.

Figure 1. Student #1 concept map 1
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Interview Excerpt with Student #4 (4/29/11):

Student #4: …it’s kind of like a puzzle of figuring what goes with what and all that.
Researcher: How did you figure or what process did you use when you were putting your puzzle together?
Student #4: I just put one [bubble] on there and thought about it and put another one on there [bubble] 

and I thought about that one and then, well, just put some on that that I really thought were inter-
esting and then I would see if they [ideas] would go together.

Researcher: How did you decide what goes with something?
Student #4: I was thinking ‘cause I had chemicals and biomagnification and then I thought about it and 

yeah, that would be kinda [sic] the same so I put that there.

Of the ten participating students, eight students’ concept maps evolved from basic spoke shape ar-
rangements with everything they had learned about watershed systems radiating out from or into the 
central theme of watersheds, to complex structures. These complex structures contained science content 
carefully chosen to highlight each student’s main idea along with sub-concepts arranged in such a way 
as to convey to themselves and others their understanding of their central theme. The process students 
experienced as they built and revised concept maps helped them make sense of their newly acquired 
knowledge on watersheds. Experimenting with ideas and the connections to other ideas allowed for 
comparisons among concepts, which in turn helped students develop an awareness of the attributes of 
each idea, the similarities and differences, and how one thing connects to another thing.

Figure 2. Student #4 concept map 7



799

The Nature of Third Grade Student Experiences With Concept Maps
 

Using Concept Maps

Students’ responses to interview questions regarding the use of concept maps in science class to help their 
understanding and thinking indicated the experience had been positive and helpful. Students organized 
information in a way that made sense to them and underscored their perception of a concept map as a 
learning tool (see Table 3).

The concept maps provided a way for seeing how ideas flowed and to see connections. In addition, 
the use of their concept maps to self-reflect on the organization and structure of important ideas was 
key to most of the participating students’ benefits stemming from those maps. Gaining access to wa-
tershed information was essential to many; students perceived that concept maps provided this access. 

Table 3. Types of student experiences creating and using concept map

Types of Student Experiences Creating Concept 
Maps

Types of Student Experiences Using Concept 
Maps

Categories of 
Experiences

“We have a main idea; I would say some stuff 
about [it] in other little bubbles around it and 
I could color code them. I would draw lines 
to those… I drew some bubbles around that 
and I would connect them with one connector 
[connecting line].”

“These [concept maps] were helpful because I could 
look back to my information about watersheds to find 
out, like, do watersheds have streams, do streams 
make waterfalls, do head waters flow to rivers...”

Memory Aid, 
Organizational Aid 
Reflection

“At first I did not understand these [concept 
maps] but when I got into it, I realized what I was 
supposed to do. I could see other people’s [concept 
maps] and I understood everything about the 
watershed goes into that bubble and linking words 
like that would connect to that and that would 
connect to that…”

“…you basically got to put every one of your ideas 
down that you found in your head.” 
“It probably did because if I didn’t use them [concept 
maps] I would probably lose a bunch of stuff in my 
memory cause if I put it down on paper and I keep 
learning more and more, I kinda [sic] um, I kinda 
[sic] keep putting it down [in concept maps], and it 
kinda [sic] helps so I don’t lose [forget] any of it.”

Memory Aid, 
Organizational Aid

“I wanted to go back and forth, like I wanted to 
make it a shape like a circle. I can put bubbles 
everywhere so I can connect them to the 
watershed.”

“…I have it all right there in front of me and I can 
just take ideas off of this map and throw them onto 
my new map that I’m making.” 
“…I know more, I learn more and more everyday so 
I can put this stuff I learned again in, then the stuff 
that’s old that I have in my other map.”

Memory Aid, 
Organizational Aid

“I went through the process of creating the main 
idea, which would be watersheds, and then creating 
all of these little words about things that are 
created by a watershed, and this information that 
creates another piece of information.”

“…It was pretty cool to figure out what a Web could 
do, could tell people what a watershed is.”

Make Learning Visible

“I just put one [bubble] on there and thought 
about it and put another one on there [bubble] and 
I thought about that one and then, well, just put 
some on that that I really thought were interesting 
and then I would see if they [ideas] would go 
together.”

“ I used to think it was just all land and that 
everything was connected, but it’s actually different 
land [different bodies of water flow into different 
watersheds]. Like in one place it’s a different 
watershed so, now I know that some places we go I 
used to think were in the [local] watershed, but no.” 
“I can see everything I’ve learned when I look at 
all of mine [all of his concept maps]. When the 
first one only had four bubbles, and I can see like 
with watershed concept map1 and was concept 
map 2, I can see how I developed it because I can 
see the same 4 [bubbles with ideas] but with more 
connections.”

Content Clarification/ 
Make Learning Visible 
Memory Aid 
Reflection
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The following is an interview excerpt (4/28/11) with Student #3 explaining what a concept map is and 
what they can be used for.

Researcher: How would you explain what a concept map is?
Student #3: It’s sort of like a spider web one thread connecting to the other thing to pull those two ideas 

together.
Researcher: What do you use them for?
Student #3: I think you use them to help us improve our knowledge like our thought.

Cognitive Tools for Building Concept Maps: Notes and Color-Coding

As well as the key structural components of the concept maps described in previous sections, additional 
tools used in the building of students’ maps were notes and color-coding (see Figure 3). These cognitive 
tools, which are collectively defined as “instruments that can enhance the cognitive powers of learners 
during their thinking, problem-solving and learning” (Jonassen, Reeves, Hong, Harvey, & Peters, 1997, 
p. 293), supported student learners in becoming successful problem solvers as they worked over their 
concept map content and structure. Notes (a nesting text box which could be closed and opened from 
the bubble or node with which it was associated) provided text boxes, which could be nested within the 
larger concept node or bubble for students to further develop their thoughts without cluttering up their 
concept map organization. This aspect for many of the students was important. Students choosing to 
use this tool would hide, or nest these notes until called upon to talk about their map or share it with 
someone else, such as the teacher or the rest of the class.

Figure 3. Student #3 concept map 5
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Student-identified color-coding of themes was another cognitive tool for students to use in creating 
structure and personal coherence out of content. Boundaries regarding the use of the color-coding tool 
were delineated for the students before color-coding was integrated into the process of creating concept 
maps. From prior experience with these students, it had been observed that color-coding without clear 
guidelines resulted in artistic applications of colors often reflecting the student’s preference for pattern 
and arrangement. Thus, the teacher waited a few weeks before introducing the color-coding application. 
Students were encouraged to think how certain parts of their concept maps might share similar traits, or 
conversely, students were asked to think about how certain ideas might be different from other watershed 
ideas. In order to determine color-coding of different concepts for each map, students needed to ques-
tion assumptions they held about the different attributes of ideas and then to test through application of 
color-coding whether the assumption would apply and then pertain.

Student #3 applied color-coding and notes to Concept Map 5 (see Figure 3). The distinctions among 
concepts as he applied his color scheme underscored his classification system and made visible how 
certain connections and shared attributes are organized cognitively. Instead of color-coding all bodies 
of water blue, which he did for one group, he separated them into specific categories of location and 
quality of water (large body of water with movement: rivers, waterfalls, streams, head waters) to bodies 
of water with abundant vegetative growth relative to other bodies of water (marshes, bogs, and swamps).

Culture of Teaching

The learning environment fostered by the teacher provided a safe context in which her students could test, 
tryout, and otherwise experiment with their prior knowledge and personal connections, while working 
to create new connections to the science content. Providing a learning environment where students felt 
safe enough to test out their ideas was created through the types of interactions and relationships pro-
moted by the teacher and responded to by the students. Giving each child opportunities to ask questions, 
in a learning context of respect and interest, encouraged further investigations into watershed -related 
topics on the students’ part. Discovering students’ areas of expertise and interest guided the teacher as 
she crafted the science content for the study of the watershed. Using different pedagogical styles with 
her students whereby instruction moved between an informational format to whole class discussions 
encouraged students to engage with new information over time in a variety of ways. This format gave the 
students an opportunity to reflect on their own personal knowledge and connection to what was transpir-
ing in class, to access their prior knowledge and then to add it to the mix of ideas being shared among 
classmates and teacher. Asking her students, “What did you uncover today?” framed their experiences 
within the context of their own learning and knowledge scheme.

Within this learning environment, students’ naïve knowledge on watershed systems and associated 
science topics, such as energy from water, notions about pollution, the impact humans (including the 
students) have on the quality of watershed environments for the plants and animals, and an understand-
ing of ways to effectively preserve the natural world for subsequent generations became visible through 
classroom discussion, and the concept maps. The characteristics of watershed systems presented challeges 
for students. Many concrete examples were used before students grasped the idea that a ridgeline created 
the boundary differentiating one watershed from another. Students knew about many of the different 
bodies of water making up parts of the local watershed; they often swam in the lakes and ponds in the 
summer and skated on them in the winter. However their ability to differentiate characteristics between 
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a pond and a lake or a bog and a swamp was not developed. Students were able to describe similarities, 
but were challenged when it came to differences. These examples provided the teacher with opportuni-
ties to re-teach and re-introduce the topics for additional class discussions.

Concept Map Evaluative Rubric

As previously mentioned, a Concept Map Evaluative Rubric (CMER) was used to record changes 
in students’ concept map structure and science content validity and to capture qualitative changes in 
hierarchical structure and science content over time (see Table 1). Hierarchical and content validity 
were determined as ‘emerging’, ‘developing’, or ‘proficient’. Changes in concept map structures were 
recorded as frequencies. The structures counted were the number of nodes (concept bubbles), connect-
ing lines, arrows, linking words (valid linking words) and clearly stated propositions (concept-linking 
word-concept). Changes in hierarchical levels and concept validity were assessed by using qualitative 
parameters with Not Present and Exemplary anchoring opposite ends of the spectrum.

Frequency and qualitative trends within the CMER were observable as students progressed in deter-
mining science content validity, and as facility with the software increased. Each student constructed 7 
concept maps. Concept maps 1, 2, 4, and 5 built upon the previous map in the sequence. Concept map 
3 introduced a new main idea and was a stand-alone. The content of concept maps 6 and 7 featured the 
local watershed located within the school’s community. A trend towards an increase in specific structures 
over time and within the same themed concept map occurred within most students’ CMER. Specific 
structures included nodes, connecting lines, arrows, and linking words. Students perceived linking words 
as challenging. Over time and within the same themed concept map, the use of linking words and valid 
linking words also increased. Science content validity dipped with the introduction of a new theme, but 
then would increase in the next iteration of that same theme. Student maps displayed the same trajectory 
of conceptual growth as they experienced in class. Simple maps reflecting a novice’s appreciation of 
the new concepts were built until a more complex understanding of science content was achieved and 
then map structured evolved and developed. Concept maps made student thinking visible which was 
supported by evidence captured in each student’s CMER.

Three participating students’ concept maps shifted from spoke to network by concept map 7, the final 
one. One student ended up with a chain structure, while the remaining six concept maps were spokes. 
The trend in hierarchical and content validity, once again, shifted between emerging and developing for 
most participating students. Some students’ growth with concept maps reached proficient levels. The 
emerging distinction indicated that signs of concept validity and hierarchical levels were discernible 
without the clarity of developing levels. Developing was a transitional phase between emerging and 
proficient. Most students were located in that phase, shifting at times between emerging and developing 
depending on concept map.

Presented here are two concept maps (first and fifth in the series) and accompanying CMER graphs 
on these particular maps from Student #9. The CMER recording for Concept Map 1 (Table 4 and Figure 
4) notes a Spoke shape with 7/10 Clearly Stated Propositions/Total # Propostions (there was a total of 
10 with 7 as Clearly Stated Propostions). Science Content Validity ranks as a 3 and Hierarchical Levels 
and Concept Validity are described as Emerging. By the fifth concept map (Table 5 and Figure 5), the 
Clearly Stated Propositions/Total # Propostions increased to 27/28. Hierarchical Level and Concept 
Validity progressed to Developing.
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Both maps are spokes which denotes a single hierarchical level. A single hierarchical level suggests, 
as the CMER records, that understanding is on a continuum of development as content is introduced, 
discussed and connections built. Connections created between concepts chart the path of knowledge 
as conceptualized at that time by the student. Concept Map 1 is a brief description of a watershed. By 
Concept Map 5, the content has increased and the spoke structure is more detailed even though the map 
remains primarily a description of a watershed. The connections between concepts are conceptualiza-
tions of the student’s undertstanding of watersheds. The fifth map is color-coded reflecting the student’s 
perception of similarities among concepts (the CMER did not evaluate color-coding). Color-coding of 

Table 4. CMER student #9 concept map 1

Concept Map 1

#9

Spoke Absent Partially Present (1 - 3) Present (4 - 8) Abundantly Present (8+)

Nodes x

Connecting Lines x

Arrows: Single x

Arrows: 2-Way x

Linking Words x

Valid Linking Words x

Clearly Stated Propositions/Total #Propositions 7/10

1
Low

2 3 4
High

Science Content Validity 3

Not Present Emerging Developing Proficient Exemplary

Hierarchical Levels x

Concept Validity x

Figure 4. Student #9 concept map 1
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Table 5. CMER student #9 concept map 5

Concept Map 5

#9

Spoke Absent Partially Present 
(1 - 3)

Present (4 - 8) Abundantly Present (8+)

Nodes x

Connecting Lines x

Arrows: Single x

Arrows: 2-Way x

Linking Words x

Valid Linking Words x

Clearly Stated Propositions/Total 
#Propositions

27/28

1
Low

2 3 4
High

Science Content Validity 3

Not Present Emerging Developing Proficient Exemplary

Hierarchical Levels x

Concept Validity x

Figure 5. Student #9 concept map 5
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concepts by the student reveals a type of classification system specific to that particular student’s orga-
nization of concepts.

The Concept Map Evaluative Rubric caught and recorded snapshots of change between each student’s 
concept map over time. Comparisons were specific to each student’s collection of concept maps and not 
student-to-student. This case study explored the use and applicability of a CMER to gauge change in 
content knowledge over time and to assess whether concept maps did indeed affect overall learning and 
cognititive growth within a content area. Used in conjunction with the additional assessment protocols, 
the author determined the integration of concept maps positively affected student learning outcomes.

In this case study, the CMER was used for the purposes of the author’s research and for the teacher’s 
use as a means to gauge student concept map change over time as it correlated with accompanying con-
tent assessment protocols. Students did not see the CMER, as the assessments were conducted at the 
conclusion of the study. However, students were able to see all their maps during their exit interviews 
with the author and at that time appreciated the changes and growth within each series of maps.

Assessment

The students received an assessment from the teacher four times over the course of the watershed study. 
Questions were constructed to test student knowledge, comprehension, application, and analysis of 
watershed concepts. The types of questions asked included short answers, true/false, multiple choice, 
and interpretive exercise. The assessment was a way to gauge application of learned concepts in a more 
formalized context while applying test-taking skills. All students’ scores increased from the lowest score 
of 3.25/12 at the beginning of the study (number correct over total possible correct) to the highest score 
of 12/12 by the end of the science study.

The assessment was used by the teacher before the science unit began in the early fall and then fol-
lowing significant teaching sessions. She administered the assessment in mid-December after the DEP 
representative had visited the class. Also during the month of December the students were introduced to 
key watershed system concepts. The class took the assessment again in the spring. The assessment oc-
curred twice, during and after the local expert on the geology and history of the local watershed showed 
his slide show to the class. The teacher wanted a gauge of what her students took away from the content 
rich slide show sessions, which lasted three days. In addition, a representative from the local land trust 
paid a visit during that time to the class to talk about land and watershed conservation.

The frequencies in the comprehension and application sections of the assessment rose steadily over 
time. Students were in possession of a lot of information. Their sorting through their fund of watershed 
information in order to respond to this assessment required the ability to discriminate among the ques-
tions and the concepts they were familiar with and then, deciding if and what matched both in their own 
minds and on the assessment.

The teacher’s primary choice of assessment in her class revolved around hands-on projects and 
formative assessments. The teacher rarely administered summative or formal tests with the exception 
of spelling and math tests. It is noteworthy that student scores reflected a positive trend in the analysis 
section of the assessment. This reflected the teacher’s unit goals of having students develop an under-
standing of the interconnectedness of watershed systems and human activities. The children’s concept 
maps and the assessment collectively demonstrated their understanding of the sensitivity of the ecology 
of the watersheds, both on a global and local level.
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A Reflection on One Student’s Journey With Concept Maps

Student #2’s journey of learning about watershed systems became accessible to both the student and the 
teacher through the inclusion of his concept maps. His concept maps reflected his approach to integrating 
directions with his own decisions on how to accomplish a task. However, as was detailed with many of 
his maps, the student was able to develop and explain his conceptions (and misconceptions), progression 
of thoughts, and how different concepts connected and affected others on his maps. The student’s inter-
est in science engaged him in class discussions providing him with a forum for sharing his background 
knowledge and personal connections to current topics under discussion. Pollution of his local watershed 
was an important discussion point for Student #2 both in class and during interviews. During interviews, 
this student often shared that his concept maps were not complete (or the way he wanted them) because 
there had not been enough time to work on them. However, the lack of completeness did not deter him 
from fully discussing watershed concepts he brought up in response to questions during interviews.

The overall progression of structure and content throughout this student’s concept maps reveals a 
development of ideas through the process of self-reflection and then revision. Also, Student #2’s use of 
the concept map to organize the watershed topics he chose to include along with growth in apprecia-
tion of the interconnectedness of watershed systems about which he was learning, especially his local 
watershed was made visible. He was able to acknowledge his assumptions (prior knowledge) about 
watershed systems and then self-correct through concept map revision. His sensitivity and awareness 
of that interconnectivity among the watershed systems was revealed in his complex array of connecting 
(linking) lines and arrows. His system of connections also displayed his conceptions (and misconcep-
tions) of watershed concepts.

In Figure 6, Student #2 has included many watershed concepts from the class word list. Concept 
Map 1 is a spoke shape, but with some variation in bubble and connecting line arrangement. He has 
included arrows on the connecting lines and made connections between phases of the water cycle. There 
is a connection between collection/percolation and groundwater. All his concepts connect to the central 
watershed bubble.

Interview Excerpt with Student #2 on Concept Map 1 (1/24/11):

Figure 6. Student #2 concept map 1
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Researcher: What is precipitation?
Student #2: Rain, and then water goes down a mountain, this is one of the ways, water goes down a 

mountain and then when it gets to a good spot and goes into the soil and that’s sometimes pretty 
bad because water can bring soil.

Researcher: What’s bad about that?
Student #2: The soil has bugs, sometimes, tiny, tiny bugs, not even the eye can see, it also can include 

germs and then there is dirt.
Researcher: What is wrong with dirt?
Student #2: Well, its dirty and uh, sometimes it well, say you had a pond in the back of your yard, and 

you put some water on the dirt and you will see a little water piece on the dirt. How about I just do 
this; pretend I had sand which is kind of like dirt and I put it in the water and the water turned a 
little brownish and so well if you put enough dirt or sand into the water it can actually turn brown.

Researcher: Is that a problem for water to turn a different color?
Student #2: Um, well, sometimes, yes.
Researcher: Why?
Student #2: In a book that you know, um, A River Ran Wild (Cherry, 1992) you, basically they [people 

living near the Nashua River in MA] basically would go into the river and sometimes they would 
come out like blue or green or brown or something like that, and that is one way, and after a little 
while it gets kind of smelly [this was due to the dyes and chemicals used in the textile and paper 
factories on the Nashua River at one time].

Concept Map 5 of Student #2 includes new concepts (see Figure 7). His structure continues to evolve 
while it remains basically a spoke shape with a single hierarchical level. Color-coding has been introduced 

Figure 7. Student #2 concept map 5



808

The Nature of Third Grade Student Experiences With Concept Maps
 

in this map along with linking words. Student #2’s use of color-coding suggests specific connections he 
perceives based on his own assumptions about the watershed systems and its sub-concepts. An impor-
tant concept included in this map is Biomagnification (the process in an ecosystem whereby substances 
become more concentrated in organisms higher in the food chain usually through predator-prey interac-
tions). His interview comments reveal a complex understanding of the process. The student continued 
to use his concept map as a guide as he discussed watershed concepts during the interview. He also 
engaged in self-revisions within his map as he reflected on the interview questions and his responses. 
The student felt it was hard to come up with linking words for use in his maps, which accounted for the 
few entries of linking words.

Interview Excerpt with Student #2 on Concept Map 5 (3/4/11):

Student #2: Basically a watershed is a circle and it isn’t a circle because sometimes it goes winding and 
sometimes it goes straight but it still goes back to where it began.

Researcher: In what way does it go back to where it begins?
Student #2: Like, if it went from precipitation coming down from the mountain, it would come down the 

mountain, and then it would go to the closest possible stream or river, pond, or it would just keep 
on going down to the water - ground water and then it might, it might collect some pollution, it 
would basically collect in biomagnification, kind of.

Researcher: What is biomagnification?
Student #2: The stuff that is biomagnification is basically, plankton or red tide. Basically it is plankton, 

some of it. Well, anyway, plankton would become the dirt that would, the water would find and go 
to the ocean and then this is a matter of eating - small fish eat at least - five small fish eat at least 
about 50 or less plankton, then one big fish eats about five small fish and then some bigger or a 
bird would eat that bigger fish and would get the plankton and then we would probably eat the bird 
by shooting it and eat the bird, and then we got the biomagnification.

Researcher: So…,whoever is eating the animal that has been part of the cycle you were just explaining, 
are they eating biomagnification?

Student #2: Soon it will become the results of biomagnification.

His discussion of this environmental process during this interview revealed a complex level of un-
derstanding including both conceptual accuracy (pollution travels within the food chain and accumulates 
as it travels up the chain) and naïve epistemology of biomagnification (biomagnification as the outcome 
of certain events and not a process). Biomagnification was introduced in his concept map 2 (CM2) and 
he kept it in CM4 and 5.

Student #2’s assessment scores are an indicator of his conceptual growth in understanding of the 
science topics (Scores: 6/12; 7.75/12; 10/12; 10/12). The CMER tracked content, structure, and science 
content validity. Student #2’s science content validity (scored by the DEP rater) hovered around 3 out of 
4. His hierarchical levels and concept validity were both mostly scored at an Emerging level of develop-
ment. His focus while working on his concept maps was on science concepts and how he understood 
their connections to each other and to his map’s main idea. That he did not develop a more complex 
system within the structure (hierarchical level) was more a reflection on his classroom learning style 
than on his understanding.
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Student #2 liked using concept maps in science class. He claimed they helped him as he learned the 
science content. He commented during our final interview (4/28/11) that they helped him remember the 
concepts so he could then talk about them, which was exactly what he did.

SUMMARY

The theoretical premise of this chapter’s study (that student-constructed concept maps, when used in 
science class for the duration of a science unit, support student learning while providing a window into 
student cognitive organization and understanding) is primarily founded upon the work of Novak (2002), 
Ausubel (1963, 2000), and Kinchin (2000), and is supported by the empirical outcomes of the study.

The benefits of this teaching approach were apparent as students responded enthusiastically and with 
strong motivation to the inclusion of concept maps in their studies. Following the conclusion of the 
research project, students requested the use of concept maps for other content areas. They were willing 
to spend additional time working through science lessons with the use of concept maps. Motivation 
plays an important part in the learning environment. When students are motivated to achieve a goal, 
their investment in the learning activities reflects that energy. Concept maps added to the element of 
motivation throughout the watershed study.

Bridging the gap between how students learn, what they are learning, and how they are taught is the 
goal of thoughtful and meaningful science instruction (Carey & Smith, 1993; Lederman, Lederman, & 
Bell, 2004; NRC, 2007). Discerning the process of how students transition from what they know (prior 
knowledge) to experiencing the nature of science as a way of knowing facilitates a constructivist ap-
proach to learning. Guiding students towards conceptual change as a process may foster a greater ability 
to succeed with the scientific undertaking of misconception modification as the learner restructures his 
understandings.

From this platform of scientific endeavor, the process of knowledge modification and conceptual 
growth can occur and develop within each student. Constructing advanced understandings of science 
topics, and processes, along with gaining an appreciation for what knowledge is available within each 
student’s repository of accumulated information advances through the process of cognitive conflict, 
whereby the learner works to conflate what he knows with what he is learning. The integration of 
student-constructed concept maps in science class over time supports and enhances the process whereby 
students self-reflect on their own knowledge organization while providing the teacher with a pedagogical 
tool displaying student misconceptions within the content and structure of each student’s concept map.

A watershed as a system comprised of many distinct (visible to the students) and non-distinct (not 
immediately apparent to the students) parts that are interconnected and interdependent with each other 
was a concept third grade students in this study had not previously encountered, as the science curricu-
lum K – 2 embraced different topics and focus. Taking the students to a place of understanding whereby 
they could envision how so many individual parts could add up to a system was a long process. It was 
not until the class undertook to construct 3-D models of their local watershed system that the concept of 
one system made up of many parts, such as lakes, streams, ponds, bogs, and other elements of the water 
cycle, could be simultaneously seen and understood as one thing, and as many things.

Evidence from the study suggests there are many advantages to integrating this teaching approach across 
the curriculum. A growth in critical thinking, which forms the foundation of analytical skills necessary 



810

The Nature of Third Grade Student Experiences With Concept Maps
 

for higher order thinking, was apparent as students worked to create and revise their concept maps. Part 
of the value of this model can be found in making misconceptions explicit and in identifying emerging 
and complex connections between concepts and personal knowledge. This teaching model also offers 
a means for increased communication between student and teacher enhancing classroom engagement.

Recommendations for Teachers

The study referenced in this chapter clearly demonstrated that integrating and using concept maps and 
concept mapping techniques supports student learning in the sciences by making explicit misconceptions 
and student understandings. However, the successful implementation of this learning strategy would 
necessitate certain changes within the classroom for both the student and the teacher. Using concept 
maps as they were used in this research requires a greater amount of time, and the science study will 
progress at a slower pace. Additionally, carving out time for student conferences on their concept maps 
was a key aspect of using maps successfully according to this project’s model. The learning outcomes 
from incorporating this model into the science curriculum can provide the learner with a thoughtful 
perspective on the science topics covered through digging down into the science content while allowing 
for reflection and revision of ideas. Additionally, this model allows students to bring and then integrate 
their personal experiences and prior knowledge into the classroom study, a process that validates stu-
dents as learners. These are all strong and compelling reasons to bring the use of concept maps into the 
science and other curriculum areas.

Researching and experimenting with different concept mapping models, whether they are pencil and 
paper, an online program, or a software program necessitates extra time on the teacher’s part. There are 
free online concept mapping programs. However, some concept mapping software can be expensive, 
but could be purchased through grants from the PTO or other organization supportive of educational 
technology.

Extra time is not always available to the teacher, but with administrative support, should be made 
available to interested teachers. Allowing for teachers who are using concept maps to share experiences 
with their teaching colleagues, to brainstorm, and to problem solve also needs to be incorporated into 
the experience of using concept maps in science class. Enlisting administrative and collegial support is 
a key element to creating a successful experience for both teachers and students interested in and willing 
to experiment with using concept maps in science class.

Recommendations for Further Research

To build on this research model of using student-created concept maps over time in science class, a pursuit 
of additional areas for studies in the early elementary grades of K – 5 would be beneficial. For instance, 
a comparison between two groups of students within one class where one group uses concept maps and 
the other group does not might show how students use concept maps to support their understanding and 
to reveal misconceptions. In addition, such a comparison could aid in determining if there is a difference 
between groups in measurable conceptual understanding and growth.

Tracking student use and development of concept maps in science class as students advance through 
the elementary grades would also offer an interesting topic for investigation of both short- and longer-
term benefits.
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Integrating concept maps in content areas other than science in the different elementary grades would 
be an important focus for research. Using the research model from this study of student-led teacher-
modeled concept mapping in social studies, reading, or writing would provide additional data for how 
students use concept maps to support their own learning and knowledge building. Those content areas 
would provide a rich resource for students to integrate their personal experiences and prior knowledge 
as they develop expertise in reading and writing.

Developing the sensitivity of the Concept Map Evaluative Rubric (CMER) to include student-iden-
tified themes and the use of Notes would provide an additional venue for further research in the field 
of concept maps in the early elementary grades. The research model suggested student motivation for 
learning science and building and using concept maps increased resulting from a sense of ownership 
over the concept map process. An additional scoring device could be created within the CMER to make 
student motivation visible during a science study.
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KEY TERMS AND DEFINITIONS

Critical Thinking: A process of self-reflection leading to a questioning of prior assumptions with 
an outcome of revision.

Concept Map: Representational model of knowledge structures.
Connection: An association perceived by the learner between content and personal knowledge.
Constructivism: Where all new learning occurs through the lens of the learner’s prior knowledge.
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Knowledge: Organization of information into a conceptual pattern.
Meaningful Learning: Quality of knowledge building that humans experience beginning at birth.
Misconception: Preliminary naïve theory about the observed physical world.
Prior Knowledge: A belief system about a specific content topic.
Reflection: Thoughtful consideration of the self in both deed and thought.
Watershed: A region of land where all underlying and surface water drains off into the same place.

This research was previously published in Cases on Teaching Critical Thinking through Visual Representation Strategies 
edited by Leonard J. Shedletsky and Jeffrey S. Beaudry, pages 1-37, copyright year 2014 by Information Science Reference 
(an imprint of IGI Global).
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ABSTRACT

Biology and Environmental education are increasingly important disciplines to be taught in rural settings, 
where indigenous communities frequently hold ownership of invaluable natural resources. However, the 
Mexican science curriculum does not cater for the specific educational needs of the country’s numerous 
ethnic groups. Situated learning is a pedagogical alternative that affords the possibility of integrating 
the pupils’ culture and ways of interpreting the world within the curricular aims. Nevertheless, there are 
no reports of its usage in indigenous schools. This paper analyses two 90-minute classes as examples 
of how situated learning can be used to introduce the concepts of biodiversity and ecosystems in in-
digenous Zapoteca tele-secondary science classes. The results suggest that using situated learning for 
these topics helped students understand the concepts, see the importance of what they were learning, 
and motivated them to learn further.

INTRODUCTION

Think about the time when you learned how to draw a graph. You probably learned this skill when you 
were in Math class, and practiced it endlessly during your education with random numbers given to you 
by your teachers and textbooks. However, when you got to your first science practical and had to draw a 
graph with the data you had just obtained you were nonplussed and it took you a long time to figure out 
how to do it (Georghiades, 2000). That is because learning does not take place inside a vacuum. Instead, 
it takes place within a specific context, and if that context is the Mathematics classroom, then it is very 
hard to transfer it to a new and unfamiliar setting. Now imagine that you were taught how to graph by 
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actually going outside and measuring things, or by asking questions to people around you, figuring how 
to better present their answers, and then discussing your results with a group of your peers. Working 
with real data, you might be better placed to understand the relevance and real-world applications of 
what you were doing, and you would have had the opportunity to discuss tasks with your peers. This 
simple example attempts to exemplify how a theory called “situated learning” proposes to teach: using 
authentic learning situations rooted in students’ social and cultural contexts.

In more academic terms, situated learning (Lave, 1991; Lave & Wenger, 1991) is a sociocultural 
educational paradigm that states that learning must be seen as a multidimensional process of cultural 
appropriation that involves thought, affect and action (Baquero, 2002). It is a context-based approach 
for teaching and learning that instead of focusing on isolated learners, considers them as groups that 
operate within a given context. This is significantly different to other concepts of learning which focus 
on changes that happen inside individual learners’ minds. Situated learning views the students as a part 
of a peer group and a wider social and cultural context that have shaped their views, identities, attitudes, 
and ideas. It conceptualizes learning as much more than the mere acquisition of knowledge or chang-
ing of concepts within a person’s mind. Instead, learning is seen as a process in which a novice will 
appropriate the cultural background of the society around her and thus become a more active or expert 
member of the group, will participate more actively in her community of practice, and will be able to 
transfer her learning to new situations. Since learning is something that occurs within a sociocultural 
group, it cannot take place when it is irrelevant or disconnected to a person’s context. Therefore, situated 
learning promotes the use of culturally-relevant, authentic, and meaningful activities to achieve learning.

By saying that learning involves thought, affect, and action, situated learning rejects the notion that 
an individual can just change her ideas without changing anything else in her identity (Handley, Sturdy, 
Fincham, & Clark, 2006). Learning is more than memory: besides thought, it involves a whole set of 
attitudes and feelings towards what is being learned, a series of actions done both to learn and having 
learnt something, and a series of changes that happen in each individual as a result of that learning. 
According to situated learning, students are more than their minds, and include a complex set of moti-
vations, aspirations, attitudes, dreams, culture, customs, cultural and socioeconomic backgrounds, and 
ideas about the world. Each one of the students and groups of students will be different, and learning 
should be relevant for everyone.

While a situated learning approach would require activities in each geographical area to be catered 
towards the needs of local students, the reality in Mexico is different. There is one national curriculum 
and one national textbook for each subject (Secretaría de Educación Pública (SEP), 2015), and until 
recently, there was a national exam that tested every single learner in the country in the same way (Poy 
Solano, 2015) regardless of their cultural background (Ruiz, 2012). Rather than regionalizing educa-
tion, the federal government recently closed the regional educational authority in the state of Oaxaca 
(Aristegui, 2015), a move that some see as an attempt to further centralize education (Lizárraga Bernal, 
2015). Considering that Oaxaca1 is one of the most culturally diverse states in Mexico, and one with the 
highest proportion of indigenous inhabitants (Instituto Nacional de Estadística y Geografía (INEGI), 
2010), it is surprising to see that the diversity in the student body is not reflected in the learning situations 
used to teach them. The uniformity of the curriculum, multimedia materials, textbooks, and pedagogical 
recommendations for teachers constitute a one-size-fits-all solution for a very diverse state and an even 
more diverse country.

Indigenous schools in Mexico have the lowest educational achievement national rankings, and their 
students are widely discriminated and excluded from numerous educational opportunities (Bonfil, 
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2004; Flores-Crespo, 2007). Therefore, it is particularly important to develop strategies that enhance 
their experience in formal schooling. Bringing more context-specific materials and lessons into these 
communities can serve as an important tool to improve these marginalized students’ learning (Bastiani 
Gómez, Ruiz-Montoya, Estrada Lugo, Cruz Salazar, & Aparicio Quintanilla, 2012). This is particularly 
important in science, a subject that is usually taught as an “objective” endeavor, independent from the 
observer and her context (Pintrich, Marx, & Boyle, 1993). By teaching science this way, rather than 
stimulating students to learn science, they end up seeing the subject as an unchangeable body of knowl-
edge that is totally disconnected to their daily lives.

During this research, a situated teaching sequence was developed to cover the first unit of the Science I 
(Biology) curriculum in secondary schools for communities belonging to the Zapoteca ethnic group. This 
curricular unit covers the topics of living things, evolution, biodiversity, ecosystems, and sustainability, 
which are particularly important for rural communities with the responsibility for the country’s many 
natural resources. The teaching sequence was developed by researching the context of these communi-
ties and their schools and creating contents that were relevant for the students. The research then had the 
aim of understanding whether the sequence improved learning and motivation to learn science in these 
students. Within this two month teaching sequence, this chapter analyses two 90-minute classes as an 
example of how situated learning can be used to introduce the concepts of ecosystems and biodiversity 
in indigenous secondary classrooms. During these classes, students were able to reflect on their local 
biodiversity to then compare it to that of their state, and their country, and then interpret the interactions 
between living things in their immediate area.

Literature Review

Situated learning is a context-based approach for teaching and learning that instead of focusing on 
isolated learners, considers them as groups that operate within a given context. It states that learning 
does not take place when it is irrelevant or disconnected to that context, and therefore promotes the use 
of culturally-relevant, authentic, and activities to achieve learning. Learning is thus defined not only as 
the acquisition of knowledge, but as the capacity to fully participate in a community of practice (Lave, 
1991) and to transfer one’s learning to new situations.

Situated learning has its intellectual roots in the start of the 20th century with John Dewey’s (1980/1899; 
2007/1938) ideas that any authentic education must occur by experience, and that curriculum and teach-
ing should be based on the students’ necessities and interests (Díaz Barriga, 2006). It is also built on a 
criticism of positivist teaching (Schön, 1983, 1987) which assumes that real-life problems are solved 
by a mere application of theories and techniques produced by scientific knowledge. In contrast, situated 
learning is grounded on sociocultural constructivism, which states that knowledge is acquired not indi-
vidually, but with others’ mediation, in a particular moment and social context, and with an orientation 
towards defined goals (Rogoff & Lacasa, 1993). With these precedents, Lave and Wenger (Lave, 1991; 
Lave & Wenger, 1991) formulated the theory of situated learning, proposing to “consider learning not 
[only] as a process of socially shared cognition that results (…) in the internalization of knowledge by 
individuals, but as a process of becoming a member of a sustained community of practice” (Lave, 1991, 
p. 65). Calling this “legitimate peripheral participation”, Lave and Wenger (1991) defined learning as 
going from a newcomer in a community of practice, moving up, and gaining full participation with the 
acquisition of skills and knowledge.
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Why Use Situated Learning?

Even though situated learning has not been as widely studied as other frameworks, such as conceptual 
change (Posner, Strike, Hewson, & Gertzog, 1982), it has steadily been gaining strength. In the first de-
cade since it was proposed, the theory experienced some criticisms, including Anderson, Reder, & Simon 
(1996, 1997), as well as Kirshner and Whitson (1998) who claimed that situated learning understated 
how transferable knowledge is between tasks and argued that flexibility was necessary when deciding 
whether to keep some abstract tasks. Prawat (1993) and Billet (1993, 1994) expressed their worries 
that this type of learning could be favoring procedural knowledge or “knowing how” over conceptual 
knowledge or “knowing what”. The framework was refined (Durning & Artino, 2011), and since then, 
its effectiveness has been discussed and empirically studied by a number of authors, who have found 
that situated learning improves both learning and motivation in students. This is hardly surprising when 
one considers a classroom in which students need to memorize contents versus one in which they build 
their knowledge participating in a community while understanding exactly why their learning important 
and applicable in real life.

In an indigenous setting, situated learning is particularly relevant, because it emphasizes the students’ 
context in their own learning. Other frameworks, such as Piagetian constructivism fail to understand 
that learning cannot be reduced to a cognitive process in which a certain input into the students’ minds 
will produce the same output in different situations. Instead, learning is a social endeavor influenced by 
beliefs, culture, context, identity, and values. Choosing a sociocultural approach to learning, and adapting 
the learning process to the learner is therefore an act of respect for non-Western cultures (Lemke, 2001). 
Different stakeholders in Mexican indigenous education have come to realize the need for some level 
of sociocultural awareness in education. There have been some attempts by the government to ensure 
indigenous primary schools follow a multicultural education approach (Bertely Busquets, 2006), and 
there have also been other attempts by local communities or sections of the teachers’ unions to use Criti-
cal Pedagogy (Barmeyer, 2008; Baronnet, 2015). Situated learning shares many common grounds with 
these two approaches, such as grounding the learning in the students’ reality and promoting a conversa-
tion between the curriculum and the local culture. However, it gives a more structured framework and 
a very sound theoretical backing in constant dialogue with sociocultural theory as a whole. Therefore, 
it was considered better for this study.

One particularly important empirical example of situated learning in classrooms is that completed by 
Hendricks (2001), who found significant improvements on learning immediately after situated instruction, 
although finding no difference in students’ capacity to transfer their knowledge to new contexts. Llinares 
and Morton (2010) pointed out that situated practice improves students’ capacities to build explanations, 
both in terms of content and language. Griffin (1995; Griffin & Griffin, 1996) and Zheng (2010) found 
equal or significantly better results in student performance assessments when situated learning was used, 
as compared with traditional methods. Needham (2010), who worked with the similar problem-based 
learning (PBL) approach found that during assessments, students from authentic environments (i.e. 
those environments that attempt to recreate real-life situations) had similar overall marks to traditional 
environments, but in the PBL environment, students mostly obtain those marks from complex questions, 
whereas those from traditional environments get the marks mostly from simple questions.

Although some of these studies showed some conflicting results, Perin (2011) did a meta-analysis 
and concluded that contextualization of learning is effective to “engage students, deepen content learn-
ing, and promote transfer of skill” as well as “promote short-term academic achievement and longer 
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term (…) advancement of low-skilled students” (p. 287). In more specific studies, Brubaker (2011) used 
situated learning effectively with undergraduate students contributing to a local majoral campaign. Skin-
ner (2010) utilized it for teacher training with good results, while Gero and Reffat (2001) proposed it 
as a way of teaching design. Greeno (1998) gave examples of these practices applied to Math. Situated 
learning has also been highlighted as a good alternative for students from challenging backgrounds. 
With this regard, Hedegaard (1998) found situated learning an appropriate way of targeting immigrant 
and refugees in schooling, and Moreno Tapia, Parada Trejo, and Hernández Pérez (2011) commented 
the high improvement of low achieving pupils in mathematics when presented with this environment.

In terms of motivation, Hossainy, Zare, Hormozi, Shaghaghi, and Kaveh (2012) found that situ-
ated learning significantly improves achievement and motivation, and Demirci (2010) found increased 
motivation, fun, enjoyment, and creativity while engaging in projects in class. Hoskins, Janmaat, and 
Villalba (2011) pointed out the positive relationship of situated learning and “knowledge, skills, and 
disposition” (p. 419) of pupils among a range of countries. Ünal and İnan (2010) emphasized the positive 
perceptions of students in this type of approach and Nicaise, Gibney, and Crane (2000) found that most 
students reported a positive experience in authentic classrooms and described them as fun and exciting 
with real-world relevance.

In summary, empirical studies present situated learning as an effective way for students to understand 
concepts better in school, see their relevance and importance, be more motivated and engaged with learn-
ing, and most importantly, to be able to apply their knowledge in real world situations.

What About Science Education?

When applied to science education, situated learning has specific implications. Firstly, it becomes es-
sential to view “science, science education, and research on science education as human social activities 
conducted within institutional and cultural frameworks” (Lemke, 2001, p. 296). This starkly contrasts 
with more traditional but equivocal views of science, which tend to portray it as an objective practice, 
independent of the context in which it is studied. As exemplified in Figure 1, science is not a practice 

Figure 1. A seventeenth century diagram of a sperm drawn by Nicolaus Hartsoecker (1656- 1725), 
depicting a perfectly formed tiny human inside it. In this very simple example, we can appreciate to 
what extent scientific observations are rooted in our cultural expectations. During this time, scientists 
had not discovered the laws governing heredity and embryology, so they believed that the only possible 
explanation for descendants resembling their parents was that fully preformed individuals should be in 
their cells somewhere. It is therefore not surprising that when drawing a sperm, Hartsoecker decided 
to depict a tiny human inside it.
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devoid of values or cultural notions, and therefore, to learn it is necessary to explore the nature of sci-
ence, and to discuss the context and importance in which different scientific discoveries were made. 
Furthermore, situated learning encourages questioning how to make science learning more relevant for 
future citizens and how to bring in the social economical and historical aspects of scientific enquiry to 
the classroom; and how to accommodate students of different genders, identities, spiritualties, aesthetic 
dispositions, emotions, ethnicities and socioeconomic backgrounds in a scientific practice that has been 
traditionally constructed as dominantly male, objective, un-emotional, white, Western, and middle class. 
Finally, situated learning claims that diversity should not be treated as something exceptional and radical, 
but as a condition of every single community (Lemke, 2001; Sinha, 1999).

Even though there have not been many empirical studies in science education explicitly designed un-
der a situated learning environment for learning in the classroom, Sadler (2009) has argued that creating 
learning experiences that are related to real-world socio-scientific issues is in itself a way of constructing 
authentic, culturally relevant situations for students, and therefore should be seen as a form of situated 
practice, even if these studies do not frame themselves as such. Conceptualizing situated practice this 
way, Sadler found 24 recent studies with dealing with socio-scientific issues related with water quality, 
environmental problems, genetically modified foods, human health, anatomy, physiology and genetics, 
biotechnology, biodiversity and global warming. In these studies, framing science learning within these 
real-world contexts showed a significant improvement in student’s interest, motivation, and positive at-
titudes towards science. These studies also suggest that contextualizing science produces either similar 
or better results in students’ content knowledge and performance, particularly in low attainment groups, 
as well as clearer ideas about the nature of science, and the development of argumentation and higher-
order thinking skills if provided with quality support.

Why Situated Learning in Indigenous Communities?

Indigenous communities have forms of knowledge that are not necessarily in agreement with mainstream 
epistemological ideas in the Western world (Barnhardt, 2005; Browder, 1995; Padawer, 2012), and it 
is frequent that this world’s scientific and epistemological values disregard non-western cosmologies, 
languages, epistemologies and structures (Varese & Poblete, 2003). It is rare in general to find curricula 
that take into account their specific educational needs, their contexts, their beliefs, and their identity. 
One example that does exist is the New Zealand curriculum where there has been an explicit effort to 
bridge Western theorizing and the values of the Maori population (Macfarlane, Glynn, Grace, Penetito, 
& Bateman, 2008). However, these approaches are still scarce, even though the need for them has been 
pointed out on numerous occasions (Aikenhead, 2001; Smith, 2003), and have been emphasized as a way 
to achieve social justice (Bishop, 2003). Griffiths (2011), in a comprehensive review of best practice in 
indigenous contexts, highlights culturally responsive education as one of the five priorities for teaching 
in indigenous contexts, highlighting “that instruction is in fact more effective when the cultural back-
ground of the student is taken into account” (p. 73). Situated learning offers a particularly interesting 
framework to tend to those specific needs, because it is precisely based on the context of the learner and 
on creating authentic experiences that are relevant in that context.

Despite the potential of context based approaches in formal education, there are no studies that spe-
cifically report having used situated learning in indigenous school contexts. An example of a similar 
approach is the study by Hill and Mills (2012). They used what they called ‘adventure learning’ in help-
ing indigenous students in Australia become more ‘culturally competent’ and university professors to 
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be more culturally aware. Another example are the schools established in the Mexican state of Chiapas 
by the Zapatista revolutionary movement. These schools were conceived as context-based schools, with 
students from different areas collaborating economically, socially, culturally and politically, and they 
have been described as both better for learning and as a contributing factor in the emancipation of the 
learners from oppression (Gregorčič, 2009). In Honduras, there are some groups of people that have 
organized what they call “horizontal conjectures”, where they base education on their cultural heritage 
and history, traditions, knowledge and their recuperation of the land. These approach, besides promoting 
learning, has been seen as a way to organize the communities and defend themselves from dispossession 
(Gregorčič, 2009).

The scarcity of context based efforts in indigenous contexts is worrying, especially considering the 
number of different ethnicities around the world. Just Mexico on its own, for example, has 364 indig-
enous languages, grouped in 68 major groups and 11 linguistic families (INALI, 2008), making it one 
of the most culturally diverse countries in the world. Therefore, developing high-quality context-based 
approaches should be a priority to promote learning and motivation in these communities, and as one 
of the ways to promote social justice.

Framing the Problem

Learning is an endeavor that cannot be divorced from the context in which it occurs. Students have val-
ues, beliefs, and ways of conceptualizing the world, motivations, and attitudes (Lemke, 2001). Ignoring 
these only results in pupils that might be able to repeat what they learned, but will not be able to apply it 
in everyday situations, nor feel particularly motivated to learn more. Therefore, learning with authentic, 
context-based, and relevant activities is something that can only enhance learning.

Context based approaches are particularly important in science education, where learning tradition-
ally has reflected the values that science has wanted to project of itself: objectivity, results that are 
independent of the observer, and with no “messy” feelings or values involved. These approaches have 
often translated into science classrooms, turning science education into a cognitive-only endeavor, in 
which the students only change ‘objective’ ideas and nothing else about their identities or personali-
ties (Lemke, 2001; Pintrich et al., 1993). However, science is a cultural practice that has resulted from 
historical and social contexts, and both scientists and science students have values, beliefs, cultures, and 
epistemologies that should not be ignored (Eastwood et al., 2012; Lemke, 2001). Therefore, teaching 
science as a practice related to real-world applications and as a result of cultural practices is important 
for the learners to both understand it better, and feel motivated to learn it.

These arguments should suffice to start applying sociocultural approaches such as situated learning 
in our science classrooms. However, it is of particular importance in indigenous schools, as indigenous 
communities will have different ideas, values, cultures, beliefs, and epistemologies than the prevailing 
culture which usually sets the curriculum. Traditional learning approaches that focus only on cognition, 
as it is conceived by Western culture, will not necessarily be applicable with populations that have other 
ways of knowing (Aikenhead, 2001).

However, what we have in practice in Mexico is a one-size-fits-all national curriculum, national 
textbooks and pedagogical recommendations for the teachers that do not reflect the country’s cultural 
diversity (Bastiani Gómez et al., 2012). We have science classes that do not intend to make the knowl-
edge relevant to our pupils from different ethnic backgrounds, and we have a science curriculum that 
emphasizes knowledge above how that knowledge is produced or applied. This highlights the need for 
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using new pedagogies that will not only respect but encourage diversity as a way for national growth. 
Situated learning, being a holistic, multidimensional framework that contextualizes learning, could be 
a vehicle for this transformation. However, there are limited examples of how the framework is practi-
cally applied, and even more limited studies about its usage in indigenous contexts. With this rationale, 
in my research, I have designed and tested a situated teaching sequence for the first unit of the Science 
curriculum in indigenous secondary schools, with the aim to evaluate whether the sequence improves 
learning and motivation in these contexts. As part of that bigger research question, this paper aims to 
exemplify how a situated learning activity looks like, and to analyses two lessons and what effects they 
can have on students learning and liking the topics.

METHODOLOGY

Methodological Approach

The present study is situated within a critical realist (Bhaskar, 1998) perspective, which is founded upon 
the idea of a reality external to the knower (realist ontology), but whose knowledge is mediated by our 
available theoretical resources and discourses as well as by our research interests (relativist epistemol-
ogy). The study is also built under the mixed methods research paradigm, which synthesizes the quan-
titative and qualitative research approaches as a way of building a complete model of social reality. It 
is important to note that both situated learning and critical realism are based upon the assumption of a 
body of socially constructed knowledge situated in changing contexts, giving congruence to the choice 
of epistemological and learning perspectives for this research.

Participants

This study was conducted in two communities, Latsittèní2 and Yatùi, located in the Northern Mountain 
Range in the state of Oaxaca, Mexico. Both communities belong to the Zapoteca ethnic group. They 
share family ties and social relationships, and have a common historical origin, traditions, religion, 
socioeconomic background, and models of cooperative work. They also have similar local governing 
bodies, and share a wider self-government structure which rules over them, together with a number of 
surrounding communities.

Both Latsittèní and Yatùi have one secondary school. These secondary schools fall within the system 
present in most small and remote communities in Oaxaca, called “Tele-secondary School”. Since the size 
and difficult access of these communities makes it impossible to send one teacher per subject to schools, 
tele-secondary schools have one teacher that covers all the subjects in a year group while supplement-
ing the learning process with videos or televised classes (SEC & INEE, N.D.; SEP, 2011). Usually, the 
community participates by donating the grounds for the school, as well as maintaining the building and 
providing other resources (Torres & Tenti Farfani, 2000). In their tele-secondary schools, Latsittèní and 
Yatùi have 5-15 and 15-30 students per year group respectively, aged 11-15. For this research, I invited 
those students in both communities which were either due to start secondary school in the 2014-15 cycle 
or those that were about to conclude their first year. I also invited their teachers and principals.
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During the study, I worked with three cohorts of students in each school, as well as their respective 
teachers. Each one of these cohorts included the whole population of students in the first year of tele-
secondary school (ages 12-13) during that academic year, with the few exceptions of those who did not 
want to participate in the study. Cohort 0 included students who learned the biology curriculum with 
the teachers’ habitual methods during the 2013-14 academic year, previous to the design of the teach-
ing sequence. Cohort 1 included those who participated in the pilot study and who were taught with the 
teaching sequence during the 2014-15 academic year. Cohort 2 included those who participated in the 
main study during the 2014-15 academic year, and who were also taught with the teaching sequence. 
Table 1 presents the details for each cohort.

Methods

This research was conducted in three phases. The first stage of the research was qualitative, and involved 
me living in the communities for one month (June 2014). During this time, I visited the tele-secondary 
schools daily, observed science classes taking field notes, and interviewed 57 students and 5 teachers 
using semi structured interviews focusing on their preconceptions, ideas, interests, and motivations in 
science class. At this time, I was able to familiarize myself with the ethos of the school and how they 
work, and to understand the context in which I was working. I used the knowledge generated during 
this phase to design a situated teaching sequence, ensuring it would be culturally relevant, adequate for 
the context, applicable in the schools, and responsive towards the needs and interests of the students.

Findings emerging during this phase enabled me to design the final research methods for phases 2 
& 3. Even though the communities were very similar, it became evident that the school context of both 
communities was extremely different: across the schools, teachers and students’ ideas and attitudes were 
very contrasting, as well as parental involvement in the school and pedagogical approaches. Therefore, I 

Table 1. Participants in each cohort during the course of the study

Community Cohort Academic Year No. of students Situated 
Teaching?

Latsittèní 0 2013-14 Total: 10 
Male: 4, 
Female: 6

⦻

1 2014-15 Total: 7 
Male: 5, 
Female: 2

✓ (Pilot)

2 2015-16 Total: 14 
Male: 10, 
Female: 4

✓ (Main)

Yatùi 0 2013-14 Total: 25 
Male: 12, 
Female: 13

⦻

1 2014-15 Total: 15 
Male: 10, 
Female: 5

✓(Pilot)

2 2015-16 Total: 21 
Male: 6, 
Female: 15

✓ (Main)
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decided to use a pre-experimental design, applying the teaching intervention to both schools and analyz-
ing the results in each context. I opted for a pre-experimental rather than a quasi-experimental design 
with a control group because I considered it impossible to use one of the student groups as a ‘control’, 
given that the differences were so conspicuous.

In a second phase during the 2014-15 academic year, I taught the situated lessons in Cohort 1 in both 
schools. These lessons were designed to cover the first unit of the Biology curriculum in first grade in 
tele-secondary schools, covering the topic of what science is, living things and how to classify them, 
evolution, biodiversity and basic ecological and sustainability concepts. I analyzed the results in each 
context using video recordings of lessons, my own field notes, focus groups and interviews with students, 
conversations with teachers, and evaluating students’ classwork, homework and classroom assessments. 
During a third phase on the 2015-16 academic year, I made improvements on the sequence based on the 
results from the previous year, and then I taught the situated sequence to Cohort 2 in both communities, 
evaluating its outcomes with the same methods as the year before. Table 2 summarizes the methods 
used in each phase of the study.

It should be noted that, while this study as a whole included a quantitative aspect, these measurements 
were done for the sequence as a whole, and not for each individual lesson. Since this chapter focuses 
on two lessons, the results presented in the following sections will not include quantitative aspects that 
cannot be attributed to one class in particular.

Table 2. Overview of the methods used in each phase of the study

Phase Cohorts Methodological Approach Methods Used

1 0 & 1 Qualitative Classroom observations (Cohort 0)

Interviews with students & teachers (Cohorts 0&1)

2 1 Mixed Quantitative Motivation Questionnaires

Summative assessments

Qualitative Student Focus groups and post-lesson questionnaires

Analysis of classroom recordings and field notes

Teacher feedback

Interviews with students

3 2 Mixed Quantitative Motivation Questionnaires

Summative assessments

Qualitative Student Focus groups and post-lesson questionnaires

Analysis of classroom recordings and field notes

Interviews with students
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RESULTS

Phase 1 Results and Development of the Lesson Plans

After having spent a month in both communities observing lessons and interviewing teachers and students, 
I was able to understand the interests and preconceptions of the students, what they liked and did not like 
in school, and those aspects that teachers considered important to be successful in teaching in indigenous 
contexts and in tele-secondary schools. With these results, plus some extra theoretical considerations, I 
was able to design the classes for the situated sequence that would be applied in phases 2 and 3.

Considerations Based on Teachers’ Interview Themes

The teachers did not have a common preferred pedagogical view or strategy. Some emphasized the im-
portance of hands-on activities while some had a more traditional view of learning. However, common 
themes in their answers included the importance of working closely with the community, their concerns 
regarding evaluations and pressures from the educational authorities, and the wish to have more training 
and resources apart from the very modest materials available in the communities.

When designing the teaching sequence, I accounted for these themes by ensuring the sequence would 
be suitable to be used in tele-secondary schools with limited supplies and no internet access. Thus, the 
activities were formulated using either those resources already available at the schools or that were 
easy to obtain, including the multimedia materials for tele-secondary schools and some sections of the 
textbooks. I also considered important that future teachers should feel confident to follow these classes 
without fear of failing inspections or not fulfilling what is expected of them in the national curriculum. 
Therefore, the sequence was designed following the same general structure as suggested in textbook, 
dividing the contents into several smaller sequences of 2-5 lessons and covering all of the topics in the 
national curriculum.

A final overarching consideration when developing the sequence was to make sure that learning was 
indeed situated. To ensure this, the sequence was based on the criteria formulated by Herrington and 
Oliver (2000, pp. 25-26) who after doing an extensive review of the literature, formulated nine necessary 
elements for implementing situated learning in the classroom:

1.  Provide authentic contexts that reflect the way the knowledge will be used in real life.
2.  Provide authentic activities.
3.  Provide access to expert performances and the modelling of processes.
4.  Provide multiple roles and perspectives.
5.  Support collaborative construction of knowledge.
6.  Promote reflection to enable abstractions to be formed.
7.  Promote articulation to enable tacit knowledge to be made explicit.
8.  Provide coaching and scaffolding by the teacher at critical times.
9.  Provide for authentic assessment of learning within the tasks.
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Considerations Based on Students’ Interview Themes

While teachers’ views and opinions were taken into account for the general design of the sequence, the 
design of each individual class responded to the students’ interests and preconceptions mentioned during 
their interviews during phase 1. In the case of biodiversity and ecosystems, most students expressed a 
high interest on learning about more about different animals and plants, both in their region and in other 
areas of Mexico and the world. They held the misconceptions that African mammals were ubiquitous in 
most environments, that deserts are barren and hold no biodiversity, and that ecosystems are geographic 
locations rather than systems of interacting living and non-living things. All these conceptions were 
taken into account to design the lessons about biodiversity and ecosystems. Table 3 describes the les-
son activities to start the topic of biodiversity and Table 4 describes the activities to start learning about 
ecosystems. Both were planned for 90 minutes.

Phase 2-3 Preliminary Results

Learning About Biodiversity

In both schools, the students, as a group, were able to mention more than 150 species, with individual 
groups getting to 60-90 species. They coincided that the species in their town were different to those 
in other towns in the mountains and even more different to those in the rest of the state, and therefore 
reflected that their region and state have a high biodiversity. Through verbal scaffolding by the teacher, 

Table 3. Lesson plan by minutes for introducing the topic of Biodiversity and why Mexico is megadiverse 
(Session 12 of 21 in the sequence)

LEARNING OBJECTIVES: The student will be able to explain what biodiversity is and will construct explanations as to why some places such as the 
Northern Oaxacan Mountain Range are more biodiverse than others.

PHASE DESCRIPTION

Introduction 
to the context

• 0-5: Read with the students the title and objective of the lesson. Ask and discuss whether the students believe it is important to learn it 
and why. 
• 5-10: Discuss with students the meaning of the term “biodiversity” and build a group definition. Allow students to write it down and 
ask them why they believe there is such a variety of species. Guide the discussion towards what the students have already learned about 
evolution and the creation of new species. 
• 10-25: Ask students to get into teams to participate in a contest. Each team needs to list as many species of the Oaxacan Northern 
Mountain Range as they can. The winner needs to name the most species in the region and answer the following questions: 
   o How many species can you name that live in the Oaxacan Northern Mountain Range? 
   o Do you think that your region has a high or low biodiversity? 
   o What conditions in the Oaxacan Northern Mountain Range do you think could have caused such a diversity of species to appear? 
   o Do you think that these living things are similar or different to the ones on the rest of your state? Why?

Development

• 25-55: Name the winners by writing all the species on the board that the different teams can mention, and see how many species the 
group could mention as a whole. Discuss the answer to the aforementioned questions, guiding students’ thoughts towards climate and 
orography, and encouraging them to apply what they learned about evolution. 
• 55-60: Ask the students to write down what is discussed and why climate and the number of mountains in the area influences the number 
of species present in the region. 
• 60-65: Explain that just as Oaxaca, all of Mexico has a high biodiversity. Present the video for this topic, which contains details of the 
variety of species that exist in Mexico and defines megadiversity. 
• 65-80: Present images of Mexican living things and stats about Mexican biodiversity, allowing for students to make their own notes.

Conclusion

• 80-85: End with the question “why is Mexico Megadiverse?” Ask students to research this question on their own for the following session 
and relate it to what they learned about their local biodiversity. 
• 85-90: Discuss what the students learned in this session, reinforcing that Oaxacan biodiversity is caused mainly by the variety of climates 
and its complex orography.
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most of the students were able to relate this to their previous learning about evolution, and concluded 
that the high levels of biodiversity in their state was due to the varied climates and numerous mountains 
separating populations of a given species. At the end of the lesson, many students shared their interest 
in finding out about the rest of the country and engaged with the different images of living things. The 
following lesson, most students were able to generalize their knowledge to the whole country: when 
they were asked why they thought Mexico was so biodiverse, students promptly mentioned the variety 
of climates and the presence of numerous mountains and mountain ranges which would promote the ap-
pearance of new species. During the focus groups, students mentioned the activity had been very useful 
for their learning, and that it had helped them understand what biodiversity was. They also emphasized 
the reflection in which they had to engage to complete the task: “We had to think about which animal 
it was. This time my head did have to think!”

In terms of motivation, during focus groups after the lessons, the majority of students pointed out 
that the contest organized during this lesson was one of the activities that they had found the most mo-
tivating because they were able to know more about their local flora and fauna. Students felt very proud 
to be able to mention so many species, and even those teams that did not win the contest felt motivated 
as a group to keep adding to the list to reach a higher number of species: “[I liked it because] we wrote 
them down. We almost filled the blackboard with all the animals, plants, and mushrooms.” “We saw 
how many things we had in our town, and I think it was only about a fourth of it. There is a lot. We were 
missing another fifty to write down”.

The most remarkable aspect of this lesson was how motivated the students were to be working with 
local species. The lesson allowed them not only to reflect on their local biodiversity, but also to value 
their everyday knowledge of these organisms, something which showed on how proud the students felt 
after having completed the list and how they insisted to keep adding species, even after the activity had 
finished. After having reflected on the species present in their local area, it was easier to compare it 
with the whole state, and to proceed to the whole country, understanding how biodiverse Mexico is and 

Table 4. Lesson plan by minutes for introducing the topic of Ecosystems and how living and non-living 
things interact within them. (Class 14 of the sequence)

LEARNING OBJECTIVES: The students will be able to articulate what ecosystems are and how they are composed, as well as the importance to all of 
their conforming living and non-living things to maintain their equilibrium. They will be able to make decisions about how to better preserve them.

PHASE DESCRIPTION

Introduction 
to the context

• 0-5: Review what biodiversity is and the reasons why Mexico is megadiverse. Discuss the learning objective and ask whether the students 
think it is important to learn it and why. Ask whether the students have heard the word ecosystem and discuss the meaning of the word, 
emphasizing that “systems” are things formed by many parts working together. 
• 5-10: Construct a general definition of an ecosystem, emphasizing that it is not a place, but a group of living and non-living things that 
interact. Allow students to copy this definition.

Development

• 10-20: Ask students to give examples of an ecosystem they know. They will most probably mention the forest, which is the closest 
ecosystem for their context. Show them a picture of different living and non-living things living in that ecosystem and ask whether they 
believe whether all of those are important of the ecosystem and whether they think these beings are related in some way. 
• 20-25: Present the video for this topic, called “What would happen if they were not there?” about the importance of bats. 
• 25-35: Discuss the video with the students, asking them what they think about bats and their influence on the ecosystem. Read this section 
on the textbook and discuss whether they think all species are important for an ecosystem. 
• 35-45: Go back to the image of the forest and ask students to mention how different organisms are related, drawing these interactions on 
the board. Discuss with students what would happen at different levels of the ecosystem if one of these disappeared. 
• 45-80: Take the students outdoors to the school’s garden. Ask them to identify how the beings in the garden relate to each other, with the 
help of the activity sheet for this activity (Appendix). Provide the necessary scaffolding when the students need it.

Conclusion • 80-90: Discuss what the students observed outside, guiding their conclusions towards the importance of preserving every part of an 
ecosystem for it to work well. Ask them to write down their conclusions.
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why. It was noteworthy how the teams were able to formulate well-reflected answers and how easily 
they concluded that variations in climate and in orography promote the appearance of different living 
things. Even though these results need to be analyzed more in-depth, the qualitative evidence suggests 
that the lesson was successful in achieving learning and improving motivation.

Learning About Ecosystems

During the session about ecosystems, students identified numerous relationships of the living things 
around them and were able to recognize how different living things relate with each other in different 
ecosystems. They also were able to assess the consequences that the extinction of one species could 
have on others with concrete examples from their surroundings: “Lizards eat ants. [If the lizards disap-
peared], ants would become a plague”. “Squirrels eat trees, humans need trees to get oxygen, and birds 
need them to nest. [If trees went extinct] there would be a lack of oxygen, so we would die, and [those] 
animals would not have anything to feed from.”

At the end of the session, every student was able to generalize and formulate good conclusions: “All 
[living things] shares a relationship amongst them, and if one dies others would die too, or there would 
be too many of them”; “I learned that without one living thing the whole ecosystem is altered”; “We 
should take equal care of all living things across the ecosystem. If one disappeared, many others would 
disappear as well”.

Later in the sequence, when the students went to an all-day fieldtrip in the forest, most of them were 
able to transfer their knowledge to the more complex environment and use it to construct new knowledge 
based on their interpretations of what was happening outdoors. They successfully identified different 
relationships amongst organisms and built hypothesis of what would happen these organisms disappeared. 
This finding was a good example of students learning with situated activities and being able to transfer 
and apply their knowledge to new settings. Furthermore, during their bimonthly exam, a majority was 
able to choose random organisms and construct valid explanations about its importance for the ecosystem 
and how they related to others: “if the butterflies went extinct, [some] birds would not be able to eat, 
because they wouldn’t have any food source”; “Mushrooms [are important for the ecosystem] because 
they help other things decompose”.

During focus groups, students mentioned they had really enjoyed the activity and learning more 
about the local living things around them. This was because “they saw many species in the school”, “got 
to know more plants and animals” and “how species interacted”. They also mentioned the importance 
they saw in learning the topic “because if one gets lost, the whole ecosystem could be lost”. Pupils also 
mentioned outdoor activities as some of their favorite things to do in science class. The students felt very 
motivated to learn outside of the classroom and during focus groups they mentioned going outside more 
time and more often as something that would make them learn science better and engage more with it.

DISCUSSION

This chapter presented an example of how situated learning can be applied in a tele-secondary school 
classroom within an indigenous community, providing an example of two lessons that were taught in 
two schools. During the first stage of the research, students’ context, ideas and preconceptions about 
the topics were explored. This stage of the research gave an initial value to the study, making it one of 
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the very few that has designed the curricular content based on the actual cultural context of the stu-
dents. While most situated empirical studies (Brubaker, 2011; Hendricks, 2001; Hossainy et al., 2012; 
Kumar & Voldrich, 1994; Ünal & İnan, 2010; Woolf & Quinn, 2009) have tested authentic learning 
situations related to current events or workplace situations, they are usually designed according to what 
the researchers thought was relevant or necessary, and thinking of students in urban contexts. Very few 
studies (Moreno Tapia et al., 2011) have considered relevant to explore the opinions of the students first 
and to design their intervention accordingly. In contrast, this study explored what the students knew 
about each topic, the ideas and misconceptions they held, what they liked, how they liked to be taught, 
and what they thought was important to learn. It then ensured that activities were culturally relevant by 
incorporating students’ views into their own learning.

Another gain from this study is that it provided an example of how situated learning can be achieved 
in the classroom. It is common amongst educators to believe that educational innovations will take more 
classroom time, implying that they will have to cover fewer topics when using hands-on approaches, that 
they will have an increase in behavioral problems, or that they will have to invest too much time planning 
the new activities (Beck, Czerniak, & Lumpe, 2000; Zimmerman, 2006). Many examples in the litera-
ture (Nicaise et al., 2000; Schwartz, Lederman, & Crawford, 2004) do show situated activities that can 
be very authentic and motivating, but that do not necessarily align with the curriculum or often require 
extra time from both teachers and students to properly engage with the tasks. Conversely, the sessions 
presented in this chapter covered all the required curricular contents with no need of special equipment 
or extra time. The students showed engagement with the activities, and had no noticeable increase in 
behavioral issues. Even if the time spent planning the activities and preparing the resources was time 
consuming, once an activity has been designed and tested, it would require very little extra time, if any, 
in planning and updating on subsequent academic years. Therefore, the results in this chapter suggest 
that it is possible to deliver the required contents using a situated approach without having to choose or 
eliminate topics from the curriculum or having to invest too much class time for the activities.

The preliminary results in this study agree with the literature in that situated instruction (Brown, 
Collins, & Duguid, 1989; Hossainy et al., 2012) and cultural relevance (Griffiths, 2011) were key for 
the students’ learning and motivation. The experiences of pupils in these lessons contrasted deeply with 
what they would have experienced had they followed the traditional tele-secondary lesson plan, in which 
the lesson starts with the appropriate multimedia projection, followed by a discussion and solving of 
the activities on the textbooks, which are not contextualized. Making the knowledge about biodiversity 
situated was key in enabling the students to understand the topic. Deducing why their state had a high 
biodiversity was very intuitive for them when confronted with a context they knew well, and they were 
later able to generalize this to the whole country and truly understand each reason of Mexico’s biodi-
versity. The fact that they were able to work with their local flora and fauna made them feel proud about 
their own knowledge on their surroundings, and they were able to see the relevance and applicability in 
what they were doing.

In the topic of ecosystems, contextualization and the interpretation of the real world around them 
helped pupils to understand the topic, make valid assumptions about how ecosystems work, about how 
living and non-living things are related, and the consequences of species loss. It allowed them to transfer 
this skill to the more complex natural environment when they went outside later on and identified this 
relationships in their forests. Furthermore, they learned these concepts while enjoying the activity: they 
repeatedly mentioned learning outdoors as one of their favorite features about the classes. This result 
should be interpreted with care, because the increase motivation could be due exclusively to the fact of 
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being outside regardless of the type of instruction (Dettweiler, Ünlü, Lauterbach, Becker, & Gschrey, 
2015). However, situated learning could be one of the frameworks to understand why it is that outdoor 
learning motivates.

Even if this is a small-scale study still needs to analyze data in more depth, it provides a valuable 
example of how to start applying situated learning in indigenous classrooms and the positive effects 
this might have on learners. It shows that contextualization can happen while still respecting curricular 
aims and contents, and that teachers do not need to devote extra time in class in order to create relevant 
and authentic learning experiences.

Future studies should provide more examples of situated learning in the science classrooms with 
bigger sample sizes and working with both teachers and students. Given that by its very nature situated 
learning needs to be adapted for each group of learners, it cannot be used as a one-size-fits-all ap-
proach. Therefore, a natural step forward would be to work with a group of teachers, training them on 
the situated learning approach, and asking them to apply it with their students over the course of several 
schoolyears. Such a study would allow to create a bank of successful activities which could be adapted 
for other contexts. It would also provide insight into how teachers use and adapt situated learning to suit 
different schools and teaching styles, analyzing whether student learning and motivation are improving 
and how. Other future studies could investigate new ways of assessing authentic and situated activities. 
This would prove insights into benefits of situated learning that are not usually measured, such as how 
well students apply their knowledge to new setting. Relevant learning situations will be different for 
pupils of different cultures. Therefore, multiple examples of how to apply it in science education are 
needed. However, this study provides a model with which it could be possible to develop new materials 
for other populations and replicate the results.

CONCLUSION

The lessons in this chapter provide an example of how to apply situated learning in indigenous school 
contexts. In these lessons, the contextualization of the learning process proved key for student under-
standing, interest, motivation, and enjoyment. By building on students’ context, everyday reality, and 
pre-existing knowledge, there was an easier way for them to be able to generalize from the biodiversity 
in their local area to that in their state and their country, and to reflect on the reasons as to why it could 
have appeared. By reflecting on the interactions of those living things around them in the school garden, 
they were able to later go to the forest and interpret interactions on a wider scale and evaluate the impor-
tance of every living thing for the equilibrium of the ecosystem. Even if the results are still preliminary 
and need to be analyzed further, the data certainly points to an increased motivation for learning these 
concepts, as well as an increased capacity to apply what was learned to more complex situations.

It is frequent for educators to believe that making learning contextualized and investing time in this 
type of activity is too time consuming and not achievable in the classroom with normal time and curricular 
constraints. However, these two lessons were designed to fit into the usual 90 minute slots dedicated for 
science class, and the students were still able to see the relevance and applicability of what they were 
learning. The classes covered the topics required in the national curriculum but managed to make those 
contents more relevant for the learners.
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Contextualizing knowledge is a necessary endeavor to improve science understanding and the stu-
dents’ motivation to learn it. It is also a way of approaching social justice by ensuring that diversity is 
respected and encouraged. However, sometimes this task might seem daunting, especially when pressed 
by a national curriculum and the lack of examples of how situated learning works inside actual indig-
enous science classrooms. These lessons provide an example that contextualizing learning is possible, 
and that all we need for change is the will to do it.
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KEY TERMS AND DEFINITIONS

Biodiversity: Variety of organisms or living things that inhabit a certain region, area, or ecosystem.
Ecosystem: Group of living things or biotic factors, and non-living things or abiotic factors, which 

interact together as a system.
Indigenous: Term to describe the original inhabitants of a land or region, who have lived there for 

thousands of years, as opposed to more recent inhabitants, such as colonizers. Each one of these groups 
share amongst themselves particular cultural features, traditions, and they usually share a common language.

Motivation: Process by which a person feels the wish to start an activity directed towards a particular 
goal or aim, chooses to begin, engages with the activity and sustains it through time.

Situated Learning: Sociocultural pedagogical theory first postulated by Lave and Wenger, which 
states that learning occurs within a social and cultural context, and that students learn within communities 
of practice, where they go from novices to experts when presented with authentic learning experiences.

Tele-Secondary School: Mexican system of schooling designed for small communities in remote, 
rural areas to which it is impossible to send one teacher per subject. Instead, these schools have one 
generalist teacher for every subjects in a school year, whose knowledge is complemented by audiovisual 
materials that transmit key concepts to the students.

Zapoteca People: Mexican ethnic group present mainly in the state of Oaxaca in the South of 
Mexico. In Pre-Hispanic times, they were one of the most important civilizations in Mesoamerica and 
were responsible for building the city of Monte Alban. Currently, there are more than 425,000 Zapoteca 
inhabitants in Mexico.

ENDNOTES

1  Oaxaca, the fifth biggest state in Mexico and tenth most populated, is located in the country’s 
Southeast region. Of its inhabitants, 34% speak an indigenous language, as compared with the 6% 
national average, making it the state with the highest proportion of indigenous inhabitants in the 
country. It is also the state with the second smallest number of years spent in school, and has more 
than double the national average of illiteracy rates, making it the third most illiterate state in the 
country (INEGI, 2010).

2  Latsittèní (Beautiful), and Yatùi (This Forest) are Zapoteca pseudonyms used throughout.
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APPENDIX: WORKSHEET FOR THE OUTDOOR ACTIVITY 
DURING THE LESSON ABOUT ECOSYSTEMS

Today we’re going to visit the school’s garden. This is an artificial ecosystem, because people created it. 
However, even in artificial ecosystems, there are very important relationships that make the ecosystem 
work properly and keep its equilibrium. While you’re outdoors, answer the following questions.

1.  Mention 4 LIVING THINGS (of various kinds, not only plants) and 4 NON-LIVING THINGS 
that you can see in the garden. You do not need to see them, necessarily. Knowing they’re there is 
enough to consider them in the activity.

2.  Pick ONE of your NON-LIVING things. Draw it and answer the following question about it.
Drawing
What do you think would happen to the ecosystem if this non-living thing disappeared, got polluted 

or suffered some other type of harm?
3.  Pick TWO LIVING THINGS from your list and think how they relate to other living things. Fill 

out the following table (Table 5).

4.  What do you think would happen to the ecosystem if these two living things got extinct? Why?
5.  Write down your conclusion for today’s session, considering what role each living thing plays in 

preserving the equilibrium of its ecosystem.

This research was previously published in the Handbook of Research on Driving STEM Learning With Educational Technolo-
gies edited by María-Soledad Ramírez-Montoya, pages 214-237, copyright year 2017 by Information Science Reference (an 
imprint of IGI Global).

Table 5. 

DRAW TWO LIVING THINGS Can you mention 3 living things they are 
related to?

What type of relationship do they have? For 
example: do they eat each other? Do they 
help each other in some way? Does one 
need the other to survive? Do they compete 
amongst themselves?

1. 1. 
2. 
3.

2. 1. 
2. 
3.
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ABSTRACT

This chapter provides a rationale for high quality STEM experiences in inclusive early childhood (EC) 
classrooms, describes what high quality STEM experiences are and why they can be an ideal context 
for supporting the development of young children with special needs and dual language learners. The 
authors offer recommendations concerning how to plan and implement STEM learning centers to support 
the meaningful participation of all children using a tiered perspective that includes the framework of 
Universal Design for Learning. Ideas and resources for how teachers can plan STEM learning centers, 
integrate literacy and arts, and interact in ways to support the engagement of all children, especially 
those with special needs and dual language learners are shared. These strategies are recognized as 
best practices, and adhere to position statements endorsed by NAEYC and the recommended practices 
developed by the Division for Early Childhood of the Council for Exceptional Children (DEC, 2014).

INTRODUCTION

All young children with disabilities should have access to inclusive high-quality early childhood programs, 
where they are provided with individualized and appropriate support in meeting high expectations. (U.S. 
Departments of Education and Health and Human Services, 2015) 
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A person cannot open a newspaper, browse an online news outlet, or turn on a cable news program without 
encountering at least one reference to STEM (science, technology, engineering and mathematics). We 
are being told that our country faces a crisis in STEM, that we need more students to enter the STEM 
pipeline, and that the way we teach STEM is sorely lacking (National Research Council, 2007). All of 
this may indeed be true. But we have seen these calls before. Some may remember the crisis when the 
Soviet Union “beat” the US into space in 1957 with Sputnik, the first artificial satellite. The recent call 
to action from the National Academy of Sciences, National Academy of Engineering, and Institute of 
Medicine, Rising Above the Gathering Storm: Energizing and Employing America for a Brighter Eco-
nomic Future (National Academy of Sciences, 2007) drew attention to the national shortage of STEM 
teachers and professionals, and called on educators to rethink how STEM content is taught in our nation’s 
schools. Several volumes followed, and in 2013, the National Research Council released the final draft 
of new national standards for science education: the Next Generation Science Standards (NGSS 2013; 
National Research Council, 2012).

Missing from these new standards is any reference to children younger than 5 years of age (the NGSS 
are explicitly written for K-12 education). In addition, scant attention is paid to providing authentic, ac-
cessible STEM experiences for children with disabilities. However, the increased attention on STEM for 
all students provides timely impetus for shining a light on how STEM curriculum is being implemented 
in inclusive early childhood programs. The field of early education varies greatly both in the extent to 
which young children are given access to these experiences and in the quality of those experiences. This 
chapter will address both of these issues.

This chapter is divided into two sections. The first section provides a rationale for high quality STEM 
experiences in inclusive early childhood (EC) classrooms, including a description of what high quality 
STEM experiences are and why they can be an ideal context for supporting the development of young 
children with special needs and dual language learners. The second section offers recommendations for 
teachers and administrators concerning how to plan and implement STEM learning centers to support 
the meaningful participation of all children using a tiered perspective that includes the framework of 
Universal Design for Learning. The objectives of this chapter are to provide early childhood educators 
with ideas and resources for how teachers can plan STEM learning centers, integrate literacy and arts, 
and interact in ways to support the engagement of all children, especially those with special needs and 
dual language learners. To illustrate these ideas, classroom vignettes and teacher perspectives are shared.

BACKGROUND

We know that young children are actively involved in reasoning about STEM content, beginning at 
birth. They are intensely curious about how the world works, and they bring this wonder and curios-
ity to new experiences, continually building theories to help them make sense of the world and how it 
works. However, when it comes to educational contexts, young children’s ability to reason scientifically 
is vastly underestimated (National Research Council, 2007).

Although the term STEM is an acronym that represents four distinct domains (science, technology, 
engineering, and mathematics), it is also more than the sum of its parts. STEM in its ideal sense is a 
multidisciplinary approach to learning about the natural and human-made world that embraces knowl-
edge, practices, concepts, and attitudes. In this section, we attempt to both break STEM apart and show 
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how it fits together as we define and describe what STEM comprises, what it looks like in high-quality 
EC classrooms, and what it offers for inclusive EC education.

We also know that students’ attitudes and aptitudes regarding STEM begin with their earliest school 
experiences. In this section, we review literature concerning children’s attitudes and habits of mind as 
these relate to STEM learning.

Science

Learning about science—especially when that science relates to their everyday world—fosters young 
children’s curiosity and lays a foundation for later learning in K-12 settings and beyond (National Sci-
ence Teachers Association, 2014). However, optimal science learning does not occur spontaneously. 
Young children need a thoughtful, planned approach to expand their reasoning and teacher support to 
interpret and communicate their findings (Edson, 2013). When exploring science with young children, 
the role of the early childhood teacher is to create a rich environment, engage children in inquiry science 
explorations, and focus and deepen children’s experiences and thinking (Chalufour & Worth, 2004).

Science activities can be found in high quality early childhood classrooms, although typically little 
time is devoted to science in EC classrooms. In fact, research suggests that STEM content is sorely ne-
glected in the early years (Clements, Sarama, & DiBiase, 2003; Greenfield, et al., 2009). This may be 
in part because elementary and EC teachers tend to lack science content knowledge and report feeling 
unprepared to teach science (indeed, all STEM) content (Akerson, 2004; Greenfield, et al., 2009; Kallery 
& Psillos, 2001; National Research Council, 2007; Sandholtz & Ringstaff, 2011; Wenner, 1993; Yasar, 
Baker, Robinson-Kurpius, Krause, & Roberts, 2006). Traditional early childhood practices often include 
a great deal of informal life science in children’s exploration of living things, such as observing worms 
on a rainy day, tending to classroom pets, and germinating seeds. Informal physical science can be seen 
when children attempt to determine how much force to use to knock down a stack of blocks (i.e., physical 
science), and when they investigate how shadows change at different times of the day (earth science). 
Young children are curious about the world and possess an intrinsic desire to figure out how the world 
works (Piaget & Garcia, 1971). They also have a strong need to be physically active.

In our state (Iowa) which provides voluntary universal preschool, the Teaching Strategies GOLD 
Objectives for Development and Learning (Heroman, Burts, Berke & Bickart, 2010) is mandated for use 
by teachers in all publicly-funded preschool programs. This assessment system includes items specifi-
cally addressing inquiry science skills, life science, physical science, earth science, and technology and 
tool use. We have noticed that teachers are beginning to devote more attention to these topics, perhaps 
because they are required to assess them.

When EC teachers intentionally plan science content, they tend to focus primarily on life sciences. 
They might chart the growth of a plant, observe worms in a wormery, or collect and sort autumn leaves. 
Little attention is paid to physical science activities. This is unfortunate, because physical science provides 
rich opportunities to actively explore the world, investigate physical phenomena, formulate hypotheses, 
and begin to construct cause-and-effect relationships (skills that appear in TS-GOLD objective # 24: 
Uses inquiry skills). For example, children pour water into a system of tubes that they have arranged and 
begin to construct practical understanding of fluid dynamics. They make pinwheels, parachutes, paper 
airplanes, and whirlygigs as part of investigations to comprehend aerodynamic principles and use these 
ideas to transform energy toward practical uses. They build ramp structures and roll marbles down them 
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to investigate how to control force and motion to achieve a goal (for example, maximize speed, make a 
turn, create interesting effects). All of these are addressed by TS-GOLD objective # 26: Demonstrates 
knowledge of the physical properties of objects and materials. In the process, they begin to construct 
simple causal relationships, such as that when the angle of incline on a ramp is reduced, the marble trav-
els more slowly, or that when they make a paper whirlygig out of copy paper, it twirls down to the floor 
faster than when they make it out of lightweight typing paper. Such classroom activities build content 
knowledge, but they also engage children in actively exploring materials in their environments, making 
sense of them, and using what they learn to design things—the beginnings of inquiry and engineering.

Technology

As storm clouds gathered on a spring morning, five year old Takeshia approached her teacher and 
pointed to the sky. She asked “A storm? Can you check radar?” Ms. Lisa replied “Let’s see” and used 
the classroom smartboard to show the radar report from the local news station website. 

Technology and interactive media evolve constantly and offer the potential to enhance teaching and 
learning in the early years (Donohue, 2015). For example, children and teachers can use digital tools 
in the form of cameras to take photos of the chrysalis that forms around a caterpillar over the course of 
several days and track the changes. Similarly, they can take monthly (or even weekly) photographs of 
familiar objects in their neighborhoods, both living and nonliving, and chart the change or lack of change 
in those objects over time (Zan, Croteau, Chait, & Wang, 2015). Such experiences can lead children 
to think more deeply about concepts such as change over time and the differences between living and 
nonliving things. The National Association for the Education of Young Children and the Fred Rogers 
Center (2012) consider technology to be useful tools for promoting learning and development when used 
intentionally by teachers in the framework of developmentally appropriate practice.

When technology is discussed in relation to curriculum, most people’s thoughts turn to high-tech 
tools such as computers, the internet, digital cameras, and the like. It is true that these tools are examples 
of technology. However, in its broadest sense, technology refers to the human-made world. So all tools 
are forms of technology. Pencils, markers, and other writing tools help humans represent thoughts 
and ideas on paper and extend memory. Magnifying glasses, microscopes, and binoculars are tools 
that extend the senses to allow humans to see things that are not visible with the eye alone. Even such 
mundane objects as furniture, clothing, and buildings are examples of technology. So part of the study 
of technology is introducing children to the concept of the human-made world and how people invent 
things that improve lives.

Engineering

The National Science Teachers Association’s (NSTA) 2014 Position Statement on Early Childhood 
Science Education (also endorsed by the National Association for the Education of Young Children 
[NAEYC]) affirms the importance of learning about both science and engineering in the early years. This 
statement draws on the NGSS’s focus on depth of understanding of core ideas, scientific and engineering 
practices, and science and engineering concepts. A report by the National Academy of Engineering and 
the Board on Science Education at the Center for Education, Engineering in K-12 Education, defines 
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engineering as “a systematic and often iterative approach to designing objects, processes, and systems 
to meet human needs and wants” (Council, 2009, p 49).

Engineering in the EC classroom takes the form of problem solving opportunities children encounter 
as they engage in a variety of developmentally appropriate activities such as building block structures, 
creating bubble wands, or cooking (Van Meeteren & Zan, 2015). Teachers support children as they 
identify problems, think of solutions, test their solutions, revise their solutions based on the results of 
their tests, and test them again until they achieve the results they want. Design problems are generally 
highly engaging and motivating to children and appeal to children’s intrinsic desire to make something 
interesting happen. Relevant science is learned when design challenges are integrated with science in-
struction (Schunn, 2009). This may be particularly true for non-traditional learners as well as children 
whose learning needs put them at odds with the dominant curriculum and methods that require children 
to be passive most of the time. Evident in the work of young children as they build sand castles, lace up 
shoes, design toys (Petroski, 2003) and build block structures (Brophy & Evangelou, 2007), such activities 
are abundant in possibilities for full integration of STEM, and observation of children in these activities 
reveals precursors to engineering thinking (Brophy & Evangelou, 2007). In these activities, children 
interact with the constraints of physics, negotiate spatial reasoning, measure and compare objects, and 
construct practical understanding of how the world works.

Mathematics

Math is all around children as they engage in the physical and social world. Children sort pinecones by 
common characteristics, recognize patterns in music, and compare quantities of cookies. Although math 
is being given more instructional time and attention in the early childhood classroom, early childhood 
teachers often focus mathematics instruction narrowly on numbers and operations. STEM activities 
provide an authentic context for mathematics (Burghardt, 2000; Sarama & Clements, 2009; Ortiz, 2008; 
Schunn, 2009). In the early years, mathematics can be embedded into the whole of children’s daily ex-
periences. Early measurement involves comparisons between objects using relative terminology such as 
bigger, deeper, taller, farther, etc. When children realize the need for comparing more than two objects, 
the use of non-standard units comes into play. Simple graphing activities (e.g., creating a bar graph of 
objects that sink or float) introduce children to the idea that data from an investigation can be recorded, 
displayed visually (modeled), and used to answer questions, make decisions, and make predictions. 
Such experiences with measurement and data analysis provide the foundation for complex thinking and 
problem-solving (Gelman, Brenneman, MacDonald, & Roman, 2010; NCTM, 2013).

In their 2013 joint position statement, NAEYC and the National Council of Teachers of Mathemat-
ics (NCTM, 2013) recommend that math be integrated with other activities and that teachers provide 
for children’s deep and sustained interaction with math ideas. In their more recent position statement 
on early childhood mathematics, they call for incorporating mathematics content such as number and 
operations, geometry, algebraic reasoning, and measurement into everyday experiences. Furthermore, 
teaching practices should rest on a solid understanding of both mathematics and the development of 
young children. Progress monitoring should be done through observation and other informal evaluations 
and used to guide instructional decisions.

Children’s early experiences in mathematics set the stage for later school success. Research has found 
that mathematics learning in the early years predicts not only later math achievement, but also later 
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reading achievement (Duncan et al., 2007; Sarama & Clements, 2009). In addition, early experiences in 
developing spatial thinking have been found to contribute to students’ later expertise in STEM (Gersmehl 
& Gersmehl, 2007; Wai, Lubinski, & Benbow, 2009; Webb, Lubinski & Benbow, 2007).

Attitudes and Habits of Mind

During the early years, children are beginning to develop self-control, memory, attention, and the ability 
to make intentional plans with others. These executive functions, considered foundational for problem 
solving, have been found to improve development of later academic skills (Brock, Rimm-Kaufman, 
Nathanson, & Grimm, 2009; Diamond, Barnett, Thomas, & Munro, 2007). Engineering habits of mind 
(Katehi, Pearson & Feder, 2009), which include creativity, problem solving, and analytical skills, are 
closely related to the executive functions. Approaches to Learning, a domain of early childhood education 
(Scott-Little, Kagan, & Frelow, 2005)that is considered a school readiness area (U.S. Department of Health 
and Human Services, 2003), is defined as the attitudes and dispositions that influence all learning, and 
includes curiosity, persistence, inventiveness, sustained attention, flexibility, and desire for a challenge. 
These dispositions are promoted as children are engaged in planned STEM learning experiences (Van 
Meeteren & Zan, 2010). Positive approaches to learning are particularly important for children from 
low socioeconomic status (SES) backgrounds and for those with increased risk factors who are more 
likely to display poorer learning behaviors than their non-impoverished peers (McClelland, Morrison, 
& Holmes, 2000; Stipek & Rosaleen, 1997).

The early childhood period offers rich opportunities to develop positive attitudes toward STEM that 
will encourage children to be informed citizens and possibly consider careers in STEM. These attitudes 
may be particularly important for students with disabilities. It is a national goal to increase the number 
of persons with disabilities in the science and engineering workforce (Committee on Equal Opportunities 
in Science and Engineering, 2009). Despite their increased participation in general education settings, 
students with disabilities are underrepresented in STEM majors in higher education; although they 
make up approximately 13.7% of the school-aged student population, they represent only approximately 
9-10% of those enrolled in STEM fields at the undergraduate level and 5% at the graduate level (Moon, 
Todd, Morton, & Ivey, 2012). Research suggests that one reason students with disabilities do not pursue 
STEM fields has to do with self-efficacy (Jenson, Petri, Day, Truman, & Duffy, 2011). Students with 
disabilities rarely enter the STEM workforce even though there are numerous work-related opportuni-
ties for students with disabilities and many are capable of making valuable contributions (Basham & 
Marino, 2010). Increasing expectations that students with disabilities have access to STEM content and 
accessible instruction through universal design for learning (UDL) are first steps in realizing the goal 
of STEM for all (Basham, Israel & Maynard, 2010).

When students with special needs are included in the general education science classroom, ide-
ally, teachers make curricular and instructional adaptations to keep students engaged in content that is 
rich and meaningful. A body of literature exists for teaching inquiry science for students with mild to 
moderate disabilities in inclusive k-12 education settings. This literature addresses such issues as use of 
time, learning styles and instructional delivery, environments, and adjustments in content (Mastropieri, 
Scruggs, & Butcher, 1997). School age students with disabilities have been found to benefit from sci-
ence education that is inquiry based with hands-on activities, extra support (Scruggs & Mastropieri, 
2007; Therrien, Taylor, Hosp, Kaldenberg & Gorsh, 2011), formative feedback, and a focus on overall 
concepts (Taylor et al, 2011).
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Teachers of students with severe or significant intellectual disabilities are caught in a tension between 
providing functional curriculum that promotes the greatest level of independence and functioning in 
adult life and the IDEA requirement to ensure access to the same general curriculum as peers. Miller 
(2012) recommends incorporating science content inquiry approaches with functional experiences and 
authentic experiences that are linked to grade level standards. For example, an everyday cooking activity 
in which a child burns the muffins can lead to asking questions, solving problems, and investigating ways 
to make something different happen the next time—all of which address multiple early science standards.

STEM EXPERIENCES FOR ALL CHILDREN

Although STEM activities are compatible with high quality early childhood curriculum, very little evi-
dence has been collected about whether STEM activities are beneficial to young children with special 
needs. The literature on the participation of young children with disabilities in science and math classroom 
activities is concentrated on strategies for arranging the physical environment and adapting materials for 
various disabilities (Gestwicki, 2014; Gould & Sullivan, 1999; Deiner, 2013). The next section describes 
the pressures facing early childhood teachers when designing curriculum.

Designing High Quality Early Childhood STEM Curriculum

Early childhood STEM differs from upper elementary STEM in that it often takes place in the context 
of learning centers that, to an untrained eye, may appear to be frivolous play time. Yet play-based and 
hands-on experiences are the context in which children become deeply engaged and learn critical intel-
lectual and social skills that prepare them for later academic success (Miller and Almon, 2009). The ac-
countability movement has resulted in the downward extension of elementary curriculum (Elkind, 1987; 
Bassok, Latham, & Rorem, 2016), replacing play-based curriculum with more time spent on academics 
in kindergarten and preschool. Helm & Katz (2011) argue that a closer examination of the difference 
between academic and intellectual goals in early childhood curriculum is needed. This distinction par-
ticularly applies to STEM curriculum as described in the following quote:

Academic goals are those concerned with acquiring small discrete bits of disembedded information, 
usually related to preliteracy skills …. In an academic curriculum, the items learned and practiced re-
quire correct answers, rely heavily on memorization, on the application of formulae versus the search 
for understanding, and consist largely of giving the teacher the correct answers that the children know 
she awaits…. Intellectual goals and their related activities, on the other hand, address the life of the 
mind in its fullest sense, …. An appropriate curriculum for young children focuses on supporting their 
in-born intellectual dispositions, for example, the disposition to make the best sense they can of their 
own experience and their own environment. An appropriate curriculum in the early years is one that 
encourages and motivates children to seek mastery of basic academic skills (e.g., beginning writing skills) 
in the service of their intellectual pursuits (emphasis in original). These intellectual pursuits include the 
whole range of knowledge, understanding, skills, and dispositions related to STEM goals (Katz, 2010). 
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The National Research Council (2007) emphasizes that young children can learn science concepts 
and use reasoning and inquiry as they investigate how the world works. Best practice in EC science 
education supports young children learning through a variety of planned and emergent activities and 
experiences that allow them to explore big ideas in depth and to develop observation and problem-solving 
skills through discussions with classmates and adults and engaging in simple experiments (Edson, 2013; 
Gelman, Brenneman, MacDonald & Roman, 2010). During these experiences the role of the early child-
hood teacher is a facilitator of knowledge who organizes the environment, observes children’s interests 
closely, asks questions and poses problems to engage children and further their theory building (Chaille 
& Britain, 2003).

In this section, we highlight approaches to designing and implementing high-quality STEM experi-
ences that are identified with early childhood education (ECE) as well as approaches that blend early 
childhood and early childhood special education (ECSE) practices. These strategies are recognized as 
best practices in both EC and ECSE, and adhere to position statements endorsed by NAEYC and the 
recommended practices developed by the Division for Early Childhood of the Council for Exceptional 
Children (DEC, 2014). Related service providers who support teachers and co-teach in inclusive settings 
can also use these strategies to address individual goals in rich integrated learning activities.

The next section describes how STEM learning activities can be designed from the outset to remove 
barriers and increase the access and meaningful participation of all children.

Balance of Child-Initiated and Teacher-Guided Experiences

STEM activities in a high quality EC classroom are best planned with a balance of child-initiated activities 
and teacher-guided experiences. EC teachers observe children’s behavior as a means of communication 
and use child initiation as a starting point for playful focused learning. It is the role of observant teachers 
to support children’s interests, as seen in the following:

Eric and Jamie were spinning their bodies around on the floor in the large group area. The teacher ap-
proach and commented “you like to make things go around?” She then handed them a basket of plastic 
tops and challenged them “Let’s see which top you can make spin longer.”

EC STEM takes place in the middle ground where child-initiated exploration and teacher-guided 
learning meets. Teachers combine both child-guided and adult-guided experiences that take advantage 
of planned as well as spontaneous learning opportunities (Epstein, 2014). Child-guided experience is 
especially important for fostering the scientific practice of observing. Particularly appropriate for young 
children is access to a wide variety of sensory materials with distinctive textures (e.g., bark, gourds, 
leaves), different aromas (e.g., spice jars, herb gardens), varying sounds (e.g., musical instruments, 
tools), and different tastes (e.g., fruits, vegetables, condiments). Also appropriate for child-guided ex-
periences is classifying objects based on a shared attribute. Children will sort objects spontaneously 
(initially by a single attribute such as color), followed by same and different, and then move onto more 
than one attribute (color and shape) followed by highest level when they generate the reason behind the 
classification (outside toys and inside toys). When teachers plan STEM activities for young children, 
their role is to create a rich environment, encourage children to focus their observations, and deepen 
children’s experiences and thinking through calling attention to similarities and differences (Chaufour 
& Worth, 2004; Epstein, 2014).
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Intentional teaching in EC classrooms recognizes the need for adult-guided experiences in which 
teachers set up experiences where they present information, model skills, and guide the learning toward 
a specific goal (Epstein, 2014). Experimenting, predicting, and drawing conclusions takes place when 
teachers provide children with planned experiences, comments, and questions that support them through 
the inquiry process. The interplay of child-initiated activities and adult-guided experiences can be seen 
when teachers use long term projects as a curriculum approach. For example, children’s curiosity about 
trees launches an investigation in which children are offered paint and clay to represent trees and provided 
cameras to take photographs of the trees. The role of the teacher is to watch and ask questions that focus 
children’s observations on the branches, root, leaves, bark, and other parts of the trees.

Project Work and STEM

STEM curriculum is a natural fit for the project approach. A project is an in-depth investigation of a 
topic worthy of investigation in the students’ immediate environment (Katz & Chard, 1989). Building 
on children’s interests, project work allow children to use math and literacy skills to help them find 
answers to their questions. Project work that investigates plants, animal and habitats allows children to 
connect to the outdoor world through study and deep thinking. By surveying their neighborhoods, early 
childhood teachers can find a topic that allows children to connect with the natural world. As Helm and 
Katz (2011) describe

Children collect artifacts, study them closely and represent what they learn by drawing, painting, con-
structing, writing and through play. …They form a basic understanding of facts and terms, they learn-
ing the importance of differentiating words and develop rudimentary classifications, and they begin to 
develop a sense of cause and effect (p. 8). 

Project work is a curriculum approach that has been found to promote the effective inclusion of 
children with disabilities into early childhood programs (Beneke & Ostrosky, 2009; Donegan, Hong, 
Trepanier-Street, & Finkelstein, 2005). In projects, children with and without disabilities are actively 
engaged in learning experiences that can be readily adapted to their level. The small group work that 
frequently takes place in project work is particularly conducive for addressing the individual goals of 
children with disabilities and ensuring that they are being met (Edmiaston,1998). A small group context 
is the ideal environment for facilitating the development of social interaction of all children, including 
those with disabilities. Consistency in small groups provides the opportunity for children to form special 
relationships. Some children may be better partners for children with special needs than are others, and 
the sensitive teacher can arrange to pair these children to maximize peer interactions. In an interview 
study, preschool teachers reported a reduced need for guidance strategies and increased motivation and 
attention span due to the incorporation of high interest topics of investigation in project work (Beneke 
& Ostrosky, 2009).

Learning Centers as Contexts for STEM

Learning centers are spaces in the classroom that are devoted to particular topics, skills, or types of ac-
tivities. Typically learning centers in EC classrooms are set aside for such activities as blocks, Legos™, 
puzzles and games, dramatic play, books, art, sensory table, woodworking, and others. Learning centers 
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focused on STEM provide children opportunities to engage in hands-on activities individually or within 
a small group setting. STEM materials and activities that engage children in direct investigations and 
problems solving provide opportunities not only for STEM learning but also for social interactions. 
Examples of good STEM learning centers include (but are not limited to) explorations of ramps and 
pathways (Zan & Geiken, 2010; DeVries & Sales, 2011), blocks, water, pendulums, bubbles, tops, and 
cooking. Learning centers such as these, which can be both child-initiated and adult-guided, are par-
ticularly well suited for engaging young children with special needs who frequently need assistance in 
using social skills (Odom, McConnell, & Chandler, 1993.

I think teachers underestimate how much young children can get out of the (ramps and pathway) learning 
center. It is more than just playing. You know, the children learned a lot. They were using the process 
skills to observe. They were engaged in solving problems. They were experimenting, they were categoriz-
ing and comparing things. Like, they really got a lot out of it. (Preschool teacher reflecting on a STEM 
learning center she designed for an inclusive preschool classroom). 

Physical Science Centers

Physical science activities are particularly well suited for inclusive EC classrooms. STEM learning centers 
comprised of physical science activities invite children to make something interesting happen. Kamii and 
DeVries introduced the idea of “physical knowledge” activities in 1978, as a result of focused research 
on the implications of the theoretical work of Jean Piaget for early education (Kamii & DeVries, 1978). 
According to Kamii and DeVries, good physical knowledge activities are: a) producible; that is the child 
uses his or her own actions to produce “what happens;” b) immediate; that is, as soon as the child acts 
on the object, something happens; c) observable; that is, the child is able to perceive what happens with 
his or her own senses; and d) variable; that is, the child has the opportunity to change his or her actions 
to produce and observe variations in the object’s reactions. Physical science activities inspired by the 
work of Kamii and DeVries reflect high-quality developmentally appropriate STEM content that can 
engage children intellectually and socially. Setting up learning centers for physical science activities 
have been the focus of research and professional development by the Regents’ Center for Early Devel-
opmental Education (DeVries, Zan, Hildebrandt, Edmiaston, & Sales, 2002; DeVries & Sales, 2011; 
Zan & Geiken, 2010, Counsell, et al., 2016) and can be found at the website for the Center for Early 
Education for Science, Technology, Engineering, and Mathematics (http://www.uni.edu/ceestem/) at 
the University of Northern Iowa.

The next section discusses how early childhood STEM experiences, which are both developmentally 
appropriate and individually appropriate, can be implemented in inclusive classrooms by using an ap-
proach referred to as “blending practices.”

Blending Practices in Early Childhood and Early Childhood Special Education

Blended practices (Grisham-Brown, Hemmeter, & Pretti-Frontczak, 2005; Pretti-Frontczak, Grisham-
Brown, & Sullivan, 2014) refers to combining the use of evidence-based, recommended practices for 
children with special needs (DEC, 2014) within the context of high quality developmentally appropriate 
learning activities. In EC STEM curriculum, the use of blended practices combines the use of inquiry 
science, environmental accommodations, and supportive teacher interactions to increase child engage-
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ment and learning. According to Horn, Lieber, Li, Sandall & Schwartz (2000), learning opportunities 
are possible in most classroom activities and can help young children develop meaningful skills.

The integrated nature of STEM activities allows teachers to plan for children to meet a variety of early 
learning standards within a well-designed learning center. Early learning standards apply to children 
with special needs, although careful planning and adaptations are often needed in order for all children 
to participate (Dorsey, Danner & Laumann, 2014). STEM activities provide a purposeful context for 
developing literacy and math and science skills and concepts (NSTA, 2014). In turn, teachers are able to 
gather evidence of progress toward multiple objectives included in curriculum-based assessments. For 
young children engaged in interest-driven investigations, teachers can observe and document emerging 
skills in establishing and sustaining positive relationships, interacting with peers, positive approaches 
to learning, counting, comparing and measuring, exploring spatial relationships, using scientific inquiry 
skills, and demonstrating knowledge of the physical properties of objects.

The open-ended nature of STEM activities makes it easier for teachers to embed learning opportunities 
and promote goals on the child’s Individual Education Plan (IEP). Common IEP goals for young children 
in inclusive classrooms that can be readily addressed during STEM learning centers include interacting 
with peers, communicating wants and needs, counting and quantifying, sustaining engagement, and 
inventiveness in thinking. It is more likely for children to provide a true picture of their emerging skills 
when observational assessments take place within naturally occurring and deeply engaging classroom 
activities.

As stated earlier, the role of the early childhood teacher is to set up the classroom environment for 
science explorations, focus children’s observations, and engage in discussions about what was done 
and seen. Teachers who use these inquiry-based approaches incorporate science, math, engineering 
and technology in their curriculum planning. In order to plan for diverse learners, EC teachers take 
into consideration children’s strengths and preferences, follow children’s interests, and choose familiar 
and meaningful subject matter from the physical, life, and earth sciences for young children to practice 
scientific inquiry skills (Epstein, 2014). Inquiry science provides a rich context to integrate literacy and 
early mathematics in the form of non-fiction read alouds, science notebooks, and measuring and graph-
ing observations (Edson, 2013; Epstein, 2014).

Response to Intervention (RTI) in Early Childhood

Despite the availability of high quality STEM curriculum that has the potential to engage diverse learn-
ers, EC teachers need to ensure that all children are participating in activities so that they can develop 
the knowledge, skills, and dispositions needed to be successful in school. Response to Intervention (RTI) 
was developed for K-12 education in the reauthorization of the Individuals with Disabilities Education 
Act of 2004 to ensure that children receive academic or behavioral support in a timely manner. Response 
to Intervention (RTI) is an approach to instructional practice that seeks to match high-quality instruction 
and interventions to individual children’s needs through systematic progress monitoring and adaptation 
of instruction and goals based on child response data. As a result of increased interest in the application 
of RTI to young children, the DEC, NAEYC and the National Head Start Association (2014) describe a 
hierarchy of tiered supports that are well suited for inclusive early childhood classrooms.

Tiered Supports starts with Tier 1, universal outcomes and teaching strategies designed for all children. 
An example of Tier 1 is the use of hands on materials or interest-based curriculum in order to promote 
active engagement of all young learners. Tier 1 supports include the suggestions offered above (STEM 
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learning centers, a focus on physical science experiences, and project work that integrates STEM). Despite 
high quality early childhood curriculum, the unique needs of some young children with special needs 
may not be met (Sandall & Schwartz, 2008), necessitating Tier 2 supports. Children in Tier 2 may not be 
reaching desired outcomes and thereby require curriculum modifications and adaptations. An example 
may be a child who cannot manipulate marbles on cove molding in the ramps and pathways centers and 
so toy cars on plastic rain gutters are used to promote the child’s engagement. When Tier 2 supports are 
not adequate to support a specific child, teachers must design targeted Tier 3 modifications and adapta-
tions. Tier 3 is comprised of highly individualized outcomes and strategies. This is when targeted IEP 
outcomes are addressed through individualized teaching strategies. As shown in the following vignette, 
in order to meet Cole’s IEP goal of increasing social communication, Katie, an EC teacher, addresses 
his language goal during a target ball learning center.

After giving him a choice of balls to use as strikers, Cole responded by using the toy wrench that he was 
already holding to knock down the yogurt cups. Katie used parallel speech (talking about what he was 
doing), “You used your wrench to knock them down.” 

IEP goals for children with disabilities have traditionally been addressed using a didactic direct-
instruction approach. A large body of research shows that EC teachers can address learning outcomes for 
children with special needs in a variety of learning settings by using embedded instruction (Daugherty, 
Grisham-Brown & Hemmeter, 2001; Grisham-Brown, Schuster, Hemmeter & Collins, 2000; Horn, 
Lieber, Li, Sandall & Schwartz, 2000; Wolery, Anthony, Caldwell, Snyder & Morgante, 2002). A more 
naturalistic approach, embedded instruction involves the use of intentional teaching strategies to address 
specific IEP goals within ongoing classroom activities and routines (Sandall & Schwartz, 2008). Two 
literature reviews of 38 studies on embedded instruction in EC classrooms found that in all studies pre-
school children acquired skills in language, social-emotional and school readiness (Rakap & Parlak-Rakap, 
2011; Snyder, 2006). According to Horn, Lieber, Li, Sandall, and Schwartz (2000), learning opportunities 
should be possible in nearly all classroom activities to help young children develop meaningful skills.

Both environmental and instructional practices are used together as part of the RTI approach in EC 
classrooms (Campbell & Milbourne, 2014). The following section considers the environmental practices 
that are suitable for STEM learning centers.

Environmental Practices in RTI

According to an RTI framework, teachers assess the child’s participation in the activity and increase or 
decrease the intensity, frequency, and individualization of supports in the child’s environment based on 
the child’s needs. The Environmental Practices Decision Making for All Children across Settings model, 
developed by Campbell and Milbourne (2014) shows how each tier of supports is considered, starting 
from least to most restrictive.

Tier 1: Increasing Access Using Universal Design for Learning

Environmental interventions at Tier 1 draw heavily on the work done in the field of Universal Design 
for Learning (UDL). The framework of UDL (UDL) (Center for Applied Special Technology [CAST], 
2008; Conn-Powers, Cross, Traub & Hutter-Pishgahi, 2006) calls for curriculum to be designed from the 
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beginning to be flexible enough to accommodate the learning styles of a wide range of children (e.g., 
children with special needs, dual language learners), provide multiple means of representing the content, 
and allow students multiple ways of expressing understanding or mastery. UDL is a process by which 
curricuum is made more accessible to all children by intentionally designing learning activities from 
the beginning to address individual differences (CAST, 2011). As teachers plan STEM learning activi-
ties, the UDL framework provides them with multiple options to present content, gather feedback, and 
recruit interest in STEM activities. STEM methods, activities, materials, and assessments are planned 
flexibly to enhance learning (Coyne et al, 2006). Table 1 contains ideas for how physical science activi-
ties can be offered as STEM learning centers for children with special needs using the framework of 
UDL (Donegan-Ritter, 2014).

In addition to knowing about developmentally appropriate STEM content, teachers who work with 
children with special needs and children who are dual language learners need to know how to remove the 
barriers that may be in the curriculum and make the learning centers accessible to children with learning 
differences. When teachers plan STEM learning centers using the principles of UDL, they are building 
on an approach for designing the social environment and delivering instruction so that young children 
with the widest range of abilities can participate according to their individual strengths (Conn-Powers, 
Cross, Traub, & Hunter-Pishgahi, 2006). For STEM activities this requires teachers’ pre-planning or 
pre-thinking about the activity and the abilities and needs of all possible learners in order to provide 
multiple means of representation, expression and engagement (CAST, 2011). Table 1 describes ideas 
for how teachers can plan a ramps and pathways learning center using the principles of UDL.

Figure 1. Environmental practices decision making for all children across settings
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Multiple Means of Representation

Children differ in the ways they perceive and comprehend information (CAST, 2011). Teachers ensure 
that the STEM-related activities, questions, expectations, and learning opportunities exist in various 
formats and at different levels of complexity. Using multiple media will help to ensure that all children 
will understand concepts. Visual supports are helpful for many children with special needs and dual 
language learners. Simple icons that demonstrate steps in a recipe are an example. Audio recordings can 
help children who are visually impaired.

Rules or expectations for interacting with peers or materials in STEM learning centers are best when 
generated through discussion and recorded using short phrases and illustrated with pictures. These 
should be posted at the STEM learning center to serve as a reminder about behaviors that create a safe 
environment for learning and prevent misbehavior and minimize peer conflict. Since young children 
tend to have limited memory, revisiting the center rules frequently, and especially after a school break 
or when a new child enters the classroom is recommended.

Multiple Means of Expression

Children differ in how they express their ideas and benefit from having a variety of materials and formats 
for responding and demonstrating their ideas, what they know, and their preferences (Conn-Powers, 
Cross, Traub & Hunter-Pishgahi, 2006; Coyne et al., 2006). Having a variety of pictures available so 
children can request materials they need or constructions they plan to make is a way to support children 
with limited communication skills. Teachers can support children by allowing them to record observa-
tions and constructions using photographs, drawing, tallying, and other means of representation. Creat-
ing these permanent products from their explorations are ways to allow a child to revisit their ideas and 
extend their learning. Providing children with open-ended media (e.g., glue, tape, cardboard and clay) 
to express their ideas in two- and three-dimensional products is a way of assessing children’s develop-
ing understandings. Pairing a nonverbal child with a verbal peer at a STEM learning center provides 
an opportunity for the verbal peer to express ideas and communicate what both children are trying to 
accomplish together.

Multiple Means of Engagement

Children differ in ways in which they can be engaged or motivated to sustain effort and learn (CAST, 
2011; Coyne et al., 2006). Particularly relevant for young children with special needs is how teachers 
plan STEM learning centers and interact with children in ways that support engagement by stimulat-
ing interest, excitement, and motivation for learning. Children with disabilities tend to spend less time 
actively engaged with adults, peers, and materials than children without disabilities (McWilliam & 
Bailey, 1995). Hence, teachers need to be intentional about arousing children’s attention, curiosity, and 
motivation to participate in STEM activities.

Adding tactile, visual, and auditory appeal to materials helps add interest and draws attention to ex-
ploration possibilities. Adding puffy paint to the holes in clear plastic cups can interest children in the 
speed water travels through different size openings. Blowing objects across a white board and tracing 
the path the objects travel with bold markers helps children see and recall how air makes objects move. 
Placing long strips of paper at the end of a ramp and supporting children to mark where different spheres 
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stop helps children notice that some spheres roll farther than others. Using balls that make sounds when 
they move can appeal to some children and foster their interest in making objects move more quickly 
down an incline in order to create the desired sound.

An important way to promote engagement is to identify children’s strengths, interests, and preferences 
and to use those child preferences to plan classroom and community activities that encourage communica-
tion and interaction (Hancock & Kaiser, 2006; DEC, 2014). Gathering information from families about 
children’s interests and preferences through the use of interviews and interest surveys are ways teachers 
can learn useful information to guide planning. Involving families has the added benefit of encouraging 
carry-over between home and school and community activities. For example, going to the park with 
shovels so that the child can scoop gravel and then release it down the slide is a fun way to incorporate 
physical knowledge activities during playground time at school and at the local park over the weekend.

Other ways to engage children include introducing novel materials to the STEM learning centers 
gradually. Introducing new materials allows children to compare the properties of novel and known 
materials. For example, adding tall narrow cylinders at the water table encourages comparisons with 
shorter and wider cups and the quantity of water they hold. Changing the color of the water or adding 
bubbles may cause renewed interest for some children. Adding fabric and sandpaper to wood blocks 
adds a tactile dimension and attaching photos to blocks increases visual appeal.

Not all children will select a learning center designed to promote STEM learning. Bringing STEM 
materials to other learning centers may spark interest in children who might not otherwise choose these 
activities.

One day Lisa brought a ramp and bucket to the sand table to see if Jamal would scoop sand onto the 
ramp. Another time she brought ramps to the play dough table so that Jamal could make different size 
balls to roll down the incline. 

Possibilities for engaging children in STEM learning exist throughout the early childhood classroom. 
The art center is a place in which children mix colors, observing changes in color they make happen. 
The cooking center can be planned to allow children to come up with their own recipe for making pud-
ding or microwave muffins, asking children to predict and record how many spoonfuls of powder and 
liquid are needed. Children observe the changes that take place as the powder and milk are combined 
for individual servings.

Tier 2: Creating Adaptations for STEM Learning Centers

Teachers plan activities taking into account Tier 1 supports with the goal that all children who could 
potentially be enrolled would be able to meaningfully participate in the learning experience. However, 
despite the teacher’s planning to remove barriers, there are children who are not engaging in the learn-
ing experience. Tier 2 supports are those adaptations that are put in place after a teacher determines a 
particular child needs extra assistance.

According to the DEC Recommended Practices (2014), adults design environments to promote safety, 
active engagement, learning, and active participation. It is up to teachers to gather observational data 
on how children are participating and then, using this information, adapt practices so that each child is 
meaningfully participating. Milbourne and Campbell (2007) developed CARA’s Kit to provide guid-
ance to making adaptations for activities and routines so that children can access the curriculum. Unlike 
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UDL, adaptations are made following observations of the extent to which children are engaged in an 
activity. Considering the adaptations on a continuum from least intrusive to most intrusive teachers can 
make changes to the:

1.  Environment,
2.  Activity,
3.  Materials,
4.  Requirements or instruction, and
5.  Assistance.

To illustrate, in a busy ramps and pathways learning center a teacher has observed that a particular 
child is only staying for a brief amount of time, and having trouble getting started exploring materials. 
The teacher could start by labelling the learning center with pictures so children know where to find 
different materials that roll or slide (environment), set up two or more areas with the same ramps and 
rolling materials to shorten wait time (activity), make sure the center has wider gutters available so that 
child can lift the ramps more easily and, because the child likes balls, compare if rubber balls roll faster 
than golf balls (materials), refer to visual reminders regarding the number of children that can fit at the 
learning center (requirements), and pair the child with a buddy who can serve as language and social 
model (assistance).

Monitoring child progress in an easy and efficient way is necessary for determining effectiveness. 
A team effort is useful in setting up an observational recording system. Frequency counts, duration 
measures, interval sampling and permanent products are all feasible for classroom teachers to use to 
determine the effectiveness of the adaptations.

Tier 3: Individualized Outcomes, Teaching, and Custom Technologies

For children with moderate to severe disabilities, systematic procedures are needed within and across 
environments, activities and routines to promote children’s learning and participation. The child’s in-
dividual IEP goal drives the planning. The team collects data to determine baseline performance. They 
meet to identify learning opportunities matched to the child’s IEP goals and plan consistent instruction 
to teach the specific skills or behaviors or concepts (Sandall & Schwartz, 2008). This top level of RTI 
occurs when the child’s individual goals are not being reached through accommodations and more in-
tensive instructional approaches are needed.

Assistive technology can be used by a child with special needs to increase assess and participation by 
enabling the child to do something that could otherwise not be done. Examples include communicating 
ideas by pointing to a picture, using a voice output device, or touching a tablet with a communication app.

Cole has a specially planned instructional program to teach him to sustain interactions with other 
children during free choice. At the target ball center his teacher uses a systematic prompting strategy to 
increase the number of conversational turns he takes with peers. Over time Cole no longer needs adult 
support to use his iPad to make comments and requests to other children. 
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SOLUTIONS AND RECOMMENDATIONS

The following section addresses how EC teachers in inclusive settings can interact with children in STEM 
learning centers to promote problem solving, social language, and literacy.

Interacting With Young Children to Support Their Scientific Problem Solving

When using inquiry approaches to promote integrated STEM learning in early childhood classrooms, 
teachers don’t have to know all the answers, but teachers do need to know how to ask questions. It is the 
role of the teacher to model asking “wh” questions in ways that encourage children to observe closely, 
make predictions, and find ways to solve problems (Epstein, 2014). Given that most young children 
are not yet causal reasoners, asking more “wh”questions focuses attention on relevant aspects of what 
is happening. Martens (1999) wrote about productive questions in primary grades and how they can 
support children’s science learning when used appropriately. Adapting these questions to pre-primary 
children, Fitzgerald and Dengler (2010) recommend starting with attention focusing questions to help 
focus children on variables they are overlooking. Some sample attention focusing questions are:

• What do you notice stops the marble?
• What is your friend doing with her cup?
• Which one is your friend using to make the cotton ball move?
• Where did the water come out?
• What happens when you blow on the top of the ball?

STEM learning in mathematics can be encouraged by asking measuring and counting questions such 
as How many…? How often…? How long…? Nonverbal children can demonstrate understanding of 
quantities by pointing to which set has more or they can demonstrate emerging measurement by pointing 
to which went further. Children can be encouraged to make scientific predictions when teachers ask them 
action questions such as “what happens if….. ?” Generating solutions can take place when teachers ask 
problem-posing questions like “Can you find a way to make the marble stop at the end of the ramp?”

Supporting Social-Communication Development

Creating conversations in the classroom, using responsive interaction strategies, and embedding naturalistic 
language prompts in conversations to teach specific skills are essential components for facilitating social 
interactions between teachers and children (Kaiser & Delaney, 2001). Naturalistic strategies are designed 
to be used to prompt communication only when the child is interested and motivated to respond to the 
prompt. Systematic prompting strategies include models, mand-models and time delay. Early childhood 
teachers working with a child in the ramps center use modelling when a child wants a ramp (say “I want 
ramp”). Mand models are used when the teacher observes where the child is focusing his attention, gives 
a mand (i.e. asks a question or gives the child a direction to respond as in “What do you want, the ball or 
car?”) and waits for the child to respond. If the child does not produce the target behavior by himself, the 
teacher models the target behavior for him. When using time delay the child communicates nonverbally 
that they want something and the teacher pauses and only if needed provide a model.
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Teacher can use the UDL framework to plan ongoing classroom assessments of child progress which 
incorporate multiple means of representation, expression and engagement. Structured observations of 
children while they are interacting with preferred peers and trying to make interesting things happen 
with hands-on materials provide an authentic assessment of emerging development and learning for a 
wide variety of children. Rose and Dolan (2006) recommend that the choice of content for assessment 
be flexible in order to assess under optimal motivational conditions. For young children that means we 
observe children while they are participating in activities in which they are deeply interested. For ex-
ample, instead of observing the social skills of a reluctant eater during mealtime, a more accurate picture 
might emerge if he is observed interacting with a familiar peer which playing with his favorite toy trains.

Integrating Literacy With STEM Experiences

STEM activities are rich with opportunities for using oral and written language and integrating literacy. 
For example, simple recipes, rules for learning centers, and design challenges can be written with sym-
bols and words so that children can use visual supports to aid their understanding. The science-literacy 
link with older children has been investigated in the Foundations of Science Literacy project (Worth, 
Winokur, Crissman, & Heller-Winokur, 2009), the Science Writing Heuristic (Hand, 2008), and the 
work of Campbell and Fulton (2003) and Fulwiler (2007) who explored using science notebooks with 
younger children during inquiry learning experiences by having children explain what they learned by 
representing it visually (through writing, dictating, drawing, labeling, etc.).

Visual supports are frequently found in inclusive early childhood classrooms and are an excellent 
example of universal design for learning. A wide variety of young learners, children learning more than 
one language, children with speech and language delays, children experiencing intermittent hearing 
loss, and others can benefit from the use of visual displays in the classroom. Visual supports are useful 
in supporting and increasing both receptive and expressive communication (Vaughn, Lentini, Fox, & 
Blair, 2009). Some of the most commonly used visual displays include activity schedules, classroom 
rules, choice charts, and labeled objects. Pairing simple pictures or icons with written words supports 
emergent literacy.

FUTURE RESEARCH DIRECTIONS

The field of early childhood education has not yet met its potential to be a place in which high-quality 
STEM experiences are part of each child’s experience. Certainly, many factors contribute to this gap. 
These factors include: a) access to high quality EC programs, b) the accountability movemen, and c) 
variability in EC teacher preparation.

ECE is not one program but rather a patchwork of private, federal, and state funded programs which 
operate according to different standards and expectations. In recent years more public support is avail-
able for children to attend preschool programs. With the passage of P.L. 99-457 in 1986, three year old 
preschool children with identified disabilities are eligible for publicly-funded ECSE services. Children 
whose families meet federal low income requirements are eligible to attend Head Start programs. More 
states are providing public funding for voluntary preschool for four year old children, with some states 
targeting low income children and seven others funding universal preschool. Nevertheless, from 2010 to 
2012, more than 4 million 3-and 4-year-olds were not attending preschool, representing more than half 
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(54%) of all children in that age group. This is especially disconcerting for children from low income 
homes. Children living in poverty who don’t participate in high-quality early education programs are 
50% more likely to be placed in special education, 25% more likely to drop out of school, 60% more 
likely to never attend college, 70% more likely to be arrested for a violent crime, and 40% more likely 
to become a teen parent (Save the Children Action Network). Children who don’t attend preschool are 
at a disadvantage given the increasing academic expectations of kindergarten today.

Early childhood programs are more diverse today than ever before. Children who are dual language 
learners are the largest and fastest growing group in the US. There are now more Hispanic/Latino chil-
dren than African American children or any ethnic group. They represent 14% of the total population 
and by 2050 the number of Latino children under age 5 will increase by 146% (Espinosa, 2010). Being a 
dual language learner does not predict low school performance, unless accompanied by chronic poverty.

Along with federal and state support of early education, there is more emphasis on showing outcomes 
that are related to academic success, as measured on standardized test scores. When teachers attempt 
to plan integrated curriculum focused on STEM learning for young children, they are going up against 
pressures for measurable outcomes which contributes to a more narrow curriculum focus. Currently there 
are increased accountability pressures on EC teachers to provide evidence of child learning, mostly on 
academic skills such as literacy and math indicators (e.g., letter identification, counting). Early childhood 
teachers need professional support and training to be able to withstand external pressures for push-down 
curriculum and to plan integrated curriculum that builds on child interests and promotes the use of aca-
demic skills as tools to answer questions and share information.

Well designed and ongoing professional development is needed to provide teachers with skills to 
design and implement integrated STEM curriculum so that all children can participate and develop the 
intellectual, language and social skills needed for later success in school and beyond. Research shows 
that higher levels of education and training can help improve EC teachers’ interactions with children 
and promote learning (Barnett, 2003; Burchinal, Cryer, Clifford, & Howes, 2002; Burns, Donovan & 
Bowman, 2000).

CONCLUSION

This chapter shared research-based information about how STEM curriculum can promote learning and 
development. The preschool years may be the only opportunity to provide young children with experi-
ences that build a foundation for inquiry STEM learning. Currently children in kindergarten and primary 
grades experience less time on science due to increased emphasis on preparing children to perform well 
on literacy and math assessments (Bassok, Lathom & Rorem, 2016). Inclusive early childhood classrooms 
are well suited to teaching science-related content with functional daily living skills that help all students 
ask questions and gain knowledge about how the natural and physical world works. When teachers use 
the RTI framework to guide assessment and planning of STEM curriculum to remove barriers for chil-
dren’s participation, make accommodations based on children’s engagement, and work collaboratively 
with families and other professionals to promote IEP goals in learning activities, the goal of STEM for 
ALL children can be realized.
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NOTE

More information about physical knowledge and other classroom activities developed by the Regents’ 
Center for Early Developmental Education can be found at http://www.uni.edu/coe/special-programs/
regents-center-early-developmental-education.
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APPENDIX

Table 1. Planning a ramps and pathways STEM learning center for inclusive classrooms

Curriculum Ideas Universal Design for Learning Ideas

What children learn:
Young children engage in reasoning about 
physics when they try to figure out how to 
achieve an interesting result by building 
structures with pathways for marbles and 
other objects that roll or slide. 
Start with:
Plastic lunch tray, one foot section of cove 
molding, and a ping pong ball. 
Add on:
Unit blocks 
Objects that roll (different size balls, 
marbles, toy cars…) 
Objects that slide (cubes, smooth 
stones…) 
Objects that roll differently (plastic eggs, 
oddly shaped balls…) 
Cardboard tubes from paper towels or 
carpeting (for closed pathways) 
Rubber garden edge (for wider pathways)

Multiple Means of Representation:
     • Start with simple “what” questions that focus attention on what is happening “What 
stops the marble?” “What are you trying to do?”
     • Increase the level of complexity by asking questions that don’t require verbal response 
such as “Who has more marbles, you or your friend?”
     • When child is stuck avoid fixing and instead ask “What can you change to make it 
keep going?”
Multiple Means of Expression:
     • Select peer partners who can describe for a nonverbal child what they are working on 
together. 
     • Prepare visual supports: a) pictures of materials so that children can use them to make 
requests; b) simple drawings of steps to construct ramps or clean up. Post nearby to serve as 
visual reminders or prompts. 
     • Record observations using photos of ramp constructions and annotate with date and 
comments to show growth in complexity of constructions over time. Encourage children to 
draw or build a small scale of what they made. Write down their description and comments. 
Multiple Means of Engagement
     • Provide scaffolds by playing alongside children. Model how to use materials. 
Gradually fade support. 
     • Talk about what you are doing with the materials and what they are doing. 
     • Pose challenge questions when interest appears to wane “Can you make the car go 
faster?” “Can you make it move without touching it?”
     • Introduce interesting and novel materials with a sensory component, e.g., balls or cars 
that make sounds or light up when they move. 
     • Build on the child’s interest by adding a STEM component to the activity that the child 
is doing. Put ramps in the sand table. Encourage the child to make a ball at the playdoh 
table that will roll on their path they built.

Adapted from: Donegan-Ritter, M. (2014) STEM for ALL Children: Preschool teachers supporting engagement of children with special 
needs in physical science learning centers. Young Exceptional Children. doi: 10.1177/1096250614566541
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ABSTRACT

Scientists and science educators recommend use of dialog and argumentation to support scientific ideas. 
Use of peer-reviewed publications, shared data, images, models, and multimedia presentations provide 
the resources needed to support scientifically based arguments and design of inquiry learning projects. 
Open source digital resources are freely available for scientists and their students. These provide the 
rich data needed to educate young scientists and promote digital literacy in the science community. This 
chapter defines the meaning of science literacy, reviews digital resources recognized by professional 
scientists, and offers strategies for mapping digital resources to Science education curricular.

INTRODUCTION

Rodger Bybee (2010), the developer of 5E model for teaching science says one doesn’t study science, 
one experiences it. Science is something students do, not anything done to them. To be fully engaged in 
a science lesson, one must also be able to think like a scientist, engage in argumentative learning, and 
reach a high level of scientific literacy (National Academy of Sciences, 1996). To think and read like a 
scientist, students must be able to understand the nature of science and read with precision paying close 
attention to intricate detail. The reader must be able to interpret claims and arguments as well as synthesize 
complex information. Thinking like a scientist requires investigation, data collection, proposing claims 
and reporting conclusions. These practices are not complete until the scientist can communicate ideas 
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with clarity and effectiveness. Earlier research in learning and cognition shows the importance of making 
connections between new ideas and prior knowledge. Mental models, taxonomies, and flowcharts are 
useful tools for assimilation of new knowledge and accommodating for mis-matches that don’t seem to 
fit. Bransford, Brown, and Cocking (1999) distinguish novices from experts with the ability to organize 
knowledge into systematic categories. An example of this would be DeLuca’s (2011) study on students’ 
learning and higher order thinking skills based on data analysis of renewable energy sources. The topic 
of study is a highly relevant social issue situated within systematic data collection. The results of the 
study suggest the importance of a scientist’s personal reflection combined with application of conceptual/
procedural knowledge to authentic problem solving. DeLuca’s study is categorized as a type of disci-
plined inquiry which is based on the work of Jerome Bruner. Bruner (1977) emphasizes the importance 
of providing structure built on clear relationships between cultural concepts and scientific ideas. Bruner 
later refers to this as “disciplined understanding” (Bruner, 1977, p. 122). It is not enough to have factual 
information. A student’s knowledge must be structured so that he or she can expand understanding within 
the context of a problem or particular cultural setting. This perspective led to Bruner’s seminal work in 
discovery learning and later “disciplined inquiry”, (Bruner, 1979, p. 123-124). According to Bruner, 
a student is motivated to learn based on curiosity and is rewarded by uncovering of answers. Thus it 
could be said, reading and thinking like a scientist requires the careful organization of facts, figures, and 
concepts, and construction of new knowledge, all of which undergird scientific literacy.

Curriculum Standards and Scientific Literacy

By building frameworks of scientific knowledge, students are able to identify main categories and see 
relationships across and between ideas. National Science Education Standards (National Academy of 
Sciences, 1996) may provide a vehicle for adding focus, coherence, and rigor to the science curriculum. 
This chapter provides a rationale for using the framework of the standards as an organizer in support of 
digital resources for STEM education. To ensure science content, principles, and skills are adequately 
planned for classroom instruction, teachers and experts from across the U.S. worked collaboratively to 
develop the Next Generation Science Standards (NGSS Lead States, 2013). NGSS writing team is com-
posed of science educators and scientists, including several Nobel Laureates. Standards can be accessed 
from the NSTA website (National Science Teachers Association, 2015) along with numerous instructional 
resources for K12 teachers. The standards are presented in table format and organized into categories 
for Elementary School, Middle School, and High School. Grade level is subdivided into categories for 
Physical sciences, Life sciences, Earth and Space sciences, and engineering, technology and applications 
of science. The standards are written on a K12 Framework with three components: 44 disciplinary Core 
Ideas, 7 Cross-cutting Concepts, and 8 Science and Engineering Practices.

The writing teams for the NGSS (NGSS Lead States, 2013) have worked closely with writers of 
Common Core English Language Arts standards to incorporate reading and literacy. Developers of 
Common Core Standards place special emphasis on reading informational text in science as well writ-
ing in technical subjects. While writing in the form of argumentation, information and explanation, and 
narrative is emphasized across all content areas within the curriculum (Cope, Kalantzis, Abd-El-Khalick, 
& Bagley, 2013), argumentation and information/explanation would be most important for teaching sci-
ence. For example, in Grades 6-8 to meet standards in the Common Core State Standards ELA Science 
and Technical, students must:
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A.  Introduce claim(s), acknowledge and distinguish the claim(s) from alternate or opposing claims, 
and organize the reasons and evidence logically.

B.  Support claim(s) with logical reasoning and relevant evidence, using accurate, credible sources 
and demonstrating an understanding of the topic or text.

C.  Use words, phrases, and clauses to create cohesion and clarify the relationships among claim(s), 
counter-claims, reasons, and evidence.

D.  Establish and maintain a formal style.
E.  Provide a concluding statement or section that follows from and supports the argument presented. 

(Common Core State Standards Initiative, 2010, p. 42)

More specifically, for the purpose of information and explanation, Common Core State Standards 
ELA Science and Technical standards are defined as:

CCSS.ELA-Literacy.RST.6-8.1
Cite specific textual evidence to support analysis of science and technical texts.
CCSS.ELA-Literacy.RST.6-8.2
Determine the central ideas or conclusions of a text; provide an accurate summary of the text distinct 

from prior knowledge or opinions.
CCSS.ELA-Literacy.RST.6-8.8
Distinguish among facts, reasoned judgment based on research findings, and speculation in a text.
Writing for the purpose of argumentation would adhere to these standards:
Introduce claim(s), acknowledge and distinguish the claim(s) from alternate or opposing claims, and 

organize the reasons and evidence logically.
CCSS.ELA-Literacy.W.8.1.b
Support claim(s) with logical reasoning and relevant evidence, using accurate, credible sources and dem-

onstrating an understanding of the topic or text. (Common Core State Standards Initiative, 2015)

Thus, the CCSS-ELA alignment across all NGSS topics and grade brands provides strong support 
for teachers and instructional designers seeking appropriate resources for preparing students to become 
scientifically literate. One can see the rationale for combining reading, writing, inquiry, and argument 
in science education. Teaching science with recent standards becomes a process of reasoning by which 
claims can be questioned, evidenced, interrogated, and reasoning analyzed (Cope, Kalantzis, Abd-El-
Khalick, & Bagley, 2013, p. 421).

Scientific Literacy for Scientist and Citizen

In his book, The Myth of Scientific Literacy, Shamos (1995) describes early methods for teaching science 
to the 17th century common man. Lectures and demonstrations could be attended as a type of entertain-
ment in hoping an interest in scientific methods would be more widely accepted, however it was during 
this time period, the study of the classics was favored over study of scientific phenomena. Shamos relates 
these historical events to scientific literacy today. Although Shamos could see importance in teaching 
students to become consumers of scientific information, he was an advocate for developing the producer 
of scientific ideas more than consumer of ideas. A careful analysis of NGSS would suggest there is a 
need for preparations of professional scientists, as well as ensuring all students become scientifically 
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literate, able to make informed decisions about the world around them. A common language, gained 
through thinking and reading like a scientist is needed. Scientific literacy prepares the professional, and 
skilled tradesmen of today, to contribute to policy and personal decision-making needed for solving 
societal problems and continued economic growth. A technologically global society relies on continued 
formation of scientifically literate people; however, the noble goal for universal scientific literacy will 
not diminish the critical need for new scientists. It would be important to plan for both future scientists 
and citizenry capable of making informed decisions. Scientific literacy is important to the future of 
students in all professions, including science and engineering.

According to Hinman (1999) many students and teachers lose interest in science because it is hard to 
learn. Reading for understanding and reading materials that are personally relevant are often obstacles 
to reading in the science curricular. Science content requires deep reading. Hinman says “Much of text-
book science is irrelevant to everyone, including scientists not to mention young people” (p. 239), thus 
scientific literacy is needed to ensure the preservation of high quality programs in science education. 
The National Science Education standards (National Research Council, 1996) include the following 
proscriptive for the quality of teacher preparation programs.

Learning science through inquiry should also provide opportunities for teachers to use scientific literature, 
media, and [digital] technology to broaden their knowledge beyond the scope of immediate inquiries. 
Courses should allow teachers to develop understanding of the logical reasoning that is demonstrated 
in research papers and how a specific piece of research adds to the accumulated knowledge of science. 
Those courses should also support teachers in using a variety of technological tools, such as computer-
ized databases and specialized laboratory tools. (p. 61)

Clearly this coincides with processes for examining data collected through applied science and com-
paring with data, claims, and conclusions published by real-world (other) scientists. This leads to the 
question of how educators can plan motivational experiences that include reading and thinking like a 
scientist. How can engaging interactive science lessons include useful materials that are authentic and 
enticing to students who are used to digital formats? How can scientific reading and writing become 
collaborative and communicative? These questions may be answered through use of portals and digital 
libraries already accessible to science teachers and their students.

ARGUING LIKE A SCIENTIST: ARGUMENTATIVE LEARNING

Scientists ask questions, measure, analyze, observe, and read information published by other scientists. 
Before making a claim, the scientist must provide evidence to support new ideas as well link referents 
that reflect his or her argument (Sampson, Enderle, & Grooms, 2013). Critical thinking in the form of 
argumentation ensures proof is recorded and counter claims are presented. Learning through argumenta-
tion is threaded throughout the Next Generation Science Standards (Llewellyn, 2013). A good scientist, 
and a good science student, should be able to pose meaningful questions, make claims, and counter 
claims. The scientist is able to evaluate alternative arguments and offer counter-claims through logical 
reasoning. Use of primary sources through direct observation is important, but reference to secondary 
sources combined with original data is needed to strengthen the counter claim. The ability to apply care-
ful methods for data analysis to support evidence leading to a valid claim is challenging for students. 
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According to Sampson and his colleagues (2013) many students don’t understand the difference between 
data and evidence. Other students struggle with transformation of data into evidence, and will make 
hasty generalizations based on limited information. Competencies within the Common Core ELA writ-
ing standards require students to communicate effectively using argumentative methods. The ability to 
engage in logical reasoning for the purpose of supporting claims and counterclaims could provide the 
support students need for argumentative learning. Access to the published research of others would be 
an important resource for this process.

Reading Like a Scientist

Tenopir and King (2004) have found that reading complex text is one of the most important aspects of 
scientific work. In their book Communication Patterns of Engineers, they describe how use of informa-
tion from online, traditional libraries and documents from collaborative projects are used to support 
original solutions and new ideas. It is through reading they learn about innovations, techniques, and 
procedures. Association between referents and original ideas is critical to success in engineering. Case 
studies of students’ critical analysis of published science articles are reporting successful outcomes in 
reading comprehension as well as the student thinking like a scientist (Fang, 2006; Shanahan, 2010). 
Rather than reading to gain new information, reading for critical analysis more closely reflects the deep 
learning recommended by Common Core State Standards (Miller, 2012). Deep learning requires careful 
analysis and critical review of complex text. Use of scientific publications could provide useful alterna-
tives to traditional textbooks which have been criticized as superficial with low level reading (Adams, 
2010). Shanahan’s study focused on adapting science articles for middle school readers. By ensuring 
students understand the context of an article, there is greater potential for developing scientific literacy. 
Students are better able to interpret unfamiliar vocabulary, critique the design of a study, and construct 
original ideas related to the meaning of science in the article. Critical analysis supports acquisition of 
digital literacy, but students often have need of base knowledge related to a topic. Information searches 
are part of the inquiry process and reading like a scientist (Galloway & Scott, n.d.).

Importance of Inquiry Based Learning for Science Education

The nature of inquiry varies by discipline. For example, inquiry processes for investigating causes of the 
Civil War are different than approaches needed to gather evidence to prove a mathematical conjecture. 
Evidence needed to prove, or argue, a scientific theory requires an even different process. Typically, 
collection of data uses primary sources, measurement, observation, and systematic record-keeping.

Crippen and Archambault (2012) consider inquiry learning methods as the “signature pedagogy of 
STEM education” (p. 158). Signature pedagogies are defined by Shulman (2005) as instructional meth-
ods that include applied skills as well as processes for impacting deeper learning to ensure conceptual 
understanding. These methods also address beliefs, attitudes, values, and dispositions related to the sci-
entific profession. Authors of the National Science Education Standards state “Inquiry is basic to science 
education (National Academy of Sciences, 1996, p. 105). Inquiry in science is more than observation, 
measurement, and data collection. It is the process in which students gain conceptual understanding 
and the nature of science. Hubert Dyasi is a professional development designer with the Annenberg 
Foundation. His workshops remind teachers that inquiry leads to a life-long interest in science as well 
as developing abilities for communicating new ideas and claims related to the natural world. Inquiry 
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contributes to independent learning and problem solving. It is critical for producing next generation 
adults who offer innovation and solutions to many of the social, medical, and educational problems of 
our society. In one workshop transcript it is recorded to say:

Inquiry is not just asking questions, it’s also developing ways of seeking answers to those questions and 
pursuing those ways of seeking answers until we get to somewhere, some tangible important informa-
tion and understanding. It’s my own question, it’s my own plans, and it’s my own understanding that’s 
developing. Then only after that, then you could say, I wonder what other people found out, if they did 
ask this question. If they didn’t ask this question I wonder what questions they asked and how they went 
about to find out answers to those questions.” (workshop transcript, Dyasi, n.d.)

Asking the question─what do others think about this conclusion, is an important connection between 
inquiry learning processes and use of written materials published by the scientific community. How does 
this connection relate to best practices in use of an inquiry based lesson? Dyasi’s workshop provides 
several key attributes of inquiry learning in support of science education. First, critical thinking and prob-
lem solving are important cognitive processes for inquiry. Rarely will the student apply critical thinking 
by simply reading an article, however, comparison of textual information does lead to evaluation and 
critical commentary. For the scientist, critical analysis is an important process for finding answers and 
solving problems (Kuhn, Black, Keselman, & Kaplan, 2000). Next, inquiry based learning is engaging. 
Children’s natural curiosity of their world leads to questions and the making of mental models. Students 
learn best when interested in the content of classroom lessons (Bruner, 1977). Last, inquiry learning 
works best when the learner works collaboratively with peers and experts (Barron & Darling-Hammond, 
2008). Digital resources and the Internet provide affordances for communicating within and beyond the 
classroom. There is also opportunity to compare new knowledge generated through inquiry with the 
publications of “real scientists”.

Apedoe and Reeves (2006) provide a strong rationale for use of inquiry based learning:

Through its support of geosciences education reform initiatives, the National Science Foundation (NSF) 
in the USA has promoted the use of inquiry-based learning as a powerful alternative to traditional di-
dactic pedagogy…through its support of digital library initiatives, NSF has provided free global access 
to rich dynamic resources needed to support the implementation of inquiry-based learning in under-
graduate sciences courses . . .It behooves undergraduate science instructors to attempt to integrate the 
compelling pedagogical strategy of inquiry-based learning with the powerful affordances of today’s 
digital libraries. (p. 329)

The affordances Apedoe and Reeves propose are related to the powerful use of global learning 
communities, student engagement though use of multimodal tutorials, and access to data to support the 
inquiry processes. Their model for effective use of digital resources within the inquiry process supports 
the recommendations in this article. A careful selection process includes use of a valid evaluation tools 
for evaluating accuracy, rigor, and currency of a resource. In addition, the instructor or teacher evalu-
ates the design of a resource. The evaluation of a selected website is focused on suitability for meeting 
lesson objectives. Use of a video or simulation as a time-filler or to motivate the learner will not ensure 
objectives in a science lesson will be achieved. The evaluation process includes examination for age 
appropriate vocabulary and readability of content. Finally, pedagogical decisions should be made to de-
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termine if the resource is well matched to tasks to be completed in the lesson. Every selection criterion 
is important and used to make decisions on how the resource supports both curriculum standards and 
learning objectives identified in the design of a lesson.

DIGITAL RESOURCES IN SUPPORT OF STEM LITERACY

Students should be able to read and understand core concepts presented through textual information as 
well as possess cognitive abilities for investigation, problem solution, and analysis of peer feedback. In 
earlier publications, Bybee says, scientific knowledge leads to “an understanding in cause and effect 
relationships and the power to predict and control” (2002, p. 27). Bybee recommends classroom in-
struction focus on inquiry with two forms of feedback: one to conduct tests with analysis of results, and 
one to propose solutions for the purpose of receiving response from the scientific community. Inquiry 
processes that include both forms of feedback are uniquely supported by scientific literacy. According 
to the terms and definitions provided in the National Science Education Standards, “students describe 
objects, ask questions, acquire knowledge, construct explanations of natural phenomena, test those 
explanations in many ways, and communicate their ideas to others” (National Committee on Science 
Education Standards and Assessment & National Research Council, 1996, p. 20)

Readability of Text as Selection Criteria

An important step in selection of digital resources is assessing readability/ reading level of textual con-
tent. The Lexile Analyzer (https://lexile.com/analyzer/) tool is used to determine readability scores. See 
below an excerpt from an online article in Earth Observatory (Carrizo, 2014). The reading passage is 
215 words and includes instructions and description of an online game. The Lexile score is calculated at 
1390 which would be suitable for secondary school or undergraduate college students. The Lexile score 
is determined by sentence length, number of words, level of vocabulary, and complexity of the article. 
Computers can analyze the sentence length and number of words, but a human reviewer must provide 
expert judgment on complex reading.

So how can this have a real contribution to the goals and objectives pursuit by the SABOR (Ship-Aircraft 
Bio-Optical Research Campaign) cruise? Well, the answer could be very simple. The ocean is too big 
and in-situ measurements are too expensive to cover the entire water mass on Earth. Having this in 
mind, it is very clear that we need to adopt another cost-effective approach and that is the reason why we 
use satellite observations to account for many changes that take place in the ocean and coastal waters. 
Satellites provide very useful information when properly calibrated. As you may already know, sensors 
deteriorate over time and satellites go out of commission. However, polarization features are preserved 
even when the sensors may have experienced normal degradation and knowledge of these features can 
contribute in the development of future technologies to be used in satellites when more accurate and 
reliable information is to be acquired. Some living and manmade objects in water have partially polar-
ized surfaces, whose properties can be advantageous in the context of target camouflage or, conversely, 
for easier detection. Such is the case for underwater polarimetric images taken to detect harmful algal 
blooms (red tides) or to assess the health of marine life and coral reefs which are of significant scientific 
and technical interest.
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The passage, as shown above, must be in plain text format and pasted into the data input window of 
the Analyzer. Below is the output provided by the Lexile Analyzer:

• Lexile Measure 1390L
• Mean Sentence Length 23.89
• Mean Log Word Frequency 3.34
• Word Count 215

While the online Lexile Analyzer (Lexile, 2012) provides quantitative measures with sentence length, 
structure, and number of words, qualitative analysis is determined through the judgment of master sci-
ence teachers. Complex text characteristically includes more than one idea per sentence, interaction 
among and across ideas in the reading, and a larger number of technical terms and unfamiliar vocabulary 
(Chall, Conard, & Harris, 1977; Common Core State Standards Initiative, 2011; Miller, 2012). Although 
quantitative measures are frequently used to determine the level of complexity for a particular reading 
passage, the qualitative analysis in purpose of task and reader’s motivation may be the most important 
consideration associated with STEM resources. The developers of Common Core State Standards de-
scribe one level of complexity as:

Variables specific to particular readers (such as motivation, knowledge, and experiences) and to par-
ticular tasks (such as purpose and the complexity of the task assigned and the questions posed) must 
also be considered when determining whether a text is appropriate for a given student. (Common Core 
State Standards Initiative, 2012, Appendix_A.pdf, p. 4)

An important goal for use of Common Core Standards is to prepare students to read and understand 
college level materials and workplace documents. This includes Reading Informational Text as defined 
by the Common Core Standards in ELA. Research in reading education reports a growing concern with 
students’ ability to read complex text (Camara & Quenemoen, 2012). The Lexile Framework for Read-
ing (http://lexile.com/) can be used as a resource in determining the level of complexity for the articles 
used to support STEM literacy.

Educators Evaluating the Quality of Instruction Products (EQuIP)

The EQuIP rubric provides criteria used to evaluate the overall quality of STEM lessons based on the 
Next Generation Science Standards (Achieve, Inc., 2015a). The rubric is useful for providing develop-
ers and teachers the criteria needed for evaluating the alignment of instructional materials with science 
standards, determine what revisions are needed, and identify exemplars for teachers across all states. 
According to reviews provided by Cary Sneider,” . . . a new and very useful tool with the acronym EQuIP 
has popped up on the www.nextgenscience.org website…” (Sneider, 2014, p.4). The EQuIP rubric can be 
used by teachers to select instructional materials to support science lessons and also “turn students into 
engineers” (Sneider, 2014, p. 4). Criteria within the rubric are focused on how well instructional materials 
align with conceptual shifts of Next Generation Science Standards (NGSS). Conceptual understanding in 
the relationship between natural phenomena in Physical, Life, Earth, or Spaces sciences and how these 
are applied to the processes for design and problem solving are foundational to the rubric. Using the 
rubric as an evaluation instrument, a team of educators are able to provide constructive feedback on the 
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design of an instructional unit. For the designer and developer, feedback should be used for revisions 
and improvement. Similar to processes defined in Instructional Systems Design (ISD) models (Dick, 
Carey, & Carey, 2004) a product is continually improved through feedback, revisions, and evaluation. 
The ISD model proposed evaluation and revision as integral to the design process. EQuIP is a tool to 
be used for design, evaluation, and revision. The tool includes a table with three columns─1) alignment 
with NGSS, 2) Instructional Supports, and 3) monitoring student progress (Achieve, 2015b). The column 
dedicated to instructional supports identifies pedagogical practices that ensure students will learn core 
concepts described in both the disciplinary core ideas and cross cutting concepts. Instructional supports 
consist of instructional practices that provide real world scenarios that ensure authentic purpose in the 
lesson. Students should be engaged in learning experiences that have core ideas blended with cross-
cutting concepts. An important element within the lesson is connection of scientifically accurate and 
grade-appropriate information with students’ prior knowledge. In addition, materials should connect with 
the life of the student at home, community, and culture. It should be noted how the design of materials 
reflects Bruner’s work on cultural understanding related to academic study (Bruner, 1977). Opportunity 
for modifications based on extra support or instructional extensions, depending on the needs of learners, 
ensure differentiated learning within instructional supports for NGSS materials.

LOCATING ONLINE RESOURCES THROUGH DIGITAL LIBRARIES

There are many advantages in use of digital libraries. Portals recommended in this article have organized 
repositories of resources that both instructors and students can use. Most are in the open-source cat-
egory and are peer reviewed. A variety of formats support 21st century learning environments needed to 
prepare students to view, listen, read, and interact with science content. Unlike flat materials in printed 
textbooks, digital resources can be selected based on the most effective methods for engaging the student. 
For example, videos of animal activity could provide the basic information needed for a young child’s 
comparison of characteristics. Animations displaying microscopic processes and the invisible world of 
microbes could be effective for reducing misconceptions prior to actual data collection and observations 
in the classroom. Real-world data, compared with cyber-world, permit students to engage in projects 
like “real scientists” (Apedoe & Reeves, 2006, p. 326). The digital library provides a key to accessing 
early knowledge proposed by the scientific community. One of the biggest advantages is access to free, 
peer reviewed, and current materials recommended by experts in the scientific community. These are 
often referred to as open-source materials.

Open Educational Resources (OER) Initiatives

Open Knowledge (Open Knowledge, n.d.) is a worldwide non-profit network of people passionate about 
openness, using advocacy, technology and training to unlock information and enable people to work with 
it to create and share knowledge. The term Open Educational Resources (OER) is defined as “The open 
provision of educational resources, enabled by information and communication technologies, for consul-
tation, use and adaptation by a community of users for non-commercial purposes.” (Open Knowledge, 
n.d.). Knowledge should be free and accessible to anyone to use, modify, and share it, however there are 
parameters for distribution and use of the open knowledge. The work must be licensed under an open 
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license such as Creative Commons™. It must be accessible to anyone with no restrictions as a result 
of hidden code or fees. The work may be modified for redistribution but only under a different name.

There should be no technical barriers (undisclosed source code), no price barriers (subscriptions, licens-
ing fees, pay-per-view fees) and as few legal permission barriers as possible (copyright and licensing 
restrictions) for the end-user. The end-user should be able not only to use or read the resource but also 
to adapt it, build upon it and thereby reuse it, given that the original creator is attributed for her work. 
In broad terms this is what is meant with “open” in all three movements. It is also what is more or less 
covered in the definition used by The Open Knowledge Foundation when they say that knowledge should 
be legally, socially and technologically open. (Open Knowledge, n.d.)

In Dr. Jan Hylen’s review (2005) of Open Education Resources, several caveats are discussed on 
quality of content and design of the materials. Students and instructors should look for an identifiable 
brand, such as the university logo, or course offering through a recognized program of study. Indication 
of peer review also adds to credibility of the resource.

Selected Resources for STEM Education

The following resources offer a wide variety of topics and formats. These eight portals: MERLOT, Wiki-
pedia, Educause, National Science Digital Library (NSDL), Digital Library for Earth System Education, 
Phet, National Center for Atmospheric Research (NCAR), and Comet MedEd were selected based on 
unique offerings related to STEM education. Many of the resources available through MERLOT and 
Educause are focused on higher education. National Science Digital Library and Digital Library for Earth 
System Education are devoted to a broader audience providing incentives for collaboration within the 
scientific community. Comet MedEd specializes in online professional development for Earth scientists 
and their students. Wikipedia, while controversial, has potential value when using argumentation as 
teaching methodology.

Organization for Economic Co-operation and Development (OECD)

OECD database (Organization for Economic Co-operation and Development, 2014) yields numerous 
articles related to STEM education. Keywords “STEM education resources” returned articles directly 
related to innovation and impact of STEM education on global economies. Data sets can be accessed 
through tabs marked OECD data. Content related to a variety of topics is suitable for secondary and 
college level students. Among the most recognized databases with Open Educational Resources are:

• MERLOT accessed at http://www.merlot.org/merlot/index.html
• Wikipedia accessed at https://en.wikipedia.org/wiki/STEM_fields
• Educause accessed at http://www.educause.edu/
• NSDL accessed at https://nsdl.oercommons.org/nsdl-overview

Use of keywords to search each of these databases yields thousands of articles vetted through peer 
review, user review, or associated with recognizable brands. A review of the literature also reports the 
National Science Digital Library (NSDL) which provides “high quality online educational resources for 
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teaching and learning, with current emphasis on the sciences, technology, engineering, and mathematics 
(STEM) disciplines—both formal and informal, institutional and individual, in local, state, national, and 
international educational settings” (NSDL, 2014). The following section describes the databases more 
fully. Each is distinctive in design, purpose, and usability. All four provide peer reviews, at varying levels 
of rigor. Most are in the category of Open Educational Resources. Some require registration for login 
and a few of the resources require subscription fees (at the time of this review).

EDUCAUSE

EDUCAUSE® is a nonprofit organization whose mission is to advance higher education through the use 
of Information Technology (Educause, 2015). In a recent editorial Dempsey and Walter (2014) endorse 
EDUCAUSEreview.edu as a “platform publication” (p. 762) with extraordinary professional resources 
for information technology (IT) professionals seeking opportunities to collaborate, communicate, and 
create scholarly endeavors. The web portal provides resources in support of teaching, learning, and 
administration in higher education. It began as a user’s group of IT professionals with a vision for 
processing administrative data for colleges and universities. The original group was among the first 
to use machine readable punched cards for processing data. Out of this group grew the larger mission 
for providing scholarly articles, multimedia, conferences, and global communities of learning. Lists of 
topics are expansive but a search for STEM education information can be efficiently accessed through 
the main portal’s search window. Results from keywords “STEM education” yield 154 library items, 
17 Events and Sessions, 47 People and Organizations, 48 Discussion, and 21 Webpages. The filtering 
functions are especially useful. Under the library items, the user can delve more deeply by filtering for 
blogs, papers, monographs, government documents, plans and guidelines. There are also categories for 
publication titles, presentations, and library taxonomy. For example, GEOSET studios at Florida State 
University provides free educational multimedia services to the academic community. GEOSET Studios 
“primarily targets outstanding educators and gives them a chance to showcase their work” (Florida State 
University, n.d., online). A variety of award winning videos and presentations can be accessed from 
tabs at the top of GEOSET webpage. This webpage follows the interactive capabilities of the majority 
of digital Web 2.0 resources. Users are invited to upload original content, connect with other educators, 
and retrieve high quality STEM materials.

MERLOT

Multimedia Educational Resource for Learning and Online Teaching (MERLOT, 2015) is a major portal 
leading to multiple digital learning objects. The main purpose is provision of digital resources for online 
learning in higher education and upper level secondary education (Cohen, Reisman, & Sperling, 2013).

MERLOT II

Based on the work of Multimedia Educational Resource for Learning and Online Teaching, MERLOT 
II is supported by an informal consortium created in collaboration with California State University Cen-
ter for Distributed Learning (CSU-CDL at www.cdl.edu). Members include the University of Georgia 
System, Oklahoma State Regents for Higher Education, University of North Carolina System, and the 
California State University System. MERLOT II provides access to free online teaching, learning, and 
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faculty development resources. Users may enter keywords within specific categories. For example, the 
keywords “STEM education” yields 19,074 separate resources. By entering the term “STEM”, 197 
separate resources are returned. The first item displayed in the list is titled “Biological animations and 
tutorials”. This resource provides video simulations of 40 separate topics, each expertly designed using 
Adobe® Flash®-based technologies. The resource was first added to the database in 2005 and modified 
as recently as October 2014. The author/developer’s name and contact information are clearly displayed. 
Access to links with Peer Reviews, User Ratings, and Discussion Comments are provided. Peer reviews 
are provided by the Biology Editorial Board and include an Overview, Learning Goals, Target learners, 
Prerequisite knowledge, and Type of material. For this particular resource, three reviews were displayed. 
Bullets with concerns and strengths were provided by each reviewer. Members of the MERLOT com-
munity may rate the material, create a learning exercise, or add to their personal MERLOT collections. 
Links to report inappropriate material or broken links are also provided to users.

Digital Library for Earth System Education (DLESE)

Sponsored by the National Science Foundation and the National Center for Atmospheric Research (2014), 
DLESE is a distributed community effort involving educators, students, and scientists working together to 
improve the quality, quantity, and efficiency of teaching and learning about the Earth system at all levels. 
The portal provides high quality collections of educational materials, data sets, and support services 
for educators to be able to share educational resources. It also provides a venue where communication 
networks can be established for knowledge sharing, which is an important element for argumentative 
thinking. The library collection supports all areas of STEM education including resources for teaching 
Evidence and Reasoning in Inquiry.

Phet Interactive Simulations

The PhET website contains a large collection of simulations for topics in physics, chemistry, biology, 
earth science, and mathematics from elementary school to college levels (University of Colorado Boulder, 
2015). All simulations are free to the public. The PhET project was founded in 2002 by Carl Wieman, a 
Physics Nobel Laureate, with the goal of using interactive simulations to improve science education (Xue, 
2012). The development of PhET simulations has been supported by dozens of federal, corporate, and 
private sponsors, including the National Science Foundation, the William and Flora Hewlett Foundation, 
and the O’Donnell Foundation. Zhang (2014) conducted a regression analysis to determine relationship 
between access to the PhET website and regions of the U.S. with higher scores in mathematics and sci-
ence based on National Assessment of Educational Progress (NAEP). Correlations between the search 
index for PhET and the average score and percentage of students at or above the proficient level were 
significantly positive across grade levels, subjects, and years. Overall, Internet users in states with larger 
achievement gaps in science and reading were less interested in PhET.

Wikipedia: Defense of an Open Source with Limited Peer Review

Wikipedia (2015) is one of the most well-known and widely used open resources in education. It was 
first launched in 2001 by Jimmy Wales and Larry Sanger. As of December 2014, it houses 34 million 
freely usable articles in 288 languages. According to Head and Eisenberg (2010) the database is easy to 
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access and limitless in spectrum of topics, yet commonly criticized and even banned by many teachers 
and instructors for classroom research. Their examination of Wikipedia describes how today’s college 
students use Wikipedia for course-related research. They used focus groups (N=86) and surveys dissemi-
nated to college students (N=27,666) to gather information on educational uses of Wikipedia. Results 
of their study show the primary use is preliminary searches to gain base knowledge for getting started 
with a project. In addition, students in engineering, architecture, and the sciences were more likely to 
use Wikipedia than other respondents to the survey. The abundance of articles on every conceivable 
topic makes use of Wikipedia tempting for the novice researcher. Upchurch (2011) recommends using an 
evaluation tool designed by academic librarians at California State University at Chico to evaluate articles 
accessed from this huge database. At the time of this study, 19 million articles in over 280 different lan-
guages were logged and archived for public access. The tool provides five broad criteria to evaluate the 
usefulness and reliability of digital resources available through Wikipedia. Review of resources includes 
an investigation of currency, relevance, authority, accuracy, and purpose. While reliability of content is 
still nebulous, teachers and instructors are finding other uses for the open access database. Kenny, Wolt, 
and Hurd (2013) reported outcomes from a study in which students independently authored Wikipedia 
entries and then collaborated in editing the result prior to publication to the World Wide Web. Project 
outcomes indicated general success by the students in developing high quality content. These kinds of 
writing activities support the new Science Standards, along with Common Core ELA for Writing, which 
recommend collaborative writing experiences for STEM education classes. It could be that Wikipedia 
provides a viable venue for local and global collaboration among students (Kenny, Wolt, & Hurd, 2013). 
Martineau and Boisvert (2011) suggest there is potential use of Wikipedia to develop critical thinking 
and evaluation of information in science articles. Undergraduate students were given a reading assign-
ment using Wikipedia articles in chemistry. Students were to critically analyze and evaluate content for 
accuracy and readability. They completed the assignment by editing their selected article and submitting 
revisions for publication. Students were surveyed for their perspective in use of Wikipedia for analyti-
cal reading and writing in science content. Results show positive responses with opportunities to apply 
critical thinking and analyses of textual information. Most students reported a better understanding of 
the topic and were proud of their edited versions submitted to Wikipedia.

Use of Wikipedia citations within scientific journal articles is not common practice among scientists; 
however Brazzeal (2011) reports a significant number of references within chemistry journals. Many 
of the cited articles include mathematical equations and general science information. The results of his 
study indicate low number of citations compared to enormous availability of articles, yet large enough to 
be of concern to the science community. Even though content, in many of the Wikipedia articles reflect 
similar quality to those in an online encyclopedia (Giles, 2005), the comparison is not valid. Time and 
availability of Wikipedia peer reviewers is limited. Evaluation of content is not as precise as review of 
traditional print and online encyclopedias. In addition, because of diversity of languages and culture, 
risk for error increases with information published in science and mathematics. As an exercise for this 
chapter, keywords “STEM education” were entered into the “Science” portal on Wikipedia. The results 
yielded an article with several subtopics including National Science Foundation, American Competitive 
Initiative, STEM Education Coalition, and Department of Defense programs. The article was supported 
by 50 citations, however most were simple URL web addresses. Many of the journal articles were im-
properly cited, thus credibility of sources was lacking. However, many of the links provided pathways 
to more credible sources which could prove useful for student research projects.
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National Center for Atmospheric Research (NCAR)

The NCAR, with major sponsorship from The National Science Foundation (NSF), provides research 
reports, onsite facilities, and services for the atmospheric and Earth sciences community. The Advanced 
Studies Program provides professional development opportunities for early career scientists. Community 
resources include use of visualization tools to enhance understanding of the atmosphere, the Earth, the 
Sun, and how the Earth’s systems work. (National Center for Atmospheric Research, 2014, updated)

Comet MetED: Teaching and Training Resources 
for the GeoScience Community

Most of the content in Comet MetED (2015) provides a library of expertly designed online professional 
development modules. Topics are suitable for Earth systems scientists, meteorologists, educators, and 
their students. Many of the resources include high resolution imagery. For example, in Figure 1, Geo-
stationary Operational Environmental Satellite satellite images provide multiple images and data related 
to weather and forecasting (GOES, 2010).

Figure 1. The GOES-11 visible channel image taken over the West Coast of the U.S. during the growing 
season in June, confirms what we would expect from the reflectance curves. (GOES, 2010). Reflections 
are measured by wavelength showing dry, moist, and hot spots indicating fires. Availability of both im-
ages and data could be useful for STEM education. Adapted from Satellite Meteorology: GOES Channel 
selection v2. Accessed from http://www.meted.ucar.edu/satmet/goeschan/print.htm#page_1.0.0
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Additional Data-rich Resources for Science Educators

UCAR Connect – fostering knowledge of Earth system science: The University Corporation for Atmo-
spheric Research (2015) is a consortium of educational programs with emphasis in digital resources 
for scientists and science educators. The eleven organizations represented in UCAR Connect all 
propose support in STEM education through online modules, onsite professional development, and 
databases with articles and multimedia presentations. Their goal is to support scientists and others 
in the community through research and education.

Student’s Guide to Global Climate Change: The Student’s Guide to Global Climate Change is designed 
by the Environmental Protection Agency (EPA, 2015) for the purpose of educating K12 students 
in STEM topics related to climate change. The site provides resources for learning the basics in 
climate change, understanding impacts, learning to think like a scientist, and guidance in how to 
become part of the solution. Resources are linked to peer-reviewed publications, international 
scientific assessments, and government research reports.

My NASA Data: The portal My NASA data (NASA, n.d.) proposes to provide mentoring and inquiry 
using NASA data on atmospheric and earth science. Data is supplied through several international 
partnerships including NASA and the French satellite mission Calipso; Terra, launched by NASA 
in 1999; and the Tropical Rainfall Measuring Mission (TRIMM) in partnership with Japan. Over 
200 data sets provide useful resources for scientists, science educators, students, and other members 
of the community.

NASA Weather Calendar: SciJinks: It’s all about the weather! (NASA & NOAA, 2015) is a useful 
portal for educators at various levels. Links to the NGSS, information on the GOES (2010) satellite, 
the nature of Science, and links to science related calendars are included in the list of resources. 
Sponsored by National Oceanic and Atmospheric Administration and National Aeronautics and 
Space Administration, SciJinks is designed for middle to high school age students and their teachers.

National Renewable Energy Laboratory (NREL): NREL (2015) develops renewable energy and energy 
efficiency technologies and practices. Part of their mission is to provide information for scientists, 
environmentalists, educators, and other adults in the community. Their mission is supported through 
use of publications, data sources, publication highlights, models and tools. A variety of tools are 
available for assessing energy consumption by both consumer and energy professional. Open source 
tools for both accessing and reading data are linked to the site. Many of the publications focus on 
the economic impact of renewable energy.

EXAMPLES OF DIGITAL RESOURCES MAPPED TO STANDARDS

The Next Generation Science Standards are grouped into four domains─Physical sciences; Life sci-
ences; Earth and Space sciences; and engineering, technology, and applications science. Each domain 
is organized within categories for elementary, middle school, and high school learners. Within each 
grade level, standards are selected by topic. For example, for Kindergarten Life Science Standard 1, 
(K-L1) the topic is From Molecules to Organisms: Structures and Processes (NGSS, 2015). For each 
standard, there are Performance Expectations. Each Performance Expectation is aligned with 1) Science 
and Engineering Practices; 2) Disciplinary Core Ideas; and 3) Cross-cutting Concepts. In addition, 
teachers may plan for cross-curricular standards in Common Core ELA Literacy and Mathematics. Us-
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ing this design of curriculum mapping ensures the teacher or instructional designer of comprehensive 
learning experiences that lead to core ideas in science, innovative thinking associated with engineering 
and technology, and conceptual understanding that can be applied to the real world. See Figure 2 with 
example in how standards are mapped to Science and Engineering Practices, Disciplinary Core Ideas, 
and Crosscutting Concepts.

The standards are undergirded by current knowledge in science, theories in how students learn, and 
topics in science deemed important for K12 curricular. In the summer of 2011, the National Research 
Council of the National Academy of Sciences worked with 41 experts from 26 states to begin work on 
developing the standards (NGSS Lead States, 2013). Members of the council used an iterative process 

Figure 2. Next Generation Science Standards, mapped to Science and Engineering Practices, Disciplin-
ary Core Ideas, and Crosscutting Concepts (NGSS, 2015). The curriculum map in this sample is grade 
4, LS1 or Life Science in category 1 which is structure, function, and information processing (4-LS1). 
From Molecules to Organisms: Structures and Processes. Next Generation Science Standards. Accessed 
from http://www.nextgenscience.org/4ls1-molecules-organisms-structures-processes
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for writing, submitting drafts for feedback, reviewing, revising, and re-writing. International benchmark-
ing was part of the process. This required an investigation and comparison with assessment methods of 
high performing schools and programs around the world. Examples of international assessment would 
include the Programme for International Student Assessment (PISA) and Trends in International Math-
ematics and Science Study (TIMSS). Following this two year process, the final version was released in 
April 2013. Teachers and instructional designers may use the tables provided through the NGSS portal 
as a guide when locating digital resources in support of STEM activities and lessons. As can be seen in 
Table 1, topics in Human Sustainability are mapped to Science and Engineering Practices and Common 
Core Standards for Reading Scientific Texts. The table could also include Common Core Standards 
Mathematics. Using resources located through the National Science Digital Library, lesson plans, basic 
scientific knowledge and vocabulary are inserted in Teacher Resources column. Student Resources col-
umn provide links to online tutorials, handouts, and multimedia resources aligned with the performance 
expectations stated in the standard.

Tables 2 and 3 follow a similar process for alignment. In Table 2, Middle School Life Science per-
formance expectations are supported by resources located through the MERLOT II database. In Table 
3, Third grade Weather and Climate alignment includes teacher and student resources.

It is important to note the alignment between National Science Teachers Association (NSTA) stan-
dards and Common Core ELA reading and writing standards. Writers of Common Core standards set 
goals for ensuring competencies in reading of informational text supports comprehension of complex 
text as well as reading that supports inquiry processes.

Table 1. Possible planning sheet for science standard in Human Sustainability

NSTA High 
School: Human 
Sustainability

Science and Engineering 
Practices

Common Core 
Reading Scientific 

Texts

Teacher Resources Student Resources

https://nsdl.
oercommons.org/ 

http://www.
ctenergyeducation.com/

Use a computational 
representation 
to illustrate the 
relationships among 
Earth systems 
and how those 
relationships are 
being modified due 
to human activity. 
HS-ESS3-6 
Clarification 
Statement: Examples 
of Earth systems to 
be considered are 
the hydrosphere, 
atmosphere, 
cryosphere, 
geosphere, and/or 
biosphere.

Engaging in Argument from 
Evidence
Engaging in argument from 
evidence in 9–12 builds 
on K–8 experiences and 
progresses to using appropriate 
and sufficient evidence 
and scientific reasoning to 
defend and critique claims 
and explanations about the 
natural and designed world(s). 
Arguments may also come from 
current scientific or historical 
episodes in science. Evaluate 
competing design solutions to 
a real-world problem based on 
scientific ideas and principles, 
empirical evidence, and 
logical arguments regarding 
relevant factors (e.g. economic, 
societal, environmental, ethical 
considerations). (HS-ESS3-2)

RST.11-12.8 
- Evaluate the 
hypotheses, data, 
analysis, and 
conclusions in a 
science or technical 
text, verifying the 
data when possible 
and corroborating 
or challenging 
conclusions with 
other sources 
of information. 
(HS-ESS3-2), (HS-
ESS3-4)

12 Steps to a 
Sustainable Classroom.
An assessment, analysis, 
and action tool that can 
be used by classrooms to 
promote understanding 
of how the complex 
current issues of energy, 
pollution, supply and 
consumption are not 
just global but also local 
issues.

Climate change and 
Greenhouse Gases
Students will examine 
graphs of GHG emissions 
and their increases 
associated with human 
activity. They will focus 
on CO2, CH4, N2O, 
CFCs, and O3. Students 
will calculate some 
personal contributions to 
CO2 emissions.
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Each resource has been carefully reviewed by boards of experts and scientists. The author or developer 
has identified appropriate age and grade levels. The options for information in a variety of formats are 
useful for today’s digital learner.

Table 2. Middle School Life Science investigates living things through cell structure. Students must cite 
specific evidence from readings in molecular biology in support of claims

NSTA Middle School: Life Science Science and Engineering 
Practices

Common Core 
Reading Science 

Texts.

Teacher Resources Student Resources

http://standards.nsta.org/
AccessStandardsByTopic.aspx 

http://standards.nsta.org/ http://www.
corestandards.org/ 

http://www.learner.
org/resources/
series129.html

https://itunes.apple.
com/ 

Performance Expectation: Conduct an 
investigation to provide evidence that living 
things are made of cells; either one cell or 
many different numbers and types of cells. 
MS-LS1-1 
Clarification Statement: Emphasis 
is on developing evidence that living 
things are made of cells, distinguishing 
between living and non-living things, and 
understanding that living things may be 
made of one cell or many and varied cells. 
Assessment Boundary: none.
Retrieved from National Science Teachers 
Association, Standards by Topic

Middle School 6-8 
Gather, read, synthesize 
information from multiple 
appropriate sources and 
assess the credibility, 
accuracy, and possible bias 
of each publication and 
methods used, and describe 
how they are supported or 
not supported by evidence. 
Retrieved from National 
Science Teachers 
Association, Science and 
Engineering Practices

RST.6-8.1 - Cite 
specific textual 
evidence to support 
analysis of science 
and technical texts. 
(MS-LS1-3) 
Retrieved from 
Common Core 
State Standards 
Initiative

Recommendations 
by MERLOT II 
portal
Learning Science 
Through Inquiry. 
A video workshop 
for K-8 teachers; 
8 one-hour 
video programs, 
workshop guide, 
and Web site; 
graduate credit 
available. 
http://www.learner.
org/resources/
series129.html

Recommendations 
by MERLOT II 
portal
Cells: What is the 
basic unit of life?
etextbook 
iBiology4Kids, 
Mobile App with 
tutorials on cells 
living organisms

Table 3. Primary level students gather data, organize and analyze weather data for display in multiple 
formats

NSTA 3rd Grade Weather 
and Climate

Science and Engineering 
Practices

Common Core ELA 
Writing

Teacher Resources Student Resources

http://www.epa.gov/
climatestudents/
documents/weather-
climate.pdf 

http://www.epa.gov/
climatestudents/ 

Represent data in tables 
and graphical displays to 
describe typical weather 
conditions expected during a 
particular season. 3-ESS2-1 
Clarification Statement: 
Examples of data could 
include average temperature, 
precipitation, and wind 
direction. 
Assessment Boundary: 
Assessment of graphical 
displays is limited to 
pictographs and bar graphs. 
Assessment does not include 
climate change.

Analyzing and Interpreting Data 
Analyzing data in 3–5 builds on 
K–2 experiences and progresses 
to introducing quantitative 
approaches to collecting data 
and conducting multiple trials of 
qualitative observations. When 
possible and feasible, digital tools 
should be used. 
Represent data in tables and 
various graphical displays (bar 
graphs and pictographs) to reveal 
patterns that indicate relationships. 
(3-ESS2-1)

Conduct short research 
projects that build 
knowledge about a topic. 
Recall information from 
experiences or gather 
information from print 
and digital sources; take 
brief notes on sources 
and sort evidence into 
provided categories.

Weather vs Climate 
http://www.epa.gov/
climatestudents/
documents/weather-
climate.pdf  
Retrieved from 
the EPA Teachers 
Resources and 
Lesson Plans 
http://www.epa.gov/
students/teachers.
html 

United States 
Environmental 
Protection Agency. 
A Student’s Guide 
to Global Climate 
Change.
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CONCLUSION AND RECOMMENDATIONS

STEM education is succinctly defined as science and mathematics education applied to knowledge in 
how things work within a technological society (Bybee, 2010). The STEM professional investigates, 
constructs new knowledge, and builds artifacts using a systematic approach. When using digital resources 
in the STEM classroom, one might use Bybee’s 5E model of instruction. Steps in the process are Engage, 
Explore, Explain, Elaborate, and Evaluate (Bybee, 2002, p. 32). Selection and use of digital resources can 
become part of the learning processes associated with the 5 E’s. Students are engaged through anomalies 
presented in the classroom where they explore both authentic primary data along with data accessible 
through online databases. Very often students are engaged in digital simulations available only in an 
online environment. As students explore, they must also organize data in order to construct meaning and 
explain events and ideas under observation. As proposed by Dewey (1900), Bruner (1977, 1979), and 
others (Wittrock, 1994), successful learning is facilitated through conceptual organization. The learner 
will independently examine other resources, compare his or her explanations with those published by 
the scientific community, and propose a reasonable argument in support of new ideas and explanations. 
The processes for Explanation and Elaboration occur as students use digital tools for creating enhanced 
depictions through infographics and other visualization technologies. Evaluation of phenomena could 
be compared with the reading and writing of reports published within the digital scientific community. 
See in the Table 4 below an example in how 5E’s incorporate use of STEM digital libraries.

By applying skills and competencies associated with digital literacy and STEM literacy, the following 
three stages are recommended for selection and evaluation of resources when planning a STEM lessons. 
However, these should not be used to alter the 5E Instructional Process which is grounded in theory 
and supported by numerous reports in the literature. Instead, these recommendations are offered as a 
framework to support information processing associated with digital literacy and inquiry based learning.

Stage I. Selection and Evaluation can be Guided by First Determining the Potential Audience for 
the Instructional Activity: Who will benefit from the search? Will resources be primarily for the 
teacher or the student? Will resources be used to design instruction aligned with curriculum stan-
dards? Will the resource be used to meet learning objectives within an instructional event? What 
is the objective or purpose for the lesson? What is the objective for use of the resources?

Stage II. Resources should be Evaluated for Accuracy, Currency, and Usefulness for Achieving 
Objectives: What evaluation tools will be used to evaluate the resource? Is content of the resource 
appropriate for developmental level of students? Is the format (video, podcasts, multimedia tutori-
als, articles, simulations/games) useful for achieving objectives? Does the resource reflect Next 
Generation Science Standards? Is there crossover between Common Core ELA and science literacy?

Stage III. Resources should Contribute to the Inquiry Process: Even though a selected resource may 
only support the first E (engage) of Bybee’s 5 E model, determine how student engagement can 
lead to inquiry, conceptual understanding, and generation of problem solutions. Many resources are 
useful for review and recall of basic information. Even these can be applied to inquiry as students 
transfer factual learning from short term to long term memory. Memorization reduces cognitive 
load and permits additional mental processing devoted to problem solving and creativity (Sweller, 
1988, 1994).
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Use of digital resources for STEM educators can result in good outcomes through the use of digital 
libraries and other online portals. With contributions from scientists, science educators, and others in 
the scientific community, these portals provide access to resources needed to achieve scientific literacy 
for students living in a digital world. Peer review of resources is essential to ensure accuracy, currency, 
and appropriate levels of rigor. Science educators can make the best use of multimedia tools to locate 
and organize resources. Science teachers have a natural organization tool by matching resources with 
STEM standards provided by National Science Teachers Association and the National Science Foun-
dation. Common Core provides an organizational link between reading literacy and science literacy. 
The teacher also has access to cloud computing through Google, Inc. productivity tools, LiveBinder©, 
and numerous other resources which contribute to well-designed framework for the classroom. Best 
practices would suggest that a teacher would implement a plan for organizing resources using available 
collaborative tools.

Careful selection aligned with inquiry methods provides learning experiences that are more than 
science-as-topic but science-as-activity. Most importantly, use of digital resources contributes to neces-
sary base knowledge leading to questioning, wondering, and proposing ideas. By comparing results from 

Table 4. The 5E Instructional Process. This instructional method includes five stages of learning: engage, 
explore, explain, elaborate, and evaluate

5 E’s Process Use of Digital Libraries Impact on Learning

Engage 
Students are provided an event or 
phenomenon leading to personal interest 
or curiosity. Very often this is the 
natural world around them.

For Students: Digital Crossword puzzles 
related to renewable energy sources. Online 
interactive game.

Game is self-correcting. Provides 
introduction to vocabulary and keywords 
related to the topic. Engagement leads 
students to generate questions such as “What 
is the difference between renewable and 
nonrenewable energy?”

Explore 
Data, artifacts, or events lead to 
exploration. Data is collected and 
organized. Often measurement is 
included in exploration. Students 
generate questions and pose solutions.

Digital Library for Earth Systems Education 
(DLESE). Query keywords “renewable 
energy”.

Using the portal DLESE, students generate 
appropriate keywords renewable energy. 
Search with filter for grades 3-5 yields 18 
websites with simulations, articles and 
multimedia tutorials.

Explain 
As a result of exploration and inquiry, 
students provide a logical explanation 
or solution.

DLESE portal: 
Suggested science fair projects comparing 
renewable with nonrenewable energy.

Students use cyber-information from tutorials 
to gain basic knowledge in renewable 
energy. Activity through science fair projects 
provides authentic-information to observe, 
measure, and question.

Elaborate 
Phenomena can be re-created with 
elaborations to support conclusions or 
solutions.

Multimedia projects developed to 
present answers to the question: What 
is the difference between renewable and 
nonrenewable energy?

Authentic data is used to propose conclusions 
on differences between renewable and 
nonrenewable.

Evaluate 
Peer and expert feedback is used for 
self-assessment and re-examination. 
Students may provide counter-argument 
or revise explanation to reflect a more 
accurate conclusion.

Online tutorials and reports are compared 
with student’s published conclusions about 
sustainable energy sources.

Peer response and argument is achieved 
through student’s multimedia presentations. 
Internet based presentations broaden the 
learning community.

Note: The 5E Instructional Process is recommended for use in science education classrooms. The model originally introduced by Robert 
Bybee is considered a classic instructional method in science education. Table 4 is adapted from Scientific inquiry, student learning, and the 
science curriculum in Learning science and the science of learning, 2002, 25-36.by Robert Bybee.
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authentic classroom activity to real-world results available online, students are prepared to defend their 
conclusions. These processes reflect the world of the “real scientist” who most likely, is well acquainted 
with STEM digital resources.
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KEY TERMS AND DEFINITIONS

5E Model: Based on theoretical foundations in inquiry based learning, this model applies 5 processes 
for learning in the science classroom─engage or generate interest; explore to examine new ideas; explain 
to connect new ideas with prior knowledge; extend to apply new learning to different or similar situation; 
and evaluate to assess one’s learning.

Argumentative Learning: A dialogic process by which students sharpen and elaborate on their own 
ideas, especially concepts related to scientific discovery.

Common Core State Standards: A common curriculum adopted by the majority of states in the 
U.S. The purpose is to establish a common set of concepts, skills, and competencies to leverage students’ 
achievement when compared with global K12 assessments.

Critical Thinking: A cognitive process by which the learner analyzes, compares, and evaluates 
principles, rules, ideas, and concepts within a specified problem space and environment.
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Digital Literacy: The ability to identify, access, evaluate, and use resources within electronic and/
or digital environments. A digitally literate person is able to communicate effectively, and create new 
knowledge objects, using digital tools and resources.

Google Cloud Computing: A type of computing that relies on sharing computing resources rather 
than having local servers or personal devices to handle applications. The term cloud is the equivalent 
of Internet. Google, Inc.: Includes several products that permit sharing of documents, spreadsheets, 
slides, and images.

Inquiry-based Learning: A theoretical construct associated with problem-based learning envi-
ronments. The student generates a question related to a curriculum topic, gathers resources to support 
necessary knowledge base, analyzes data in a variety of formats, and proposes a well-grounded solution 
or conclusions.

Lexile Analyzer: An online tool used to analyze reading passages for level of readability. The algorithm 
within the software counts words, word length, and sentence length to determine reading levels k-16.

LiveBinder: An online digital organizer used to display links to categories of resources. The student 
or teacher uses tabs, sub-tabs, and hyperlinks to organize resources based on a theme for the binder.

Open Source: Refers to digital and print resources available to the public. Information is the property 
of the original author or developer and cannot be sold for profit but is used for knowledge sharing and 
distributed learning.

STEM Education: A category of science education inclusive of topics related to physical and life 
sciences, technology, engineering, and mathematics. STEM education places emphasis on the inter-
relationships across science, technology, engineering, and mathematics.

This research was previously published in the Handbook of Research on Learning Outcomes and Opportunities in the Digital Age 
edited by Victor C.X. Wang, pages 127-151, copyright year 2016 by Information Science Reference (an imprint of IGI Global).
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ABSTRACT

The chapter describes the implementation of collaborative educational technologies in STEM teacher 
education to support teacher-candidates in acquiring inquiry-based teaching skills and positive attitudes 
about inquiry learning. The focus is on five different collaborative technology-enhanced pedagogies: (1) 
Peer Instruction, (2) collaborative design of conceptual questions with PeerWise, (3) data-driven STEM 
inquiry via using live data collection and analysis, (4) computer modeling-enhanced inquiry, and (5) 
collaborative reflection on peer teaching. Teacher-candidates experienced these pedagogical approaches 
first as learners, then reflected on them as future teachers, and lastly incorporated some of them during 
the practicum. As a result, teacher-candidates gained experience in promoting technology-enhanced 
inquiry in STEM education and began developing positive attitudes towards technology-enhanced 
inquiry-based STEM education.

INTRODUCTION

This chapter explores how modern collaborative educational technologies can be implemented in STEM 
teacher education in order to support teacher-candidates in (1) acquiring inquiry-based teaching skills, 
(2) forming positive attitudes about inquiry-based STEM education, and (3) building resiliency in the 
face of initial failure of inquiry-based pedagogies (Milner-Bolotin, 2016b). The last two points are 
especially important, as there is ample research evidence that when instructors lack adequate support, 
they are likely to give up on implementing innovative research-based pedagogies in the face of early 
adoption failure (Lasry, Guillemette, & Mazur, 2014; Mazur, 1997a; Wieman & Perkins, 2005). Thus, 
inadequate support for K-12 and post-secondary STEM educators for reforming their teaching coupled 
with the limited opportunities for teacher collaboration result in an ever growing gap between research-
informed and classroom-enacted educational practices (Cole & Knowles, 2000; Milner-Bolotin, 2014a). 
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This explains why increased access to educational technologies does not necessarily guarantee a wider 
adoption of inquiry-based pedagogies and improved learning. In order to promote inquiry-based learning 
and active student engagement in STEM, K-12 and post-secondary instructors have to be supported in 
adopting new pedagogical approaches (Harris & Hofer, 2011; Shelton, 2015). This requires reimagining 
STEM teacher education, pedagogical preparation of post-secondary instructors, as well as in-service 
professional development (Lee & Tsai, 2010; Niess, 2005). If we fail to do so, many instructors will 
continue to ignore the mounting research evidence about how students learn and how STEM subjects can 
be taught more effectively (Bransford, Brown, & Cocking, 2002). Moreover, a large number of STEM 
instructors will inevitably revert to much safer but also less effective teacher-centered pedagogies they had 
experienced as students (Shelton, 2015; Wieman, 2012; Wieman & Perkins, 2005). This is one of the key 
reasons why the substantial governmental investments and half-a-century long education reform efforts 
in North America and in Europe aimed at promoting inquiry-based education have rarely brought the 
desired outcomes (Feder, 2010; Krajcik & Mun, 2014; National Research Council, 2012; Pollock, 2004).

The goals of STEM education, the role of inquiry, the tools available to modern students, as well 
as the population of students in K-12 STEM classrooms have changed dramatically over the last few 
decades (Cuban, 1990; National Research Council, 2013). In the 21st century we cannot afford to leave 
the majority of our population outside of STEM fields, as every student who disengages from STEM in 
K-12 closes multiple future opportunities for themselves inside and outside of STEM-related professions 
(Chachashvili-Bolotin, Milner-Bolotin, & Lissitsa, 2016; Let’s Talk Science, 2013, 2015). In the current 
economic reality, STEM engagement should not be limited to a select few students, as it was common 
in North America during the post-Sputnik era, but should become an integral part of K-12 education for 
all (DeBoer, 1991; Let’s Talk Science, 2012).

In this chapter we investigate how modern educational technologies can help to prepare the next 
generation of teachers who will be open to and capable of engaging their students in inquiry-based 
STEM learning (Jones & Leagon, 2014; Milner-Bolotin, 2016c). We focus on K-12 teacher education, 
as unlike their post-secondary colleagues, teachers in North America have to earn a teaching certifica-
tion in order to be allowed to teach in the K-12 public school system. Teacher education is a perfect 
opportunity to expose future teachers to inquiry-based pedagogies and to available support networks. 
However, before discussing STEM teacher education that promotes technology-supported inquiry, it is 
important to highlight some relevant research on the topic.

BACKGROUND

Inquiry-Based STEM Education: Past, Present, and Future

A quick Google search for inquiry-based STEM education generates more than 1,210,000 results. There 
is little doubt that inquiry-based education has drawn ample attention from governments, educational 
administrators, and the community at large. Most of the documents produced by educational bodies in 
Canada, the United States, Europe and worldwide in the last decades emphasize inquiry, especially when 
it applies to STEM education (British Columbia Ministry of Education, 2015; BSCS, 2008; Crawford, 
2007; Feder, 2010; R. R. Hake, 2007; National Research Council, 2013). Indeed, the term is often used 
broadly and indiscriminately. However, by labeling a “hands-on” classroom activity as inquiry-based, 
we cannot solve the problem of student growing disengagement from STEM fields and their declining 
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performance on international assessments (Let’s Talk Science, 2013; OECD, 2014). Inquiry-based STEM 
education is a complex, contextual and multi-faceted phenomenon that requires skillful facilitation and 
extensive subject and pedagogical knowledge from the teacher. Without contextualizing inquiry-based 
STEM learning, defining what it is and what it is not, we limit our ability (a) to evaluate if the teaching 
approaches implemented under the inquiry-based STEM education umbrella are indeed inquiry-based; (b) 
to understand how to support teachers in facilitating inquiry-based learning; and (c) to provide construc-
tive feedback to teachers on the pedagogical effectiveness of these approaches and ways of enhancing 
them (Abd-El-Khalick et al., 2004; Eugenia Etkina et al., 2010).

The idea of learning by inquiry goes back thousands of years to the teachings of ancient Greeks. 
Socrates, Plato and Euclid used questioning and logic as a way to get to “true knowledge”. Etymologi-
cally, the modern English verb inquire has its roots in the French enquerre and in the Medieval Latin 
inquerere, meaning to see into something, to find something out by asking and seeking information. 
However, inquiry as a pedagogical approach was not common in American schools until the early 20th 
century. John Dewey (1859-1953), an American philosopher, psychologist and educational reformer, 
brought inquiry-based learning and its role in a child’s development into the spotlight (Dewey, 1938). 
Under the influence of the last wave of educational reforms in North America, 21st century scholars and 
educators keep redefining the spectrum of learning environments under the umbrella of inquiry-based 
STEM education (An, 2015; Eugenia Etkina et al., 2010; Eugenia Etkina, Planinši, & Vollmer, 2013; E. 
Etkina, Van Heuvelen, Brookes, & Mills, 2002; Hmelo-Silver, Duncan, & Chinn, 2012; Milner-Bolotin, 
2012; National Research Council, 2012; Tan & Caleon, 2016). Still, they haven’t yet reached an agree-
ment regarding what inquiry-based STEM education is, and most importantly, what it is not. As Tan 
and Caleon (2016) write:

The current vision of science education in myriad educational contexts encourages students to learn 
through the process of science inquiry. Science inquiry has been used to promote conceptual learning 
and engage learners in an active process of meaning-making and investigation to understand the world 
around them. The science inquiry process typically involves asking questions and defining problems; 
constructing explanations and designing solutions; planning and carrying out investigations; analyzing 
and interpreting data; and engaging in argument from evidence. Despite the importance and provision 
of new directions and standards about science inquiry, ambiguities in conceptualizations of inquiry still 
exist. These conceptualizations may serve as barriers to students learning science. (p. 168)

While being fully aware of the challenges described above, in this chapter we start with the vision of 
inquiry-based STEM education found in the National Science Standards (National Research Council, 
2012; Olson & Loucks-Horsley, 2000). Next we expand it, through emphasizing conceptual understanding 
and meaning making in STEM learning (Minner, Levy, & Century, 2010). Consequently, in this chapter, 
inquiry-based STEM learning is described as an environment where the learner:

1.  Engages in answering meaningful STEM-oriented questions
2.  Relies on gathered research evidence to answer these questions
3.  Formulates testable conceptually-oriented explanations based on this evidence
4.  Designs and conducts experiments (multiple iterations) to test these explanations
5.  Makes sense of the results, connects them to prior knowledge, and refines the findings
6.  Communicates and justifies research findings, and poses new questions.
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This list highlights why creating inquiry-based STEM learning environments is so challenging. It is 
fraught with ambiguities both for the students and for the teachers designing these learning environments 
and evaluating student learning outcomes (Jonassen & Land, 2012). The more open these environments 
are, the more likely the teachers themselves might not know all the answers and will be required to engage 
in an authentic inquiry together with their students. This will require teachers to possess broad STEM 
knowledge, necessary inquiry skills, and confidence in their ability to figure things out as opposed to 
teaching from the textbook. Akin to scientific inquiry happening in research labs, inquiry-based learn-
ing relies on ongoing feedback, refinement and adjustment, which can be achieved through student col-
laboration, as well as continuous interactions between a student and a teacher. Therefore, inquiry-based 
teaching is a reflective and an iterative endeavour.

Pedagogically effective inquiry-based learning environments are still uncommon in K-12 classrooms. 
Thus, it is unlikely that current STEM teacher-candidates had much experience with them as K-12 stu-
dents, and even less likely that they were encouraged to reflect on these environments as future teachers. 
Therefore, it is crucial that they experience inquiry in their STEM methods courses as learners and reflect 
on this process as future teachers before implementing inquiry-based lessons during the practicum and 
after graduation (Milner-Bolotin, Fisher, & MacDonald, 2013). In the next section, we delineate the 
conceptual theoretical framework incorporated in this chapter.

Theoretical Framework for Studying STEM Teacher Education

During the last half a century, education researchers have suggested multiple conceptual frameworks 
for investigating the development of teacher knowledge (Abbitt, 2011; Ball, Thames, & Phelps, 2008; 
Blömeke & Delaney, 2012; Corrigan, Gunstone, & Dillon, 2011; Hourigan & Donaghue, 2013; Koh & 
Divaharan, 2011). These frameworks can be used to study how future STEM teachers learn to teach by 
inquiry and acquire positive attitudes about inquiry-based STEM education. The original Pedagogical 
Content Knowledge (PCK) framework proposed by Shulman more than three decades ago (Shulman, 
1986a, 1986b) will serve the backbone of the current study. Shulman emphasized that teachers should 
possess subject-specific content knowledge (CK), general pedagogical knowledge (PK), and pedagogi-
cal content knowledge (PCK), where PCK can be considered to be the overlap of the two. The PCK 
framework was later expanded to include the knowledge of educational technologies—technological 
knowledge (TK)—thus morphing into the Technological Pedagogical (and) Content Knowledge frame-
work (TPACK) (Mishra & Koehler, 2006). The latter framework separates the content specific knowledge 
usually acquired by teacher-candidates during their B.Sc. degree (i.e., the knowledge of specific STEM 
disciplines, such as mathematics, physics or chemistry) from the knowledge of how these subjects can 
be taught in the K–12 context, and how technology can be used to enhance student learning (Figure 1).

In their conceptual framework for mathematics teacher competencies, Blömeke and Delaney (2012) 
referred to the TPACK aspect of teacher knowledge as cognitive abilities or professional knowledge. 
We will extend their theoretical framework to describe STEM teacher competencies (Figure 2). We will 
use TPACK in a greater sense, including not only the overlap of the three knowledge domains (CK, PK, 
and TK), but also each one of them. They also emphasized affective–motivational characteristics, such 
as professional beliefs, motivation, and self-regulation. This is relevant to all STEM fields, as teach-
ers’ attitudes and predispositions towards inquiry-based STEM learning are crucial for the successful 
implementation of these pedagogies.
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This chapter builds on the original framework by Blömeke and Delaney (2012) by emphasizing that 
teachers’ competencies, similarly to student knowledge, can be developed through collaboration with 
peers (Figure 2). Instead of looking at teachers’ competencies as static, we consider their dynamic nature, 
asking: How can these competencies be developed if teachers are encouraged to collaborate with peers 
and more experienced teachers? Therefore, the theoretical framework adopted in this chapter focuses 
on the potential growth of STEM teachers’ competencies as a result of this collaboration. This approach 
is an adaptation of the original Zone of Proximal Development concept suggested by Vygotsky, to the 
context of teaching and teacher-education (Vygotsky, 1978). We refer to it as the Teacher Zone of Proxi-
mal Development (T-ZPD). T-ZPD describes the gap between what a teacher has already mastered (the 
actual level of development, as expressed by their current TPACK) and what they can achieve when 
provided with opportunities to collaborate with peers and more experienced educators. T-ZPD represents 
the potential for the development of teachers’ TPACK (Figure 3). The need to consider the dynamic 
nature of TPACK affected by teachers’ interactions with peers, students, parents, administrators, and 
the society at large, reflects our belief in teaching as a highly professional endeavour. In order to keep 
up-to-date, teachers must always learn, update and question their knowledge, interact with others in the 
field, and continuously reflect on their practice. The view of ever-evolving mastery of teaching and the 

Figure 1. Technological Pedagogical and Content Knowledge (TPACK) framework by Koehler and 
Mishra (2015)

Figure 2. A big picture of STEM teacher competences, as a combination of cognitive abilities, affective 
characteristics and potential opportunities for TPACK growth as a result of collaboration with peers 
(Teacher Zone of Proximal Development or T-ZPD). Arrows indicate the interactions between different 
facets of teachers’ professional competencies.
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importance of a community in becoming and being an effective teacher is situated in Vygotsky’s socio-
cultural learning theory (Daniels, 2001; Vygotsky, 1978).

It is difficult to acquire inquiry-based teaching skills while working in isolation. It is more effective to 
master these skills in the process of apprenticeship and collaboration with peers. However, this collabora-
tion should not be an isolated occurrence. This often happens when teachers attend one-time professional 
development events that are rarely followed up by long-term collaboration with peers focussed on the 
implementation of these pedagogies. These one-time professional development opportunities rarely bring 
sustained changes in teachers’ practice (Luft & Hewson, 2014). In order to support teachers in moving 
towards inquiry-based STEM teaching, they have to have multiple opportunities to inquire about their 
own practice, adopt and adapt new pedagogies, collaborate with colleagues, and acquire the necessary 
TPACK(Burridge & Carpenter, 2013; Krajcik & Mun, 2014) (British Columbia Ministry of Education, 
2015; Schmidt et al., 2011).

The following section describes five different collaborative technology-enhanced pedagogies that can 
be used in STEM teacher education in order to help teacher-candidates (1) acquire relevant inquiry-based 
teaching skills, (2) form positive attitudes about inquiry-based STEM education, and (3) build resiliency 
in the face of initial failure of inquiry-based teaching practices in their future classrooms (Milner-Bolotin, 
2016b). All these pedagogies were used simultaneously in the STEM methods courses in order to provide 
teacher-candidates with ample opportunities for collaborative development of their teaching competencies 
and positive attitudes about inquiry-based STEM education, as well as the resiliency and the capacity 
needed to overcome initial obstacles in implementing inquiry in their own classrooms.

COLLABORATIVE INQUIRY IN STEM TEACHER EDUCATION

This section considers five different collaborative technology-enhanced pedagogies simultaneously 
implemented in STEM teacher education courses in order to prepare teacher-candidates for enacting 
inquiry-based teaching. These technologies include: Electronic response systems (implemented with 
Peer Instruction), PeerWise collaborative database, data acquisition tools, computer simulations and 

Figure 3. Growth of teachers’ TPACK due to collaboration with peers more experienced teachers. The 
light blue area in the left image shows the Teacher-Zone of Proximal Development (T-ZPD). As a result 
of collaboration all aspects of teachers’ knowledge have grown, including their TPACK.
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modeling software, and Collaborative Learning Annotation System (CLAS) (Milner-Bolotin, 2014b, 
2016c) (Table 1). While there are many potential educational technologies relevant to teacher educa-
tion, the choice of the five technologies mentioned above is deliberate. These technologies are all low 
cost or free; they are relevant to both K-12 and post-secondary classrooms; they promote collaboration 
and reflection; they help teacher-candidates acquire relevant TPACK (Koehler & Mishra, 2015); they 
help teacher-candidates develop positive attitudes about research-informed inquiry-based education; 
and lastly, they support teacher-candidates in cultivating resilience in the face of initial failure and the 
courage to persevere at inquiry-based teaching. As Winston Churchill once said “Success is not final, 
failure is not fatal: it is the courage to continue that counts”. This is the key message we would like to 
convey to future teachers: teaching is a life-long process of learning and personal growth, filled both 
with failures and successes. The second message is that reflection and peer collaboration are valuable 
tools for supporting teachers when they work on modifying their pedagogy and improving their practice.

These technologies were implemented in our STEM methods courses during a year-long secondary 
STEM Teacher Education Program (http://teach.educ.ubc.ca/). About 20 teacher-candidates took part 
in these 13-week 3 credit courses (Milner-Bolotin, Egersdorfer, & Vinayagam, 2016). The next sections 
outline how these courses supported the development of teacher-candidates’ TPACK, positive attitudes 
about inquiry-based education, and confidence in facilitating inquiry-based learning in the future.

Peer Instruction: Learning STEM by Questioning and Collaborating

Peer Instruction pedagogy was originally proposed by a Harvard Physics Professor – Eric Mazur almost 
30 years ago (Mazur, 1997b, 1997c). Peer Instruction is a form of live formative assessment that is 
continuously used by an instructor to support student learning and tailor instruction to students’ needs. 
In the last decades Peer Instruction has become a very common and widely researched interactive en-
gagement pedagogy in post-secondary STEM education (Fraser et al., 2014; Richard R. Hake, 1998; 
Lasry, Guillemette, Dugdale, et al., 2014; Wieman, 2012). Peer Instruction uses flashcards, electronic 
response systems (clickers), or mobile devices (virtual clickers) to engage students in meaningful learn-
ing by asking them carefully crafted conceptual multiple-choice questions that target common student 
difficulties and misconceptions (Lasry, 2008; Lasry, Mazur, & Watkins, 2008). The students are given 
a chance to think about these questions and provide individual responses. When Peer Instruction is used 
with clickers, the histogram of student responses is shared with the entire class. Then the students are 
invited to discuss their answers with their peers. This small group collaborative exercise is followed up 
by an all-class discussion led by the instructor (Milner-Bolotin, 2015a). With the proliferation of new 
technologies and free or low-cost versions of virtual clickers, such as plickers (Amy, 2016), Peer Instruc-
tion is becoming more and more popular in the K-12 educational system. We have written extensively 
about the use of Peer Instruction in STEM teacher education and will refer the readers to these papers 
(Lasry, 2008; Lasry, Watkins, Mazur, & Ibrahim, 2013; Milner-Bolotin, 2016b). Here we focus on how 
Peer Instruction implemented in STEM teacher education courses can support future teachers in promot-
ing inquiry-based pedagogies in their own practice.

Peer Instruction relies on conceptual questions that ask learners to analyze phenomena without rely-
ing on formulae and plug-and-chug calculations (Beatty, Gerace, Leonard, & Dufresne, 2006). Figure 
4 shows an example of such a question in the context of physics. The question challenges students to 
analyze the implications of Newton’s second law in the case of a weight-pulley system. This conceptual 
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question can inspire a student-led independent inquiry where such a system is set up and its acceleration 
is investigated using Logger Pro live data collection system (Milner-Bolotin, Kotlicki, & Rieger, 2007).

In order to design pedagogically effective conceptual questions that can be used in Peer Instruction, 
teachers have to recognize potential student difficulties and common misconceptions, and offer effec-
tive ways of helping students to inquire about the phenomenon. When teacher-candidates experience 

Table 1. Description and pedagogical goals of five different technology-enhanced learning environments 
used in STEM teacher education aimed at promoting inquiry-based teaching and learning

Pedagogical Description/technology Pedagogical Goals and How They Are Promoted

1. Peer 
Instruction

Pedagogical description: Technology is used to collect continuous 
student feedback and adjust teaching to address student conceptual 
difficulties via using multiple-choice conceptual questions. Peer 
Instruction relies on teacher’s abilities to ask conceptual questions, 
identify student difficulties and support student inquiry as opposed to 
providing them with the answers. Despite the availability of technology 
and possibilities of using low-tech versions in small classes, Peer 
Instruction is not as widely used in K-12 as in post-secondary STEM 
classrooms. 
Technology: Electronic response systems, smart phones, personal 
computers, iPads, or a low tech version of QR cards used for individual 
student voting wherein a teacher uses a phone to collect data.

The goals – to support teacher-candidates in:
• Developing their PCK 
• Reflecting on their STEM PCK and on the difference between learning by memorization 
and by understanding/questioning 
• Learning to identify student conceptual difficulties and to ask different levels of 
questions that promote inquiry and help build conceptual understanding (Bloom, 1956) 
How these goals are promoted:
• By modeling effective conceptual questions during methods courses and inviting teacher-
candidates to experience Peer Instruction as learners and teachers 
• By emphasizing the value of peer collaboration 
• By experiencing formative assessment and peer collaboration in practice as learners and 
reflecting on it as future teachers.

2. Peer 
Wise-based 
pedagogy

Pedagogical description: PeerWise database supports a community 
of learners who collaborate on designing multiple-choice questions. 
PeerWise and Peer Instruction both emphasize formative assessment 
using conceptual multiple-choice questions and peer collaboration. 
Technology: An online social platform for sharing, responding to, 
reflecting on, editing, and improving multiple-choice questions. It 
allows students to contribute their multiple-choice questions, respond 
to the questions asked by their peers, rate the quality of questions and 
explanations, and suggest improvements.

The goals – to support teacher-candidates in:
• All of the above under Peer Instruction, plus 
• Designing meaningful conceptual STEM questions that open opportunities for inquiry 
• Learning to identify student conceptual difficulties and to ask different levels of 
questions that promote inquiry and help build conceptual understanding (Bloom, 1956) 
• Learning to give and receive constructive feedback. 
How these goals are promoted:
• By designing, responding to and providing constructive feedback to conceptual questions 
• By thinking of meaningful distractors (wrong answers for multiple-questions) 
• By discussing these questions with peers 
• By learning to receive constructive feedback and to act on suggestions 
• By realizing that they still have a lot to learn.

3. Real life 
data as an 

impetus for 
inquiry

Pedagogical description: Technology enables learners to explore 
“what-if” questions about the real world via collecting and analysing 
real-time data, conducting experiments and answering questions 
experimentally that could not have been answered before. The collected 
data can include temperature, pressure, position of objects, PH levels 
of different solutions, etc. This pedagogy invites students to ask and 
answer their own inquiry questions, thus engaging them in authentic 
STEM learning. 
Technology: Examples include Logger Pro sensors (Milner-Bolotin & 
Moll, 2008), various smart phone applications, etc.

The goals – to support teacher-candidates in:
• Designing and facilitating inquiry-based STEM lessons both during their class 
discussions and in labs 
• Design inquiry-based labs 
• Learning to guide students in asking questions 
• Learning to explain real-life data and use it to test STEM hypotheses 
How these goals are promoted:
• By helping teacher-candidates to experience data-driven inquiry 
• By making them comfortable with the use of various technologies for real-life data 
collection 
• By modeling investigations based on live data collection and analysis 
• By modeling the use of technology to bridge STEM to everyday life

4. Pedagogy 
that utilizes 
computer 

simulations 
& modeling

Pedagogical description: Various computer simulations and modeling 
tools are used to ask “what-if” questions about the real world or about 
more abstract phenomena. This pedagogy invites students to think more 
abstractly, while using authentic research tools. Learners can use these 
tools to ask and answer their own inquiry questions, thus engaging them 
in authentic STEM learning. 
Technology: Computer simulations such as PhET, data modeling and 
analysis tools, such as GeoGebra, programming tools, etc.

The goals – to support teacher-candidates in:
• Inquiring about abstract (or not so abstract) phenomena through manipulating different 
parameters of the system (modeling, simulations) 
• Experiencing scientific inquiry first hand by asking and answering “what-if” questions 
• Acquiring STEM intuition, by learning to connect various representations of phenomena 
with the implications of these representations (e.g., the meaning of formulae), such as 
mathematical descriptions with scientific outcomes. 
• Linking theory to practice (virtual versus real labs) 
How these goals are promoted:
• By helping teacher-candidates to experience data-driven inquiry and ways of scientific 
inquiry

5. 
Collaborative 

Learning 
Annotation 

System 
(CLAS)

Pedagogical description: This pedagogy emphasizes continuous 
reflection. Teacher-candidates are invited not only to practice their 
teaching in a supportive environment, but also to reflect on it and 
improve it as a result. 
Technology: CLAS is a media player that allows recording, sharing, 
and commenting on videos. Videos uploaded to CLAS are stored on a 
secure server at UBC and allow control over who has access to them. 
CLAS is also mobile compatible, allowing students to record videos and 
make comments directly from their mobile devices.

The goals – to support teacher-candidates in:
• Becoming a reflective practitioner 
• Becoming a teacher who is open to peer collaboration via learning from others and 
supporting them 
• Becoming a confident and open-minded teacher who is open to suggestions in order to 
improve their practice. 
How these goals are promoted:
• By learning to reflect on their teaching, provide constructive feedback, accept feedback 
and act on it 
• By practicing their teaching in a friendly environment 
• By collaborating with peers in a safe environment 
• By comparing multiple iterations of different lessons and reflecting on their pedagogical 
progress 
• By building self-confidence in their teaching abilities.
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Peer Instruction as learners, they realize the power of this pedagogical approach for STEM education. 
They also become aware of the value of STEM education research for their own practice. This is one 
of the reasons why noted physics educator Lillian McDermott and her colleagues called on improving 
physics teacher preparation through incorporating educational research into teacher education practice 
(McDermott, Heron, Shaffer, & Stetzer, 2006).

Peer Instruction is especially appropriate to STEM teacher education. Through the use of well-crafted 
conceptual questions teacher-candidates have an opportunity to realize that STEM mastery requires 
higher order thinking skills and an ability to think creatively and conceptually. As one teacher-candidate 
expressed it: “Peer Instruction gets you away from thinking physics is a math class. It gets you to really 
understand the science.” After earning a Bachelor degree in the relevant subject, many teacher-candidates 
assume that they have mastered the content knowledge they will be teaching and they have little to learn. 
Yet, often this mastery is rather superficial: teacher-candidates often encounter the same conceptual dif-
ficulties as secondary students (Milner-Bolotin et al., 2013). Teacher-candidates often might know the 
answer to a question, but they do not know why the answer holds. They might have learned some facts 
and relationships, but they might not have had an opportunity to inquire why these relationships hold 
true, which is the key element in inquiry-based teaching and learning. Inquiry is driven by curiosity and 
doubt, which means STEM teachers should learn not to take things for granted, but keep asking ques-
tions. Lastly, while experiencing Peer Instruction as learners, future teachers learn to listen to others, to 
ask questions, to articulate their thinking, and understand where somebody else might have difficulty. 
Implementing Peer Instruction in teacher education courses is a powerful opportunity for reflection and 
for deepening teacher-candidates’ TPACK, as well as helping them gain confidence in explaining complex 
phenomena conceptually without always relying on formulae and factual knowledge.

To support teacher-candidates in developing necessary questioning skills and enhancing their TPACK, 
we incorporated PeerWise, an online collaborative multiple-choice questions’ database (Denny, 2016).

Figure 4. An example of a conceptual multiple-choice physics question challenging students to analyze 
the implications of Newton’s second law. This question was retrieved from Mathematics and Science 
Teaching and Learning through Technology online database (Milner-Bolotin, 2016a).
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PeerWise: Learning to Ask STEM Questions Through Collaboration With Peers

PeerWise is a free online collaborative tool. It supports learners in designing and sharing their multiple-
choice questions, commenting and responding to peers’ questions, and eventually creating a shared 
resource of conceptual questions, explanations, solutions and suggestions (Milner-Bolotin, 2014b).

In our STEM methods courses teacher-candidates used PeerWise weekly as part of the PeerWise 
cycle sequence (Table 2). Teacher-candidates were asked on a regular basis to contribute their conceptual 
questions on PeerWise, answer some of the questions provided by their peers, comment on these ques-
tions, as well as respond to the comments provided to them. Thus, each PeerWise question underwent 
multiple iterations before its final version was generated and saved in the database.

PeerWise is especially suitable for modeling question-driven pedagogy in STEM teacher education. 
It can supplement Peer Instruction, highlight the difference between plug-and-chug and conceptual ques-
tions, and show how conceptual questions enhance student understanding. Another teacher-candidate said:

I think for myself…getting away from the number-crunching questions to conceptual questions, and 
understanding that even though number-crunching can feel harder, it doesn’t really show how well you 
know something compared to conceptually, and for me PeerWise really helped me realise that.

Moreover, PeerWise requires teacher-candidates to provide constructive feedback and react in a 
positive and productive way to the feedback provided by peers. It increases teacher-candidates’ ability 
to evaluate their peers’ questions and explanations, which is crucial for improving their confidence in 
designing inquiry-based learning environments (Milner-Bolotin et al., 2016). As educators often adopt 
and adapt already existing activities to suit their pedagogical goals, an ability to become a “critical 
consumer” of already existing resources is a valuable skill for novice teachers.

PeerWise collaboration also emphasizes the iterative nature of designing pedagogically effective 
educational materials. The teachers who realize that teaching in general, and inquiry-based teaching in 
particular, is an iterative process and it takes time and patience to learn how to teach by inquiry and how 
to ask questions that can facilitate inquiry, are going to be more resilient in the face of failure. These 

Table 2. A PeerWise sequence outlining teacher-candidates’ expected participation

Cycle Week Expected Tasks

1 1 Author at least six questions and upload them to PeerWise

2 Answer at least 10 questions designed by your peers 
Provide comments on at least five of the questions you answered

2 3 Review all relevant comments on your own questions and respond when 
applicable 
Modify at least three of your questions to address the comments 
Author at least three additional questions

4 Answer at least 10 questions designed by your peers 
Provide comments on at least five questions you answered

Cycle 2 repeats every two weeks for the duration of the course
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teachers will be less likely to give up if an inquiry-based activity they have designed does not generate 
desired results. Another way of helping teacher-candidates to acquire inquiry-based teaching skills is to 
engage them in activities that utilize real-time data collection and analysis tools.

Data-Driven Inquiry in STEM Teacher Education

In order to support teacher-candidates in acquiring inquiry-based teaching skills as well as positive at-
titudes about inquiry, it is important to provide them with multiple opportunities to experience authentic 
technology-enhanced learning environments as students first and then reflect on them as future teachers 
(Milner-Bolotin et al., 2013; Milner-Bolotin & Moll, 2008). Data collection and analysis technology, such 
as the Logger Pro data acquisition system, is a great asset for supporting authentic inquiry, reducing the 
cost of risk-taking and allowing learners to experiment with abstract STEM ideas by connecting them 
to everyday life (Eijck & Roth, 2009; Milner-Bolotin, 2012; Vernier-Technology, 2016).

For example, producing and interpreting graphs and building bridges between algebraic, graphical 
and physical representations are often difficult for the students. This is a great opportunity for authentic 
inquiry activities, where students can pose questions and devise authentic experiments that will help 
them answer these questions (Eshach, 2014; Ruthven, Deaney, & Hennessy, 2009; Wright, 2005). In 
order to help students connect physical scenarios with their mathematical and physical representations, 
STEM teachers can use data collection and analysis tools, also referred to as sensors. For instance, Log-
ger Pro motion detector allows students to represent the 1-D motion of a moving object as an x(t) graph 
(Vernier-Technology, 2016). Figure 5 shows a graph of motion produced by a student moving along a 
straight line in front of a motion detector. Since the data are collected and displayed in real time, the 
students can collaborate with peers on pursuing their own “What-if” inquiry questions. Moreover, the 

Figure 5. An example an inquiry-based activity where students explore 1-D motion: a student was asked 
to walk in front of the motion detector in order to match a given (blue) graph with the red one (produced 
by the walking student)
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technology reduces the cost of failure as the experiments can be easily adjusted, improved and repeated. 
Similar to Peer Instruction, live data collection and analysis tools provide instantaneous formative as-
sessment that was unimaginable before (Schuster, Undreiu, Adams, Brookes, & Milner-Bolotin, 2009). 
This process encourages authentic inquiry, collaboration and powerful reasoning.

Engaging STEM teacher-candidates in collaborative data-driven inquiry invites them to think dif-
ferently about STEM education and the relationships between the inquiry that happens in the classroom 
and the inquiry that happens in science research labs. Conveniently, in addition to Logger Pro and 
similar data collection tools, many modern smartphone or tablet apps allow rather sophisticated live 
data collection and analysis (Maciel, 2015). Creative STEM teachers can use these 21st century tools 
to promote authentic inquiry in their classrooms. However, in order for this to happen, STEM teachers 
have to acquire the necessary TPACK (Carr, 2012). Without it, these sophisticated tools will remain 
underused expensive gadgets and the goal of increased student STEM engagement will take much longer 
to achieve (Cuban, 2001).

Computer Simulations and Modeling: Virtual Inquiry

The data collection and analysis tools are helpful in promoting inquiry-based STEM education (Milner-
Bolotin, 2016c). However, not every STEM concept can be easily demonstrated through a hands-on activ-
ity. As teacher-candidates work on designing inquiry-based lessons, they often find it challenging to help 
students grapple with abstract concepts. For example, the consequences of the electromagnetic induction 
phenomenon can be demonstrated in a lab, but in order to meaningfully understand this abstract physics 
concept, a more extensive inquiry is required. As a result, many novice teachers struggle with engaging 
students in authentic explorations of these abstract concepts in order to support student understanding.

Modern technologies such as computer simulations and dynamic modeling software offer ample 
opportunities to promote meaningful inquiry of abstract phenomena. We have written about this topic 
elsewhere (Milner-Bolotin, 2015b, 2015c, 2016b), so in this chapter these technologies will be only 
mentioned briefly. For example, PhET is a suite of STEM simulations built on solid educational research 
evidence (Wieman, Adams, Loeblein, & Perkins, 2010). They can be used to help students not only to 
visualize abstract ideas, but also to conduct independent research investigations in virtual environments 
akin to the ones conducted in real labs (Finkelstein et al., 2005).

PhET simulations open ample opportunities for developing inquiry-driven thinking, yet they are 
closed tools. Their designers have deliberately decided what parameters the learners will be able to ma-
nipulate. In other words, the decision about the model embedded in the simulation has been made and 
the learner has no input into it. Computer simulations where those decisions have been made based on 
educational research (such as PhET) are powerful for beginners. Yet, when the learners have acquired 
advanced subject knowledge and want to ask more sophisticated questions, the simulation might prove 
to limit their investigations.

The next level of inquiry is attained when the students create and test their own STEM models. An 
example of modeling technology that has the potential to support an even higher level of student cre-
ativity and empower them to experience STEM in a very personal way is dynamic modeling software, 
such as GeoGebra (Hohenwarter, 2014). Unlike traditional paper and pencil geometrical or algebraic 
constructions, where a construction or a graphical representation cannot be changed or manipulated 
easily, or unlike computer simulations where the underlying scientific models have been chosen by the 
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designers, GeoGebra allows students to develop a language, propose and test their own models, dynami-
cally test their understanding, visualize abstract relationships and eventually foster their STEM intuition 
(Martinovic, Karadag, & McDougall, 2014).

However, the use of these tools in STEM education does not guarantee inquiry-based learning. As 
mentioned above, teachers need to acquire inquiry-based teaching skills in order to be able to imple-
ment these tools effectively in their classrooms. In order to provide teacher-candidates with multiple 
opportunities to reflect on their inquiry-based teaching skills and improve them, we implemented the 
Collaborative Learning Annotation System (CLAS).

Promoting Inquiry Teaching With CLAS

CLAS is an online media player developed at the University of British Columbia (Dang, 2016). It allows 
uploading, sharing, and commenting on videos stored in the system, with both time-specific and general 
comments (Figure 6). The participants can respond to specific comments and create commenting threads. 
The instructor has full control of who has access to the videos. The comments made by the instructor or 
by the students can be private or public. Most importantly, CLAS is compatible with the videos recorded 
using smartphones and other common devices, such as iPads or tablets available to teacher-candidates. 
Thus, no additional special video-recording equipment was needed to use the system.

CLAS was incorporated in the methods courses as a tool to support teacher-candidates’ reflection on 
inquiry-based mini-lessons they taught. Each teacher-candidate had to teach at least four different 10-15 
minute long mini-lessons to their peers during the course of the term. Teacher-candidates were free to 

Figure 6. A screen shot of a CLAS interface. By clicking on different icons in the Time-specific comments 
area, one can read and respond to all the comments pertinent to different parts of the video. To find out 
more about the system visit: http://ets.educ.ubc.ca/clas/
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choose the topics for these mini-lessons as long as they were part of the secondary STEM curriculum and 
engaged learners in figuring out STEM concepts. After teacher-candidates uploaded their mini-lessons 
to the CLAS database, they were asked to comment on the mini-lessons of their peers and respond to 
the comments on their own mini-lessons. Moreover, on multiple occasions, teacher-candidates decided 
to incorporate the comments and to re-teach their lessons. Since all the mini-lessons were recorded, 
teacher-candidates were able to reflect on their own progress and think of areas for improvement.

In this process they learned to inquire about their own teaching, to provide and receive constructive 
feedback, and to think about how to support students in figuring out STEM concepts for themselves. 
The process of watching their own teaching videos for the first time was very revealing for most of the 
teacher-candidates. This allowed them to reflect on the gap between their own perception of learner 
engagement in their lessons and the real engagement as manifested in the video. This is especially im-
portant for promoting inquiry-based STEM education and student engagement, as it is very common to 
see how teachers’ perceptions of their own inquiry-based teaching differ drastically from the classroom 
realities experienced by their students.

Lastly, the positive feedback on their teaching provided by their peers and the course instructors 
allowed teacher-candidates to identify their strengths and gauge their own progress. As many of the 
teacher-candidates decided to repeat their mini-lessons, reflecting on their teaching using CLAS helped 
them see their teaching as a work in progress. It also helped them identify their strengths and see their 
improvement. Passionate and less experienced teachers are often their own worst critiques, so receiving 
positive and constructive support from colleagues was a much-needed boost for improving teacher-
candidates’ self-confidence.

USING COLLABORATIVE TECHNOLOGY IN TEACHER EDUCATION

The goal of the study was to explore how using collaborative educational technologies in STEM teacher 
education can support teacher-candidates in moving towards inquiry-based teaching in their own class-
rooms. The study was motivated by our desire to provide practical recommendations for teacher educators 
who want to support teacher-candidates in acquiring inquiry-based skills and promote teachers’ positive 
attitudes towards teaching STEM by inquiry. In this study, we used five different technology-enhanced 
pedagogies that supported teacher-candidates’ collaboration and mutual support, while providing them 
with multiple opportunities for improvement (Table 1).

The main outcome of our exploration was not identifying the “perfect” technology to support teacher-
candidates, but making sure that each one of the technologies used in STEM teacher education has a clear 
pedagogical purpose – to engage teacher-candidates in inquiry-based learning as students, encourage 
them to reflect on their experiences as future teachers, and eventually apply these pedagogies during 
their practicum and consequent teaching. We call this approach a deliberate use of technology (Milner-
Bolotin, 2016b). This study has highlighted the value of purposeful implementation of technology in 
order to promote productive collaboration and peer support among teacher-candidates. Technology 
helped us to promote inquiry-based teaching during the teacher education courses and supported teacher-
candidates in inquiring about their own teaching practices. This helped us to bridge the research-informed 
technology-enhanced STEM pedagogies to the classroom practices enacted by teacher-candidates dur-
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ing their practicum and post-graduation. We recommend that teacher-educators who want to promote 
technology-enhanced inquiry-based teaching should model the use of collaborative technologies in their 
own courses. Modeling research-based pedagogies in collaborative methods courses, where teacher-
candidates can learn from and with each other, is important for supporting teacher-candidates’ shifts 
towards these pedagogical practices (Milner-Bolotin et al., 2016).

FUTURE RESEARCH DIRECTIONS

This chapter explored how modern collaborative educational technologies can be used in STEM teacher 
education in order to help teacher-candidates develop the necessary TPACK, positive attitudes about 
inquiry-based learning, and confidence in their ability to use inquiry-based pedagogies in their own 
classrooms. While this chapter explored the deliberate use of technology in STEM methods courses in a 
teacher education program, we have yet to study how teacher-candidates’ experiences during their school 
practicum and after graduation might influence their attitudes about inquiry-based STEM education and 
their ability to continue using inquiry in their own classrooms. Supporting teacher-candidates use of 
technology-enhanced inquiry in teacher education courses is crucial, as teacher-candidates might have 
limited opportunities during their school practicum to implement these research-informed pedagogies. 
Teacher-candidates also remain under a lot of pressure during their school practicum, as School and 
Faculty Advisors are the ones who decide if a teacher-candidate has passed the practicum – a key ele-
ment of the teacher education program. As one of the teacher-candidates expressed it:

I wasn’t aware of the amount of pressure that would come from both the students and my School Advi-
sor…basically in favour of plug and chug physics. I didn’t realise how much you’re going against when 
you try and change the way kids do physics. By the end of my practicum I didn’t do conceptual physics 
anymore, because the kids didn’t want it, my School Advisor didn’t want it, my Faculty Advisor didn’t 
want it. They wanted the kids to get through and enjoy the class more than they wanted them to struggle 
with the concepts…It depends on the culture of the school... I was very prepared to do conceptual phys-
ics, but when my School Advisors and Faculty Advisors told me that wasn’t what they wanted, I had no 
idea what physics education looked like…

Teacher-candidates can become conduits for change, but at the same time, their desire for inquiry-
based teaching in a school environment where teachers want to use “plug-and-chug” pedagogy might 
be a dangerous strategy for them. Thus, more research is required to understand how teacher-candidates 
can be supported during their practicum in implementing inquiry-based pedagogies.

Lastly, even after graduation novice teachers are more vulnerable than their more experienced col-
leagues. Novice teachers come to a school culture that might have different attitudes about inquiry than 
their own. They also have to earn their reputation and address the learning objectives posed by the pro-
vincially (or state) mandated curriculum. Therefore, it is important to investigate how novice teachers 
can be supported in enacting inquiry-based STEM education practices their first years after graduation.



908

Technology-Supported Inquiry in STEM Teacher Education
 

CONCLUSION

This chapter has demonstrated how five different kinds of modern collaborative educational technologies 
can be implemented in STEM teacher education in order to support teacher-candidates in (1) acquiring 
relevant inquiry-based teaching skills, (2) forming positive attitudes about inquiry-based STEM educa-
tion, and (3) building resiliency in the face of initial failure of inquiry-based teaching practices. The 
technology-enhanced pedagogies explored here include: Peer Instruction, PeerWise, data-driven inquiry-
based pedagogy, computer-supported inquiry and collaborative reflection on mini-lessons using CLAS. 
The use of these technologies in a supportive and collaborative learning environment has highlighted 
the value of collaboration with peers, reflection on their TPACK and on their teaching, and openness 
to changing their practice as a result of constructive feedback. Nevertheless, we have to remember that 
the instructors in STEM methods courses often have little influence on teacher-candidates’ experiences 
during their school practicum. Therefore, in order to support teacher-candidates in acquiring inquiry-
based teaching skills, we have to support them during their practicum.

Lastly, this study applied a T-ZPD theoretical framework to teacher education, as much as we consider 
ZPD in designing learning environments for students. Based on our studies, we have found that teacher-
candidates who are provided with multiple opportunities to collaborate with peers will be more likely to 
acquire an extensive and meaningful TPACK than their counterparts working alone (Milner-Bolotin et 
al., 2016). Modern technologies can provide multiple constructive opportunities for these collaborations. 
Thus, we challenge teacher educators to consider how technology can be implemented in STEM teacher 
education to inspire and support teacher-candidates in implementing inquiry-based technology-enhanced 
teaching practices in their own classrooms.
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KEY TERMS AND DEFINITIONS

Collaborative Learning Annotation System (CLAS): An online system that enables learners to 
collaborate on uploaded videos.

Collaborative Teacher Inquiry: Teacher collaboration focused on inquiring about their own prac-
tices and student learning.

Computer Simulations and Real Data Collection and Analysis: Enable students to model natural 
phenomena either virtually or in real-life through data collection and analysis.

Inquiry-Based STEM Learning: Learning of STEM disciplines that encourages learners to ask 
questions, test hypotheses and ideas, and conduct experiments. It is often conducted in a collaborative 
environment.

Pedagogical Content Knowledge (PCK): Teacher’s knowledge expressed as an overlap of subject 
knowledge and pedagogical knowledge. PCK concept was introduced by Lee Shulman in 1986.

Peer Instruction: An interactive data-driven pedagogy popularized by Harvard Professor Eric Mazur 
in the early 1990s.

PeerWise: An online collaborative platform used for learner collaboration on multiple-choice questions.
Teacher Zone of Proximal Development (T-ZPD): The difference between the teachers’ individual 

TPACK and their TPACK resulting from their collaboration with peers.
Technological Pedagogical and Content Knowledge (TPACK): An expansion of the PCK that 

includes the relevant knowledge of subject-specific technologies. TPACK was introduced by Koehler 
and Mishra in the 1990s.

This research was previously published in Digital Tools and Solutions for Inquiry-Based STEM Learning edited by Ilya Levin 
and Dina Tsybulsky, pages 252-281, copyright year 2017 by Information Science Reference (an imprint of IGI Global).
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ABSTRACT

Using Squeak Etoys to Infuse Information Technology (USeIT) was designed to offer expanded infor-
mation technology experiences to 155 middle and high school students over a three-year period by 
exploiting the Squeak Etoys media authoring tool as a simulation and modeling environment. Through 
problem-solving activities and development of Squeak Etoys modeling projects, USeIT investigated the 
impact of Problem-Based Learning (PBL) and utilization of Squeak Etoys on student understanding of 
scientific and mathematical concepts. A design-based research method was used to collect data. The 
results revealed that when simulation and modeling are used under specific learning conditions, a deeper 
level of understanding of key science and mathematics concepts is observed. In addition, problem-based 
simulation tasks cognitively engaged students, particularly those who otherwise did not see the relevancy 
of STEM content in their lives. Less motivated students developed interests in STEM content and showed 
confidence in their abilities to learn mathematics and science.

The Power of Computational 
Modeling and Simulation for 
Learning STEM Content in 
Middle and High Schools

Mahnaz Moallem
University of North Carolina, USA

Shelby P. Morge
University of North Carolina, USA

Sridhar Narayan
University of North Carolina, USA

Gene A. Tagliarini
University of North Carolina, USA



917

The Power of Computational Modeling and Simulation for Learning STEM Content
 

INTRODUCTION

As a result of growing concern that the United States is not preparing a sufficient number of students, 
teachers, and practitioners in the areas of Science, Technology, Engineering, and Mathematics (STEM), 
improving learning in STEM education continues to be a priority for American policymakers (Con-
gressional Research Service, 2011). In recent years, the National Science Foundation (NSF) and other 
organizations have supported innovative projects that aimed to develop examples of rich, learner-centered 
educational reform in STEM fields. “Using Squeak to Infuse Information Technology (USeIT)” was one 
of these projects. In partnership with local schools, the USeIT project was designed to develop examples 
of rich, learner-centered simulation and modeling learning activities in STEM fields.

The purpose of this chapter is to report the impact of integrating Problem Based Learning (PBL) 
and computational modeling using Squeak Etoys technology on student learning of STEM contents. 
It specifically describes the changes in students’ understanding of the key scientific and mathematical 
concepts and students’ thinking skills when constructing models of complex systems.

BACKGROUND AND RELATED LITERATURE

STEM Education

STEM Education is defined in many ways by different groups. A common definition of STEM education 
refers to science, mathematics, and technology educators working together to explore and implement 
integrative alternatives to traditional, disconnected STEM education (Congressional Research Services, 
2012; National Science and Technology Council, 2011). The integrative STEM education is expected 
to combine technological design purposefully with scientific inquiry, engaging students or teams of 
students in scientific inquiry situated in the context of technological problem solving. STEM educators 
have made an increasing effort to employ the integrative approaches using various strategies (Becker & 
Park, 2011). However, in spite of the emphasis and many efforts to disseminate and implement STEM 
education, there is limited research on the effects of the integrative approaches among STEM subjects on 
the students’ understanding of scientific and mathematical concepts (Becker & Park, 2011; Hurley, 2001; 
Judson & Sawada, 2000; Pang & Good, 2000; Venville, Wallace, Rennie, & Malone, 2000). Moreover, 
recent meta-analysis of effects of integrative approaches in STEM on student learning (Becker & Park, 
2011) shows that while integrative approaches provide a rich learning context and improve student learn-
ing and interest, the types of integration impact the effects of these approaches among STEM subjects.

Problem Based Learning Pedagogy for STEM Education

PBL is a non-traditional, active, inductive, student-centered approach that focuses on the introduction of 
a real-life problem (Ehrlich, 1998). In PBL environments students are presented with complex, authentic, 
meaningful problems as a basis for inquiry and investigation. Sometimes called a project, an inquiry, 
or an authentic investigation, the problem, as a complex task, is formed by the need to design, create, 
evaluate, revise, and/or improve something. Research on PBL--particularly in medical fields--suggests 
that PBL results in gaining complex levels of knowledge, such as comprehension and analysis of prob-
lems and improving student attitude and satisfaction. While not abundant, a growing body of research 
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also suggests that PBL is an effective strategy for increasing students’ understanding of STEM content, 
IT, and problem-solving skills (e.g., Barron & Darling-Hammond, 2010; Denner, 2007; Dischino, et. 
al. 2011; Huelskamp, 2009; McGrath, Lowes, Lin, & Sayres, 2009; Stone, 2011). PBL strategies also 
have been shown to enhance students’ attitudes and interest toward learning STEM subjects and to help 
them explore future opportunities (e.g., Dischino, et. al. 2011; Cerezo, 2004; Kuo-Hung, Chi-Cheng, 
Shi-Jer, & Wen-Ping, 2013; Lou, Shih, Diez, & Tseng, 2011).

However, research shows that effective implementation of PBL requires proper scaffolding or guid-
ance as learners engage in complex tasks that would otherwise be beyond their current abilities (e.g., 
Hmelo-Silver, Duncan & Chinn, 2007; Jonassen, 2011; Sweller, Kirschner, & Clark, 2007). Scaffolds 
are tools, strategies, or guides that support students in gaining higher levels of understanding that would 
be beyond their reach without the scaffolds (Jackson, Stratford, Krajcik, & Soloway, 1996; Simons & 
Ertmer, 2006). Scaffolding makes the learning more enjoyable for students by changing complex and 
difficult tasks in ways that make these tasks accessible, manageable, and within a student’s zone of 
proximal development (Rogoff, 1990; Vygotsky, 1978).

PBL, Metacognitive and Critical Thinking Skills

Current reform initiatives in education have solidified that one of the goals of education is for students 
to think critically. Critical thinking is defined as an analytical process of reasoning to arrive at logical, 
rational, and reasonable judgments within a given context (Ennis, 1981). It is postulated that critical 
thinking occurs when individuals use metacognitive strategies (knowledge about cognition and control of 
cognition (Flavell, 1979)) to increase the possibility of achieving desired learning outcome (Black, 2005; 
Halpern, 1998; Kuhn & Dean, 2004; Nickerson, 1994; Schroyens, 2005). On the basis of this argument, 
some researchers suggest that there is a relationship between critical thinking and metacognitive skills, 
and that using metacognitive strategies can facilitate development of critical thinking. The relationship 
between critical thinking and metacognitive skills suggests that critical thinking can also be developed 
by PBL in which students are using their metacognitive skills to critically analyze and consider one best 
possible solution for the problem at hand. In addition, studies have shown that critical thinking can be 
promoted through implementation of scientific experiments that use specific metacognitive strategies 
(e.g., Choy & Cheah, 2009; Kogut, 1996; Kuhn & Dean, 2004; Orion & Kali (2005). In sum, although 
the literature has yet to establish the links between PBL and critical thinking ability outside of medi-
cal field, the process of hypothesizing, testing, reflecting and retesting when solving a problem using 
modeling and simulation technology tool creates learning conditions that trigger students’ metacognitive 
thinking and as a result improves critical thinking skills.

Squeak Etoys: A Technological Environment for Design Challenges

The use of technology is not only a tool, but an important catalyst to enhance STEM education in the 
context of PBL (Jonassen, 2000). Technologies that provide an opportunity to simulate real world phe-
nomena in which the learner can engage in purposeful design and inquiry (Hallinger, 2005; Jonassen, 
2011) open new ways of learning and are at the heart of STEM education. The literature establishes that 
modeling tools and system dynamics simulations provide multiple representations and help students 
develop an understanding of problems in situations that involve many interrelated components (e.g., 
Anderson & Lawton, 2004, 2007; Tan, 2007). Anderson and Lawton (2004) point out that students 
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working with simulations are faced with an unclear problem and incomplete information to solve the 
problem. There are many possible ways to solve it, and there is more than one correct answer. Therefore, 
the goal of utilizing simulation and dynamic modeling or computational technology (Panoff, 2009) is to 
enable teachers and students to experience the excitement of discovery, the power of inquiry, and the joy 
of learning. Squeak Etoys (http://www.squeakland.org) has emerged as an excellent dynamic modeling 
environment for both young learners and educators alike (Kay, 1991).

An early example of a visual programming language, Squeak Etoys has a lot in common with lan-
guages like Scratch and Snap or Alice that represent more recent entrants into this space. Often designed 
for novice programmers, especially children, visual programming languages enable computer programs 
to be created by piecing together graphical artifacts that represent programming constructs like vari-
ables, arithmetic expressions, assignment statements, and program control structures like selection (if 
statements), and iteration (while statements). In text-based programming environments, novice users 
are often plagued by syntax errors like missing commas, and semi-colons, or unbalanced parenthesis. 
Users must address the syntactic issues before they can focus on the meaning of their program. In sharp 
contrast, visual programming languages relieve users of the responsibility of mastering the syntax of 
the programming language. With every program guaranteed to be syntactically correct, users are free 
from the outset to focus on the semantics of their program.

Functioning as a “virtual laboratory,” the open source Squeak authoring environment has been used 
to study student performance ranging from elementary to high school in subjects as diverse as music, 
biology, mathematics, physics, and engineering. Squeak Etoys (see Figure 1) as a media authoring 

Figure 1. Squeak Etoys
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environment can play an important role in enhancing the STEM curriculum (Bouras, Poulopoulos & 
Tsogkas, 2010). For example, by creating computer models students learn both information technology 
skills and the scientific features of the phenomenon being modeled. Other computer-based approaches, 
for example Java applets, allow users to passively explore dynamic representations, visualizations, and 
simulations of mathematical and scientific concepts, Squeak Etoys, on the other hand, requires teachers 
and students to actively and independently construct software artifacts that represent their own under-
standing of the concept being studied, thus making learning personal. Modeling in Squeak is intrinsically 
hands-on and leads to inquiry-based investigation because the models can be easily changed. Students 
can share their findings and their projects with others through a Web publishing tool that enables a model 
to be explored and extended by anyone with a browser equipped with the Squeak plug-in. In addition, 
the Squeak media authoring tools are free, which makes the “virtual laboratory” experiences available 
to a diverse student population, especially to underserved students in schools with dwindling resources.

PROJECT OVERVIEW

USeIT (https://sites.google.com/site/useitwebsite/home) was a collaborative project between a School 
of Education, a Computer Science Department, and middle and high schools in three counties in a 
Southeastern North Carolina. The project utilized the Squeak Etoys media authoring tool as a model-
ing environment to infuse IT skills into the core STEM curriculum. USeIT was funded by the National 
Science Foundation (NSF) to be implemented over three years (2007 through 2010). The targeted audi-
ence for this project was practicing STEM teachers and their students in grades 7-12 (middle and high 
school) in a variety of classroom settings, from science and mathematics courses to technology education 
and computer courses. USeIT exposed students to science, mathematics, and engineering concepts by 
integrating the use of Squeak Etoys and the tools’ modeling capabilities and PBL. Through problem-
solving activities, metacognitive strategies, and development of Squeak Etoys modeling projects, one of 
the USeIT project’s goals was to improve students’ content knowledge in STEM areas, and to promote 
students’ problem-solving and critical-thinking skills.

Throughout the life of the project, the project team offered a variety of training activities for middle 
and high school students. Students’ learning activities included: 1) week-long Student Summer Institutes 
(SSI), 2) classroom learning activities implemented by project teachers, and 3) elective courses and after 
school activities (e.g., clubs) offered by some schools.

CONCEPTUAL FRAMEWORK AND QUESTIONS OF THE STUDY

USeIT used a combination of PBL and modeling and simulation approach as its theoretical foundation. 
The key to developing dynamic models was to provide students with a meaningful, real-world, authentic 
problem to solve. When solving a problem, students were encouraged to use metacognitive strategies to 
engage in critical thinking, including solving complex and ambiguous problems over extended periods 
of time, using tools and collaborating with each other and being guided by an expert or a knowledgeable 
teacher or facilitator.
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Using this conceptual framework, the project team formulated the following set of research questions 
to guide the project’s data collection strategies during implementation, evaluate progress toward and 
achievement of the project outcomes, and make changes as needed.

• What are the effects of PBL learning conditions and utilization of Squeak Etoys on student under-
standing of scientific and mathematical concepts?

• What are the effects of PBL learning conditions and utilization of Squeak Etoys on student critical 
thinking skills, problem-solving and collaborative learning strategies?

• What are learning conditions, which best foster PBL to influence significant learning gains?

METHODOLOGY

Design Based Research (DBR) was used as an overall method for the USeIT project. DBR, with its 
focus on promoting, sustaining, and understanding innovation in the real world (Bell, 2004), allowed 
the researchers to consider a complex learning system, involving many variables (Brown, 1992) and to 
refine theory and practice continuously (Edelson, 2002; Collins, Bielaczyc, & Joseph 2004). Further-
more, in DBR, development and research take place through continuous cycles or iterations of design, 
enactment, analysis, and redesign (The Design-Based Research Collective, 2003; Wang & Hannafin, 
2005). This refinement process was ideal for the project team who was committed to not only design 
and explore application of a whole range of theories, activities, artifacts, scaffolds, and curricula, but 
also to reflect on them after implementation and make adjustments and revisions as needed. In addition, 
DBR methodology was suitable for participating teachers and students as they tested and evaluated their 
products and built on what they had learned through implementation in authentic settings.

Data Collection Strategies

DBR typically triangulates multiple sources and kinds of data to connect intended and unintended out-
comes to processes of enactment (The Design-Based Research Collective, 2003; Stake, 1995). Thus, 
using DBR as a research framework, a mixed methodology was used to collect various sources of data. 
During refinement and revision, the team added new data sources to each component as needed. Data 
from various sources were triangulated to document the processes of implementation and reflection. 
The following provides a summary of the data collection strategies and instruments.

Students’ final Squeak Etoys products and script of thinking during PBL activity. Students’ final 
Squeak Etoys products were evaluated using an analytical rubric developed by the project team. The 
mathematics educator and computer science members of the team scored students’ products collabora-
tively. Students’ presentations of their final Student Summer Institute (SSI) projects were video-taped 
during the 2009 and 2010 SSIs. Students’ conversations during PBL activities were also audio-taped 
during the 2010 summer institute. Audio and video tapes were reviewed and parts of the conversations 
that were related to PBL activities were recorded and coded using the following eight critical thinking 
criteria derived from the literature.
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1.  Sets realistic goals to solve the problem.
2.  Clarifies the question or problem to be solved (creation or reformulation of the question to be 

answered or problem to be solved).
3.  Defines frame of reference or point of view (e.g., from what perspective or angle the student/team 

is looking at the problem).
4.  Collects/Identifies evidence, data, experiences or raw materials that are appropriate for the problem 

and actively decides which of the possible experiences, data and evidence will be used.
5.  Identifies concepts or ideas (theories, principles, or rules) with which can reason a possible source 

of the problem.
6.  Formulates assumptions/hypotheses on the basis of the data and application of concepts or ideas.
7.  Makes inferences (deducting from the data, evidence, and application of concepts or ideas).
8.  Generates ideas/thoughts for further investigation.

Two members of the project team coded the data. The project team met and reviewed the coding to 
validate it. In addition, students were instructed to use the flap feature of Squeak Etoys to record their 
progress (metacognitive strategy) in developing their Squeak models. Students’ explanation of their 
progress in developing the Squeak models was analyzed using the eight critical thinking criteria men-
tioned earlier. Two members of the project team coded students’ narratives. The project team met and 
reviewed the coding to validate it.

Student survey. Prior to and after participating in the 2009 and 2010 SSIs, students completed a 
survey (see Appendix A) developed by the project team (some survey items were adopted from instru-
ments created by previously funded projects). The survey consisted of 25 items and using a rating scale 
of 1 to 4, measured students’ attitudes toward mathematics and science (i.e., Mathematics is important 
in everyday life; High/middle school math courses would be very helpful no matter what I decide to 
study); their interest and willingness to take more mathematics and science courses (i.e., In general, how 
do you feel about working on science assignments? Would you take more math courses if you did not 
have to?); and their technology and Squeak skills (i.e., how do you rate your overall technology skills). 
Moreover, prior to and after participating in the 2009 and 2010 SSIs, students self-assessed their Squeak 
Etoys skills using a checklist of 22 items (i.e., I can create an object or select one from the object catalog: 
I can locate and identify the Squeak objects (e.g., project files, paint, ellipse, or playfield)).

Reflective questions and blogs at the end of SSIs. During the 2009 SSI students were asked to keep 
an online blog reflecting on their daily events. During the 2010 SSI, students were also given a series of 
reflective questions to respond to at the end of each day both individually and as a team (metacognitive 
strategies). Daily individual questions included: “What did I learn today as a result of working with my 
team?; What role did I play as a team member?; How do I feel about working with a team?; and What 
do I need to work on to be more effective in my team?” Daily team questions included: “What did we 
learn today (What did we accomplish today)?; What scientific and mathematical concepts did we learn 
today?; How do we feel about today’s work as a team?; and What do we plan to do next?” A secure 
online blog and the project’s Survey Monkey account were used to record students’ responses.

Teachers’ integrated PBL and Squeak Etoys lesson plans. Teachers’ lesson plans for 2009 and 2010 
SSIs were collected. These lesson plans were analyzed using a revised list of criteria for developing 
lesson plans that integrated PBL and Squeak Etoys (i.e., problem/scenario resembles a real world task 
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(is loosely structured and gives a feeling of authenticity to students); problem/scenario does not provide 
all needed information (students need to identify facts & brainstorm ideas); problem/scenario explains 
proper process for investigation & group work; problem/scenario “derives” students to encounter and 
struggle with the targeted concepts and principles (is linked to the desired objectives [learning out-
comes] & standards); problem/scenario uses Squeak as a hands-on kit to construct knowledge and/or 
test hypotheses and generate new facts based on scientific experimentation; problem/scenario is linked 
to the essential questions).

Refinement and Revision of Data Collection Methods

Upon refinement of the strategies and reflecting on the quality of the data and effectiveness of data 
collection strategies at the end of the first year implementation (2007-2008), the team added new data 
sources such as: a student attitude survey mentioned earlier (consisted of 25 items); assessment of stu-
dents’ Squeak Etoys skills using a checklist of 22 items; assessment of students’ Squeak Etoys projects 
using a rubric developed by the project team; audio recording of students’ thinking processes during 
development of Squeak Etoys models and video tapes of students’ presentations of their Squeak projects; 
analysis of teachers’ integrated PBL and Squeak Etoys lesson plans (using a revised list of criteria de-
veloped by the team) for their focus on STEM concepts; and interviews with a sample of students who 
continued to use Squeak Etoys above and beyond their STEM courses.

Analysis

Both quantitative and qualitative analyses were used to make sense of the data. Data was analyzed at 
several levels. Level one of the data analysis offered immediate and specific indications regarding the 
relations between the project design specifications and learning events. These quick analyses served as 
input for adjustment of designs, and at the same time, accumulated to support more intermediate and 
comprehensive analysis. Intermediate analysis took place each year, revisiting the design of tools and 
activities in light of the evidence collected throughout the year. The final stage of analysis, which took 
place at the end of the third year, was a critical phase of the project. Data collected during the first year 
of implementation (2007-2008) lacked details and reliable and systematic record of student interest and 
learning, thus the final analysis included more data from year two (2008-2009) and year three (2009-
2010) of the project implementation. Quantitative analysis was used for the survey data. The data was 
entered into SPSS and descriptive analysis was conducted. Observation and interview data and responses 
to reflective questions were analyzed using an open coding system (Table 4) and finding themes and 
patterns (Strauss, 1987). Students’ reflective blogs and responses, conversations, and flap notes were 
also analyzed using the critical thinking criteria listed earlier, as a coding system. For example, if in 
their reflective thoughts, notes, or group conversations students noted the need for collecting data to 
develop their model, the portion of the text was coded as “identifies and collects new data”. Similarly, 
if they examined their scripts and the sketch of the model and made a prediction (e.g., “I think they 
would fall at the same rate” or “I think they would hit the ground at the same time”), it was coded as 
“making inferences.” Miles and Huberman’s (1994) guidelines for data management and data analysis 
were followed to triangulate the data and to link qualitative and quantitative data before developing final 
propositions and interpretation.
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THE CONTEXT OF THE STUDY

The project targeted students in middle and high school grades 7-12 from three counties. The three school 
districts were representative of others within the southeastern region of the state, which is largely rural. 
Two of the three counties targeted in the project represented the traditional rural-poor with a large number 
of economically disadvantaged student populations, while one of the counties is in a more urban area, 
with a lower number of economically disadvantaged student populations. Similarly, the schools from 
which the participating teachers were selected were different in their student populations, ranging from 
low to high percentages of black or other minority students and economically- disadvantaged students.

Project Participants

Each year, participating teachers and district technology coordinators collaborated with the project team 
to select a group of students for the Student Summer Institute (SSI). Table 1 shows the student demo-
graphics for the SSIs that took place in 2008, 2009 and 2010.

Students participating in the 2008 SSI ranged across the grades. Table 1 shows the number of students 
in each grade level who participated in SSI 2008, 2009, and 2010. Four fifth grade students participated 
in the 2010 SSI, although the SSI in 2010 was focused on middle and high school. These students were 
children of the teacher leaders.

The students were nominated for the SSI by their teachers. The nominated students were asked to write 
an essay describing their reasons for wanting to attend the SSI. Participating teachers reviewed students’ 
essays. If students’ essays showed their interests, and their academic work for the year was satisfactory 
(all scores were at least proficient on the state exams), they were selected for the SSI.

Table 1. Student summer institute profile

Summer Institute Gender Grade Level Total

Year 1 
(Summer 2008)

25 Male 
27 Female

19 (6 Grade) 
22 (7 Grade) 
11 (8 Grade)

52 
(58% White; 11% Black; 7% Hispanic; 24% 

Other)

Year 2 
(Summer 2009)

33 Male 
23 Female

13 (6 & 7 Grades) 
12 (8 Grade) 
18 (9 & 10 Grade) 
13 (11 & 12 Grades)

56 
(50% White; 36% Black; 7% Hispanic; 7% 

other)

Year 3 
(Summer 2010)

29 Male 
18 Female

4 (5 Grade) 
10 (7 Grade) 
6 (8 Grade) 
17 (9 & 10 Grades) 
10 (11 & 12 Grades)

47 
(49.9% White; 38.3% Black; 4.3% Hispanic; 

6.4% Other)

Total 87 Male 
68 Female

68 (5, 6 & 7 Grades) 
29 (8 Grade) 
35 (9 & 10 Grades) 
23 (11 & 12 Grades)

155
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FINDINGS

The study attempted to explore the impact of integrating PBL and computational modeling using Squeak 
Etoys technology on student learning of STEM contents. It specifically examined the changes in students’ 
understanding of the key scientific and mathematical concepts as well as students’ critical thinking skills 
when constructing models of complex systems. The following sections summarize the findings using 
the questions of the study.

Research questions 1 and 2: What are the effects of PBL learning conditions and utilization of Squeak 
Etoys on student understanding of STEM concepts? What are the effects of PBL learning conditions 
and utilization of Squeak Etoys on student critical thinking skills, problem-solving and collaborative 
learning strategies?

Analyses of multiple sources of the data showed that due to the changes in learning conditions and 
learning tasks in SSI 2008, 2009 and 2010, their effects on student understanding of STEM concepts 
and student critical thinking and problem-solving skills were different. Thus, the following sections will 
first summarize the results for SSI 2008 and 2009 and then SSI 2010.

Effect of PBL learning conditions and utilization of Squeak Etoys on 
student understanding of STEM concepts in SSI 2008 and 2009

PBL learning conditions. During the 2008 and 2009 SSI, participating teachers were tasked to develop 
real world problem-solving tasks for each day. The problem-solving tasks were to offer a series of guid-
ing questions, which required students to use their mathematical and scientific skills to develop a Squeak 
Etoys project to suggest a solution. Each day of the SSI, the students were led through a different task 
and they created a new Squeak Etoys project. To connect student problem-solving tasks/activities (for 
mathematical and scientific concepts) with their curriculum and state standards, teachers created les-
son plans for each day of the 2008 and 2009 SSI (daily problem-solving tasks) in which they specified 
their targeted objectives for the activity/task, the investigative questions to guide the activity/task and a 
warm-up activity in which they attempted to recall student prior knowledge.

Analysis of teachers’ lesson plans for both SSIs showed that in spite of the emphasis on PBL and its 
required conditions during professional development, teachers’ lessons and their problem-solving tasks 
were prescriptive and well defined, rather than descriptive and ill-defined. The lessons were narrow in 
their focus, and often provided students with a base Squeak Etoys model, requiring students to expand 
on the model, rather than prompting students to develop their own models. This issue was also observed 
in teachers’ practices in their classrooms. Observations of teachers in their classrooms indicated that 
teachers designed and implemented similar well-defined daily assignments, rather than ill-defined longer 
projects. Hence, it was not surprising that they adopted the same strategies for SSIs. In their lesson plans, 
teachers neither identified formal pre- and post-assessment strategies nor did they specifically indicate 
how they would form collaborative teams (they often let students choose a partner). In addition, teach-
ers did not indicate how they would monitor students’ progress during the development of their Squeak 
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Etoys model or how they would assess their students’ Squeak Etoys products and their critical thinking 
skills. Analysis of various data during SSIs further showed that teachers did not focus on developing 
process and product assessment criteria and specific strategies for scaffolding and guiding students in 
learning mathematical and scientific concepts. In other words, teachers did not fully apply and exercise 
the following suggested analytical processes of 1) establishing goals for the problem-solving task, 2) 
brainstorming and discussing the problem domain, 3) investigating the factors that affect the problem 
in order to acquire the knowledge and skills needed to develop a model of the problem using Squeak 
Etoys, 4) visualizing the result of the model using Squeak Etoys, and 5) forming hypotheses to test and 
simulate, and finally reflecting on proposed problem-solving process to formulate more questions. Most 
teachers’ lesson plans and guidance during the SSIs emphasized Squeak Etoys functions and features 
regardless of the listing of a number of targeted content-related objectives and investigative questions. 
Content-specific scaffolding and questioning were minimal.

This issue, combined with change of the topic and the task for each day of SSI and lack of teachers’ 
planning for helping students use metacognitive strategies to monitor and assess their own learning, re-
sulted in students’ Squeak Etoys products that were incomplete and difficult to score in order to identify 
whether students were able to achieve the targeted learning outcomes. In addition, since teachers did 
not require or expect students to record the process of developing the model, results of their experience, 
and what they learned from it, they faced the following challenges in assessing students’ learning using 
Squeak Etoys products at the end of the SSIs. First, teachers used their general knowledge of students’ 
understanding of the content instead of systematically assessing students’ knowledge and skills for PBL 
learning tasks/activities. Therefore, identifying whether students learned anything new or deepened their 
prior understanding of the mathematical and scientific concepts or Squeak Etoys skills was not possible. 
Second, analysis of various sources of data indicated that teachers did not seem to have a clear idea about 
what a model and simulation was in order to guide students by asking higher level content-related ques-
tions and to move their thinking from developing animations to creating models and simulations; thus, 
the resulting students’ projects were not deep enough to be considered models, and the achievement of 
the targeted mathematical and scientific concepts was limited to a few already learned concepts. Third, 
with no guiding criteria for assessing students’ content knowledge and critical thinking skills, teachers 
were unable to formally score students’ products for their understanding of the targeted mathematical 
and scientific concepts. In their daily and end of SSI reflections, teachers often cited student engagement, 
interest, and on-task behavior and ability to use Squeak Etoys as their achievements.

Despite extensive professional development on the integration of PBL and Squeak Etoys, SSI 2008 
and 2009 lacked full implementation of PBL conditions.

Student understanding of STEM content. Assessment of students’ Squeak Etoys products by the 
project team indicated that the majority of the products involved animations with little correlation to 
the important mathematical and scientific content and objectives targeted for the activity. See Figure 2 
and 3 for a screen shot of two example projects: “All Aboard” and “Mike Motion.”

As mentioned earlier, this result could have been due to the fact that the students started new projects 
each day; thus did not have quality time developing their work into a model to simulate and test the 
phenomenon and learn from it. Furthermore, even though students kept a daily log throughout 2009 
SSI, the probing questions for the log were general and did not provide tangible evidence of learning 
new concepts or deepening their prior content knowledge. For example, for one of the SSI 2008 proj-
ects, All Aboard, participating teachers identified the following concepts and procedures as prerequisite 
knowledge: x and y axis (location); basic mathematical operations; and solving for a variable. They also 
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conducted a quick warm-up activity to activate students’ prior knowledge. However, at the end of the day, 
in addition to submitting their Squeak products, students (often in pairs) were only asked to respond to 
the following questions related to the problem-solving task: How did the Squeak Etoys model help you 
solve the All Aboard problem? Do you feel successful with the Train Task Squeak model you created? 
Table 2 summarizes students’ responses to these questions for the All Aboard example.

While assessment of students’ Squeak products did not provide evidence of students’ understanding of 
the content, the projects and students’ logs indicated that even if some students were not able to complete 
their products, they felt they had learned just from trying to figure out how to write scripts and develop 
an animation or what they called a model. The following are a few examples of the students’ comments:

I think I found out just what I needed to know by observing my model.

I made them crash but I am going to do more things to it.

I had help from one of my classmates it really helped me a lot and it made clearer for me.

Yes. It showed there were multiple answers when I changed the speed of the trains.

Figure 2. Example of “All Aboard” project
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Interviews with a sample of students after SSI 2009 showed that in many cases as a result of being 
introduced to Squeak Etoys, students continued to use it outside of their classrooms and explored creat-
ing models and simulations. Triangulation of students’ daily logs, observations of SSI sessions in 2008 
and 2009 by the project evaluator and student survey data provided evidence that students (1) were 
highly engaged during daily Squeak Etoys activities, (2) thought Squeak Etoys helped them visualize 
and understand the targeted concepts better, (3) felt they were successful in solving their problems, (4) 

Figure 3. Example of “Mike Motion” project

Table 2. Content analysis of students’ blogs for “All Aboard” project

How Did the Squeak Etoys Model Help You Solve the All Aboard Problem?

Category of Students Responses Frequency of Response

     Helped me solve the problem / answer to my situation. 14

     Helped visualizing what would happen. 12

     Helped me solve the problem. 12

     Helped me see how it really happen when the trains crash. 10

     Showed me it depends on the rate of the train if they hit each other. 5

     See all possibilities of the situation at hand / Multiple answers to the situation. 3
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enjoyed working on their Squeak Etoys projects, and (5) became more confident in math and science 
and interested in STEM area as a career choice (see Table 3).

As Table 3 shows, students’ interest in STEM career choices increased as a result of participating 
in SSI 2009, although the difference between pre-and-post survey results was not significant. Students’ 
confidence in various STEM subject areas either remained the same or changed slightly. However, stu-
dents showed more noticeable increase in their confidence level in subjects such as middle grade algebra 
and mathematics and high school calculus (although the difference was not significant).

Further analysis was conducted to examine if there were any significant differences across gender 
and race. The results showed that there was a significant difference between male and female students 
at both pre (F (1, 43) = 22.326 p<.000) and post surveys (F (1, 44) = 8.231 p<006) regarding interest in 
engineering and health care career choices (F (1, 43) = 14.150 p<001). In other words, more male students 
were interested in engineering as a career choice than females and more female students were interested 
in health care career options than males. However, this difference was not present between pre-and-post 
surveys. Analysis also showed no significant difference between White and African American students. 
However, as Table 4 shows, African American students’ interest in mathematics and health care career 
slightly increased after SSI. This result points to possibility of greater impact of the project on African 
American students. Long term observation of the impact of the project is needed to confirm this result.

Overall, assessment of students’ daily Squeak projects showed their basic Squeak Etoys skills and 
suggested their attempt to apply their content knowledge. In addition, the project showed slight improve-
ment in student interest in STEM career choices. However, there was limited evidence to account for 
deeper level of understanding of STEM content.

Development of critical thinking, problem solving and collaborative learning strategies. As indicated 
earlier, teachers’ lessons for SSI 2008 and 2009 and their implementation of the lessons did not require 
students to write a project report or record their thinking processes while completing their Squeak Etoys 
projects. In addition, teachers did not form teams and often paired students on the fly. This approach 
provided limited data to show thinking skills. Thus, while students’ Squeak Etoys projects exhibited 
more functionality each day, there was limited evidence of development of critical thinking and problem-
solving skills.

Table 3. Students’ interest in math, science and technology careers before and after participating in the 
2009 SSIs

Pre-Post-SSI Survey Comparison 
Scale of 1-4

SSI 2009 
Pre (N = 47) 
Mean (SD)

SSI 2009 
Post (N= 47) 
Mean (SD)

• How interested are you in jobs as a scientist in a possible future career? 2.36 (1.08) 2.51 (1.06)

• How interested are you in jobs as an engineer in a possible future career? 2.16 (1.09) 2.20 (.98)

• How interested are you in jobs as a mathematician in a possible future career? 1.86 (.89) 1.93 (.998)

• How interested are you in jobs as a computer scientist in a possible future career? 2.40 (1.05) 2.56 (1.07)

• How interested are you in a job in which you would have to use computers frequently? 2.83 (.79) 2.92 (.78)

• Rate your confidence in middle grades algebra. 
• Rate your confidence in high school calculus.

3.69 (.81) 
2.09 (1.3)

4.00 (.96) 
2.50 (1.2)

• Rate your confidence in middle grades math. 4.28 (.83) 4.44 (.73)
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Effect of PBL Learning Conditions And Utilization of Squeak Etoys 
on Student Understanding of STEM Concepts in SSI 2010

Effects of PBL learning conditions. As a result of reflection on the results of the 2008 and 2009 SSI, 
the process of developing problem solving tasks was revised in 2010. For 2010, teachers were asked to 
team up and identify four themes or powerful ideas (Motion, Forces, Ecosystems, and Disasters) across 
curricula and grade levels. Once the powerful ideas were identified, the teachers formulated problem 
solving tasks that were not only linked to a set of state standards, but were also complex enough to be 
broken into smaller and simpler tasks for each day of the SSI. Teachers were asked to require students 
to document their daily progress toward completing the tasks and write a final report, explaining their 
models using the flap feature of the Squeak Etoys. Teachers were also instructed to form student teams 
(three or four members) on the basis of students’ prerequisite Squeak Etoys skills and content knowl-
edge. This new structure and sequence of tasks allowed the students to spend more time investigating 
the mathematical and scientific content and building it into their Squeak Etoys projects with fidelity. 
To assist teachers in providing soft scaffolds, defined as “dynamic, situation-specific aid provided by a 
teacher or peer to help with the learning process” (Brush & Saye, 2002, p. 2), during development of the 
Squeak Etoys models, and to assess students’ final products, a set of assessment criteria was developed by 
teachers. The criteria allowed the teachers and the project team to score students’ products. The criteria 
further used to determine whether or not what students developed could be considered a computational 
model or simulation and, if it could, what characteristics defined the product as a model. The criteria 
also evaluated whether or not the targeted STEM concepts, principles and procedures were used in the 
model to allow the student to use it as a test bed for determining the solutions.

Student understanding of STEM content. Four members of the project teams (two computer science 
faculty, one mathematics educator, and one science educator) independently scored students’ projects 

Table 4. Comparison across gender and race for students’ interest in math, science and technology 
careers before and after participating in the 2009 SSIs

SSI 2009 Male (M)/Female (F) African American (A)/White 
Caucasian (W)

Questions Pre SSI 
N =25 (M) 
N = 19 (F)

Post SSI 
N =26 (M) 
N – 19 (F)

Pre SSI 
N = 15 (A) 
N = 22 (W)

Post SSI 
N = 17 (A) 
N = 22 (W)

How interested are you in jobs as a scientist in a 
possible future career?

M 2.3 (.99) 
F 2.4 (1.21)

M 2.5 (1.10) 
F 2.5 (1.02)

A 2.1 (1.10) 
W 2.6 (1.01)

A 2.2 (1.11) 
W 2.9 (.97)

How interested are you in jobs as an engineer in a 
possible future career?

M 2.7 (.97)* 
F 1.4 (.77)

M 2.5 (.98)* 
F 1.7 (.81)

A 2.0 (1.27) 
W 2.28 (.98)

A 2.0 (1.17) 
W 2.5 (.74)

How interested are you in jobs as a mathematician in a 
possible future career?

M 1.8 (.85) 
F 2.0 (.94)

M 1.8 (.99) 
F 2.1 (1.03)

A 1.8 (.85) 
W 2.0 (.94)

A 2.1 (1.20) 
W 1.9 (.91)

How interested are you in jobs as a computer scientist 
in a possible future career?

M 2.5 (1.02) 
F 2.3 (1.10)

M 2.8 (1.08) 
F 2.2 (.98)

A 2.5 (1.02) 
W 2.3 (1.10)

A 2.4 (1.15) 
W 2.9 (.89)

How interested are you in jobs as a health care provider 
in a possible future career?

M 1.8 (.85)* 
F 2.8 (1.0)

M 1.9 (1.04) 
F 2.2 (.98)

A 1.8 (.85)* 
W 2.8 (1.0)

A 2.8 (1.13) 
W 1.1 (1.17)

How interested are you in a job in which you would 
have to use computers frequently?

M 3.0 (.76) 
F 2.6 (.76)

M 3.1 (.78) 
F 2.7 (.72)

A 3.0 (.76) 
W 2.6 (.76)

A 2.7 (.84) 
W 3.1 (.71)

*Significant Difference (p<.001)
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and then met to discuss and agree on the final rating. As a result of the SSI 2010 PBL-Squeak Etoys 
tasks, students developed various types of Squeak Etoys projects to demonstrate their understanding of 
STEM concepts. Figure 4, Figure 5, Figure 6 and Figure 7 provide screen shots of some teams’ projects 
for Forces and Motion tasks.

Analysis of the Forces PBL products revealed that the teams were able to develop Squeak Etoys proj-
ects with a range of complexity levels. For example, one team’s project(s) did not show any correlation 
to the important mathematics and scientific concepts, principles, and procedures. This team’s project 
did not provide any indication that force has to be accelerated or that when an object is submersed in 
fluid there is a buoyant force (scale of 1 to 4, 1= lowest and 4 = highest). Another team demonstrated a 
strong understanding of the important mathematics and science concepts; however, their project included 
parts that did not work and Squeak Etoys scripts that were not used, leading to a score of a 3. Overall, 
all teams demonstrated an understanding of the concepts of forces, mass, and weight. Depending on 
the project they created, students’ work also evidenced understanding of buoyancy, acceleration, mo-
ments and simply supported beams. Each project also demonstrated understanding of the relationship 
between mass, weight, and gravity and Newton’s third law in addition to other important mathematics 
and scientific principles. Likewise, the projects also demonstrated an understanding of the procedure 
of simulating the effects of forces.

Figure 4. Forces Project (Day 1): In this project students showed the apportioning of a load across 
a bridge. They attempted to show that a bridge will break with too much weight, how gravity weight 
&speed of a car will affect a bridge.
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Analysis of students’ motion projects demonstrated a range of evidence of implementation of an 
analytical model. For example, one team’s project, scoring a 1 in the simulation/model category, showed 
no evidence of a connection to the underlying mathematical and scientific concepts, principles, and 
procedures. Another team’s project received a 4 in this category because it showed clarity of thought 
by virtue of the way students wrote the program. Not only was this team’s project tied to the important 
mathematics and scientific concepts, principles, and procedures, but their Squeak Etoys programming 
skills (writing scripts, calling scripts, etc.) made their understanding of the targeted concepts very 
clear and easy to evaluate. The level of understanding of the concepts, principles and procedures also 
varied for these projects. The teams that worked on the motion PBL task demonstrated some level of 
understanding of the concepts of gravity, time, motion, and velocity. Because they developed analytic 
expressions for their calculations, most demonstrated a level of understanding of the principles of scal-
ing and vertical speed. In addition, all teams that worked on this project understood the procedure of 
calculating a parabolic trajectory.

The level of correlation to the important mathematics and scientific concepts, principles, and pro-
cedures was not maintained in the Ecosystems and Disasters projects. This could be attributed to two 
possible factors. One is that the choice of task with a biology focus hindered students’ abilities to model 
mathematics and science because the topic was very broad and open-ended. The domain for the environ-
ment was also broad; it was harder to demonstrate mathematics and science, so the students tended to 
focus on the graphic representations and researching the phenomena. Another possible factor was the 

Figure 5. Forces Project (Day 2): In this part of the project students wanted to show the differences in 
gravity forces acting on objects.
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Figure 6. Motion Project (Day 1): Students made an offensive missile fly toward defensive missile in an 
arc shaped path. They also made a point for missiles to collide and when they hit they explode.

Figure 7. Motion Project (Day 2): Students used the trajectory motion formula to create a flight path to 
move the land-based enemy missile towards another missile.
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soft scaffolding provided by teachers who were mentoring the teams working on the projects. Analysis 
of audio recordings suggested that the team scoring the highest on the Ecosystems project worked with 
teacher mentors who asked more higher-order thinking questions (e.g., “How is this model different 
from the real world?”; “I see that you made the small molecule travel faster; tell me more about that.”). 
These teacher mentors guided the students to explore mathematics and science concepts, principles, and 
procedures and encouraged them to use their research results to design a more simplified and mathemati-
cally correct model of the phenomenon.

The team scoring the highest on the Ecosystems project moderately demonstrated most of the im-
portant concepts, principles, and procedures. This team’s project was superior to the others who worked 
on the same PBL project because they accounted for the birth/death process and reproductive maturity. 
The other teams created projects that fairly simulated the essential scientific and mathematical interac-
tions within their ecosystem.

Analysis of the audio tapes of students’ conversations with their teacher mentors during development 
of the models provided further evidence that the teachers who challenged students to think about targeted 
mathematical and scientific concepts developed higher quality projects and listed learning mathematical 
and scientific concepts in their daily reflections compared with those who scored lower. Student teams 
who scored lower in their final projects, on the other hand, pointed to learning general knowledge by 
conducting research in their topic areas and improving their Squeak Etoys skills.

In conclusion, the analysis of students’ products and thinking processes (scripts, reports) from SSI 
2010 suggests that when students are given a challenging problem to solve, and are provided appropriate 
time to think, plan, and design their simulation model and then evaluate it, and are further challenged by 
their teachers to apply mathematical and scientific concepts in their model, they not only show interest 
and high engagement in their own learning, but they also construct a much deeper understanding of the 
STEM concepts. The students’ processes of developing Squeak Etoys projects also showed that when 
they were guided and had received proper scaffolds, students showed improvement in their thinking 
and problem-solving skills. The analysis of students’ products further showed that a number of students 
were able to develop complex Squeak Etoys models and demonstrate higher level thinking skills. These 
students also demonstrated application of advanced technology skills in using Squeak Etoys as well as 
a higher level of engagement in the PBL tasks.

Development of critical thinking, problem solving and collaborative learning strategies. In order to 
improve students’ critical thinking skills, help them think strategically (metacognitive skills) about their 
projects, evaluate their work for the day and plan for the next day, the students were asked to respond to 
a series of questions both individually and as a team at the end of each day. Daily individual questions 
included: “What did I learn today as a result of working with my team?; What role did I play as a team 
member?; How do I feel about working with a team?; and What do I need to work on to be more effec-
tive in my team?” Daily team questions included: “What did we learn today? (What did we accomplish 
today)?; What scientific and mathematical concepts did we learn today?; How do we feel about today’s 
work as a team?; and What do we plan to do next?” To respond to the questions, students were asked 
to talk about the questions as a team, and then one member of the team was responsible for posting the 
team’s responses to each question. In addition to daily questions, individuals and teams were also asked 
to reflect on their own learning at the end of the last day of SSI 2010 and upon completion of the models. 
The last day team and individual questions included:
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1.  After four days of working on a specific project, what do you think you have learned about science, 
math and technology? What do you think you learned about math, science and technology that you 
did not know before?

2.  Throughout the week you had a chance to work with a partner (or two partners) to complete your 
project. How do you feel about your accomplishments as a team? What strategies did you use (as a 
team) that you think were effective? What strategies did you use that you think were not effective 
and you would change if you would have to work with a team again?

3.  Assess your overall experience of participating in SSI. What do you think about the various events 
and activities that you participated in? Which one you think had major impact on your thinking 
about what you would do in the future?

Students’ and teams’ responses to the questions were coded using an open coding strategy. Students’ 
narrative responses to daily questions were first organized by the PBL tasks and then grouped using 
open coding system (identifying, naming, categorizing, and describing phenomena found in the text) 
(Strauss & Corbin, 1990). The results showed that students who worked on the Forces and Motion PBL 
tasks thought they learned more specific math and science content compared with students who worked 
on the Disasters and Ecosystems PBL tasks. The following are examples of students’ comments

I learned different formulas used in computations in math and physics; 

I have learned a lot about gravity y and x axis buoyancy Velocity Pressure Air Resistance; 

I [know] that there is different [gravitational] pull forces for each object and that gravity affects every-
thing differently; 

I learned trigonometry and laws for motion.

The same pattern of response appeared in student individual responses to daily questions. In response 
to “What did I learn today?” students who worked on the Forces and Motion PBL tasks described learn-
ing more math- and science-specific content, compared with students who worked on the Disasters and 
Ecosystem PBL tasks. For instance, for day 1 of the SSI, students who worked on the Forces PBL task 
indicated learning “the balancing of force is not always equal,” “gravity and velocity,” and “better ap-
plying gravity.” Similarly, students who worked on the Motion PBL task explained learning “. . . making 
missiles and trajectory,” “make the offensive missiles” and “making missiles move.” However, this pattern 
was not seen in daily responses to Disasters and Ecosystems PBL tasks. Students appeared to focus on 
researching about the topic of hurricanes and ecosystems more than focusing on how to identify factors 
affecting the problem and how to design a simple model of the phenomenon (e.g., “learned about hur-
ricanes, food webs, dessert, and more advanced Squeak,” “learned about landslides,” “how a hurricane 
formed,” “how ecosystems operate and with environment and people fishing” and “. . . the animals are 
gone or all the trees are gone then everything else will die”).

All individual students’ (42 out of 42) and teams’ responses to the second question regarding team 
work were positive. Students appeared to benefit from working in teams. Fourteen out of 42 students’ 
responses showed evidence of critical thinking skills by listing specific strategies that they would use 
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to help them work more effectively as a team. This result was also confirmed in the analysis of teams’ 
conversations during the PBL task. The following are example excerpts of some of these strategies.

I feel that we accomplished a lot working as a team. Some of the strategies that we used were to write 
things down and plan before we do something. I wouldn’t just jump into something the next time as a 
team we would rather just take some time to think about our strategy then implement it.

I feel pretty good because we completed many things, we each had a certain role and when one person 
had finished his/her part for that day, he or she would help another person with [their] work.

We took things step by step and we worked good as a team. I do not think any of our strategies and I 
would not change if I had a chance.

I think we completed a pretty good project, it showed what we wanted it to show and the hard work [paid] 
off. Communicating made it very effective, and agreeing to do what we said we would. One thing that 
wasn’t effective was how one person would do too much work or not enough work.

I feel good about the team accomplishments. We used the strategy if you understand something help 
the other people understand it. That strategy worked. The one that didn’t work was if you didn’t have 
anything to do you could play instead of helping the others.

Students’ daily responses to the second and third questions showed that during the first and second 
day some teams had difficulty communicating with each other (e.g., “I like working alone when I am 
working on the computer with Squeak, but I think that it will work out,” “[need to be more effective in] 
communication with partner,” “put more ideas in,” “I think I need to help my partner with the research 
instead of her doing it and I just write” and “try and do a better job of helping”) and some were not able 
to equally participate in the development of their work (e.g., “I did most of the work,” “I was laborer 
and talker” and “I was the pack leader, I kept the people on task.”). However, during the third and fourth 
day, except for two, all students’ responses were positive and did not point to any problems. The project 
team’s observation notes also confirmed this result.

Consistent with SSI 2008 and 2009, follow-up interviews with a sample of students after SSI 2010 
showed that students continued to use Squeak Etoys outside of their classrooms and explored creating 
models and simulations. Triangulation of students’ reflective thoughts at the end of each day and at the 
end of SSI and observations of SSI sessions in 2010 confirmed the results noted in SSI 2008 and 2009. 
Table 5 provides example excerpts of students’ reflection at the end of SSI 2010.

Table 6 shows students’ interest in STEM area as a career choice. Although it is difficult to compare 
descriptive data regarding students’ interest in pre-and-post survey due to unequal number of responses, 
students’ reflective thoughts (Table 5) combined with other sources of data pointed to an increase in 
student interest in some STEM areas as a career. For example, as shown in Table 6, analysis of post-
survey data indicates that students’ interest in jobs that frequently used computers is higher compared 
with other career choices while interest in jobs as a mathematician still among the lowest. However, 
further inspection of the data showed that more minority students (African American and Hispanic) 
(47% (N=17)) were interested (or a little interest (29% (N=17)) in jobs as a mathematician after SSI 
2010 compared with White students (21% (N=23) and 34% (N=23) a little interest). The same pattern 
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is shown for jobs as computer scientists. While 59% (10/17) minority students showed interest in jobs 
as computer scientists 54% (N=24) of White students showed interest in computer scientists’ career 
option. Again, this result suggests that the impact of the project might be higher for African American 
and Hispanic students, although longer term data would have to confirm this claim.

Table 5. Students’ reflective thoughts at the end of the 2010 SSI

Categories Example Excerpts Frequency of Responses

Positive and Fun 
Experience

“I had a very good experience. It was fun and I learned lot. . .” 
“I think this was a great learning experience. I enjoyed all the activities here. . 
.” 
“It was very fun and i had a great time.” 
“I think this overall experience was a very good learning experience for me and 
will help me tremendously in the future to be successful.” 
“i would love to do this [again it’s] an [awesome] experience . . .”

39

Impact on Career 
Interest

“I enjoyed everything we did, and it made me decide that i might take a Virtual 
design class in college.” 
“I think this program would have [an] impact on me later on because i love 
math and now [I] know that math and science can be used in everyday life and 
it made me really think and be creative.” 
“I enjoyed the experience of working in an actual college so [I definitely] want 
to go to college” 
“. . . This has made a definite impact on my future career choices. Thank you.”

12

Challenging 
Experience

“They have taught me that math isn’t easy and it takes lots of work but you 
can’t give up. Now that I have been to this institute and learned what I did, I 
can take it with me throughout my life.” 
“It was tough and made my brain hurt, but it was very worthwhile and helped 
me realize that math is something I really want to do for the rest of my life.”

4

Learned about Squeak “. . . but finally being able to understand Squeak and present a good project 
helped me understand computers and myself better for the future.” 
“. . . and I learned a lot about Squeak. I like making SQUEAK projects and 
want to do more on my own.” 
“I believe I did well. I learned a lot more on how to use SQUEAK.”

5

Table 6. Students’ interest in math, science and technology careers before and after participating in the 
2010 SSI

Pre-Post-SSI Survey Comparison 
Scale of 1-4

SSI 2010 
Pre (N= 23*) 
Mean (SD)

SSI 2010 
Post (N = 44) 

Mean (SD)

• How interested are you in jobs as a scientist in a possible future career? 2.50 (1.06) 2.35 (1.02)

• How interested are you in jobs as an engineer in a possible future career? 2.74 (1.06) 2.48 (1.03)

• How interested are you in jobs as a mathematician in a possible future career? 1.96 (.98) 1.93 (.93)

• How interested are you in jobs as a computer scientist in a possible future career? 2.60 (1.06) 2.58 (.96)

• How interested are you in a job in which you would have to use computers frequently? 3.13 (.76) 3.10 (.77)

*For the 2010 SSI, teachers were asked to have students in their classes who were selected to participate in the 2010 SSI complete the 
survey in order to save time during the first day of SSI. Unfortunately, half of the teachers did not submit their students’ responses to the 
survey items before SSI. Thus, only 23 student responses were available for analysis.
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Research Question 3: What Are Learning Conditions Which 
Best Poster PBL to Influence Significant Learning Gains?

To answer this question, the following sources of data were analyzed and cross checked: teachers’ les-
son plans for SSIs and for their classrooms, observation field notes, teachers’ conversation and guiding 
questions during SSIs and classroom visits as well as student learning data. The results showed that the 
conditions under which students completed their PBL tasks using Squeak Etoys influenced student learn-
ing gains. One of these conditions was identification of powerful learning (targeted concepts, principles, 
and procedures) and problems that are appropriate for instruction. As was evidenced in SSI 2010 PBL 
tasks, the nature of the tasks and their targeted concepts, principles and procedures, and the complex 
and ill-defined problem scenario that required time and effort to solve were key in promoting students’ 
learning gains in the STEM content areas and their level of understanding. Another related condition 
was teachers’ ability to shift student focus and thinking from recall and retention of information (e.g., 
“What is distance?”, “What is population density?”, “What factors determine where people live?”) to 
application of STEM concepts and principles (e.g., “What kind of Squeak model could we use to show 
pH readings?”, “How could we do this?”). Teachers’ focus on the state exams influenced their decisions 
about how much time students could spend on Squeak Etoys projects in the regular classroom setting 
(e.g., “. . . it will be extremely difficult because we don’t have time to teach things not in the curriculum.”, 
“I think it will be hard since I don‘t have a lot of time, I need to teach the curriculum.”, “Integrating 
Etoys into the high school curriculum appears to be extremely difficult due to our tight time schedule.”). 
Having to comply with their schools’ short term goal of test results and principals’ expectations regard-
ing weekly testing, high school teachers often had to limit student engagement in meaningful tasks and 
have them refocus on tests. Such daily practices had become a conventional method of teaching to the 
extent that teachers had a difficult time planning for long-term and open-ended tasks and problems dur-
ing SSIs. The impact of this condition was confirmed when teachers were observed using Squeak Etoys 
in the context of elective courses. In elective courses, teachers felt less pressured and were empowered 
to give students more time to work on their Squeak Etoys projects which, in turn, seemed to influence 
student interest and learning gains.

Another influential condition was whether or not the teacher felt comfortable allowing students to use 
Squeak Etoys beyond his/her ability of using the tool. Teachers who became skillful in using it tended 
to be more open to assigning complex tasks that required advanced use of functions. These teachers al-
lowed their students to develop a wide range of Squeak Etoys projects in their classes that corresponded 
to their course content and added to student learning by making it more meaningful. These students 
were not only able to develop Squeak Etoys models, but they also acquired problem-solving and critical 
thinking skills. Many of these students’ projects were disseminated among schools and used by other 
teachers as examples.

Comparative analysis of lesson plans for SSIs, teachers’ guiding questions as they led students’ Squeak 
projects and teachers’ reflection at the end of SSIs showed that both soft and hard scaffolds were condi-
tions that influenced this PBL. Breaking the complex problem-solving task into a sequence of simpler 
and less complex tasks during 2010 SSI provided hard scaffolds, defined as “static supports that can be 
anticipated and planned in advance based upon typical student difficulties with a task” (Brush & Saye, 
2002, p. 2), for both teachers and students and allowed students to start developing simple models before 
progressing to more complex models and representations. As it was shown in SSI 2010 and was also 
confirmed by observation of teachers who emerged as leaders in the project, when teachers were able 
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to embed hard scaffolds in their problem-solving tasks, they were also able to become more prepared 
to provide soft scaffolds (defined as “dynamic, situation-specific aid provided by a teacher or peer to 
help with the learning process (Brush & Saye, 2002) and ask questions that helped students advance to 
the next level. Learning how to scaffold student learning from concrete and entry level to the applica-
tion level proved to be a critical condition. As indicated earlier, when teachers did not rely on telling, 
explaining, and fixing students’ problems, but rather engaged in asking questions and providing critical 
analysis and feedback, the quality of student learning was higher.

Finally, comparative analysis of teachers’ practices during SSIs showed that not surprisingly, as-
sessment of learning processes, monitoring of student learning progress to provide just-in-time support 
and scaffolding and assessment of student products to offer critical analysis and feedback were among 
most critical conditions. Accepting students’ responses without comments or guidance - as evidenced 
by teachers’ practices throughout the academic year and during 2008 SSI - regardless of the quality of 
student responses, did not create optimal conditions for higher-order learning and development of high 
quality simulation projects.

DISCUSSION

Key Findings

The purpose of this paper was to report the impact of problem-based simulation and modeling tasks on 
students’ learning of STEM content using a generative technology tool named Squeak Etoys. The results 
show that when simulation and modeling, as an integrative approach are used under specific learning 
conditions, the result is a deeper level of understanding of key science and mathematics concepts. The 
project confirms that the multiple functionality offered by Squeak Etoys, the versatility of the Squeak 
Etoys environment, and problem-solving pedagogy and its principles, encourage students to clarify the 
problem, pose necessary questions, investigate the questions and produce a product that applies scientific 
processes of thinking and problem solving (Gott & Duggan, 1995). In addition, problem based simula-
tion tasks can cognitively engage students, particularly those who otherwise would not see the relevancy 
of STEM content in their lives. As a result of working with Squeak Etoys, less motivated students are 
fostered to develop interests in STEM content and show confidence in their abilities to learn mathemat-
ics and science.

Implications for Practice

The results of the study pointed to several implications for practice. First, the mismatch between the 
implicit culture of standardized testing in our schools and the concept of deep and powerful learning 
(higher-order thinking skills and conceptual understanding) limits initiatives’ efforts to change teacher 
practice and their pedagogical content knowledge. Attempts to change teaching practices thus require 
commitment from school principals and other administrators to change this culture. Current adoption 
of the new Common Core Standards for math and science and the state’s plan to change the end-of-year 
assessment system is a step in the right direction. System-wide commitment is needed to reform the 
teaching and learning processes that were targeted in this project.
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Second, the study showed that STEM teachers do not have a clear understanding of what a computa-
tional model is in order to guide students. This finding indicates that computing and computer modeling 
should be integrated into STEM courses or professional development opportunities for teachers. Once 
the relationship between computing and the STEM concepts is made explicit and teachers have the 
knowledge of what modeling and simulation techniques are, and once they understand how to formu-
late a problem statement and see their applications in fields as diverse as physics, chemistry, biology, 
economics, mathematics and computer science, they are able to provide learning conditions that allow 
students to learn by combining modeling and simulation tasks.

Third, the findings of this study suggest that in addition to providing a problem scenario that is 
open-ended and provides an opportunity for students to solve it, students should be required to articu-
late their mental models before making them into a plan for solving the problem. They should also be 
questioned on how they used their mental models to develop the physical model (Squeak Etoys Model) 
and observed on how well they adhere to the plan, what strategies they use for dealing with inconsistent 
data and events, and finally what kinds of generalizable conclusions they can draw from the solution 
(von Aufschnaiter & Rogge, 2010; Jonassen & Strobel, 2006). Without exploring and assessing student 
thinking processes, the development of progressively more complex conceptual understanding of STEM 
content may not occur.

Many scholars who explored meaningful learning through modeling and simulations and problem 
solving processes confirm that meaningful learning requires meaningful tasks (Jonassen, 2011). Mean-
ingful tasks are “those that emerge from or are at least simulated from some authentic context” (Jonassen 
& Strobel, 2006, p. 2). The results of this project show that when students are given a real world task, 
they are able to not only understand the concepts better as they wrestle with the problem, but they are 
also able to see the relevancy of what they are learning. However, while solving complex, real-world 
problems by modeling and simulation attention must be given to prevent oversimplification of view-
ing the world and application of knowledge. In order to be successful in solving complex problems 
using modeling, students should be able to solve simpler problems first. Thus, breaking the complex, 
problem-solving modeling tasks into simpler tasks with two or three variables at a time (Alessi, 2000) 
allows students to learn progressively more complex concepts, while still trying to solve the overarch-
ing complex problem (Jonassen, 1997; Hmelo-Silver, Duncan, & Chinn, 2007; Sweller, Kirschner, & 
Clark, 2007; Schmidt, Loyens, van Gog, & Paas, 2007; Schmidt, Rotgans, & Yew EH, 2011). In addition, 
the smaller models reflect, support, and refine students’ mental models of the main and complex task 
(Clariana & Strobel, 2008). This hard scaffolding strategy can be faded gradually as students improve 
in their problem-solving skills.

Finally, Squeak Etoys as a “microworld,” generative, and generic (domain general) computerized 
modeling and simulation tool has a steep learning curve for teachers. It requires time and effort before 
teachers feel confident using all functions of Squeak Etoys to generate content-related learning tasks. The 
results of this project show that until teachers are able to build models and simulations and understand 
the process of thinking when building a model, it is likely that they will focus on teaching Squeak Etoys 
as a technology tool, rather than using the tool to learn STEM content. Professional development activi-
ties should focus first on developing teachers’ knowledge and skills in building models for deepening 
students’ conceptual understanding.
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KEY TERMS AND DEFINITIONS

Animation: Before objects are rendered in a simulation model, they must be placed (laid out) within 
a scene. This is what defines the spatial relationships between objects in a scene including location and 
size. Animation refers to the temporal description of an object, i.e., how it moves and deforms over 
time. Animation in simulation models helps the user quickly understand what the simulation model 
does. A simulation model can do without animation. Thus, the quality of animation does not influence 
simulation results.

Critical Thinking: Critical thinking is an analytical process of reasoning to arrive at logical, rational, 
and reasonable judgments within a given context.

Design based Research: Is a research methodology that combines quantitative and qualitative meth-
ods to view how development and research take place through continuous cycles of design, enactment, 
analysis, and redesign in authentic settings.

Integrated STEM: Combine technological design purposefully with scientific inquiry, engaging 
students or teams of students in scientific inquiry situated in the context of technological problem solving.

Metacognitive Strategies: Are knowledge about cognition and control of cognition
Model: Is a simplified representation of a system over some time period or spatial extent intended 

to promote understanding of the real or constructed system. A model is similar to but simpler than the 
system it represents.

Problem Based Learning: A non-traditional approach in which students are presented with complex, 
authentic, meaningful problems as a basis for inquiry and investigation.

Simulation: Is the manipulation of a model in such a way that it operates on time and/or space to 
compress it, thus enabling one to perceive the interactions that would otherwise not be apparent because 
of their separation in time or space. This compression also provides a perspective on what happens within 
the system, which, because of the complexity of the system, would probably otherwise not be evident.

Squeak Etoys: Squeak Etoys is a free and open source media-rich authoring system with a user-
friendly visual interface designed to be a fully programmable and explorable multi-threaded graphical 
environment for learning.

http://dx.doi.org/10.1007/BF02504682
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APPENDIX A

USeiT Project (Student Survey)

Dear Student,
Thank you in advance for completing this survey. The purpose of this survey is to explore what you 

value and what you find effective in your learning experiences in school. It is sponsored by an NSF 
grant, which has helped provide the Summer Institute for your enrichment. Your answers will help us 
determine if the Summer Institute has been effective. Your participation is greatly appreciated. Your 
information will be kept confidential and will not be part of student or teacher evaluation.

1.  What is your name? __________________________________________
2.  What is your gender?

____ Male
____ Female

3.  What is your Racial/Ethnic Background?
____ African America
____ Asian American
____ Caucasian/White
____ Native American
____ Hispanic/Latino
____ Other (Specify) _____________________

4.  What is your grade level?
____ 6th grade
____ 7th grade
____ 8th grade
____ 9th grade
____ 10th grade
____ 11th grade
____ 12th grade

5.  Rate your overall skill with using technology.
____ Novice user
____ Intermediate user
____ Advanced user

6.  Mark the courses you have taken at least once?
(Middle grades)
____ Science
____ Algebra
____ Geometry
____ Math
(High school)
____ Calculus
____ Chemistry
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____ Physics
____ Biology
____ Math

7.  Rate your confidence level in the following subject areas, presented in Box 1 and Box 2.

8.  On a scale of 1 to 10, with 10 being the highest, how much do you like math?

9.  On a scale of 1 to 10, with 10 being the highest, how much do you like science?

10.  How do you like math in comparison to other subjects?

11.  How do you like science in comparison to other subjects?

Box 1. Middle grades

Strongly Confident 
(5)

Confident (4) Neutral (3) Not Confident (2) Not Strongly 
Confident (1)

Science

Algebra

Geometry

Math

Box 2. High school

Strongly Confident 
(5)

Confident (4) Neutral (3) Not Confident (2) Not Strongly 
Confident (1)

Calculus

Chemistry

Biology

Math

1 2 3 4 5 6 7 8 9 10

1 2 3 4 5 6 7 8 9 10

          Very much like it (5)           like it (4)           Neutral (3)           Not like it (2)           Not like it all (1)

          Very much like it (5)           like it (4)           Neutral (3)           Not like it (2)           Not like it all (1)
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12.  How good at math are you?

13.  If you were to rank all the students in your math class from the worst to the best in math, where 
would you put yourself?

14.  Compared to most of your other subjects, how good are you at math?

15.  Compared to most of your other subjects, how good are you at science?

16.  How well do you think you did in math this year?

17.  In general, how do you find working on math assignments?

18.  In general, how do you find working on science assignments?

19.  Would you take more math courses if you did not have to?
____ I would definitely take more math classes.
____ I probably would take more math classes.
____ Maybe I would take more math classes.
____ I am not sure

20.  Would you take more science if you did not have to?
____ I would definitely take more science classes.
____ I probably would take more science classes.
____ Maybe I would take more science classes.
____ I am not sure.

21.  What are you thinking about doing after graduating from high school (select one)?
____ Don’t know yet
____ Attend a four-year college or university
____ Attend a two year community college

          Very well (5)           Well (4)           Alright (3)           Not well (2)           Not at all well (1)

          Much better (5)           Better (4)           Equal (3)           Worse (2)           Much worse (1)

          Much better (5)           Better (4)           Equal (3)           Worse (2)           Much worse (1)

          Much better (5)           Better (4)           Equal (3)           Worse (2)           Much worse (1)

          Very well (5)           Well (4)           Alright (3)           Not well (2)           Not at all well (1)

          Very interesting (5)           Interesting (4)           Neutral (3)           Boring (2)           Very boring (1)

          Very interesting (5)           Interesting (4)           Neutral (3)           Boring (2)           Very boring (1)
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____ Attend a technical school or special training program
____ Work full time
____ Work-part time while enrolling in further education
____ Work-part time and take some off
____ Join military
____ Other (please describe) _____________________________________________________

___________
22.  How interested are you in each of the jobs below as possible future careers? Select one response 

for each job, presented in Box 3.
23.  How interested are you in a job in which you would have to use computers frequently?

____ Not at all interested
____ A little interested
____ Interested
____ Very interested

24.  Below are beliefs and feelings that you may have about math or science. Read the statement and 
then decide if you:
Strongly agree (5), agree (4), Neither agree nor disagree (3), Disagree (2), Strongly disagree (1). 

There are no right or wrong answers. Mark your view in Box 4.

Box 3. 

          Job Not at All Interested At Little Interested Interested Very Interested

          Scientist

          Engineer

          Mathematician

          Computer Sceintists

          Health care provider (e.g., 
doctor, nurse)

Box 4. 

Strongly 
Agree (5)

Agree 
(4)

Neither Agree nor 
Disagree (3)

Disagree 
(2)

Strongly 
Disagree (1)

7. Mathematics is important in everyday life.

8. Mathematics is one of the most important subjects 
for people to study.

9. High/middle school math courses would be very 
helpful no matter what I decide to study.

10. Science is important in everyday life.

11. Science is one of the most important subjects for 
people to study.

12. High/middle school math courses would be very 
helpful no matter what I decide to study.
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25.  Below in Box 5 are beliefs and feelings that people have about themselves. Read the statement and 
then decide if you believe:

Exactly true (4), Moderately true (3), Hardly true (2), Not at all true (1)

Thank You!

This research was previously published in Improving K-12 STEM Education Outcomes through Technological Integration 
edited by Michael J. Urban and David A. Falvo, pages 135-171, copyright year 2016 by Information Science Reference (an 
imprint of IGI Global).

Box 5. 

Exactly True 
(4)

Moderately 
True (3)

Hardly 
True (2)

Not at All 
True (1)

11. I can always manage to solve difficult problems if I try hard 
enough.

12. If someone opposes me, I can find the means and ways to get 
what I want.

13. It is easy for me to stick to my aims and accomplish my goals.

14. I am confident that I could deal efficiently with unexpected 
events.

15. Thanks to my resourcefulness, I know how to handle 
unforeseen situations.

16. I can solve most problems if I invest the necessary effort.

17. I can remain calm when facing difficulties because I can rely 
on my coping abilities.

18. When I am confronted with a problem, I can usually find 
several solutions.

19. If I am in trouble, I can usually think of a solution.

20. I can usually handle whatever comes my way.
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ABSTRACT

The aim of this paper is to examine the use of digital technologies in Science, Technology, Engineering, 
and Mathematics Education (STEM). We will discuss the effectiveness of the teaching-learning process in 
terms of the elements that could possibly promote learning with the use of Information and Communication 
Technologies (ICT) in STEM education. This will be done, first, by taking a learner-centred approach to 
an activity that students carried out using ICT to performing a task set by the teacher (cognitive engage-
ment in the task, motivation, nature of knowledge built). The aim was to understand how ICT could be 
a cognitive aid for the student. Second, a teacher-centred perspective to the development of prescribed 
tasks (form, knowledge carried by the task) was used to identify how ICT can be adapted to aid student 
learning in STEM education.

INTRODUCTION

Huge financial support has, for several years, been provided by states, institutions, and communities 
in the deployment of information and communication technology (ICT) for education (OCDE, 2015; 
Pedro, 2012). These massive investments in ICT aim, on the one hand, to prepare children for the future 
evolutions in technologies and society, specifically in our contemporary context of globalisation and the 
development of a knowledge society. On the other hand, there is the idea that due to a massive increase 
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in their potential, digital technologies offer increasingly important possibilities for supporting student 
learning, assisting teachers in their mission, or even replacing the teachers. Because digital technologies 
symbolise progress, and thus the necessity to prepare students for the future, these policies have a dual 
aim: to learning with ICT and to learn about ICT.

Science, Technology, Engineering, and Mathematics (STEM) frequently deal with all new technologies, 
including, specifically, digital technologies. It is easy to see this from many stages of this long tradition 
and people are likely to remember the different approaches in the 1970s with tools such as Lego-Logo, 
Fishertechnik, or any others. At the same time, there has been considerable pedagogical innovation that 
includes using a problem solving approach, a project based approach, and, more recently, an investigation 
based approach. Although some of these research findings show that these pedagogical innovations are 
somewhat effective from the point of view of student learning, Connor, Karmokar and Whittigton (2015) 
consider that the most significant element of all these approaches is that of a student who is active in 
his or her learning. So, for these authors, problem-based learning is a subset of inquiry-based learning, 
and inquiry-based learning is a subset of active learning. If some research suggest the relative efficiency 
of inquiry-based learning (Lazonder & Harmser, 2016), these authors also raise the question of what 
type of guidance is adequate in order to promote students’ learning in such an approach. For Kirschner, 
Sweller and Clark (2006), inquiry-based instruction induces a heavy cognitive load for the learner by 
imposing a search for a problem-space that may then be an obstacle to learning. Therefore, for these 
authors, it is necessary to provide the learners with specific guidance to help them to learner efficiently 
in processing the information of the problem-space and, thus to enable them to learn by reducing the 
cognitive load imposed by the different tasks.

Many combinations of ICT and pedagogical innovations have marked the development of STEM in 
recent years. However, their effectiveness has never really been studied and it impossible to say which 
one impacts the other. This hierarchy is mostly due to the advantages of ICT and the development of a 
number of applications. In many cases, these applications are presented (by authors, editors, producers, 
etc.) as the best way for facilitating learning. A number of studies published in scientific journals pose 
this efficiency as evidence that is based on the satisfaction of actors, teachers, and students. Such stud-
ies respond to the question of the attractiveness of new pedagogical organisations. The students can be 
satisfied by ICT, but this interest decreases at the same time as their use increases in their environment. 
This satisfaction says nothing about the learning efficiency. A lot of questions are still open: what and 
how they learn? If they learn, whether this is due to: ICT, the pedagogical organisation, the interactions 
between teacher and students and others?

All the above questions are relevant for assessing the policies around the massive deployment of 
digital technologies, as well for understanding the efficiency of the pedagogical organisations (with 
or without ICT), and for appreciating the cognitive development of students. These three levels cannot 
be reduced to a simple satisfaction evaluation and the results can differ from one to another. In other 
words, people suppose that ICT can support and enhance learning. For example, in the presentation of 
the UNESCO project entitled “Enhancing teacher education for bridging the quality gap in Sub-Saharan 
Africa” [UNESCO, 2014] it is clearly written that the use of ICT enhances student learning and im-
proves the quality of instruction. Nevertheless, analyses show that there is no evidence of this, and thus 
the role of the digital technologies in facilitating learning remains to be demonstrated (Michko, 2007). 
The present chapter presents some elements of the debate around ICT from the point of view of the 
efficiency of learning.
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BACKGROUND

Impact of ICT on Learning and Efficiency

The question of the ICT integration efficiency is central and widely documented. Usually research results 
provide evidences of efficiency either in certain domains of learning or with certain kinds of students. 
For example, some studies show the positive role of ICT for promoting the understanding of scientific 
ideas but they observe no differences between students using or not using ICT for the high level of 
understanding (Hogarth, Bennett, Lubben, Campbell, & Robinson, 2006). In other studies, the impact 
of ICT seems to be more limited in biology than in the physical sciences (Onuoha-Cajetan, 2007). For 
Higgins, Xiao and Katsipataki (2012), “the research evidence over the last 40 years about the impact 
of computer and digital technologies on learning consistently identifies positive benefits” (p. 3). They 
also point out that “the variety of digital technologies, the diversity of contexts and settings ]…[ make 
it difficult to identify clear and specific implications for educational practice in schools” (p. 15). The 
meta-analysis conducted by Belland, Walker, Kim and Lefler (2016) shows that computer-based scaffold-
ing has a consistently positive effect on cognitive outcomes across various contexts of use, scaffolding 
characteristics, or levels of assessment; they also found that there is no difference in effect sizes among 
scaffolding with fading, adding, fading and adding, or no fading or adding.

Some studies that focus on a specific tool show that using technology as an instructional tool effectively 
enhances students’ learning (Gulek & Demirtas, 2005) with the use of a laptop having an impact on their 
achievement, especially in mathematics. In their review of research on mobile apps for science learning, 
Zydney and Warner (2016) show that students’ learning of basic knowledge is enhanced. Other studies 
have reached the same conclusion but in different domains of knowledge (Ardac and Sezen’s (2002) 
research on the effectiveness of computer-based chemistry instruction; Aydin and Cagiltay’s (2012) study 
of a microware engineering course). The second-order meta-analysis conducted by Tamim, Bernard, 
Borokhovski, Abrami, and Schmid (2011), that included 25 meta-analyses (from 1993 to 2007), mainly 
focused on students’ achievement or performance and concluded that “the debate about technology’s 
role in education has not been fully solved” (p. 5).

Moreover, if digital equipment in schools has improved significantly, especially in wealthy countries, 
some reports show that implementation in classrooms does not necessarily follow the same dynamics 
(Punie, Zinnbauer, & Cabrera, 2006). Thus, if the use of ICT as a teaching and learning tool is highly 
encouraged by the educational authorities, there are still some difficulties for teachers in their pedagogi-
cal implementation (lack of training courses, little appropriate software for learning activities). Thus, if 
we consider the outcomes of TIMSS 2007 (Trends in International Mathematics and Science Study is 
a series of international assessments of the mathematics and science knowledge of students around the 
world) in science classes, 60% of EU students were taught by teachers who had never used a computer for 
studying natural phenomena in the context of simulations, and 51% of the teachers had never asked the 
students to use a computer to perform procedures or scientific experiments (Eurydice, 2011). However, 
changes of teachers’ practices mean that teachers must know how to use ICT for pedagogical activities 
(technological skills and knowledge about the use of ICT), must also be able to discuss how ICT can 
be used to support learning tasks, be able to create teaching plans that include the use of different ICT, 
be able to discuss the characteristics of ICT, and be able to describe how the use of a specific ICT can 
support students’ learning (UNESCO, 2011). In order to promote students’ learning with the use of ICT, 
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Almerich, Orellana, Suarez-Rodriguez and Diaz-Garcia (2016) point out that it is necessary to study the 
relation between the use of ICT in class by teachers, their own competences with ICT, and their attitudes 
in class. For these authors, “teachers are the key element to introduce ICT into educational practice” (p. 
111). This is why it is necessary to study the connection between teachers’ practices, their use of ICT, 
and the effects on students’ performance. This will enable us to discern when there is no effect of the use 
of ICT on student achievement. This null effect may occur as a result of the combination of the positive 
effects of ICT use and the negative effects of inadequate teaching practices, as the hypothesised by Falk, 
Mang, and Woessmann (2015) in their discussion paper about 2011 the TIMSS test.

To sum up, as Mayer (2010) says, many people claim that ICT can improve the effectiveness of the 
teaching-learning process but these assertions are not really supported by research outcomes. In many 
cases the use of ICT in education focuses primarily on technology and to a much lesser extent on learn-
ing. In this context, in order to use ICT effectively with the objective to enable all students to learn, it is 
necessary to understand what can hinder learning and what can promote learning in a teaching-learning 
situation based-on ICT as the main resource. Both of the research questions in this study — in STEM 
education, how do students learn with ICT and how is possible to promote learning with ICT — become 
crucial for understanding the part played by ICT and the part played by the pedagogical approach of the 
teacher. This question is also asked in the working paper of Kärkkäinen and Vincent-Lancrin (2013) in 
their case study of the “HP Calalyst Initiative”: “how can technology-supported learning help to move 
beyond content delivery and truly enhance STEM education so that students develop a broad mix of 
skills?” (p. 11). From this perspective, the analysis of the teaching situation in the classroom allows us 
to understand the nature of the effectiveness of the teaching-learning process.

Teaching situation with ICT can be considered as a system constituted by a student (among other 
students in the classroom), the teacher, the knowledge to learn and ICT organisation. These interactions 
cannot be understood as simple cause-effect relationships. One possibility is then to analyse the activ-
ity of these actors in real time in a teaching situation in which ICT is instrumental and, in particular, to 
analyse the learning undertaken by learners, or not, during their activity (Ginestié, 2013; Hérold, 2014). 
Thus, analysing the activity of the student and identifying the elements of the teaching situation that 
interfere with learning and those that promote learning, will enable a better understand of how to use 
ICT in the classroom (Hérold, 2014).

We will therefore discuss the effectiveness of the teaching-learning process in terms of the elements 
that could potentially promote learning with the use of ICT in STEM education. This will be done, first, 
by taking a learner-centred approach to an activity that students carried out using ICT to performing a 
task set by the teacher (cognitive engagement in the task, motivation, nature of knowledge built). The aim 
is to understand how ICT could be a cognitive aid for the student. Second, a teacher-centred perspective 
to the development of prescribed tasks (form, knowledge carried by the task) is used to identify how 
ICT can be adapted to aid student learning in STEM education.

Learning With ICT in Class

Digital technologies are becoming increasingly common in STEM’s teachings and their use takes on 
different forms. Many applications have been used in the classroom, such as those used in STEM edu-
cation: Computer-Aided Experimentation (CAEx), Computer-Aided Design (CAD), Computer-Aided 
Design and Manufacturing (CADM), Computer-based Mock-up (CBM), Computer-Based Modelling 
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(CBM), simulators, serious games, etc. These applications have led to enormous development in edu-
cational distance learning, such as Open Distance Learning (ODL), e-learning, Massive Open Online 
Courses (MOOC), Corporate Open Online Courses (COOC), Open Online Training For All (OOTFA), 
Small Private Online Classes (SPOC), Courses at Scale (CaS), and so on. This abundance trivialises new 
forms of access to knowledge and suggests that, with a connection, anyone can succeed in successfully 
training online. Thus, in STEM courses the student uses the computer to perform multiple and various 
prescribed tasks that may entail either some information research on the Internet or the use of specific 
software, many of which are industrial products. We can then make two observations: (1) in STEM 
courses the prescribed tasks that use ICT are very different from each other and therefore do not involve 
the same kind of knowledge; and (2) ICT use in these teaching-learning situations is highly diverse in 
nature and can range from the simple “exerciser” to the highly sophisticated software environment. The 
use of industrial software in STEM courses is a special case because industrial software is not inherently 
learning software.

Mayer (2010) asserts that, “learning with technology involves learning situations in which the instruc-
tional experience is created with the aid of a physical device, such as a computer or the Internet” (p.186). 
From our point of view, this means being able to define learning that can be promoted by such ICT. This 
requires, first, identifying the different types of ICT used in class for learning STEM knowledge, and 
second, determining the learning that can be promoted for each ICT identified. For the latter, it is also 
necessary to define the limits of the tools used in classrooms from the perspective of student learning.

ICT Used in Class

It is necessary to remember that in STEM education, not all ICT used in teaching-learning situations 
are intended to assist in learning, but can be software, devices, or technical systems that were developed 
for general industrial use. Few of these have been modified and adapted for learning applications. This 
reference to the real tools used by professionals is important because it legitimates the aims of learning 
and all the processes that the teaching of learning brings into play in STEM education. These technolo-
gies are introduced as tools from various points of view: (1) as objects of knowledge to be studied and 
(2) as resources to solve problems. The process of teaching-learning is a complex process based-on a 
permanent dialogue between individuation and socialisation, between knowledge the use of tools, and 
knowledge provided by the use of these tools.

Graesser, Chipman and King (2008) provide some examples of such possible devices to promote 
learning: computer-based training (tool with lessons, tests, and possible feedbacks), online multimedia 
lessons (lessons with pictures, photos, and videos), hypermedia (Web pages with links), interactive simu-
lations (the student has a control over the tool and she/he can set parameters, run a simulation, pause to 
analyse intermediate results, and so on), intelligent tutoring systems (that take into account the learner’s 
responses and adapt the course accordingly), animated pedagogical agents (use of virtual pedagogical 
agents to help the student understand and learn a lesson), virtual environments (highly realistic virtual 
environments by implementing learner avatars), and serious games (games whose objective is to provide 
student with the possibility to acquire knowledge).

De Vries (2001) proposes a further categorization of ICT depending on the function performed by the 
device: presenting information (course materials, tutorials, etc.), suggesting exercises (“drills”), teaching 
(intelligent tutorials), captivating the attention and motivation of the student (educational games), provid-
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ing a space for exploration (hypermedia), providing an environment for discovery (interactive simula-
tion, micro-worlds), and providing a space for exchange (computer supported collaborative learning).

The use of ICT in class also corresponds to the educational use of industrial and/or business applica-
tions, especially in STEM education (spreadsheets, 3D-CAD or “three-dimensional Computer Aided 
Design”, engineering tools, model-based design tools such as Matlab© and Simulink©, Rapid Applica-
tion Development tools, Integrated Development Environments).

Some Limitations

Researchers have studied a number of these devices. For example, in Mayer (2005), the possibilities of-
fered by five different learning environments and their limitations are discussed: animated pedagogical 
agents (Moreno, 2004); virtual environments (Cobb & Fraser, 2004); games, simulations, and micro-
worlds (Rieber, 2004); hypermedia (Dillon & Jobst, 2004), and e-courses (Clark, 2004). These authors 
showed that some positive effects on learning can indeed be demonstrated in the use of these devices 
in educational situations in regard to factors such as student motivation, commitment to the prescribed 
task, pleasure, interactivity, and making educational content more attractive. However, the results also 
show some limitations. For example, for simulations, the fact that this type of learning is very difficult 
for students who are novices, or for micro-worlds, the fact that students must be able to know how to use 
a micro-world and, above all, want to use it, and for games, the problem of integration of the teaching 
content into the game (Rieber, 2004). Another example refers to hypermedia and the fact that the ability 
of the student to explore information depends mainly on the engagement of the student (Dillon & Jobst, 
2004). However, according to Tricot (2007), sometimes processing a document from a hypermedia may 
have such a cognitive cost, due to the extraneous cognitive load (Sweller & van Merriënboer, 2005), 
that the learner has a great difficulty in completing the prescribed task, which in turn limits his/her 
involvement in the task.

Thus, while many studies highlight the gains of using ICT in class, the results of other studies sug-
gest the need to relativize such gains. As Mayer (2010) states, “many strong claims are made for the 
potential of new technologies to transform education and training around the world, but few of the claims 
have been substantiated by research evidence or even tested in rigorous scientific research” (p. 182). 
Therefore, we need research that show what works with technologies and what does not. For example, 
Amadieu & Tricot (2014) show that:

• If ICT can be motivating for learners, it is nevertheless important to consider the learning activi-
ties carried out with ICT because an activity can be motivational with a given tool but that may 
not be the case with another activity;

• The educational use of ICT should take into account the knowledge and skills of learners who will 
have to use a particular tool and the knowledge needed for proper use of the tool itself;

• If ICT enables many interactions with pedagogical content, and thus makes the learner more ac-
tive, this learner activity must have a function for the learning of the student. This implies that the 
student has the knowledge to carry out this activity and that the proposed activity will contribute 
to learning;
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• The vast majority of ICT used in class does not provide immediate feedback that is powerful 
enough to be useful to the student;

• Using ICT in class is not the same as using ICT at home. Learning in school imposes specific tasks 
(the “prescribed tasks” that are “educational tasks”) as carriers of specific knowledge (knowledge 
to learn that is defined by the teacher and refers to the prescribed task, and the knowledge neces-
sary to use ICT).

In conclusion, we can make two conclusions. First, the majority of educational software is designed 
by researchers who are also developers of the tool. Therefore, they have a technology-centred approach 
that also partially takes into account the characteristics of the learner; to use a quote by Duchâteau 
(2001), in many cases, the developers of the educational software are essentially interested in “how 
do that?” and too little in “why do that?”. Second, in STEM education, as noted earlier, teachers use 
many ICT tools that are mainly developed for general industrial use. These tools are not learning tools; 
they were designed for use by specialists in a particular subject area. Furthermore, the HMI (Human 
Machine Interface), the help provided by the software company, the ergonomics of the tool, and its use, 
are designed for experts in a particular subject area and not for learners of this area. From our perspec-
tive, this implies the need for serious consideration of the characteristics of the tool by the teacher in 
order to provide students with a teaching situation that, if it relies on this kind of tool, is truly effective 
for student learning (Hérold, 2014). This then requires an a priori analysis of the prescribed task which 
such tool in order to determine all the knowledge that are truly involved in the activity to be performed 
by the student in class, and not only knowledge to teach.

A LEARNER-CENTRED APPROACH

Understanding How a Student Learns

Multiple research studies have attempted to answer the question of how people learn at school. Each 
scientific discipline has a range of theories of learning. It would be difficult here, in just a few lines, to 
address all the responses to the question of how people learn at school. However, we have at our disposal 
different syntheses of research findings on learning at school and on how to implement a learning en-
vironment that would be relatively efficient from the standpoint of student learning. For example, there 
is that of Halpern, Graesser and Hakel (2007), or the one offered on the Carnegie Mellon University 
website. These syntheses highlight the need for a learner-centred approach in order to be able to define a 
truly effective learning environment. For example, it is important to take into account the student’s prior 
knowledge. In a situational context that is unfamiliar to the student, he/she often uses prior knowledge 
that is inappropriate (“inadequate prior knowledge”) and knowledge learned in previous situations. 
When knowledge is used inappropriately it can impede learning and it also consequences in the number 
and type of errors in complex tasks (Anthony, 1996; Bastien, 1997; Bastien & Bastien-Toniazzo, 2004; 
Baviskar, Hartle, & Whitney, 2009; Cooper, Tindall-Ford, Chanderler, & Sweller, 2001; Hérold, 2014; 
Schneider & Stern, 2010). However, when knowledge is robust, meaningfully organised, and corresponds 
to the situation, this prior knowledge can help learning (see Séjourné (2002) — drawing on an example 
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of hypermedia in physics, referred to as “Labdoc Sound and Vibration”, the design of this hypermedia 
software was based on hypotheses such as these). Another example is about the choice and the organi-
sation of the learning materials. Several principles refer to the learning material organisation effects: 
coherence effect (the fact that it is necessary to design the learning material so that the main points are 
prominent and remove irrelevant materials), forms of narrative for the learning material (stories and 
example cases must be singled out), and using multiple and varied examples for the understanding of 
an abstract concept (Halpern et al., 2007).

There are also some principles that are more specific to multimedia learning, such as the contiguity 
effects (ideas should be presented contiguously in space and time in the multimedia environment), dual 
code effects (information is remembered well when it is delivered in verbal and pictorial modes), and 
the coherence effect (important to remove irrelevant material from the learning material).

This last point is important in the case of the use of ICT in class, especially if ICT is a tool developed 
for an industrial use. Indeed, most of the time, the HMI of ICT includes details that do not help students 
to learn the key elements. This can be explained by John Sweller’s Cognitive Load Theory. Sweller’s 
cognitive load theory (Sweller, 2010; Sweller, van Merriënboer, & Paas, 1998) is a psychological theory 
that takes into account the phenomena of cognitive overload in learning activities. The starting point of 
Sweller’s research work is to ask what are the elements of a learning situation that enable student to learn, 
or what are the elements that result in the student’s failure to learn? Through this approach Sweller seeks 
to identify the elements of cognitive overload in the teaching-learning activities, especially with regard 
to the learning materials used by teachers (Sweller, 2010). Cognitive load theory makes a distinction 
between three forms of cognitive load (Sweller & van Merriënboer, 2005): intrinsic cognitive load, which 
is the one linked to the cognitive resources that are attributed to memorising information in the working 
memory (cognitive load associated with cognitive resources mobilised by the complexity of learning 
content in the treatment and implementation of the prescribed task); essential cognitive load, which is 
the one linked to the construction and automation of knowledge (essential cognitive load dependent on 
the characteristics of the knowledge to be learned — the less knowledge in memory that the student has 
about the learning situation, the more important is the essential cognitive load); and extraneous cognitive 
load, which is the one that is linked to the resources allocated by the cognitive system to activities that do 
not directly contribute to do main activity, such as solving a problem (extraneous cognitive load is due 
to the cognitive processing required by the learning material, it corresponds to the cognitive processing 
of all information that is not directly related to learning the knowledge covered by the learning situa-
tion). A high extraneous cognitive load will limit the possibility of using resources linked to essential 
cognitive load, thus limiting the acquisition and automation of knowledge and, as a result, rendering 
them difficult to recall (see an example of research results in Dunleavy, Dede, and Mitchell (2009) on 
augmented reality simulations in science courses).

Therefore, in order to facilitate the learning of a given knowledge, it is necessary to minimise the 
extraneous cognitive load (organise and adapt the information to be processed by the student, provide 
adaptive helps, offer suitable guidance, etc.), and limit the intrinsic cognitive load by analysing the pre-
scribed task to determine the quantity of elements of knowledge to be processed and their levels of inter-
action for the implementation of the prescribed task (Sweller, 2010; Sweller & van Merriënboer, 2005).

Finally, it is also important to take into account the role of emotion and motivation in learning. Indeed, 
learning results are in the dynamic interaction of cognitions with emotion and motivation (Schneider & 
Stern, 2010). It is now clear that learning is not only function of cognition (knowledge, skills, cognitive 
processes involved in learning), but also that learning involves motivation and emotion. Without taking 
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into account motivation and emotion in learning, it is impossible to properly understand what is happen-
ing in class during the teaching-learning process (Yun Dai & Sternberg, 2004). The three dimensions 
of learning, that is, cognition, emotion, and motivation, are not only involved in the issue of whether 
or not students learn, but are also closely linked. Indeed, it is now accepted that the student’s emotions 
in class have some influence on her/his performance in learning. Even if, for now, few studies provide 
sufficiently strong results on this issue mainly due to methodological problems and also due to the fact 
that a such term as emotion does not yet have a clear definition — as Linnenbrink (2006) notes, there 
is “considerable overlap in the way in which the authors define affect, moods and emotions” (p. 308). 
Nevertheless, it was demonstrated that emotion moderates cognitive processes by driving selective 
processes during the mental representation of the situation (the focus on the relevant information of the 
situation in order to elaborate a goal), and also affects decision-making during problem solving activities.

On the other hand, research on motivation, conducted by Bandura, shows that the perception of a 
student on the value of a learning activity and the perception that she/he can have of her/his competence 
to perform this activity and to control it, are the main sources of motivation (Bandura, 1993, 2007). 
The value given by a student to a learning activity in class can been of different kinds. The value can 
be associated with: the usefulness of the knowledge learn via the learning activity (in order to progress, 
to learn more about a specific subject, to be able to do something knew); the pleasure of discovering 
new knowledge in order to be able to control it (in STEM education, for example, this can be knowing 
how to manage a new material, or how to improve a sophisticated measurement tool); the opportunity 
for the student to have a teacher’s recognition (a good score on the assessment, good answer to an oral 
question in class); showing other students that the student is better than they are (notion of performance, 
to show that her/his is able to do something that the others cannot do). The perception that the student 
can have on her/his ability to be competent to perform the learning activity (Bandura’s “self-efficacy”) 
is mainly due to a belief system about her/his ability to perform the proposed activity, systems that is 
built, more or less, by social learning (Bandura, 1993) in various activities (not only learning activities), 
during which the student receives social feedback concerning her/his performances (Bandura, 1993).

From this we can see that motivation is hardly linked with affect — feelings such as pleasure. But is 
it linked to emotion? The difficulty here is in the definition of the terms: we can distinguish moods and 
emotions based on intensity or on duration, we can also discuss how to incorporate affect (emotion?) 
into models of motivation, or how to integrate these three areas of cognition, emotion, and motivation 
(Linnenbrink, 2006). Nevertheless, when we discuss the positive effects of learning in school situations 
with ICT in STEM education, it is necessary to know when people say that the positive effect of ICT on 
learning is the motivation of the student to do the prescribed tasks, whether this positive effect is occur-
ring because of affect or whether it is really from motivation, as discussed above. This is why we must 
be very careful when we talk about a positive effect of the use of ICT in class, especially in respect of 
motivation. Indeed, this positive effect is more commonly associated with pleasure than with motivation 
(within the meaning given by Bandura).

Learning by Instruction: A Complex Activity for Students

Learning by instruction is a complex activity that is difficult to analyse. Providing an answer to the 
question of how student learn in class is not simple. To help to answer this question it is necessary to 
understand how a teaching-learning situation can be effective and why.
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In a few words, we can say that in order to be effective a teaching-learning situation must be motivating 
for the student who agrees to engage in the prescribed tasks and makes the necessary effort to learn the 
knowledge covered by these tasks. The teaching-learning situation must take into account the achieve-
ments of students in terms of prior knowledge that can be more or less familiar; the teaching-learning 
situation must be compatible with the possibilities of processing and storage of the cognitive system 
of the student at the time; and, finally, the teaching-learning situation must take account the effect of 
emotion and motivation on the learning of the student.

INSTRUCTION USING ICT IN CLASS

The Teaching-Learning Situation: A Complex System

In class, the teaching-learning situation corresponds to a system of interactions between the activity of 
the teacher and the activity of the student (Ginestié & Tricot, 2013). Being interested in both the teacher’s 
activity and the student’s activity entails trying to understand the functioning of the system constituted 
by the school situation, and the teaching-learning processes that govern it (Ginestié & Tricot, 2013).

The school situation is a system constituted by different elements. The first refers to the knowledge 
to teach, knowledge chosen by the teacher for a specific situation. From a learner-centred approach, 
the heart of the system is, of course, the student with her/his cognitive profile, her/his emotive profile, 
and her/his motivation profile. This student is not alone in the classroom and is interacting with other 
students. In STEM education the student uses mostly uses ICT for learning activities. Thus, a second 
element of the system is the tool used by the student (which can be a simple sheet of paper or a sophis-
ticated computer-based system). At the same time, there is a dual aim: to understand the possibilities of 
all the tools each has at his/her disposal for acting increasingly efficiently; and an aim to understanding 
the limits of each tool, not only as a limit to his/her own possibility of action but also as a limit to his/
her own understanding. To achieve this dual aim, the development of procedural schemes (how to do) 
must be aligned with the development of semiotic schemes (why we are doing it and why we are doing 
it like this). The pedagogical situations have to make sense for the pupils, not only because these are the 
rules of the school, but also, and mainly, because they make sense to the social activities outside of the 
school. Finally, as Brown, Collins, and Duguid (1989) note, knowledge is “being in part a product of 
the activity, context, and culture in which it is developed” (p. 32). Here the concepts of “context” and 
“culture” could be indicated by the term “environment”.

So, from this point of view, the teaching-learning situation is akin to a system of different elements 
(a student, some knowledge to teach, a teacher, other students, a tool (which could be ICT), and an envi-
ronment) that are all interrelated. This is why, in order to be able to understand how a teaching-learning 
situation could be effective, or not, it is necessary to take into account, not only the different elements 
of the teaching-learning situation, but also the interrelations that could exist between these different ele-
ments. To understand how a student learns in class it is then necessary to qualify and to quantify these 
different interrelations.

However, in accepting that there is a real challenge to understanding the interactions of the system and 
the corresponding teaching-learning situation by studying the activity of the different actors (teacher and 
the student) within the system, we must admit that the study of these interactions is particularly difficult 
(Ginestié & Tricot, 2013). These difficulties are, first, theoretical (theories, concepts, models), and, sec-
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ond, methodological: studying the interactions of the system requires having to handle many variables, 
each of a different nature. Among the possible methodologies there is the possibility to neutralise some 
elements of the system: we can neutralize the teacher, the other students, and we study the interactions 
between a student and the tool whilst taking into account the interrelations with the knowledge for learn-
ing and the environment. Alternatively, we can neutralise the other students and the tool, and so on. It 
is subsequently necessary to define some suitable research methods. Middleton (2008) discusses some 
methods and techniques for researching technology education: classroom case studies; process tracing 
method, which is an observational method of data elicitation; comparative analysis; capturing knowledge 
and activity through, on the one hand observations of activities that are recorded and, on another hand, 
artefacts of resources used in these activities. Obviously, these methods and research techniques can be 
used in the different areas of STEM education.

Task and Activity

For a student in a teaching-learning situation, learning mainly consists in doing learning tasks prescribed 
by the teacher. If we want to understand why a student learns or does not learn in class, then it is neces-
sary to analyse the task prescribed by the teacher (which defines what to do) and to analyse the activity 
generated by the student in performing this task (what the student really does to perform the prescribed 
task). The prescribed task must be meaningful in terms of the knowledge involved in the teaching situa-
tion and should not describe the actions that the student must perform to achieve the prescribed task. The 
prescribed task is defined by the teacher in terms of expected results and also in terms of the resources 
and the constraints of the task.

How the prescribed task is performed depends on the student (her/his knowledge at the time she/he 
must perform the required task, her/his emotion, her/his motivation to do the prescribed task) and the 
activity of the student. This activity has observable components (actions, traces of the activity that could 
be written traces or digital traces in the case of the use of ICT, and sometimes the student’s verbalisa-
tions), and unobservable components (the cognitive activity of the student and the effect of emotion and 
motivation on this cognitive activity). The analysis of the student’s activity will therefore allow us to 
deduce the activated cognitive processes and the mobilised knowledge used to carry out the prescribed 
task. However, when the teacher prescribes a task, she/he identifies a goal but not necessarily how to 
achieve this goal. When the student notes the prescribed task, her/his cognitive system will build a mental 
representation of the goal, a mental representation based on present knowledge in memory and made 
accessible by the characteristics of the situation. The student’s cognitive interpretation of the prescribed 
task conveys the nature of the activity that will enable the student to perform the prescribed task. If 
this interpretation of the prescribed task leads the student’s cognitive system to develop a different goal 
to the one set by the prescribed task (due to a lack of knowledge or inadequate knowledge), then the 
prescribed task becomes an effective task, one that corresponds to the student’s activity but is different 
from the prescribed task. Interpreting this effective task through the student’s activity is potentially an 
important source of information about the student’s level of learning.

Very often, the prescribed task supports а lot of implicit knowledge for students; while for the teacher, 
due to his/her expertise, these implicit knowledge is tacit. In many cases it is this tacit knowledge that 
impede student learning. For example, in the case of a paper-and-pencil activity in geometry, the teacher 
may ask the student to draw a triangle (but the teacher does not specify how to do the drawing), only 
indicating the length of the sides of the triangle. In reading the prescribed task the student will therefore 



962

Using ICT in STEM Education
 

interpret the goal (here, the triangle plot). Yet, often what is observed is that the student uses her/his 
ruler to draw the first side of the triangle (which generally corresponds to the first side length given 
by the wording) and then draws the second side of the triangle with her/his ruler, then, in many cases, 
finding her/himself in a deadlock to draw the last side of the triangle (in according to the orientation 
the student has given to the first two sides of the triangle). In this example, the tacit knowledge is a skill 
that matches the drawing of a triangle with a compass. If this skill is not a “strong” knowledge (Ritter, 
Anderson, Koedinger, & Corbett, 2007) for the student, then this knowledge is not activated by the stu-
dent’s cognitive system at the time of the interpretation of the wording. The student uses her/his ruler 
to perform the drawing because side lengths are mentioned in the wording. Therefore, the skill, trace a 
given length segment with a ruler, is activated as more accessible in memory. However, if the exercise 
is done with an IT tool such as Geogebra©, the tacit knowledge will not be at all the same. In that case, 
the tacit knowledge will be knowledge that enables the student to correctly use the proper procedure in 
the software: first, select the icon in order to draw a “Segment with Given Length”, state the length in 
the pop-up window, select the icon “Circle with Centre through Point”, choose the item “Circle with 
Centre and Radius” in the sub-menu, and so on. Thus, with the same knowledge, in this example draw-
ing a triangle, as a paper-and pencil activity or as a task that is prescribed using an IT tool, the student’s 
activity will not be at all the same. So, the knowledge that the student is able to mobilise to achieve 
the prescribed task will not be the same for both situations. Hence the need for the teacher to carefully 
analyse the activity that will be done by the student to achieve the prescribed task, and thus to highlight 
the knowledge that the student must mobilise to carry out the prescribed task, especially with an IT tool 
that imposes its own procedures.

In technology education, we observe some difficulties when a student must measure the intensity of 
an electric current with a multimeter; in 99% of cases, she/he uses the voltmeter function and not the 
ammeter and the effective “know-how” she/he has built is for measuring voltage. This “know-how” has 
become a “strong” knowledge in the memory and is therefore easily accessible. This is why most of the 
students are in deadlock for the task of measuring current in class. With virtual labs that simulate elec-
tronic circuits, the problem would not be the same, for example, in order to scope a signal, the student 
merely has to point to a test point with the mouse. However in reality, to scope a signal it is necessary 
to use two points for the measure: the test point and the ground. The tacit knowledge in this last activity 
is the fact that it is necessary to consider two points in order to make the measure, something that is not 
always the case with certain simulators.

FUTURE RESEARCH DIRECTIONS

In order to understand what the student really learns in class, it is necessary to understand what the 
teacher really prescribes as student tasks, especially in terms of tacit knowledge. The activity of the 
student performing the set task could then be analysed to identify how the student interpreted the task, 
and what the student really did according to her/his knowledge in memory, whilst also taking account 
of the possible effect of emotion and motivation on her/his activity. In so doing, it is certain that the 
problem-solving approaches and project-based learning are likely to provide richer information about 
the nature of the students’ activities, and thereby provide a better understanding of the basic learning 
processes of students. Indeed, learning based on project activity means that students become active in a 
process that is characterised by recurrent cycles of analysis, synthesis, action, and reflection (Hérold & 
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Ginestié, 2011). The same applies to problem-solving activity: the student has to elaborate a goal and 
if the problem is too complex, she or he has to identify sub-goals from the interpretation of the task. 
In these two cases, this requires, from our point of view, defining prescribed tasks with the sub-goals 
clearly identified.

What Must Teachers Take Into Account When They Use ICT 
in Class in Order to Improve Students’ Learning?

The use of these sophisticated tools is not so easy that theirs interfaces let foresee. They suppose a high 
level of abstraction with a great mastery of the possibilities and their users need to anticipate the solu-
tion and the result of each action carried out by the subject. When ICT is used in a teaching-learning 
situation it is necessary to analyse that it could be done with this ICT, but not only. As we have already 
noted, in order to understand how a student learns in class we must also take into account the activity 
of the student in carrying out the prescribed task with ICT rather than only describing the ICT and its 
different possibilities for action. The activity of a student depends of the nature of the prescribed task in 
terms of the knowledge involved, the prior knowledge of the student at this moment, and also the effects 
of emotion and/or motivation on the student’s activity.

We have previously established that one of the barriers to learning with ICT was due to the fact that 
when the cognitive processing (knowledge, cognitive processes) required to carry out the prescribed task 
with ICT generates a cognitive load that exceeds the cognitive ability of the student, then the student does 
not learn. In many cases teachers try to overcome this problem by providing strong procedural guidance 
for using these tools. For example, for a demonstration task in geometry using a geometry software such 
as Geogebra©, there will be a learning aid for students to help them to trace the figure, but only if the 
students have previously learned how to use the software (reducing extraneous cognitive load) and are 
able to use the adequate prior knowledge to trace the figure, are they then able to make a useful mental 
representation of the goal in order to solve the problem. On the other hand, the teacher must guide the 
students by carrying out a demonstration (reduction of the intrinsic cognitive load), by direct interaction 
(dialogue), or by using a learning document — the software cannot do everything.

Another example in technology education is an object design task with a 3D printing system that 
has the potential to print the object, thus reducing the intrinsic load for the student who is then able to 
compare the numerical model, developed via the 3D-CAD, with the printed object. By encouraging the 
process of researching solutions, the 3D printing system acts to support the evaluation of a possible 
solution, which is always difficult to represent at the beginning of the design process. Nevertheless, the 
use of 3D-CAD, by the nature of its HMI, can impose extraneous cognitive load such that the student 
will find her/himself in great difficulty and unable to use the possibilities offered by the software.

The teacher must take these limitations into account in the implementation of her/his teaching when 
she/he chooses to use ICT in class, especially in the case of a tool that was developed for industrial use. 
For this, teachers can rely on a number of principles provided by research. For example, they can provide 
assistance in planning (establishment of sub-goals to achieve the solution to the problem, selection of 
relevant information to achieve each of these sub-goals); provide a visual representation of the solution 
(assistance with the development of an adequate mental representation of the sub-goal); and provide im-
mediate feedback to the student on her/his actions and her or his answers (Hérold (2008, 2012) provides 
an example of a digital tool for which these principles have been implemented using the example of 
an exerciser in mathematics, and Belland et al. (2016) take a similar approach to computer-based scaf-
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folding in STEM education that demonstrates the possibility for interventions that extend the students’ 
capabilities as they engage with the central problem in problem-centred instructional approaches, as well 
as the conditions for the effectiveness of this intervention with relevant activities from STEM education).

Mayer (2010) presents numerous principles to promote learning with technology. First, the student 
must be able to select the pertinent information in the numerical environment in order to build a mental 
representation using her or his prior knowledge in memory. For this, the relevant information for the 
prescribed task should be easily accessible, whether this is for a written document or for ICT. This 
should enable the student to engage in appropriate cognitive processing without cognitive overload. This 
is why, in order to promote learning, teachers must be careful not to overload the treatment of relevant 
information for the prescribed task. It is possible to do this by analysing the prescribed task in terms of 
relevant information for the mental representation of the task, taking account of the prior knowledge of 
the student. Second, teachers must monitor irrelevant information that is often present on the HMI of 
ICT used in class, especially in STEM education. For Mayer (2010), “instruction is the manipulation 
of the learner’s environment in order to promote learning” and “learning with technology is caused by 
instructional methods and not by instructional media” (p. 197).

CONCLUSION

If people want to use digital technology to promote students’ learning it is necessary that the design 
and implementation of the teaching-learning situation that uses ICT meet certain conditions. The most 
important is the fact that it is necessary to fully understand how students learn in class, and not to think 
about general pedagogical methods that more or less work. The characteristics of the teaching situation 
must be taken into account, especially if the teacher chooses to use ICT for the prescribed task.

Furthermore, the prescribed task must be analysed with respect to the activity that the students will 
really carry out and not only in terms of the knowledge and skills that the teacher assumes to be neces-
sary in order to carry out the prescribed task.
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mension (verbalizations, actions, written and/or numerical traces etc.) and an unobservable dimension 
(cognitive processes, emotions).

Cognitive Activity: Components of a student’s activity as cognitive processes and knowledge used 
to carry out a task.

Digital Technology: Term used to describe the use of digital resources to teach and to learn in school 
activities in order to analyse complex situations, find and use information, solve problems, understand 
concepts.

Efficiency: Qualifier used to mean that the teaching-learning process must allow all students to learn.
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Learner-Centred Approach: A pedagogical approach based on proposing prescribed tasks, mean-
ingful to the student and the teacher’s promoting the student’s learning by helping him or her to discover 
the solutions of the problems posed by the prescribed task, allowing the student to build new knowledge 
which involves for the teacher, the understanding difficulties of the student and why he or her could be 
in difficulty.

Task: This is what to be done; a task is defined by a goal to be attained and the conditions for achiev-
ing that goal.

Teaching-Learning Process: Process that takes place during any teaching sequence and that involves 
different entities in interaction: a student among others students, a teacher, some knowledge to learn, a 
learning tool, a context.

This research was previously published in Digital Tools and Solutions for Inquiry-Based STEM Learning edited by Ilya Levin 
and Dina Tsybulsky, pages 197-220, copyright year 2017 by Information Science Reference (an imprint of IGI Global).
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ABSTRACT

Computer Supported Collaborative Science (CSCS) is a teaching pedagogy that uses collaborative web-
based resources to engage all learners in the collection, analysis, and interpretation of whole-class data 
sets, and is useful for helping secondary and college students learn to think like scientists and engineers. 
This chapter presents the justification for utilizing whole-class data analysis as an important aspect of 
the CSCS pedagogy and demonstrates how it aligns with the Next Generation Science Standards (NGSS). 
The chapter achieves this end in several ways. First, it reviews rationale outlined in the NGSS science 
and engineering practices for adapting 21st century technologies to teach students 21st century sci-
ence inquiry skills. Second, it provides a brief overview of the basis for our pedagogical perspective for 
engaging learners in pooled data analysis and presents five principles of CSCS instruction. Third, we
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offer several real-world and research-based excerpts as illustrative examples indicating the value and 
merit of utilizing CSCS whole-class data analysis. Fourth, we postulate recommendations for improv-
ing the ways science, as well as other subject matter content areas, will need to be taught as the U.S. 
grapples with the role-out of new Common Core State Standards (CCSS) and NGSS. Taken together, these 
components of CSCS whole-class data analysis help constitute a pedagogical model for teaching that 
functionally shifts the focus of science teaching from cookbook data collection to pooled data analysis, 
resulting in deeper understanding.

INTRODUCTION

Science education in the United States is about to undergo one of the most significant shifts since it was 
overhauled in response to the Soviet Union’s launching of Sputnik I in 1957. After Sputnik, our nation’s 
science curricula were renovated to meet the evolving needs of a technologically threatened society. As 
we entered the 21st century, it was recognized that the U.S. was once again behind in the teaching and 
learning of the core concepts needed to build a strong foundation in life-long learning including in sci-
ence (NCES, 2013). The problems in science education in this country are all too familiar. Conditions 
have hardly changed since the 1989 report “Science for All Americans” (AAAS, 1990). Science classes 
are often still taught by underprepared teachers in a highly didactic manner that does little to promote 
understanding of science or the nature of scientific knowledge (McNeill & Krajcik, 2008; Newton, 
2002). These issues might contribute to the fact that American students still lag far behind other leading 
countries in science achievement, which will inevitably result in a looming shortage of science/technical 
workers in the U.S. (Augustine, 2007; OECD, 2010). The majority of American students are still taught 
in large urban schools that often lack adequate science instructional resources and tend to have low stu-
dent expectations (Tal, Krajcik, & Blumenfield, 2006). The need to update 21st century teaching in the 
U.S. has led to the introduction of the Common Core State Standards (CCSS) and the Next Generation 
Science Standards (NGSS). These standards are already changing the way teachers will be required to 
teach as well as the what they will need to teach. With such mandated changes quickly approaching, 
increasing effort is being invested in how teachers will be required to teach students 21st century skills. 
This chapter focuses on the how of the new standards implementation by bringing cloud technology to 
K-20 science classrooms to teach NGSS and CCSS through the use of collaboration and whole-class 
data analysis as it is gathered in inquiry based classrooms.

Recognizing that science is the systematic study of the structure and behavior of phenomena in the 
physical and natural world through observation and experimentation, it is clear that there should be an 
emphasis on inquiry. This should be modeled in the classroom as it would be practiced in a research 
laboratory setting. The National Science Education Standards were developed by the National Research 
Council to “promote a scientifically literate citizenry”. The Standards frequently encourage the use of 
inquiry in the science classroom, defining it as:

A multifaceted activity that involves making observations; posing questions; examining books and other 
sources of information to see what is already known; planning investigations; reviewing what is already 
known in light of experimental evidence; using tools to gather, analyze, and interpret data; proposing 
answers, explanations, and predictions; and communicating the results. Inquiry requires identification 
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of assumptions, use of critical and logical thinking, and consideration of alternative explanations. (NRC, 
1996, p. 23)

We recognize that ideally all science classrooms should provide hands-on activities that are driven 
by inquiry and that allow students to investigate phenomena, test ideas, make observations, analyze data, 
and draw conclusions. Unfortunately, students in science classrooms still spend most of their time on 
data collection at the expense of analysis and interpretation (Alozie & Mitchell, 2014). In other cases, 
when there is time for analysis, it remains topical in nature and is teacher-led rather than in-depth and 
student-centered (Levy, Thomas, & Rex, 2013). With the introduction of NGSS, teachers are required 
to do in-depth data analysis so that students can develop skills to analyze, interpret, and communicate 
inquiry findings using evidence based reasoning (NGSS Lead States, 2013).

Science Inquiry: Emphasized in the NGSS Framework

The Framework for K-12 Science Education (NRC, 2011), the document guiding the creation of the 
NGSS, identifies eight practices of science and engineering that are essential for all students to be able 
to utilize:

1.  Asking questions (for science) and defining problems (for engineering).
2.  Developing and using models.
3.  Planning and carrying out investigations.
4.  Analyzing and interpreting data.
5.  Using mathematics and computational thinking.
6.  Constructing explanations (for science) and designing solutions (for engineering).
7.  Engaging in argument from evidence.
8.  Obtaining, evaluating, and communicating information (Appendix F of NGSS).

Developing strong lessons that meet the needs of today’s students means that teachers need to incor-
porate the eight practices of science and engineering into their own science teaching practice. NGSS 
makes it clear that a substantial emphasis is placed on science process skills and scientific explanations 
(Reiser, Berland, & Kenyon, 2013).

Science Inquiry: Facilitated by Technology

At the same time as the NGSS are being introduced, technology is becoming more prevalent in classrooms. 
Previous research on teaching science with technology has shown that technology can be an effective 
support for science inquiry and learning. Projects such as WISE (Slotta & Linn, 2009) and LeTUS (Hug, 
Krajcik, & Marx, 2005) have demonstrated the potential of technology when used effectively. Comput-
ers have been used for simulations or scientific visualization to provide feedback and hints, educational 
games and to connect students to scientists. In 2010, Lee et al. published a paper linking technology and 
inquiry in the science classroom. They described how changes to the curriculum for an inquiry classroom 
should involve certain knowledge change principles such as making science accessible to all learners, 
making thinking visible, collaboration with students, and promoting life-long learning. They found that 
well-designed inquiry units improved students’ understanding of science content and students maintained 
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their knowledge and used it in future courses. They noted that the success of the student depended on 
the success of the teacher (emphasizing the importance of professional development (see below)). All 
the teachers studied by Lee et al. (2010) used technology daily or weekly to accomplish inquiry in the 
classroom. One of the ways that technology contributes to inquiry is that it can enhance collaboration 
between students. In the literature, this approach is called Computer Supported Collaborative Learning 
(CSCL) and it focuses less on introducing new activities to a classroom, but instead seeking to enhance 
the work students already do in class (Suthers, 2006; Scardamalia & Bereiter, 2006). In science class-
rooms, this involves using pooled data analysis which allows students’ thinking to be visible where they 
can “see” outliers, trends, and patterns in data as “real science” does. This ability provides a powerful 
learning tool that affords opportunities for students to recognize their own errors when participating in 
data analysis activities. It is clear that technology tools can help teachers adapt to the new requirements by 
supporting the core practices in the NGSS. The purpose of this chapter is twofold: a) To provide specific 
research-based examples of technology tools and their use in science classrooms, and b) to analyze the 
value of supporting science teachers in the use of such technology to facilitate their students’ develop-
ment of essential 21st century skills that they will need to enter the evolving job market.

BACKGROUND

The authors of this chapter have worked together as a team of university scientists and science educa-
tion researchers for over 15 years to prepare both in-service and pre-service K-12 science teachers in 
content and pedagogy. Through these years, we have evolved our own teaching practices and have seen 
the importance of integrating technology into both our University teaching as well as into our Profes-
sional Development (PD) institutes. We recognize the value of transforming the way science is taught 
and the need to integrate technology as a pedagogical tool to create engaging and interactive science 
classrooms. Building on the literature concerning computer supported collaborative learning (CSCL) 
(see Stahl, Koschmann, & Suthers, 2006), we provide a focus for the science classroom and call our ap-
proach Computer Supported Collaborative Science (CSCS) (Herr & Rivas, 2010; Rivas & Herr, 2010). 
The CSCS model employs freely available cloud-based technologies (e.g., Google Docs, Microsoft 
OneDrive, etc.) to promote student collaboration and whole class data analysis. 

The Five Principles of CSCS Instruction

We have identified five key principles that can help teachers implement collaborative documents in sci-
ence classes (Foley & Reveles, 2014):

1.  Information is shared with the class online. Teachers need to post information for the class on their 
website, so it is accessible to students and parents at all times. Student work is often posted online 
for the class, so students can give feedback to each other and share ideas. Sharing increases the 
accountability for students to do quality work and ensures that previously covered topics can be 
quickly accessed so prior work is always “alive” (Bereiter & Scardamalia, 2010).

2.  Teachers check on students’ understanding often. Formative assessment helps teachers know which 
students are struggling and when the entire class needs to slow down or speed up. Instant polling 
with quickwrites (live student written responses to teacher questions) and online forms provide 
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much more effective assessment than traditional questioning. This is so because all students re-
spond to each question and results are immediate, thus allowing teachers to address student needs 
in real time. Teachers can also use collaborative documents on mobile devices to quickly collect 
and assess student diagrams or visualizations (see adjacent chapter in this book; Herr & Tippens, 
2013).

3.  Data from experiments and simulations is pooled. Students can get much more out of the analysis 
of a large data set compared to when they are limited to their own data. Having students pool their 
data allows them to see trends and helps them learn to identify outliers and correct errors instantly 
rather than turning in flawed results (d’Alessio & Lundquist, 2013). Google forms and spreadsheets 
allow teachers to collect data in the cloud. Therefore, this data is captured and students can then 
collaborate on the analysis of this data at various times during and after experimentation.

4.  Collaborative data analysis is emphasized. Many science teachers focus on the hands-on part of 
labs and, for a variety of reasons, shortchange the data analysis. We agree with the NGSS that the 
analysis and conclusions are indispensable to authentic science inquiry. Pooling data on an online, 
collaborative spreadsheet instead of a paper worksheet leads classes to access the data easily and 
to do authentic scientific analysis. Students are working off the same data set and can compare 
results with each other and decide on the merits of any particular way of making sense of the data.

5.  Students’ explanations are shared and compared. Explanations are a key part of the NGSS but 
rarely discussed in classrooms (Songer & Gotwals, 2012). Collaboration tools allow students to 
share their explanations and get feedback on their ideas and writing. Shared conclusions allow for 
further discussion and the consensus building that is essential for inquiry (Berland & Reiser, 2009). 
Tools like Google Moderator allow students to think about the quality of different explanations 
and come to consensus as to the best one (d’Alessio, 2014).

The theme through all these principles is collaboration. Collaboration in science includes both the 
exchange of ideas and of data. Our adjacent chapter in this book describes how the exchange of ideas 
enabled by CSCS provides teachers with the opportunity to conduct Continuous Formative Assessment 
(CFA) that can be used to adjust instruction immediately; this is most clearly seen in Principle 2 (see 
adjacent chapter in this book; Foley & Reveles, 2014; Herr & Rivas, 2010; Herr, Rivas, Foley, Vander-
gon, & Simila, 2011a and 2011b). This chapter emphasizes Principles 3 and 4 though all principles are 
touched on in the examples given below.

The CSCS principles are not meant as a comprehensive definition of good science teaching. Rather, 
they articulate key instructional techniques that support collaborative science using technology tools. It 
is also important to us that the principles not burden teachers with additional responsibilities. Using these 
techniques, teachers can efficiently create a classroom environment that is evidence-rich and stresses data 
interpretation, evaluation, and explanation especially as it is integrated into inquiry-based classrooms.

Issues

Throughout our collaborative efforts, the authors have been working with 6-12th grade teachers both in 
pre-service and in-service capacities to model and demonstrate our CSCS pedagogy. While we believe 
strongly in the transformation of science classrooms with technology, we recognize that there are some 
issues that may arise when utilizing technology in the classroom. Having a one-to-one device for each 
student is ideal but not always realistic. Recently, a large urban district (Los Angeles Unified School 
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District) tried an iPad rollout with mixed results (Blume, 2013). We feel that some of the issues with the 
rollout might have been avoided if teachers had been trained in advance regarding ways to use technol-
ogy to engage students around science activities and lessons. The infrastructure also has to be in place 
to have a smooth transition for allowing consistent and safe access to cloud-based technologies via the 
internet (Shirley et al., 2011). With that said, we also feel that over the next few years these issues will 
be resolved in the following ways: a) As a result of the increasingly ubiquitous presence of needed 
technology in classrooms to administer new standards-based assessments, b) districts will update their 
internet connections because of improved technology application and therefore speed will improve, c) a 
new generation of teacher candidates will graduate with experience in using technology in their teaching 
and progressively see it modeled in their credential coursework, and d) with the rollout of the NGSS and 
CCSS, professional development opportunities will expand to include using technology to teach to the 
new standards in ways that allow teachers to update their skills and experience.

Another real issue in U.S. classrooms is the diversity of learners. Many students today come from 
homes where English is not primarily spoken and where parents often have little more than an 8th grade 
education and do not have adequate resources for helping their children. Also, K-20 American class-
rooms are increasingly more inclusive of students with varied learning disabilities. This makes having 
an engaging classroom more of a challenge. We believe that the CSCS pedagogy can help relieve the 
burden of these realities because all students can remain engaged with class content and all learners can 
participate, as we will outline below. English Language Learners (ELLs) and learners with disabilities 
will be able to participate and feel like true scientists themselves.

In order to address these issues, the authors have taught CSCS lessons in their own University class-
rooms as well as to in-service teachers in Professional Development institutes. The teacher participants 
of the PD institutes have applied CSCS principles in elementary, middle, high school, and university 
classes with multiple science topics (d’Alessio & Lundquist, 2013; Herr, Rivas, Foley, Vandergon, & 
Simila, 2011a & 2011b). Below we focus on lessons the authors and some of our participating teachers 
have used in their courses.

EXAMPLES OF DATA ANALYSIS: REAL-WORLD 
AND RESEARCH-BASED ILLUSTRATIONS

Cloud-based collaborative forms, spreadsheets and documents are tools that can be used to implement 
inquiry learning in the STEM classroom and the basis for our CSCS pedagogy. In this section, we discuss 
five examples of how students can pool their data, perform statistical analyses, and interpret trends in 
large-group data gathered as they participate in inquiry lessons. The examples presented here are modified 
from classic labs and activities previously carried out in a non-technology classroom setting. They are 
from different science disciplines and show how teachers can make data analysis visible to students by 
emphasizing the scientific process to engage all students in the NGSS science and engineering practices.

Example 1: Genetics, Using Pooled Data to Discover Trends and Patterns

A great way to engage students in a unit on genetics is to start by asking them some questions about how 
they look (their phenotypes). Traditionally, this was either done by asking students to raise their hands to 
certain questions such as “Raise your hand if you can roll your tongue like a taco” or “Raise your hand if 
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you have attached earlobes” or it was done as a paper and pencil worksheet. In order to adapt the CSCS 
pedagogy into this lesson, a Google survey/form can be created with students responding to whether they 
have attached earlobes or not, whether they can roll their tongues, whether they have a widow’s peak 
etc. Images of these traits can be either projected on a screen at the same time or embedded within the 
survey. Figure 1 is such a survey. After students input all their data, the teacher can then show/project 
the result page (it is suggested that the teacher hide the column with names to make it a more anonymous 
environment) and a discussion can ensue about what the results indicate. Data is captured electronically 
and allows the teacher to use the same survey across multiple class periods and even across years, thus 
creating larger pooled data sets where sample size gets bigger and bigger. Students can then look at a 
bar graph (see Figure 2) that is generated from this data to pictorially show the results of the averages; 
these averages will change slightly as more data is input but the general trend will remain the same. If 
this data was gathered by hand-raising or paper and pencil, then the graph would either have to be done 
taking up classroom time by the teacher or outside of class time and therefore not shown to students until 
the next class. However, by utilizing a CSCS approach, instantaneous data is now presented in a way 
that allows the instructor to get at misconceptions in inheritance patterns by asking deeper-level probing 
questions drawn from the data. One standard question might be to ask the students to do a quickwrite 
(a Google spreadsheet where students respond to the question at the top of the column, their name is 
indicated separately in a row) about which traits they think are dominant and why they use evidence 
from the graph (see Figure 3). A large majority of the students define dominance as the traits with the 
higher percentage of individuals expressing the phenotype. They mistakenly assume that the higher 
the percentage the more dominant the trait. With this misconception, students in this example choose 
tongue rolling as a dominant trait and refer to traits like having a widow’s peak as a recessive trait (it 
turns out that both of these are dominant traits). Sometimes, the teacher can then leave it at that and go 
on to teach about Mendel and how his four conclusions shaped the study of genetics. One of Mendel’s 
conclusions is the Principle of Dominance and Recessive traits. Because the above exercise is carried 
out in the cloud, the teacher can then bring back the graph (even if it is a week later) and re-ask the 
question on which traits are dominant based on what they now know about genetics. Most students then 
figure out that you cannot tell which trait is dominant and which is recessive without doing crosses and 
looking at parental types and offspring so that you can see what trait gets masked in a generation (see 
Figure 3). With the ability to go back to the data set, students are able to see the difference between the 
common misconception they previously may have had and what they now understand about dominant 
and recessive traits. Students can now take this further and go home and ask these same questions of 
their parents. They can use the same data to help dispel the common misconception that dominant traits 
are dominant because there is a greater percentage of individuals in the population that show that trait, 
rather than the correct definition that dominant traits are dominant because they mask the effect of the 
other phenotype if both traits are inherited in the same individual. When this exercise is done on paper, 
a teacher is limited to the sample of the class and usually to the day that the exercise is used in class. 
Though the exercise would still be engaging using the CSCS version which allows for a more complete 
exercise providing opportunities for all students to participate and for all students to have an opportunity 
to see how patterns and trends can be interpreted.
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Figure 1. Screenshot of the Google form-survey called Genetics Phenotype Survey for measuring phe-
notypes in individuals
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Figure 2. Bar graph of data collected from the Genetics Phenotype Survey (Figure 1). Data collected 
from 282 individuals.

Figure 3. Quickwrite example with first question asked as students observe the graph presented in Figure 
2 and second question asked after learning content on Mendel’s conclusions in Genetics



979

Engaging Students in Conducting Data Analysis
 

Example 2: Chemical Reactions, Using Pooled 
Data to Explore the Effect of Variables

Another example comes from a chemistry lab in which students explore chemical reactions and what 
happens to the reaction rate when you change parameters. An important understanding in doing any 
experiment is emphasizing the control and the experimental variable. In this lesson, students work in 
groups of 3, following the directions as outlined in Figure 4 and traditionally they would do a lab write-
up with paper and pencil or take down notes in their lab notebooks. Each group would perform all the 
experiments within their own groups but would never fully understand the importance of a control vari-
able because they have nothing to compare it to. Using CSCS, students follow the directions as outlined 
in the figure and they enter their results in a Google form such as shown in Figure 5. Each group then 
performs the first reaction (control) with the same parameters and all start at the same time. Once the 
data is entered, theoretically all the data should be on top of each other since all groups have the same 
parameters. Then all the groups are assigned a variable to change in their next experiment. Each group 
does about 3 reactions resulting in a class worth of data. Once all students have completed their set of 
reactions and clean-up has occurred, data analysis can proceed (note: since everything is in the cloud 
it doesn’t matter if this occurs now or at the next class meeting). A few samples of what students’ data 
looks like before analyses are shown in Figure 6.

As students look at the data, they begin to see the importance of having control and experimental 
variables, how to interpret graphs with regards to chemical reactions, and how graphs change when a 

Figure 4. Directions students will follow in order to establish the change in temperature in chemical 
reactions that have different variables
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Figure 5. Screenshot of partial Google form used to collect data on the chemical investigations as out-
lined in Figure 4
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parameter is manipulated. Establishing a control is important because the experimenters need a baseline 
to compare their variations to in a chemical reaction.

In the first part of the experiment, even though all the groups are given the same procedure and 
parameters, many groups do not get the same data results. Usually, this is the case (see Figure 6) and a 
beneficial conversation on experimental techniques (reading thermometers, initial temperatures, mea-
surement of reactants, time to read, etc.) can be discussed. Often, teachers assume that their students 
know, and sometimes the students themselves think they know how to use the tools given to them and 
may not have the time to review the importance of their proper scientific use. By doing the controls 
first and then by stopping and looking at the data results, it becomes clear that the students need to be 
reminded how to read a thermometer and how to take correct measurements. Students can then retry 
the control experiment again to get a class-averaged control for everyone to use as a comparison (see 
Figure 7). They then can continue on with their variables and have a more accurate comparison of the 
reactions using different variables.

Example 3: Hurricanes, Using Datasets from 
Databases for Hard to Capture Data

Although it is relatively easy to conceive of how inquiry lessons can be used in a laboratory-based 
science class such as chemistry or physics, it is more challenging to see how they may be employed 
in field-based classes such as earth science where one can not change independent variables to study 
changes in dependent variables. Fortunately, however, there are numerous large, free databases that can 
be used to engage students in inquiry learning. For example, the National Oceanic and Atmospheric 
Administration (NOAA) maintains a data base on hurricanes (coast.noaa.gov/hurricanes) that can be 
used to study hurricane behavior. Each student can select a historic hurricane to investigate and, by 
examining the animation of the hurricane track, can record such things as season (August, September, 
etc.), highest speed (over land or over sea), origin (northeast Atlantic Ocean, Central Atlantic, etc.), 

Figure 6. Graphs of the controls for the chemical investigations as outlined in Figure 4 (also see Figure 5)
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path (does it hook clockwise, counter-clockwise or go straight), landfall (Florida, Georgia, etc.), and 
relations of pressure and speed (proportional, inversely proportional, no relationship). Each student 
submits their data using an online form, and the data is collected in a cloud-based spreadsheet in which 
the rows represent individual hurricanes, while the columns represent hurricane characteristics (path, 
landfall, origin, etc.). Rather than analyzing a specific hurricane in isolation, students look for patterns 
in the class data, Figures 8 represent the data collected by 184 students isolating each data question 
into a bar graph. In some examples, students will notice that North Atlantic hurricanes occur in the late 
summer (see Figure 8), start in warm waters in the Gulf of Mexico, the Caribbean Sea, and the tropical 
Atlantic Ocean as far east as the Cape Verde Islands (see Figure 9) don’t cross the equator (see Figure 
10), tend to veer clockwise (see Figure 11), and often make landfall in the southeastern United States 
(see Figure 12) at which time wind speed decreases significantly (see Figure 13). Rather than being told 
these facts, students discover them by observing large data sets from real hurricanes studied by them 
and their peers. Patterns in data suggest underlying causes and, once students have discovered patterns 
by examining whole class data collected in cloud-based collaborative spreadsheets and graphs, they are 
better prepared to discuss the underlying causes for these patterns such as differential heating, pressure 
gradients, latent head of condensation, and the Coriolis effect.

Example 4: Osmosis, Pooled Data for Statistical Testing

The “power” of a statistical test is the ability of that test to detect an effect if an effect actually exists. In 
other words, it is the ability to correctly reject the null hypothesis when it is indeed false, and correctly 
accept the alternative hypothesis when it is indeed true. Although it is desirable to increase the sample 
size for statistical purposes, it is not necessarily desirable from a curricular perspective. Requiring 
students to collect large sample sizes may indeed improve the predictability of experiments in STEM 

Figure 7. Note what happens to the graphs when groups fix their data that was presented in Figure 6
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Figure 8. Output of data from a Google form collected by students looking at when hurricanes occur

Figure 9. Output of data from a Google form collected by students looking at where hurricanes occur
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Figure 10. Output of data from a Google form collected by students looking at the path hurricanes take 
during their run

Figure 11. Output of data from a Google form collected by students looking at the direction of a hur-
ricane’s path
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Figure 12. Output of data from a Google form collected by students looking at where hurricanes hit land

Figure 13. Output of data from a Google form collected by students looking at the speed of hurricanes 
on land and in the water
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classrooms, but may also introduce an element of tedium while simultaneously robbing time from other 
valuable activities. Fortunately, however, it is possible to increase the sample size without these negative 
side effects if we pool data from all students in the class.

Genetic and environmental factors introduce significant variability into any biological population. 
Thus, the results from an experiment on one organism may yield different results than an experiment 
on another organism in the same population. To make generalizations about populations, it is necessary 
to collect data on random samples from within that population. The greater the sample size, the greater 
the statistical power to detect if effects actually exist. One of the most common ways to determine the 
osmotic concentration of tissues is to submerge samples in different solutions of varying concentrations. 
If placed in hypertonic solutions, the tissues will shrink over time as water leaves the tissues to enter the 
solution and, if placed in hypotonic solutions, the tissues will swell as water leaves the solution to enter 
the tissues. If, however, these tissues are placed in isotonic solutions (ones in which the concentrations 
are the same as that of the tissue), the tissues neither shrink nor swell. Thus, one can infer the osmotic 
concentration of tissues by placing them in a series of solutions of increasing osmotic concentration, 
plotting the percent of weight gained or lost in each solution as a function of the molarity of the solution, 
and looking for the molarity at which there is no change in weight. Figure 14 is a plot of actual student 
data from 19 lab groups. One can see significant variability in the data due to variability in the tissues, 
techniques, and experimental errors. For example, the outlier at 0.4M solution is an obvious case of 
experimental error. If lab group 19, which reported this measurement, tried to draw a conclusion on the 

Figure 14. Student data from weighing potato slices that have been placed in different solutions and 
plotted as a whole class data set
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osmotic concentration of the potatoes based solely on their own data, they would not have seen a trend 
and would not have been able to make a conclusion. By contrast, if lab group 19 had seen their data in 
the context of the whole class data, they would have likely recognized that their value was an outlier and 
would have re-examined their data or re-measured.

Table 1 shows that there is substantial variability in the data. Students can examine their data in light 
of the whole class data and then go back to Figure 14 and compare it with the trend line for the entire 
population which indicates an average osmotic concentration of 0.3 M (the point where the trend line 
crosses the x-axis, indicating that the tissue and solution have the same osmotic concentration). By pool-
ing their data in collaborative cloud-based spreadsheets, students not only learn that they can increase 
the statistical power of an investigation, but can also examine their own data and techniques in light of 
class patterns and trends.

Table 1. Data inputted by 19 groups of students measuring the percentage of gain or loss of a potato 
slice after it was placed in solutions of different molarities. This data is plotted in Figure 14.

0 0.2 0.4 0.6 0.8 1

12% 0% -7% -12% -17% -25%

6% 0% 2% -11% -12% -13%

3% 2% -3% -6% -7% -16%

4% -1% -12% -18% -20% -22%

7% 0% -2% -8% -13% -13%

7% 5% -10% -4% -5% -7%

5% -2% -9% -12% -17% -17%

6% 1% -4% -9% -14% -15%

8% 3% -4% -12% -16% -17%

7% 4% -5% -10% -13% -16%

13% 7% -5% -14% -12% -21%

9% 6% -8% -12% -13% -12%

6% 7% -9% -6% -7% -12%

9% 0% -4% -13% -15% -21%

5% 0% -6% -7% -8% -9%

13% 11% -6% -15% -17% -20%

11% 6% 0% -16% -18% -18%

6% -3% -9% -20% -21% -21%

7% 0% 29% -20% -14% -22%

1% 8% -7% -12% 2% -16%

9% 4% -6% -13% -13% -17%

10% 4% -6% -9% -15% -17%
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Example 5: Exothermic and Endothermic Reactions, 
Using Pooled Data to Encourage Metacognition

Education in STEM-related courses benefits when students become more metacognitive during investi-
gations and experiments. Metacognition is the process of thinking about one’s own thought processes, 
and students who are metacognitive will reflect not only on their own thought processes, but also upon 
the data that they obtain through investigation. Metacognitive students reflect on their data to see if it 
is reasonable before they proceed to interpret such data. Although it is possible to reflect on one’s data 
in isolation, it is more effective to reflect on one’s data in the context of whole-class data. If students 
enter their data into a collaborative, cloud-based database, then they have the advantage of comparing 
and contrasting their data with that collected by their peers. Major discrepancies in data may indicate 
significant findings, or simply poor technique or inaccurate reporting. Metacognitive students will analyze 
these discrepancies to see if perhaps they had poor techniques, misreported their data, or indeed found 
something significantly different than their peers. The following activity illustrates how collaborative 
cloud-based data can be used to encourage self-reflection and metacognition.

Students were asked to determine if the following series of chemical reactions were endothermic or 
exothermic. Students used probes to measure the change in temperature as chemicals were mixed

1.  CaO(s) + H2O(l) -→ Ca(OH)2(s) (Lime + water)
2.  NH4NO3(s) + H2O (l) → NH4

+(aq) + NO3
-(aq) (Ionization of ammonium nitrate, a fertilizer)

3.  HCl(dilute) + NaOH(dilute) → H2O + NaCl (Neutralization)
4.  NaCl + H2O → Na+(aq) + Cl-(aq) (Dissolving table salt)
5.  CaCl2 + H2O → Ca+ (aq) +2Cl-(aq) (De-icing roads)
6.  NaHCO3(s) + HCl(aq) →H2O(l) + CO2(g) + NaCl(aq) (Neutralization)
7.  CH3COOH(aq)+NaHCO3(s) →CH3COONa(aq)+H2O(l)+CO2(g) (Baking soda & vinegar)
8.  C12H22O11 + H2O (in 0.5M HCl) → C6H12O6 (glucose) + C6H12O6 (fructose) (Decomposing table 

sugar)
9.  KCl + H2O → K+(aq) + Cl-(aq) (Dissolving potassium chloride)
10.  NaCl + CH3COOH(aq) → Na+(aq) + CH3COO- + HCl (Preparing HCl to clean tarnished metals)

Figure 15 shows real class data from such an investigation. Note that, although only one group col-
lected data from all reactions, everyone was able to see multiple measurements for each reaction because 
of cloud-based data pooling. As students examined their data, they noticed discrepancies in value, sign, 
and number of significant digits. The shaded cells indicate reactions that students re-investigated as they 
saw the data appear. Teams 1, 2 and 5 noticed potential problems with their data, and changed their entries 
after noting either errors in measurement or reporting. By contrast, group 7, did not re-examine their 
data until prompted to by the instructor. As students become more accustomed to sharing and pooling 
their data, they become more metacognitive, reflecting not only on their techniques and reporting, but 
also their interpretations.
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RESULTS OF CLASSROOM DATA POOLING

All of the above are examples of ways the CSCS pedagogy can be used in science classrooms. Over 
the last several years, we have been modifying our CSCS pedagogical model as we learn lessons from 
teaching in university classrooms as well as in the summer PD we are doing with 6-12th grade teachers. 
Our hope is that these teachers then go on to utilize CSCS tools in their 6-12th grade science classrooms. 
We are looking for gains in content knowledge in science. In order to test content knowledge, we did an 
initial screening with university students comparing CSCS or lack of CSCS instruction for one lecture 
in an undergraduate Biology course (the lecture was on glycolysis and cellular respiration) between two 
different classes (see Figure 16). In Class 1, the instructor used only a PowerPoint and talked straight 
from the slides providing no time for interaction between the students. In Class 2, the same instructor 
used the same slides but embedded some of the CSCS tools, i.e. quickwrites, iPad drawings and think 
pair share activities where she gathered formative assessment data and had more interactions with the 
students. The students took a short exam on the subject the week before and the week after class. Both 
classes failed the pretest exam but the traditional teaching class scored higher. The post exam shows that 
the CSCS class gained more on average (46%) than the traditional class (22%). A single lecture is a small 
teaching sample, but this data suggests that CSCS instruction using online collaborative documents was 

Figure 15. Student data on temperature change (using probes) during a chemical reaction. Each of the 
reactions is outlined in the text. Shaded boxes indicate outliers that the student groups then reassessed.

Figure 16. Pilot data comparing a class taught using CSCS instruction in class collaboration via Google 
Docs to one taught using traditional lecture-style instruction
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much more effective for learning biology content than traditional instruction. At the level of an entire 
course, the students in a science content course for pre-service elementary teachers used CSCS to evaluate 
the quality of their pooled data and physical interpretations of their results in real-time throughout the 
semester. As a result, these students were able to analyze data and construct explanations that were more 
expert-like than the students who did not use CSCS in the same course (d’Alessio & Lundquist, 2013).

Since 2010, we have been working with in-service science teachers on using CSCS instruction. They 
were excited about the potential of the new tools, but only a few (22% in 2010) of the teachers reported 
that they had computers in their classes that allowed them to put these pedagogical tools to practice (see 
section on issues above). Recently, we have seen a slight increase in computers in the classroom (29% in 
2013). However, a great deal of interest in our CSCS pedagogy continues to develop as districts make 
plans to provide all students with devices (tablets or laptops). One of the most appealing aspects of the 
CSCS pedagogy is that educators are encouraged to use their own favorite inquiry lessons as a basis for 
engaging their students in cloud-based data analyses. Therefore, they do not need to “throw out” lessons 
that have worked for them in the past. Rather, they learn to utilize the CSCS pedagogy to enhance and 
update their lessons to engage their students in 21st century skills.

Our first attempt to train teachers on CSCS used traditional PD models with teachers coming to the 
university for summer workshops. As is found in many PD’s, the teachers left excited about what they 
learned and appeared willing to try the new pedagogy or use the new tools in July but, when school 
started in August, they became less confident and mostly went back to their traditional way of teaching 
(Darling-Hammond, 2006). In order to address this, we began to integrate more clinical teaching into our 
summer PD. Teachers participating in the PD now teach a CSCS modified lesson to groups of middle 
school students enrolled in enrichment summer school courses on the University campus. This approach 
has been more successful at preparing teachers to use CSCS in the classroom. Figure 17 shows how 
teachers gained confidence (often the limiting factor in the use of CSCS in the past) in using collabora-
tive technology during our summer workshop when they were able to “practice” what they learned in 
CSCS immediately in a clinical site setting. We also surveyed teachers in our summer programs before 
the workshops and then at the end of the following school year (N=15 teachers completed both surveys). 
Figures 18 and 19 show some of the positive effects we are seeing (i.e., teachers are spending less time 
with the textbook and more time analyzing data in the classroom). The transformation of teachers’ 
practice away from textbooks and towards data analysis is exactly the change called for by the NGSS. 
These ideas are further described in the teachers’ comments in Figure 20.

Figure 17. Data from CSCS PD (2012). Each data point is a specific CSCS computer skill (e.g., creating 
online surveys) with teachers’ average confidence level before and after PD.
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CONCLUSION

Science education in the U.S. is at a pivotal point in history as we prepare our students to become both 
educated and productive 21st century citizens. The rollout of more Computer Supported Collaboration 
results in more engaging student-centered classrooms. In this chapter, we outlined a pedagogical approach 
called CSCS that helps K-20 instructors use cloud-based technology to engage all learners in collaborative 
data analysis that is more akin to the true nature of doing science. We presented several illustrations of 
modified CSCS science lessons that emphasize whole-class data analysis and can be applied within any 
classroom context. CSCS allows students to clearly see trends and patterns, to analyze larger data sets, 

Figure 18. Teacher self-report of frequency of textbook use before and after CSCS training (N=15 su 
2012/sp 2013)

Figure 19. Teacher self-report of frequency of data analysis activities before and after CSCS training 
(N=15 su 2012/sp 2013)
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to correct their misuse of tools, input data, and see the value of the inquiry lessons. As such, we have 
shown that, through the application of whole-class data analysis, students are: a) more engaged with the 
science content being learned, b) they collaborate with one another more readily, c) they are more clearly 
able to see the scientific process they are engaged in, d) they are more likely to take ownership of their 
work, and e) all students are able to participate regardless of learning styles or learning roadblocks that 
might appear. Consequently, we believe that students in the large urban schools that our teachers serve 
will also begin to perform better on standardized tests. Therefore, using the CSCS model in classrooms 
will help decrease the U.S. achievement gaps particularly in the STEM and STEM-related fields.

Another critical aspect of the work presented in this chapter is the training of in-service science 
teachers. None of this will happen unless there is quality PD. We feel that our PD model (which includes 
clinical site training) significantly improves the ways teachers teach science that aligns with the new 
NGSS standards. Our evidence indicates that teachers are more confident when utilizing CSCS despite 
issues with existent technology infrastructure and the availability of computers. In the future, these issues 
will ultimately be resolved, thus resulting in a transformation of classrooms that will benefit all students. 
Additionally, we will be able to see growth in the ability of CSCS-taught students to participate fully 
in science using CSCS tools for whole-class data analysis. Teachers will be well-equipped to bridge 
current achievement gaps—especially with students who come from underrepresented populations in 
urban school settings—to make content knowledge accessible to students who may approach learning in 
different ways. In doing so, we will better prepare the next generation of citizenry who will invariably be 
expected to: a) use technology with competence, b) work in collaborative groups, and c) critically apply 
what they are learning and doing in a myriad of public and private industries, universities, and school 
settings. Lastly, we believe that the CSCS model can be extended across disciplines and look forward to 
providing these opportunities to teachers in a variety of subject matter content areas.

Figure 20. Teachers’ comments on CSCS one year after attending CSCS PD
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FUTURE RESEARCH

Continue Research on CSCS-CSCL. As the issues with technology get resolved in more and more class-
rooms, it will be easier to collect student artifacts and compare results on standardized tests. As a result, 
this will help us in guiding our next steps in the use of the CSCS pedagogy. We believe that more students 
are engaged and are learning content in classrooms that are using CSCS tools than in non-technology 
classrooms and we feel that we will be able to support these claims as we gather more evidence.

Expand our Pedagogical Approach. We will continue to look at this research strand and have recently 
been funded by the Bechtel Foundation to do just that. With this new funding, we intend to begin provid-
ing a model for instruction in other content areas (i.e., Math, History, Special Ed., and so forth) as well 
as strengthen the career pipeline for STEM teachers in secondary education. Providing competent new 
teachers for our local schools will help create CSCL classroom environments more quickly. We have 
a large-scale evaluation project underway with outside top evaluators from the field looking at teacher 
outcomes and student outcomes to analyze the effect of CSCS learning in science classrooms. We will 
take lessons learned and apply them to the other subject matter content.

CSCS/CSCL Dissemination. Our summer institutes are ongoing and critical for the professional de-
velopment of local teachers as the rollout of the new CCSS and NGSS continue. Many districts are not 
equipped to provide the PD needed by the teachers. At the university, we can provide both the content and 
the pedagogy (as our team is comprised of cross college and cross discipline scientists and researchers) 
to help teachers take advantage of the integrative approach of both of the new sets of standards. Over 
time, the technology will improve and the availability of the tools will be more and more accessible. 
We will continue to teach in university classrooms producing students who are tech-savvy in the use 
of CSCS tools. This will help not only our future K-12 teachers but also our students who choose other 
STEM content area specialties, providing them with 21st century tools.

As discussed, collaborative cloud-based technologies such as CSCS provides opportunities to instantly 
collect and analyze large data sets with speed and accuracy while simultaneously keeping students “on 
task”. The chapter authors, along with their own students and in-service teachers, have developed the 
CSCS pedagogy using technology to create a classroom environment that mirrors the collaborative 
environment of a professional scientific community and provides a way for NGSS rich lessons to oc-
cur in any science classroom. As such, all students in these classes can acquire a better understanding 
of the nature of science as they view their findings within the context of larger data sets collected by 
themselves and their peers. By engaging in laboratory activities to analyze whole-class data using wikis 
and collaborative web-based documents, teachers and students gain an understanding that the scientific 
enterprise requires collaboration, independent verification, and peer review.
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ABSTRACT

This chapter considers broad issues related to videogame design and art educational policy issues. 
Discussed are Science, Technology Engineering, and Math (STEM) funding proposals, and recent moves 
to add the arts to this equation. Following this is a discussion of Quest to Learn, and their curricular 
structure, which incorporates complexity thinking, and relates to STEM, but deals more with game design 
as opposed to specifically being about videogames. The paper closes with recent statistics on videogame 
sales, and youth media use, making the argument that videogames are becoming part of a larger network 
of gaming experiences, and are not limited to one particular mode of delivery.

INTRODUCTION

During the 2011 U.S. State of the Union address, many Democrats and Republicans sat side by side as 
they paid respect to the recent Tucson, Arizona shooting victims, President Barack Obama highlighted the 
role that education might play in economic recovery. In this speech he referred to the ‘Sputnik moment’ 
that is upon the current generation of Americans, stating that “We need to out-innovate, out-educate, 
and out-build the rest of the world.” (SOTU 2011).

As part of his educational agenda – specifically his Educate to Innovate reform plan -- President 
Obama emphasized the importance of student achievement in the areas of Science, Technology and 
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Engineering, and Math, also known as STEM. The STEM coalition aims to prepare U.S. public school 
students for careers in these fields, as well as strengthening the role that these fields play within the U.S. 
public school system:

Encourage and inspire more of our best and brightest students, especially those from underrepresented 
or disadvantaged groups, to study in STEM fields; Improve the content knowledge and professional skills 
of the PK-12 STEM teacher workforce and informal educators; Recruit and retain highly-skilled STEM 
teachers; Improve the resources available in STEM classrooms and other learning environments; En-
courage partnerships between state and local educators, colleges, universities, museums, science centers, 
STEM research and development organizations, and the business, science, and technology communities 
that will improve STEM education; and encourage better coordination of efforts among federal agencies 
that provide STEM education programs (STEM. http://www.stemedcoalition.org/objectives/) 

STEM educational approaches are currently being explored in public educational systems around the 
world. In the United States, STEM is being promoted to ensure that American schoolchildren remain 
competitive in a global marketplace. Recently, the Obama administration has taken up STEM as a central 
component of not only educational reform but also economic reform. As President Obama stated in his 
2011 State of the Union address: “Instead of funding the status quo, we only invest in reform, reform 
that raises student achievement, inspires students to excel in math and science, and turns around failing 
schools that steal the future of too many young Americans, from rural communities to the inner city” 
(SOTU, 2011).

While the comments made by President Obama cited above certainly touch upon a number of im-
portant social issues, from gun violence to poverty to the funding of public education, the issue that I 
will address in this chapter is that of STEM. This contemporary educational movement finds itself in the 
nexus of these issues for reasons that I will discuss. Many have been critical of the emphasis on math 
and science in STEM educational approaches, seeing the potential for reification of high-stakes testing 
and the political components of the No Child Left Behind. Others see STEM as a blatant attempt to hand 
over public education to commercial interests, preparing members of a 21st century workforce instead 
of helping to raise well-rounded global citizens.

Some art educators have criticized the absence of the fine arts from this conversation. Prominent 
advocates such as John Maeda, former president of The Rhode Island School of Art and Design, have 
suggested that the Arts should be added to STEM, creating STEAM. One of the goals behind the STEAM 
movement is to use the arts to highlight interdisciplinary connections that exist between the academic 
‘silos’ of Science, Technology, Engineering, and Math1. Proponents of this move have started to look to 
interdisciplinary forms of artistic production and design to explore potential educational opportunities 
for critical forms of social engagement and meaningful interdisciplinary interactions.

One example of current STEM programming that has made an attempt to incorporate art and design 
concerns is the National STEM Video Game Design Challenge. This competition was started in Sep-
tember 2010 by the Obama administration, and featured three competition categories: Middle School, 
Collegiate, and Developer (www.stemchallenge.org). The National STEM Video Game Design Challenge 
has been endorsed by businesses such as Microsoft, nonprofit organizations like the Joan Ganz Cooney 
Center at Sesame Workshop, and the U.S. Department of Education. The $300,000 competition, has, 
at the time of this writing, completed its fourth annual contest. It aims to reinforce science and math 
standards, and incorporates three unique options for entering: creating a game design script, making a 
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playable game in Gamestar Mechanic, Game Maker, or Scratch, or designing a game in what they term 
an ‘open platform’ such as Flash, Game Salad, or Kodu (stemchallenge.org).

The STEM/STEAM debate raises issues regarding the reconceptualization of the field of Art Educa-
tion; as I have indicated, it begins to touch upon numerous questions regarding video game design and 
art educational practices. One question that is made all the more pressing in an era of limited funding 
for art education is as follows: If digital game design concerns were included within the larger disci-
plinary structure of art education, might the arts find more support within the funding structures and 
general cultural acceptance of STEM? And, if art educators were to affiliate themselves with STEAM 
approaches, and gain increased visibility and potential grant funding, what would be lost in the process?

STEM/STEAM, ART EDUCATION, AND VIDEOGAMES

In order to explore this question, I will continue the previous discussion of STEM educational initiatives. 
As previously stated, one of the most high-profile STEM initiatives is the National STEM Video Game 
Design Challenge. The Video Game Design Challenge website states the following: “Game-based learning 
has emerged as one of the most promising areas of innovation in making STEM topics more engaging 
for America’s youth.(n.p.)” They quote from the 2006 Federation of American Scientists Summit on 
Educational Games (2006), which proposed that students can learn much from the varied aspects of game 
design and play, and that these skills can help Americans to compete in a changing global marketplace.2

The STEM Video Game Challenge organizers also refer to the previously-referenced ‘post-Sputnik’ 
moment.3 Organizers feel that tapping into the cultural relevance of videogames is a way to reach young 
people “on their own turf.” However, as art educators who have encouraged connections between 
classroom practices and visual/material culture have found, the incorporation of personal themes and 
idiosyncratic practices is always accompanied by a shift in meaning which often results in the diffus-
ing of the potency found in the source (Wilson, 2003; McClure, 2011). Can the teaching of videogame 
design in the spaces of art education respond to and reflect the engaging characteristics of videogames, 
reaching young people on their turf? Or, is the inclusion of videogames, with the concomitant call to 
clean up inappropriate imagery and gameplay, meeting them, instead, on a simulated field of play? Does 
videogame design in art education equate with meeting young people on Astroturf?

Videogames are continually the object of scorn in the general media; there are often similar concerns 
in some educational settings (Gee, 2003; Shaffer, 2006). Although the gaming landscape has recently 
become quite diverse, including variants such as casual games, newsgames, serious games, and educational 
games, the panelists judging the contributions to the STEM Videogame contest would remove “engaging 
and well-balanced” games that depicted the following: romantic liaisons while “extravagantly spattered 
with blood” (Dragon Age II) (Douglas, 2011); battling “hulking baddies [that] have gone “almost feral” 
(Gears of War III) (Lang, 2011); performing a move called “Brutal Melee,” which consists of “cutting 
throats, stabbing eyes, [and] snapping necks.” (Killzone III) (Dyer, 2011); and participating in “drunken 
expletive-wrought banter” (Bulletstorm) (Samuel, E., 2011)4 though they might find these ‘innovative and 
creative.’ Explicit, misogynistic, and violent content is part of many popular videogames, as the previ-
ous list of four of the top five pre-ordered videogames from the same period as President Obama’s State 
of the Union Address indicates; to remove these aspects is to dramatically alter the gaming experience. 
This is an issue that parallels the challenges posed by works of art that contain similar themes, though 
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the main difference is that individuals are playing these experiences, actively choosing to splatter, cut, 
stab, snap, romantically liaison, and drunkenly banter.

The interactivity of videogames indicates a marked difference in the diagram of artistic engagement; 
videogames formalize the interaction the viewer and the artist, and create opportunities for feedback 
that can directly influence the gaming experience5. This form of display fits more within the ‘demo or 
die’ model as described by Peter Lunenfeld (2000) than traditional forms of art educational critique. 
The ‘demo or die’ form of critique comes from the field of high-tech business, where funding is granted 
or denied, and value is therefore conferred, based upon an interactive demonstration of the software. It 
is a performative, interactive experience that has little to do with the Modernist studio critique, where 
the artist is responsible for explaining and validating the meaning of the work. The interactivity that 
videogames enable also raises serious issues about the interrelationship between creativity, violence, 
and the ethical force of art (Jagodzinski, 2007).

Video game design in art education is doubly challenged by the biases of digital media and interactive 
media; using the computer is not considered to be ‘creative,’ in the sense that it has been historically-
conceived, at least since the era of creative self-expression initiated in the early-20th Century. In addition, 
the viewer becomes the user through the process of interaction, and therefore participates in the process 
of making meaning, frustrating the notion of creativity even further (Sweeny, 2010).

These are challenges that art educators will face if videogames are to transition from being subject 
matter to medium. These challenges are not unique to art education, however. Videogames are continually 
being held up as representing the pinnacle of creative expression as they simultaneously lead players down 
some horrific road to ruin. In the State of the Union address discussed earlier, President Obama called 
for innovative educational reform, which includes videogame design, while there were media reports of 
information on the personal life of the accused Tucson gunman Jared Lee Loughner, including that he 
played the MMORPG Earth Empires (Good, 2011). Once again, the media had a talking point that they 
could rally around: Videogames are bad6. Simultaneously, the president was making a call for Americans 
to out-innovate, out-build, and out-educate, through the very same media: videogames are good.

President Obama had run into this bind once before. In his 2008 presidential campaign, he spent 
$44,500 on in-game advertisements in games such as EA’s Burnout Paradise, a campaign strategy that 
his Republican competitor John McCain did not match7. Beyond acknowledging the influence that con-
temporary videogames have, the Nintendo Wii-owning Commander-in-Chief has admitted to playing 
Wii Bowling with his daughters, Malia and Sasha, perhaps to compensate for his traditional bowling 
skills, or lack thereof. In an address to the NAACP in 2009, however, he urged the crowd to “put away 
the Xbox, and put the kids to bed at a reasonable hour.”8

There is of course nothing contradictory about valuing videogames while advocating for a reasonable 
limit to daily use. All too often, however, the discussion of videogames in the larger culture leans heavily 
to one side or the other. In order for art educators to move past simplistic binaries that either demonize 
or deify, we must come to terms with the fact that videogames are both empowering and immobilizing, 
good and bad, simultaneously. There may be games that are more engaging, incorporate a great deal 
of historical content, allow players to wrestle with ethical choices, have better graphics and are less of-
fensive, but all videogames are built upon similar premises: videogames actualize the decision-making 
process of the player, allowing her or him to participate in the process of meaning making in a highly 
visual goal-based environment. What I am arguing for is an approach to playing games with a critical 
agenda, viewing games with a deconstructive eye, and, most importantly, making games that reflect the 
complexity of these approaches and positions.
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MAKING, PLAYING, AND MOBILITY

It is in the making that the robust educational possibilities are grasped, which is seen in the vast differ-
ences between other forms of media creation; looking at a painting is different from painting, talking 
about sculpture is different from sculpting, etc. The shift that is currently taking place in videogames is 
that players are increasingly making games as gameplay. As game development crosses the threshhold of 
programming and enters the drag-and-drop era, as seen in games such as Wario Ware DIY and the Little 
Big Planet series, and game development programs such as Gamestar Mechanic, players are becoming 
programmers, and the possibilities for gaming are expanded beyond the stereotypical solo white male in 
a darkened room, lit only by the flickering of the TV screen or monitor. Gaming is increasingly mobile, 
social, embodied, and expressive. The boundaries between looking, talking, and making are blurred in 
the process, which offers art educators a new model for production, if we are willing to explore game 
design in art educational practice.

In addition to the argument that game design reinforces critical thinking skills and interdisciplinary 
models of creativity, another argument for the inclusion of game design in education in general, and 
art education specifically, is that videogame development is a thriving part of the new economy (2006 
Federation of American Scientists Summit on Educational Games). While this is true, many critics of 
STEM funding argue that engineering and computer programming jobs are quickly disappearing in the 
United States9, either being outsourced to the growing economies of China and India or disappearing 
altogether (Sirota, 2010)10. If this trend continues, it may still provide opportunities for the ‘creative 
class,’ although videogames rely heavily upon technological expertise that is finding funding and sup-
port in China and Japan. (Florida, 2005).

Accompanying changes in the private sector are shifts in the types of games currently being played 
and developed. As previously mentioned, newer forms such as casual games have recently gained in 
the overall market share of videogame sales. In 2015, video game sales were $115 billion (USD). Ap-
proximately half of these sales are attributed to console games, leaving the remainder divided between 
PC games (21.6B), mobile games (22.01B), and handheld videogames (16.4B) (Statista, 2015). As these 
figures indicate, the definition of what constitutes videogame play and design is undergoing a gradual 
shift, away from now-traditional console play and towards mobile gaming. The Kaiser Foundation re-
cently reported that total media exposure of young people has increased from six hours and twenty-one 
minutes in 2005 to seven hours and thirty eight minutes in 2010, with 20% consisting of mobile media 
(cell phones, iPod, handheld videogame players, etc.)11. In 2015, The Pew Research center reported that 
nearly three-quarters of teens surveyed had a smartphone, and 92% go online daily. As media habits 
continue to shift, art educators should be aware of possibilities for designing games for mobile media12. 
In fact, the STEM Video Game Challenge also includes a separate challenge for experienced game de-
signers, asking them to develop games for mobile media aimed at pre-K-4 audiences13.

It is in mobile gaming that art educators may find numerous opportunities for fruitful connections 
to the histories of performance art, happenings, as well as new media art in general (Sweeny, Patton, 
2009). Mobile gaming can reintroduce the body into the gaming equation and open up possibilities 
for honest and necessary conversations regarding physical space, constructed identity, and interaction. 
Mobile gaming can shift the emphasis away from programming and coding and towards embodiment, 
spatial engagement, and play, even though coding in art education can also be empowering (Knochel & 
Patton, 2015). It might offer art educators the ability to take back ground lost to computer programming 
and technology education in the teaching of videogame design in the public schools.
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However, shifting away from videogame design as presented in competitions such as the STEM Vid-
eogame Challenge would also make it more of a challenge for art educators to participate in the funding 
structures that STEM education provides. With this in mind, I suggest that art educators interested in 
incorporating videogame design into current practices look to all possible models for such incorporation, 
regardless of the acronym used. While it might be more inclusive to look to STEAM-based approaches, 
it is clear that STEM has a prominence that STEAM lacks. The decision to follow STEM or STEAM is 
one that is fraught with challenges that are not of a design nature. They strike to the heart of questions 
of visibility and viability in an age of increased scrutiny of US public education.

CONCLUSION: BEYOND ACRONYMS

In closing, I would like to suggest that digital game design can offer art educators numerous opportuni-
ties to innovate, build, and educate. As I have discussed, videogames represent the synthesis of inter-
disciplinary models of collaboration and creativity. The development of innovative technologies such 
as the Apple iPad have been due, in no small measure, to the gaming applications that show the full 
possibilities of such mobile technologies. Art educators have the ability to take part in the collective 
development of these innovative art forms, incorporating design challenges that ask students to design 
apps that have functional value beyond the limits of the classroom walls. In addition, art educators have 
the opportunity to address issues of social justice and engagement through game design, in a manner 
that other disciplines might overlook.

Digital game design is inherently about the construction of playable experiences, which allow in-
dividuals to engage in active problem-solving and dynamic learning experiences. As a constructivist 
endeavor, digital game design is about building, testing, and rethinking experiences in a recursive man-
ner. The possibilities for the inclusion of social issues and critical forms of expression in art educational 
settings through game design are numerous, and in need of further exploration and critical examination.

Finally, digital game design represents a new model for learning, as is being explored in the Quest 
to Learn school which opened in 2009 in Manhattan. Funded in part by the MacArthur Foundation, 
Quest to Learn is led by New York City educator Elisa Aragon and Parsons Professor of Design and 
Technology Katie Salen. The program features an interdisciplinary curriculum based upon games and 
learning14. This curriculum looks to video games both specifically and broadly, exploring how game-
based experiences relate to systems thinking and complexity theory.

Art educators should pay close attention to systematic, forward thinking models for educational reform 
such as Quest to Learn, while at the same time exploring opportunities for local, small-scale integra-
tion of game design. Video games represent numerous educational opportunities while also pointing 
towards the challenges of digital, interactive media in art educational practice. If art educators were to 
actively and critically address these opportunities, the result may be a reinforcement of the relevance of 
art education in the 21st century.
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KEY TERMS AND DEFINITIONS

Demo or Die: The process of critique described by Peter Lunenfeld (2000) that emphasized interac-
tion with a prototype or software model.

Interactivity: The ability to manipulate digital media, in a manner that affects the operation of the 
media form.

Mobility: The incorporation of physical movement into digital gameplay.
Quest to Learn: The Games-based learning charter school that opened in Manhattan in 2009.
STEM: Science, Technology, Engineering, and Mathematics educational approaches.
STEAM: Science, Technology, Engineering, Art, and Mathematics educational approaches.
Videogames: Playable digital games that are available on a multitude of platforms and engage the 

player in numerous ways.

ENDNOTES

1 . Invent and share techniques that take advantage of simple, freely available IT systems and ap-
plications to support enhanced observation, analysis and understanding of pictorial and numerical 
data. Build new connections between art and design disciplines and scientific fields to advance 
understanding of complex systems, e.g., through improved strategies and techniques for the shared 
perception and visualization of scientific data http://www.artandeducation.net/announcements/
view/1473

2 . “The success of complex video games demonstrates that games can teach higher-order thinking 
skills such as strategic thinking, interpretative analysis, problem solving, plan formulation and 
execution, and adaptation to rapid change. These are the skills U.S. employers increasingly seek in 
workers and new workforce entrants. These are the skills more Americans must have to compete 
with lower cost knowledge workers in other nations.”

3 . To genuinely engage youth in STEM learning, we must reach them on their own turf. In much 
the same way that the U.S. space program in the post-Sputnik period began to spawn a generation 
of aerospace engineers, the videogame industry can put a new face on STEM learning that will 
captivate America’s youth, beginning in early childhood. (http://www.stemchallenge.org/resources/
Default.aspx)

4 . Top five pre-ordered video games, February 19th, 2011. Accessed online from: http://www.vgchartz.
com/article/84281/americas-preorders-chart-19-february-2011-killzone-3/

5 . Games are developed on the basis of feedback, with the premise that no time is wasted building 
more elaborate games that are neither fun nor easy to use. With constant user feedback, develop-
ers are assured that what they are working on, though it may change directions many times, will, 
in the end, be accessible and compelling. http://spotlight.macfound.org/featured-stories/entry/
prototyping-our-way-to-reforming-education/

6 . “Our children are bombarded with TV programming showing a multitude of killings. Children are 
given games to play in which they earn points for killing people. Where are the TV programs that 
promote good role models? ... Children are becoming more desensitized and complacent toward 
their own violent acts and those of others.” (http://www.rawstory.com/rs/2011/01/25/ariz-linda-
gra-shootings-fueled-tv-video-games-abortion-guns/)
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7 . “ In the lead-up to his election in 2008, President Obama spent approximately $44,500 on in-game 
advertisements promoting his candidacy, with promotional spots appearing in games such as EA’s 
Burnout Paradise. However, since then, the Wii-owning chief executive has repeatedly criticized 
gaming in general, urging parents to start “putting away the Xbox [and] putting our kids to bed at 
a reasonable hour.” (http://www.gamespot.com/ps3/action/littlebigplanet/news.html?sid=6241210)

8 . To parents -- to parents, we can’t tell our kids to do well in school and then fail to support them 
when they get home. (Applause.) You can’t just contract out parenting. For our kids to excel, we 
have to accept our responsibility to help them learn. That means putting away the Xbox -- (applause) 
-- putting our kids to bed at a reasonable hour. (Applause.) It means attending those parent-teacher 
conferences and reading to our children and helping them with their homework..

9 . Companies have been offshoring manufacturing for decades. Today, however, corporations are 
sending engineering work abroad as well, by outsourcing work to offshore vendors or assigning it 
to overseas divisions. If this is a seismic change in the engineering profession, so far mechanical 
engineers have only felt the initial tremors. The trend is most pronounced in information technol-
ogy, computing, and consumer electronics, where U.S., European, and Japanese firms have hired 
hundreds of thousands of programmers and engineers in China, India, and other developing nations. 
(http://memagazine.asme.org/articles/2009/March/Shift_Offshoring.cfm)

10 . This doesn’t mean that our education system is perfect. But it does mean that without reforming 
the trade, tax and regulatory policies that reward high-tech outsourcing and incentivize careers in 
finance, our schools can never be an engine of value-generating information-age jobs. To know 
these suppositions are preposterous is to consider a recent study by Rutgers and Georgetown Uni-
versity that found colleges “in the United States actually graduate many more STEM students than 
are hired each year.” (http://www.salon.com/news/opinion/feature/2010/09/10/sirota_neoliberal)

11 . Over the past five years, young people have increased the amount of time they spend consuming 
media by an hour and seventeen minutes daily, from 6:21 to 7:38—almost the amount of time most 
adults spend at work each day, except that young people use media seven days a week instead of 
five.

 Total media exposure 10:45 (Multitasking)
 20% of media consumption is mobile. total time spent playing video games increased by about 24 

minutes over the past five years (from:49 to 1:13), and 20 minutes of that increase comes on cell 
phones, iPods and handheld video game players.

 Hispanic and Black youth average about 13 hours of media exposure daily (13:00 for Hispanics and 
12:59 for Blacks), compared to just over 8½ hours (8:36) among Whites. Some of the biggest race 
related differences emerge for television time: Black youth spend nearly six hours daily watching 
TV and Hispanics spend 5:21, compared to 3:36 for Whites. Other substantial differences emerge 
for time spent with music (Black and Hispanic youth spend about an hour more a day with music) 
and video games (about a half-hour more a day).

12 . Implications for industry
 Design principle No. 1: Create apps that are developmentally appropriate.
 • Focus content narrowly within a developmental age range.
 • Design content to be relevant to what children are already learning.
 • Consider children’s evolving motor skills.
 • Engage children (and adults!) by making them laugh…
 • …but not too much. Balance engagement and learning.
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 Design principle No. 2: Create apps that sustain children’s interest and learning.
 • Design for shorter playtimes.
 • Provide goals and incentives: Keep them coming back.
 • Give kids the option to personalize.
 • Involve parents.
 Distribution strategies: Bringing educational apps to market.
 • Lead kids (and their parents) to appropriate content:
 Protect children from inappropriate content and warn parents of apps with unsubstantiated educa-

tional claims.
 • Build parent expertise and promote quality:
 Inform parents of the existence of quality educational apps and how to find them.
 • Provide something old and something new: Using familiar characters and brands may be a way 

of engaging kids with new apps and gaining the trust of their parents.
 • Bridge the digital divide: Ensure that children from underserved or underrepresented populations 

receive the same opportunities to learn using smart mobile devices as their peers.
 Implications for education
 • Optimize children’s time with mobile devices.
 • Use mobile devices as supplemental tools.
 • Surround children with high-quality educational resources.
13 . The Developer Prize challenges emerging and experienced game developers to design mobile 

games, including games for the mobile Web, for young children (grades pre-K through 4) that teach 
key STEM concepts and foster an interest in STEM subject areas.

14 . Quest to Learn
 The school has been designed to help students to bridge old and new literacies through learning 

about the world as a set of interconnected systems. Design and complex problem-solving are two 
big ideas of the school, as is a commitment to deep content learning with a strong focus on learning 
in rigorous, engaging, and relevant ways. It is a place where digital media meets books and students 
learn to think like designers, inventors, mathematicians, writers, and more. Q2L brings together 
teachers with a passion for content, a vision for helping kids to learn best, and a commitment to 
changing the way students will grow in the world.

 Mission Lab: Mission Lab represents a new model of an institution that we feel is critical to the 
future of learning: an institution that acts as a “node” within a broader learning network, connect-
ing and synthesizing expertise and resources from school institutions, non-profit organizations, 
foundations, and industry.

 Quest to Learn Overview:
 Games work as rule-based learning systems, creating worlds in which players actively participate, 

use strategic thinking to make choices, solve complex problems, seek content knowledge, receive 
constant feedback, and consider the point of view of others.

 Design Methodologies and Q2L
  Learning using a design methodology
 Our curriculum creates contexts for ongoing feedback and reflection. This approach creates oppor-

tunities for students to demonstrate and share their knowledge with teachers and peers, as well as get 
continual feedback on their work and ideas. Across the curriculum students act as socio-technical 
engineers in the creation of playful systems—games, models, simulations, stories, etc. Students will 
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learn about the way systems work and how they can be modified or changed. Through designing 
play students learn to think analytically and holistically, to experiment and test out theories, and 
to consider other people as part of the systems they create and inhabit. Game design serves as the 
pedagogy underlying this work.

 Q2L and Technology
 Technology is linked directly to the curriculum and learning objectives.
 The use of technology at Q2L bubbles up out of what is done in the classroom. It is teacher driven 

and arises out of a need to further a students understanding. By placing the teacher as the driver, 
the use of technology is ensured to be compelling and in context. Technology integrators at Q2L 
support this approach, scaffolding teachers thus allowing them to ubiquitously and intimately 
integrate technology into their work with students.

 Integrated technology adds breadth and depth to educational experiences.
 Technology is always integrated into the curriculum only when it can help to further understanding 

for the students.
 Technology integration is done so with purpose and with an eye on pedagogy.
 The technology should always support and be supported by good teaching. If at anytime a teacher 

feels as if he/she would like to incorporate technology into a piece of curriculum they should always 
be asking themselves, “how will this technology help the learning of my students increase?”

 Technology is a tool.
 Technology is a tool in the school, just like any other tool. Students should know when to use it 

and what specific technologies are needed to serve particular purposes. That said, part of being 
savvy with technology is learning when it is not needed, as well.

This research was previously published in Convergence of Contemporary Art, Visual Culture, and Global Civic Engagement 
edited by Ryan Shin, pages 331-341, copyright year 2017 by Information Science Reference (an imprint of IGI Global).
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ABSTRACT

The importance of science, technology, engineering, and mathematics (STEM) disciplines, and teaching 
through an inquiry approach, are critical facets in education today. The purpose of this chapter is to 
share useful observations and recommendations about teaching STEM through inquiry for practicing 
teachers. Three cases are used to collect data about participant interactions with an interdisciplinary 
activity related to climate change, human population growth, and atmospheric pollution (e.g., green-
house gases and smog). Fifty-five participants, most of whom were pre-service teachers, completed a 
technology-rich activity, post-test assessment, and survey about the experience. The findings discussed 
include research results, the perspectives of the facilitating instructor, and recommendations for teach-
ing technology-laden investigations through an inquiry approach. In general, the challenges related to 
teaching with technology and time constraints were found to be significant limiting factors in the success 
of inquiry-based teaching in STEM.
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INTRODUCTION

Inquiry-based instruction and the promotion of interest in science, technology, engineering, and math-
ematics (STEM) disciplines are at the forefront of education in America today. This is evidenced by 
the emphases in both the science and mathematics national standards. It is no longer sufficient to learn 
about STEM topics in schools, rather students are expected to utilize and implement the strategies and 
processes that practicing professionals use on a regular basis. Nowhere are the use of inquiry methodol-
ogy and the introduction of the importance of STEM disciplines more important than in K-12 schools; it 
is here that students are most likely to be influenced by exposure to these issues. The necessity of proper 
training opportunities and experiences for pre- and in-service teachers to learn, develop, and practice 
relevant skills and models of higher order thinking should not be understated.

The purpose of this chapter is to relay the findings of case-study research that was designed to ex-
plore an interdisciplinary, inquiry-based approach to teaching undergraduate pre-service teachers about 
climate change, in order to share observations and speculations about teaching STEM disciplines within 
the context of an inquiry instructional model. The findings and teacher-perspectives are shared in order 
to consider the struggles and potential obstacles to inquiry-based teaching in a technology-rich scenario, 
and to propose recommendations for dealing with them. Below, we share three cases related to the ap-
plication of technology to inquiry-based, interdisciplinary approaches to learning about STEM topics 
and the struggles that pre-service teachers (and their university instructors) experienced with managing 
them. The cases themselves explore interdisciplinary relationships among science, math, geography, and 
literacy, within the confines of a technology-centered lesson.

BACKGROUND

The National Science Teachers Association (NSTA) Board of Directors stated the following as part of 
their official position about scientific inquiry:

Scientific inquiry reflects how scientists come to understand the natural world, and it is at the heart of 
how students learn. From a very early age, children interact with their environment, ask questions, and 
seek ways to answer those questions. Understanding science content is significantly enhanced when 
ideas are anchored to inquiry experiences. (NSTA, 2004)

Inquiry-based learning not only makes sense from a science perspective but also from the perspec-
tive of effective learning. Learning is essentially a social activity that requires the active engagement of 
the learner to construct meaning from the experience. Generally, the learner must perceive the experi-
ence to be useful and relevant in order to participate (Vosdianou, 2007). The inquiry process, based on 
Dewey’s philosophy that education begins with the curiosity of the learner, integrates these essentials of 
effective learning through the four primary interests of the learner: inquiry—the natural desire to learn; 
communication—the propensity to enter into social relationships; construction—the delight in creating 
things; and expression, or reflection—the desire to extract meaning from experience (Bruce & Bishop, 
2002). A simple but logical rationale for inquiry-based instruction is found within the very definition 
of science. Science is a process of investigating the nature of the universe and asking questions is the 
essence of this process (Matson & Parsons, 2006).
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At the center of inquiry-based science learning is language. Language, in the form of reading and 
writing is integral to the development of concepts in science. Wellington and Osborne (2001) point out 
the similarity between learning science and learning a new language. Students are able to clarify, ques-
tion, hypothesize, and explain through discussion while writing seems to assist students in refining and 
consolidating these new ideas with prior knowledge. Rivard and Straw (2000) found that combining 
small group discussion with writing activities increased the retention of science knowledge (cited in 
Pegg, 2010).

The construction of a learning experience is crucial. According to Colburn (2000), for a science or 
STEM lesson for K-12 learners, the essential elements are that the activity be based on “…concrete, ob-
servable concepts…[and center] around questions that can be answered directly via investigation…using 
materials and situations familiar to the students” (Colburn, 2000). He further observes that “Maximum 
learning probably occurs when the activities are ‘just right’—cognitively challenging, but still doable” 
(Colburn, 2000), which situates learners comfortably within the zone of proximal development. The 
design allows for the teacher to become a facilitator of learning rather than the transmitter of information 
while students become the constructors of their own learning.

The teacher is every bit as crucial as the construction of the learning activity. While content knowledge 
is important, deep understanding and a teaching stance that supports inquiry-based learning is equally 
as critical. “He or she must believe in the value of students having some element of control over what 
they will do and how they will behave” (Colburn, 2000). The result of this instructional methodology is 
a discernible shift from direct instruction to open inquiry (Matson & Parsons, 2006).

Authentic data collection and analysis is a critical goal of science education today (National Re-
search Council, 1996). As with any other discipline in education, intended outcomes measured through 
assessment should drive instruction. Hanson (2004) draws a sharp distinction between assessment as 
a reflection of a student’s depth of understanding and the solely content-based evaluation he believes 
takes place in most STEM classrooms. The term evaluation is used in the measurement of performance 
relative to standards in order to gauge if standards are met; assessment is used to measure performance 
for purposes of providing feedback for future improvement (Hanson). Hanson further observes that, in 
his experience, this type of feedback occurs infrequently in most STEM classrooms. Other studies have 
indicated positive outcome for inquiry-based science instruction, such as better understanding of science 
processes for students from diverse backgrounds, increased science literacy, and increased interest in 
science (Hauser, n.d.).

THREE CASES OF TEACHING STEM THROUGH INQUIRY

The purpose of the investigation was to gather information about the challenges of teaching a Science, 
Technology, Engineering, and Mathematics (STEM) topic through inquiry. The driving focus of the study 
being that while inquiry-based instruction is recommended for STEM education today, it is not without 
specific challenges. Good instruction through inquiry methods does not just happen; it takes a combina-
tion of content knowledge, experience, and planning. By working through a STEM-related issue using 
an inquiry approach in a lesson taught to pre-service teachers, the researchers have attempted to model 
and provide appropriate training (as well as provide exposure and some experience) that would serve to 
offer up useful data about the process while simultaneously resulting in a story to be shared for the benefit 
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of all teachers of STEM disciplines. There is much formal research available with minimal searching, 
but our hope is that these candid and practical comments would be useful to practicing K-16 teachers.

A prime advantage of inquiry-based learning experiences in science, as well as other disciplines, is 
the emphasis on active engagement rather than the passive reception of information (Edelson, Gordin, 
& Pea, 2001). In the case of the activity described below, inquiry allowed the pre-service teachers to 
integrate knowledge in the disciplines of science, social studies, and instructional technology. The active 
stance required for inquiry-based learning encouraged these students to become researchers that applied 
information across three disciplines. Once the activity began responsibility shifted from the instructors 
to the students to take on ownership of their own learning.

Another advantage of inquiry-based learning is that it allows learners to see interrelationships within 
disciplines that might not have been quite as apparent without the broadened contexts created through 
an inquiry-based experience. The students who took part in the climatology activity had the opportunity 
to discover linkages across several disciplines. The students were able to understand how the combined 
effects of population growth and NO2 (nitrogen dioxide) levels influenced lifestyle and even quality of 
life to some extent. Although this was primarily a science activity, students saw the connections to the 
social sciences and started to understand how civic competence was related to their scientific findings, 
specifically in this case, what can be done to minimize the effects of photochemical smog.

We convey enough detail below to allow similar studies to be reproduced. We discuss the STEM 
activity, three cases, and the general methodology before finally discussing our findings, impressions, 
and recommendations. Both quantitative and qualitative descriptions are presented as a part of this case 
study. The implications of the research relate to the design and implementation of practical inquiry-
based instruction, and specifically examine some of the potential obstacles teachers typically encounter.

The Activity: A Union of Science, Technology, and Mathematics

Although the activity in this study was implemented in a college classroom, it could be modified for K-12 
classes and would be most appropriate for a high school setting. The activity used in the cases involved 
examining the relationships between climate characteristics (e.g., temperature), population density, and 
greenhouse gases in photochemical smog through the use of Google Earth™ and imported datasets. 
Participants were introduced to an initial activity that followed a guided-inquiry approach that eventually 
led to more open-inquiry investigation by the end. The activity included examinations of numerical data, 
determining mathematical projections of population change, considering the effects of industrialization 
on tropospheric greenhouse gas concentrations and temperature. The combination of relevant societal 
issues (i.e., population growth, pollution, and global climate change) and the use of popular technology 
(i.e., Google Earth™) are useful for both motivating students and clearly illustrating STEM connections.

The activity incorporated the use of two existing online resources: 1) the Earth Exploration Toolbook 
chapter – specifically designed for secondary students (grades 7-12) – entitled Exploring Air Quality in 
Aura NO2 data (Urban, Bojkov, Carter, Dogancay, & Fermann, 2008), and 2) the Smog City simulation 
(Sacramento Metropolitan Air Quality Management District, 1999). The structure of the activity – cre-
ated by the researchers – included five parts with five respective purposes: 1) provide an introduction to 
photochemical smog, greenhouse gases, and the population density and nitrogen dioxide concentration 
datasets to be used, 2) investigate local and national nitrogen dioxide concentrations (during the months 
of January and May) for general trends and relationships to population through Google Earth™, 3) make 
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mathematical projections of human population changes throughout the next century and consider the 
corresponding changes in smog and greenhouse gas concentrations, 4) consider the interactions between 
human population, smog, greenhouse gas concentration, and temperature, and the potential ramifica-
tions of certain combinations of these variables, and 5) participant-designed mini-investigations where 
variables are manipulated in the Smog City (1999) simulation.

The activity begins by having students explore a case study about smog, which is a part of the Tool-
book chapter (Urban et al., 2008). The students read and discussed issues related to photochemical smog. 
After the case study, students explored actual data sets about population and nitrogen dioxide (NO2) 
levels, which were visually represented through Google Earth™ using layering features.

Students were instructed on how to overlay the visual representations of particular data to make 
comparisons among factors such as time of year, temperature, NO2 levels, and population density. Part 
of the learning experience entailed an exploration of factors impacting air quality. Using an interactive 
air pollution simulator (Smog City) to control the air quality, students learned how individual choices, 
environmental factors, and different types of land use affect air quality. The ozone and particle pollution 
levels in Smog City were estimated by simulating the air quality over an imaginary city using a com-
puter model that generated a visualization box to represent the atmosphere above the city. Air quality 
conditions in the box were simulated to account for both human influences and natural factors that affect 
ground-level concentrations of ozone and particle pollution. Each simulation represented a single day. In 
the morning, the air in the simulated atmosphere was usually healthy. With each passing hour, pollutants 
from human activities (such as industry and motorized vehicles) and from natural sources were emitted 
into the atmosphere. The model accounts for variations in human activity, such as morning and evening 
rush-hour traffic. Emissions are subjected to movement, mixing, and dilution, which are influenced by 
weather characteristics such as wind speed, sunlight, and temperature. The model accounts for these 
meteorological effects to determine the rate of chemical reactions that cause ozone and particle pollu-
tion levels to increase or decrease.

All parts of the activity required participants to respond to specific questions, and the latter parts (4 and 
5) encouraged participants to begin formulating and testing their own questions to take the investigation 
in new, participant-determined directions. By structuring the activity in this way, participants received 
initial scaffolding and specific training (expository learning), which led to a more guided-inquiry approach 
and eventually allowed them to take ownership of the future direction of the investigation (true inquiry).

Case Descriptions

This case study research involved students at a Mid Atlantic, Historically Black College and University 
(HBCU) that is a State Land-Grant University. Most of these participants were first-generation college 
students (mostly African American men and women) and many of these students were associated with 
a National Council for Accreditation of Teacher Education (NCATE) accredited Teacher Education 
Program. This HBCU was originally established as a teacher-preparation institution and places a high 
priority on quality teaching and school impact. The university continues to be a primary institution 
for statewide teacher education and has cultivated strong working partnerships with local K-12 school 
systems through the teacher preparation and in-service programs. The university has a 400-acre campus 
in a mid-Atlantic region. As an Historically Black College/University (HBCU), this institution has a 
tradition of quality teacher preparation programs, having received its initial Middle States accreditation 
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in 1947. The institution has been well regarded for its teacher education program and more recently, 
for development of its Master’s and Doctoral studies in Educational Administration, Leadership, and 
Supervision. The conceptual framework for teacher education affirms the goal of developing highly 
qualified teachers for the twenty-first century with diverse populations.

METHODOLOGY

Design

This action research entailed a case study model that integrated qualitative and quantitative data collec-
tion and analysis into three cases of STEM related inquiry-based teaching and learning. The first case 
included three pre-service teachers who were taking courses about teaching methods for mathematics 
and social studies. The three subjects of this case were traditional-aged African American women who 
were teacher education candidates, studying for their degree and certification as elementary educators. 
This case demonstrated an inquiry approach to teaching; pre-service teachers worked on an inquiry-based 
lesson, and explored issues and challenges that they encountered while learning to implement inquiry 
strategies. The second case entailed forty male and female undergraduate students enrolled in a course 
about integrating technology into teaching and learning. Many of the participants in the second case were 
education majors. This case explored the particularities and complexities of integrating inquiry-based 
teaching and learning strategies into a model activity related to STEM topics. The third case consisted 
of students from two sections of an undergraduate educational technology course. This case consisted 
of twelve male and female undergraduate students, most of whom were education majors with a few 
students in the case being community health majors.

The activity and lesson for each of the three cases was interdisciplinary and included the subject 
areas of geography (social studies), climate (science), math, as well as peripherally touching on reading/
literacy. This activity examined the relationships between climate characteristics (e.g., temperature), 
population density, and greenhouse gases through the use of Google Earth™ and imported datasets. 
The activity was designed to cover relevant societal issues (i.e., population growth, pollution, and global 
climate change) and included examinations of numerical data, determining mathematical projections 
of population change, considering the effects on tropospheric greenhouse gas changes and temperature. 
During the activity, students used technology that is available online to explore data and to answer ques-
tions about atmospheric conditions and population density.

Research Questions

1.  What is the effectiveness of using technology to implement an integrated, interdisciplinary, inquiry-
based learning activity, in an HBCU classroom?

2.  What challenges do pre-service teachers encounter when learning to use inquiry-based teaching 
techniques for interdisciplinary P-6 classrooms?

3.  How does inquiry-based methodology impact the classroom?
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Participants

Participants in this case study included a convenience sample of fifty-five undergraduate students at a 
Mid-Atlantic HBCU. The first of two cases included students in a social studies methods course (n = 
3). The second of the three cases entailed forty total students from two sections of an introductory earth 
science course (n = 40). The third of the three cases included students in two sections of an educational 
technology course (n = 12). These 55 students volunteered to participate in the research that required 
them to engage in an inquiry-based activity about climate change. Upon completion of the activity, each 
student took a post-activity knowledge assessment to measure their understanding about the topic of the 
activity and a short survey about their opinions regarding their participation in the activity.

Data Sources and Instruments

This mixed methods study included both quantitative and qualitative data and involved a collective case 
study design (Stake, 1995). The quantitative data collection utilized two primary instruments. The first 
was a survey that identified the participants’ prior knowledge about the topic and technology and their 
opinions about the activity and perceived usefulness of the technology in an elementary classroom. The 
survey was a brief 10-item survey that used a six-point Likert survey format, with a single open-ended 
question. The second was an 8-item post-activity knowledge test to assess the knowledge acquisition 
and knowledge transfer of the instruction. The assessment consisted of six multiple-choice questions 
and two open-ended response questions designed to ascertain what information students learned through 
completion of the activity. (See Appendices for the instruments.)

The qualitative data sources were derived from classroom observations of the lessons, open-ended 
questions on the surveys, and document analysis. During observations the research team explored key 
events during the learning activities, while also focusing on the learning environment and other influ-
ences on classroom activities. The 10-item survey questioned students about their attitudes and opinions 
about inquiry learning. Last, student work was collected and archived as a source for document analysis 
as it related to emerging themes and issues in the study.

Data Analysis

Qualitative data was analyzed and reported in this case study. Consistent with qualitative methods, 
triangulated data was coded by standard qualitative research methods whereby issues and themes were 
used to make sense out of the data (Merriam, 1998). This procedure included indexing the data to cat-
egorize the findings of the case study (Stake, 1995). We used direct interpretation to draw meaning from 
single instances (Creswell, 1998), and thematic analysis to identify commonalities between responses. 
Salient quotes were used to relay important perspectives, and convey potentially sufficient evidence for 
naturalistic generalization. The quantitative analysis explored the effects of the learning activity in terms 
of knowledge acquisition. A chi-square analysis was used to determine if any of the groups performed 
significantly better on the post-test.
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FINDINGS

Clearly the results of this study indicate that inquiry-based instruction supports effective STEM instruc-
tion. Although the data provides empirical evidence that inquiry teaching works, several important bar-
riers and challenges have been identified by this research. Collectively, the three cases reveal support for 
engaging students in multidimensional integrated learning environments about STEM topics. However, 
the results also provided evidence that teachers and students struggle in these complex learning situa-
tions. The results of this research, both quantitative and qualitative, provide insight into how educators 
are able to become better at inquiry-based teaching.

For the purpose of data analysis, each class that participated in the study was assigned a letter, as 
follows: A represents the morning science class, B represents the afternoon science class, C represents 
the Social Studies class, and D represents the instructional technology class. It should be noted that 
due to the small number of responses on the post-activity knowledge assessment, classes C and D were 
combined for statistical analysis. Only class C is represented in the survey results because class D did 
not complete the survey. In the instructor’s narrative section, Case 1 includes members of C, the Social 
Studies Methods class. Case 2 includes both A and B, two sections of the earth science class. Case 3 
participants are members of D (represented as part of Class C in the analysis), two sections of educa-
tional technology.

Analysis of the results of the science activity post-test appeared to reveal some trends upon first 
glance. A chi-square analysis was performed to determine if the three classes were statistically different. 
All of the responses for each item were compared using class membership as a covariate. The chi-square 
showed no statistical difference among the groups on any variable. Thus results of the post-test could be 
viewed across all four groups. As noted earlier, however, due to the small number of responses on the 
post-activity knowledge assessment, some of the cases were combined for the analysis. Chi-squares as 
well as mean scores per item are included in Figure 1.

There was a pattern of response that demonstrated overall knowledge of the relationship between 
population density and higher concentration of NO2 (question 1), with a mean score of about 9 of 10 for 
the entire group. (See Appendix A for the assessment.) [Each question on the assessment was valued 
at 10 possible points.] Similarly, a mean score of 1 of 10 for the group indicated lack of understand-
ing of growth projections for population (question 5). Most students who responded to the open-ended 

Figure 1. Climate change post-activity knowledge assessment class means and chi-square for each item 
(mean number of students with correct answers; questions 1-8 in order, from left to right)
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questions on the activity gave plausible responses; however, far more students declined to respond to 
the question about the Smog City application (question 7) than the question about how population may 
impact global climate change (question 8). It is possible that some students did not complete the Smog 
City activity since it came late in the class, and therefore, the students could offer no comment about it. 
Across the board, those who responded to the question about the impact of population on global climate 
commented on the relationship of increased population to increased NO2 or pollution levels. One student 
stated, “Greater human population leads to the production of many harmful chemicals and gases that 
tear apart the Earth’s ozone layer which unfavorably impacts global climate change.”

The results displayed in Figure 2 provide a visual representation of responses to each of the assessment 
items by all of the participants. The table allows us to easily isolate results for individual participants 
or individual test items.

Results of the Post-Activity Survey also revealed no statistical differences among the groups as 
evidenced by a comparison of modes. (See Appendix B for the survey.) Examination of the mathemati-
cal modes for the responses to each survey item by class demonstrates that, overall, all of the classes 
responded similarly on the survey items. It is interesting to note that most of the students, excepting class 
B, indicated familiarity with photochemical smog although their performance on the knowledge activ-
ity suggests otherwise. Students also indicated that they had “quite a bit” of use with Google Earth™ 
prior to the activity. Again, their performance during the class activity strongly suggested that this was 
not the case for most of the students. However, most of the students agreed that their facility in using 
Google Earth™ was improved as a result of the class activity. Interestingly, although a vast majority of 
students claimed to see Google Earth™ as a useful tool for elementary students, many of the students 
were undecided as to whether or not they would use Google Earth™ in their own classrooms.

Only 12 of the 29 students who responded to the survey offered comments about the activity in the 
open-ended questions. Five of the students commented that they felt directions for the activity could 
have been clearer; still one student added that directions became clearer as the activity unfolded. An 
additional student offered that Google Earth™ was frustrating to use although it is not clear whether 
the frustration came from Google Earth™ or using the Mac Book computers for the activity. While 
only two students posted that the activity was too long to complete in class, several students echoed this 
sentiment verbally as they left class. Finally, three students did comment on the value of the activity. 
All three comments identified understanding the relationship of population density to increased NO2 
levels as very important information.

Analysis of the qualitative data sets in this study provided the researchers with evidence supporting 
inquiry-based teaching as well as insights into the challenges and barriers teachers and students face 
when engaged in inquiry-based lessons. Several specific themes emerged during data analysis. The two 
broad areas are defined as instructional characteristics and classroom interactions. Under instructional 
characteristics issues were cited in areas of time management, technological glitches, instructional support 
systems, and constructivist learning. The classroom interactions category entails interactions between 
students and also interactions between the teacher and the students. As one would suspect, the role of 
the teacher in this study was mostly as guide and facilitator of the learning experience. Student interac-
tions during the lessons demonstrated collaboration, intellectual discourse, and engagement in learning.

Observations during each class session pointed to one overriding factor in determining the success of 
the class session – use of technology. The two science classes had Mac Books to use in pairs with Google 
Earth™ and the population and NO2 overlays were already downloaded. These classes had used Google 
Earth™ earlier in the semester so the students had some familiarity with the application. The other two 
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Figure 2. Climate change post-activity knowledge assessment
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classes had little to no experience with Google Earth™. Much of the class time in each of those classes 
consisted of coaching students through the use of the program. One student stated, “I thought the activ-
ity was very beneficial for students. The only struggle of the activity was trying to work Google Earth 
and getting the downloads working.”

In the Social Studies and Instructional Technology classes student talk was predominantly directed 
toward asking for assistance with Google Earth™. In each of the science classes most of the students 
were able to navigate through the activity with little assistance and student talk turned to questions about 
the expected tasks and finally to discussion about their observations. In the morning class two teams 

Figure 3. Frequencies of response for survey items for classes A,B,C (NA = 13, NB = 15, NC = 1)

Figure 4. Modes for each survey item for each class (SA=6, A=5, NA/D=4, D=3, SD=2, N/A=1)1
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entered into a discussion of their observations of NO2 densities in May versus January. While one group 
considered the results they observed to be somewhat of an anomaly based on what they had read during 
this case study, the other group came to a quick conclusion based on only one of the many factors they 
had read about. In the afternoon class, one student decided to look at population density and NO2 con-
centration for each of the cities in which she had resided and completed a five-city comparison. Based 
on her comparison, she identified the presence of industry or factories as an important consideration. She 
hypothesized this consideration to be perhaps more important than population in predicting NO2 levels.

Each class was videotaped in hopes that conversation during the class sessions could be transcribed. 
Unfortunately, sound quality was not good enough to distinguish conversations. What the videotapes did 
show was the level of engagement of each class group. High engagement is defined within this chapter 
as the observation of students exhibiting behaviors indicative of working on the assigned activity, such 
as both partners actively watching the computer screen, writing or typing, or one partner writing as the 
other viewed the computer screen. Low engagement is defined as students exhibiting behaviors that 
suggest off task behavior, such as lab teams not looking at the computer screen, writing, or typing for 
more than a minute, lab teams leaving the lab station for periods of longer than 2-3 minutes, or class 
members engaged in conversation for 5 or more minutes that did not appear to reference the computer 
or lab activity. While within each class, lab teams did show periods of high engagement as well as low 
engagement, overall both the morning and afternoon classes showed a high level of engagement through-
out the activity. Both classes of Earth Science also expressed frustration at not being able to complete 
the activity within the class period.

Within the inset box below, the case instructor of the activities reflected upon his preparation and 
facilitation of the lessons. He shared his reflection in his own words:

I’m sharing my reflective thoughts about facilitating the STEM Activity, which was an inquiry-based 
lesson about smog and climate change. I taught the lesson four times, first with the small group of social 
studies methods students (Case 1), then in two subsequent sessions for students taking an introductory 
earth science course (Case 2); finally, students (mostly education) enrolled in my educational technol-
ogy course (Case 3).

Case 1: I was excited to pilot the activity with my social studies students. In advance of that lesson, I read 
the activity and reworked it into a step-by-step guide on the assignments page of Blackboard (LMS) that 
I was using for much of my teaching as a web-enhanced but face-to-face social studies methods course. 
I also uploaded the post-test questions into assessments in Blackboard to make it easier for my students.

A few days before the lesson, I realized my first error in planning. I did not have the Google Earth™ 
Software installed in the instructional computing lab. To address this issue, I was able to install the 
software on the instructor station and my own personal laptop. Having it on two computers made it 
possible for my students to work in teams of two. Even so, I scheduled an alternative lab that had the 
software for the follow-up session.

My class is a one-hour session so I didn’t expect to complete the activity during the first session. Things 
went much slower than I expected. Actually, I wasn’t able to help my students as they attempted to open 
the data sets in Google Earth™. They also skipped over an important case study about smog so they 
were rather confused when they were trying to make sense of the data. However, they became familiar 
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with some important fundamental concepts such as ozone, population density, and NO2 in the atmo-
sphere. By the end of that session I felt we were prepared to continue during the next class. However, I 
was completely exhausted and frustrated because I felt that I hadn’t prepared myself enough to answer 
questions and to make the technology work for my students. After class, I spent several hours further 
developing the materials and working with my co-researchers to better understand the software and the 
activity information. 

I was now eager for session two. I arrived an hour early to set up the computers and to test the software. 
Again, I ran into some problems with the technology. The Mac Books that I signed out from the sci-
ence lab seemed to be having power issues. I resolved the problem by finding at least two that worked 
properly and I had my laptop as a third. I had students open Blackboard on the PCs in the lab (which 
did not have Google Earth™ installed); I decided that I would have the students use the MACs to run 
Google Earth, but they were to answer the questions on the PCs and my laptop. Again the preparation 
challenges for this activity were related to having the proper software installed on the machines for my 
students. It was frustrating that something so minor would create so much stress and confusion for both 
the instructor and his students. I was also a bit frustrated when trying to download and open files on 
the MACs, because I’m more familiar with using a PC with Windows.

My students arrived (all but one), although at least a few minutes late. I quickly explained how they 
were to use the computers and what to do to start and complete the activity. Things were going much 
smoother when I was able to demonstrate the overlays of data sets for the activity comparisons. These 
three students went right to work individually and then stayed on task. I moved around the room helping 
them with the software and information. Compared to the first session, this class was going one hundred 
percent better, in my opinion.

In reflecting on my instruction for this lesson, I am confident that I held firm in the role of facilitator 
of an inquiry-based lesson. I did not lecture or present the information. Most of my assistance for stu-
dents was in the form of questioning and guiding. However, during the second half of the hour session, 
it was clear to me that students would not get through the entire activity. Thus, the activity required a 
good two hours to complete. To compensate for the time issue, I assigned completion of the activity and 
post-tests as homework. I was confident in doing so for this small group of three students. However, I 
think the activity would have been much better if I were to bring closure and wrap up the learning with 
a class discussion. 

After completing the social studies case, I was eager to prepare for the next two sections of Earth Science 
students, who would undergo the activity on the following day. To prepare, I tested Google Earth™ on 
the laptops and I reserved the LCD projector for the science lab. I wanted to be able to demonstrate a 
bit of Google Earth™ and to let students see me doing what I wanted them to do. In retrospect, this last 
minute preparation was likely the beginning of my move from inquiry-based facilitation to traditional 
didactic instruction. 

Case 2: I arrived in the lab an hour early to begin setting up for the sessions. Fortunately, I had a key to 
the lab from teaching there the previous semester. I realized I had the key when I could not find anyone 
around to let me into the lab. This was around 8 am, so many faculty and staff members were not yet on 
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campus. If I hadn’t had the key, I would have had to wait for the instructor of the class to get there and 
I wouldn’t have much time to set up, or to get the projector set up with my laptop. I was lucky to find the 
key on my keychain, and I returned the key at the end of the day as I should have the previous semester. 
Although it may seem trite, these minor logistical matters can be barriers to productively setting up for 
inquiry learning, and thus, bear mentioning.

Some students began to arrive a few minutes early. As they entered the lab, I handed them a printed 
activity guide and a laptop so they might get started early. There were about 20 students in this class 
and at least 5 were more than five minutes late for class. This created an issue for me because I needed 
to repeat an explanation of the research and informed consent forms before starting the activity. In any 
event by 15 minutes into the class, I was well on the way to helping them start the activity.

On this morning, I was much more confident in using the technology and guiding students through the 
steps. Having had time to use the software and pilot the activity helped me in this regard. As I demon-
strated Google Earth™, there was a problem in that it was not showing the proper data file. I realized 
that my Google Earth™ settings on my laptop were incorrect, and I finally was able to get the proper 
data images to show. However, the technology again posed a glitch in moving the activity forward. For-
tunately, two other faculty members were there to help and they both worked with groups as the three of 
us helped the six or seven small work-groups to undergo the activity.

After my initial demonstration of the software, the activity moved into a phase of engagement whereby 
students used a self-guided inquiry-learning approach. I was pleased with the questions that students 
were asking me and each other about the data and information. As I reflect back on that morning session, 
it seemed that students were highly engaged and on task with the activity. The three faculty members 
were being sought by the groups when they needed clarification. Halfway through the class session, I 
reminded the class to keep moving through the activity (in hopes of getting them to work more quickly). 
I was a bit concerned that many students were still working on the second step of the seven-step activity 
guide. I urged them to perhaps not be so specific in answering the short answer questions that guided 
the activity, for the sake of time.

With about 15 minutes left in the activity, the Earth Science instructor suggested to me that I should wrap-
up the activity if I wanted ample time for students to take the post-tests. However, most groups were only 
mid-way through the activity. Even so, I gave a five-minute warning to wrap up what they were doing. 
My concern now was that the activity was too long for the two-hour session. This was because of the 
length of the activity, but also the fact that students were being thorough and detailed in their comple-
tion of the items in the activity. This of course is a common instructional issue for hands-on learning, 
“quality learning verses quantity of information covered” (or depth versus breadth). The class session 
ended with students completing the online post-tests.

I had two hours before the next session, so I decided to think about how to restructure the activity during 
my lunch break. Before heading to lunch, I spoke with my co-researcher briefly about what went well 
and what did not go well during the morning session. During my lunchtime reflection I decided that I 
needed to help the afternoon students by presenting and discussing the smog case study, and by being 
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more specific in my demonstration of the Google Earth™ data sets. My thinking was that this would help 
them move more quickly through the first couple steps of the activity. I also planned on demonstrating 
the smog simulator (Smog City) on the projector system, towards the end of the lesson. I was sure that 
these modifications would help the students to get further through the steps of the activity in the two-
hour class session.

I arrived twenty minutes early to set up the lab and some students began to arrive quite early for class. 
As I did in the morning, I handed out the guide and gave them access to a computer. Some of the stu-
dents started reading the guide, while others were texting on their phones or checking their emails. Once 
most students arrived, I went over the informed consent form and began explaining the activity. At the 
time, I didn’t realize that my modified instruction was moving the students and me further away from 
the inquiry-learning format, which was the intended purpose of the study. Instead of a guide or coach, I 
was a presenter of information. Yes, I was being efficient in getting the information out there; but after 
reflecting on my actions after class, I realized that students likely were less engaged with the activity 
because I was doing the thinking for them. I was disappointed in myself for not sticking with the plan to 
keep the lesson more inquiry-based. I write this reflection prior to viewing the qualitative or quantita-
tive data that was collected. I am eager to see what the data shows about my teaching and about student 
performance and learning. Even so, I know both morning and afternoon sessions went as well as can be 
expected given the circumstances. Clearly though, the morning session was pure inquiry learning where 
the students were completely engaged in the activity. I am now eager to shorten the activity for my final 
case session where I intend to stick with the plan to keep the activity inquiry-based. 

Case 3: I was eager to facilitate the last session of the STEM activity to my educational technology 
students. These students – mostly education majors – were taking a course about integrated use of tech-
nology for meaningful classroom learning. The STEM activity exemplified in many ways constructivist, 
hands-on, multi-dimensional learning with technology. Because I had issues getting the Google Earth™ 
software installed in my instructional computing classroom, I had to schedule the activity for the last 
week of classes during the semester. To encourage participation, I offered extra credit for those who 
would volunteer. 

I arrived early for my class and set up the instructor’s station to make everything ready, so as to save 
time when the students arrived. I was pleased that the room was full when it was time to start the activity. 
I had students from both sections of my course there and all of the seats were full. Not everyone would 
likely do the activity, but the first two rows were reserved for students wanting to engage in the STEM 
activity. The Information Technology (IT) department was only able to install the software on 15 of the 
30 computers in the room. The useful computers were in the first two rows, apparently.

I started on-time and explained the study and informed consent. At least 12 students were eager to begin 
the activity. I demonstrated the smog case-study and the data sets. I then asked students to begin their 
inquiry by following my activity guide. While watching students I noticed what seemed to be frustration. 
One student informed me that Google Earth™ would not open on the computer he was using. An error 
message came up. All students trying to access the software were getting the same error. I felt dismal 
because it was after hours and the IT support staff was no longer available. I had to punt (so-to-speak) 
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and my plan was to demonstrate the data sets on the instructor’s station so students could see them on 
the LCD projection screen. I offered them the chance to come up in groups and use the station if they 
wanted to explore the data further. However, I noticed that some students were no longer doing the ac-
tivity. When I questioned them, they informed me that they decided to opt out of the activity, which was 
an option given to them during the informed consent. 

About six or seven students stuck with the activity and I worked with them as they went through the stages. 
The class was 90 minutes long and we used every bit of time to get through the activity. Even so, three 
of the seven students did not complete the post-test assessments, because they ran out of time. I asked 
them to do the assessments as homework. 

One student stayed after class to complete the assessments. Well after two hours of working to facilitate 
the activity, I shut down the computers, hit the lights, locked the door, and traveled home exhausted and 
disappointed in myself for not testing the software well before the class. Doing such is something that 
I have taught my pre- and in-service teachers for years. I assumed Google Earth™ would work on our 
network, because it worked fine when IT installed it on the instructor station a few months earlier. The 
case 3 experience taught me a lesson in terms of STEM inquiry instruction. That lesson is to be prepared 
and have an alternative plan if things don’t go well.

DISCUSSION AND RECOMMENDATIONS

Several clearly useful observations for STEM instruction with inquiry can be gleaned from the cases in 
this study: 1) technology, for all its practical uses, can be a hurdle in many ways – ranging from subtle 
instructor oversights to student/instructor familiarity to general PC/Mac differences – and factors greatly 
into the success of any lesson; 2) lack of comfort and experience with content and technology, and avail-
able time, may negatively impact adherence to inquiry-based methodology; 3) despite the pervasive 
emphasis on inquiry in general, it is critical to recognize the importance of scaffolding for understanding. 
Though the findings of this specific investigation do not definitively or unequivocally demonstrate the 
aforementioned observations to be supported facts or necessarily true in every instance, they seem to be 
inherently related to the structure and implementation of the study. The purpose of the investigation was 
to consider teacher issues related to the use of an inquiry approach when teaching a STEM-related topic, 
and the researchers’ observations and experiences lend themselves to making several recommendations.

The implications of the study are related to identifying and overcoming obstacles to the use of inquiry-
based methods in the classroom, and may suggest useful models for practicing teachers to explore. The 
findings and recommendations may be generalizable to a multitude of audiences.

The three cases serve as models for how pre- and in-service teachers might design and implement 
interdisciplinary STEM-related investigations in their classrooms, and suggest some issues to be alert 
for. It is natural to conclude that the struggles faced by the instructor in these cases could easily occur in 
any science teacher’s classroom where technology is used to help achieve a more inquiry-driven lesson. 
So, what can be done to prevent or overcome these obstacles to teaching STEM through inquiry? The 
authors’ specific recommendations include:
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• Teachers should familiarize themselves with the technology they’ll be using prior to teaching 
the lesson. Every science methods course recommends testing out a laboratory investigation or 
experiment before using it in class. How many of us have had a demonstration flop? Just because 
it worked well when you tested it doesn’t mean it will work well in front of an audience. And so 
teachers should apply the same line of reasoning to activities utilizing technology. Not only that, 
but even veteran teachers may be inclined to occasionally skip over critical advance preparation 
in the interest of time management; this is a mistake in many instances, and particularly when it 
comes to unfamiliar technology and surroundings (i.e., computer lab).

• Teachers should be sure they are aware of the school’s technology policy before presenting a 
technology-infused activity to students. Students do not always have access to the same techno-
logical tools, websites, or software that we do as instructors. Links may have to be pre-loaded, 
particularly in middle or elementary schools. Students often are limited or even forbidden from 
Internet navigation. In addition, band-width issues related to handling multiple computers may 
also oppose the best-laid plans.

• Consider instructing students in how to use the technological applications required for the inquiry 
activity prior to implementing the activity. The technological mishaps recounted within this chap-
ter could serve as a cautionary tale: the more practiced the students are with the technology, the 
more focus they are able to apply to the inquiry activity itself. As was mentioned earlier, advance 
preparation with the technology is critical, and this applies to students and teachers alike.

• Teachers should be aware of how time constraints affect the flow of a lesson. Even without real-
izing it (at first), teachers can fall back into didactic instruction. Watch out for this when in a time-
crunch; skillful implementation of an inquiry lesson takes time and experience. Useful inquiry-
based investigations do not happen quickly, so planning accordingly is crucial. When backed into 
a time shortage, strive to remain cognizant of the depth vs. breadth argument, and ask yourself 
this: is it more important to complete all parts of an activity, or to wrap-up a lesson with time for 
reinforcement and summarization? [There may be an appropriate time and place for each.]

• Inquiry is great, but learning is better. When students set off on their own, taking a more-or-less 
inquiry-based approach, they may quickly become frustrated – especially if they’ve never worked 
with a purely student-centered activity beforehand. Inquiry learning requires a carefully structured 
activity that creates a learning path for students to follow. Teacher guidance is just as important. 
Scaffolding by systematically working through various points on the so-called inquiry continuum 
is a good way to do it. The teacher walks students through expository activities, introducing more 
and more guided-inquiry, and eventually takes students to a point where there is some comfort 
working in the less structured open-inquiry investigation.

• Inquiry-based learning requires practicing the elements that will ensure successful learning ex-
periences: inquiry, communication, construction, and more communication. Before sending stu-
dents into inquiry learning, model and practice the learning strategies students will need to navi-
gate the process, such as asking questions that lead to investigation, developing effective group 
communication, deriving and constructing meaning from the learning experience, or reflecting “to 
extract meaning from experience” (Dewey, as cited in Bruce & Bishop, 2002).
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• Inquiry-based learning is not a one-shot deal. This type of learning experience requires a com-
mitment on the part of the teacher/school system. Inquiry learning requires critical thinking and 
reasoning that does not happen with one inquiry activity. Hammerman (2006) refers to inquiry as 
“the careful, ongoing questioning of our understandings about the world around us.” Inquiry is a 
thought-provoking process that requires on-going repetition to improve.

• Educational administrators need to champion quality inquiry-based learning environments. Yes, 
teachers facilitate the learning, but they need an environment conducive to this emerging teaching 
approach. Teachers need technical support, relatively small class sizes, and much time for plan-
ning. In addition, curricula may need to be adjusted to address the time-constraints of engaging 
students into critical thinking and quality collaborations, rather than covering copious amounts of 
information.

SUMMARY

This case-study research has been designed to explore an interdisciplinary, inquiry approach to teach-
ing undergraduate students about climate change; expose pre-service teachers to working on teaching 
an inquiry-based lesson; and to explore issues and challenges that pre-service teachers encounter while 
they learn to implement inquiry learning strategies, with the intent of summarizing some observations 
that may help in-service teachers and other practicing professionals improve the teaching of STEM with 
inquiry. The research methods in this study included both quantitative and qualitative techniques. The 
emphasis of the research was on inquiry methodology in interdisciplinary relationships among science, 
math, geography, literacy, and reading. Instructional technology has been integrated into the teaching 
and learning component of all cases in the study. The methods of the study included using inquiry learn-
ing theories to further develop practical models for holistic curricula and techniques in STEM- related 
topics taught in an interdisciplinary format.

FUTURE RESEARCH DIRECTIONS

Given the importance of STEM topics in our society today, the need for teaching these topics (K-16) is 
apparent; since the current instructional emphasis is on inquiry, learning more about how to effectively 
integrate STEM disciplines into the curriculum and effectively teach STEM through inquiry would be 
useful indeed. Realizing the importance of doing so may not always end with the active incorporation 
of it into the classroom. Teachers, both pre- and in-service, would benefit from formal training and 
experience with both STEM and inquiry. Modeling and promoting awareness through the content of 
college-level science methods courses is essential; workshops and summer institutes for training in-
service teachers is warranted.

Regarding the specific research here, it would behoove the researchers to repeat a similar investiga-
tion after correcting the difficulties described in the chapter, and specifically, solicit pre-service science 
teachers to participate. After doing so, it would be appropriate to conduct similar investigations with in-
service (K-12) teachers and their classroom students. This study supports the notion that more empirical 
research is needed to explore the effectiveness and efficiency of inquiry-based learning about STEM.
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CONCLUSION

The analysis of data in the study provided valuable evidence that inquiry-based instruction has merit 
and value for teaching STEM. The quantitative and qualitative aspects of the study documented student 
engagement, higher-level thinking, critical thinking, and collaboration. Rather than listening to a pre-
senter and taking notes, students were talking through issues and using data and technology to answer 
questions and to solve problems. The classroom replicated a STEM related work environment or research 
center. Having students think about actual up-to-date data that is currently being used by major research 
centers makes their learning experience authentic. Because this was case study research, rather than an 
experiment, the researchers were able to focus on more than just the post-test results. The classroom 
observations, document analysis of student work, and the qualitative survey questions were triangu-
lated to provide some important insight into inquiry learning. Students in this study were successful in 
critical thinking about the concepts being taught. They worked together and talked through problems, 
sometimes disagreeing about causes and effects of climate change and smog. Although the classroom 
moments mostly showed positive outcomes from the time on task, there were lessons learned in this 
study. Teachers using inquiry learning formats for instruction need support. Having technical support 
with hardware and software helps the teacher manage the teaching and learning rather than fixing tech-
nical problems. Relatively small class size enables the teacher to better monitor and support progress 
of students through the activities. Most important, inquiry-based learning requires time, where students 
can think and react and interact while they build their knowledge and understanding. This study showed 
that inquiry-based learning provides quality instruction, but at the expense of time, and is consistent 
with the current practice of emphasizing depth over breadth within science education. Thus, perhaps 
less material is covered, but what is covered is explored with greater meaning and understanding, and 
much more student engagement.
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KEY TERMS AND DEFINITIONS

Climate Change: The National Academy of Sciences (2011) states that “the phrase ‘climate change’ 
is growing in preferred use to ‘global warming’ because it helps convey that there are changes in addi-
tion to rising temperatures.” According to the Environmental Protection Agency (2011) “climate change 
refers to any distinct change in measures of climate lasting for a long period of time.”

Historically Black Colleges and Universities (HBCU): The amended Higher Education Act of 
1965 defines an HBCU as “... any historically black college or university that was established prior to 
1964, whose principal mission was, and is, the education of black Americans, and that is accredited by a 
nationally recognized accrediting agency or association determined by the Secretary [of Education] to be 
a reliable authority as to the quality of training offered or is, according to such an agency or association, 
making reasonable progress toward accreditation” (as cited in Howard University, 2010).

Inquiry: Simply put, inquiry is a natural desire to learn (Bruce & Bishop, 2002). “Scientific inquiry 
refers to the diverse ways in which scientists study the natural world and propose explanations based on 
the evidence derived from their work” (National Research Council, 1996).

ENDNOTE

1.  The Post-Activity Climate Change survey inadvertently included the same item twice (items 7 and 
8). Because different results were obtained between items 7 and 8, the data was included in Figure 
4. Only one instance of the data (approximation of both items) appears in Figure 3.
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APPENDIX A

Climate Change Post-Activity Knowledge Assessment

1.  In most cases, heavily populated areas generate__ NO2 concentrations.
a.  Less
b.  More
c.  Same
d.  There is no relationship.

2.  During May when temperatures are higher, there will be ___ smog than in January.
a.  Less
b.  More
c.  Same
d.  There is no relationship.

3.  Regarding human population, in the past 50 years it has ___.
a.  More than doubled
b.  Increased, by not doubled.
c.  Decreased by half.
d.  Remained constant.

4.  What is the greenhouse effect?
a.  A global temperature increase caused by atmospheric gases trapping Earth’s infrared energy 

before it radiates out into space
b.  A global temperature increase caused solely by the increase in human population
c.  A global temperature decrease caused by changes in atmospheric gas concentrations on Earth
d.  A global temperature decrease caused by the eventual decline of the human population

5.  Which of the following growth projections is most likely accurate with regard to population:
a.  It will continue to increase linearly over the next 50 years
b.  It will decrease linearly over the next 50 years.
c.  It will increase exponentially (non-linear) over the next 50 years.
d.  Eventually it will reach capacity and must decrease.

6.  Which is not a factor that contributes to smog?
a.  Temperature
b.  Temperature increasing with altitude
c.  Sunlight
d.  NO2 gas
e.  Absence of wind
f.  Cloud cover
g.  Phase of the moon
h.  Rural unpopulated location
i.  Metropolitan heavily populated area
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7.  If you recall when you used the Smog City simulator you were able to manipulate a variety of 
variables. Describe the factors that contribute to smog production and how.

8.  Describe what you learned about how human population may impact global climate change? If so, 
what do you think?

APPENDIX B

Post-Activity Climate Change Survey

Likert scale for all statements (1-9) below:
Strongly Disagree, Disagree, Neutral, Agree, Strongly Agree

1.  I had an understanding of the topic photochemical smog before working through the activity.
2.  My understanding of the topic photochemical smog was increased by working through the activity.
3.  I feel the topic photochemical smog is an important one for students to learn about in my class.
4.  I have used Google Earth quite a bit prior to working through the activity.
5.  My skills related to using Google Earth were increased by working through the activity.
6.  Google Earth is a useful tool for students to learn about in elementary school.
7.  As a teacher, I will use Google Earth in my elementary classes.
8.  As a teacher, I will have my students use Google Earth for activities in my classes.

Open-ended question:

9.  Comments about the value of the activity or your experiences using it today:

This research was previously published in Cases on Inquiry through Instructional Technology in Math and Science edited by 
Lesia Lennex and Kimberely Fletcher Nettleton, pages 523-550, copyright year 2012 by Information Science Reference (an 
imprint of IGI Global).
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