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Thankfully, project-based instruction (PBI) is having another resurgence. In the 
United States, we had one during the progressive era. We had another in the 1990s. 
And we are having one now, in the second decade of the twenty-first century. 
Science education has been a major player in each one of these waves of resurgence. 
The PBI wave today differs in a couple of important ways from our previous history. 
One difference today is the global interest in the cluster of disciplines we now refer 
to as “STEM” (science, technology, engineering, and mathematics), and the accom-
panying inter- and transdisciplinary possibilities we see for education and for pro-
fessional work. A second difference, at least in the United States, is the continuing 
importance of the standards movement. Of particular note is the emergence of the 
Next-Generation Science Standards (NGSS Lead States, 2013) that are based on the 
Framework for K-12 Science Education’s (National Research Council, 2012) 
ground-breaking conceptualization of the importance of “three-dimensional” learn-
ing which combine practices, disciplinary core ideas, and cross-cutting concepts. 
Creating Project-Based STEM Environments is a timely and important book given 
this current historical moment.

I appreciate Jennifer Wilhelm, Ron Wilhelm, and Merryn Cole’s contribution in 
this book for multiple reasons. I will focus in this foreword on how “the REAL 
way” they describe in this volume provides guidance and fodder to help those of us 
who care about and work in STEM education create a more thriving educational 
ecosystem for student engagement and learning. Wilhelm, Wilhelm, and Cole, 
through their PBI curriculum development work as well as their research with 
teachers and students reported on here, provide us with important new resources in 
the age of STEM education and NGSS. They seamlessly connect research and prac-
tice, and have constructed a volume which should be of use to not only pre-service 
and in-service teachers and teacher educators, but also to educational researchers.

As noted in this text, I began my journey of research and development in project-
based instruction through an examination of one ambitious high school earth sci-
ence teacher’s efforts (Polman, 2000). For the past 20 years, I have been working 
with other educators both within and beyond the STEM fields (i.e., also in history 
and English Language Arts) to design and realize engaging and productive project-
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based learning environments. Rory Wagner’s approach provided numerous lessons 
for other teachers, but it was not a model that everyone could take up. As with the 
teachers whose instruction is described in this volume, the teachers with whom I 
have worked face a number of challenges. I have found that teachers are universally 
attracted to project-based instruction because it may help them enact more engaging 
learning environments. But they are daunted by how they can manage the time it 
takes as a teacher to prepare PBI units, and how they can rigorously support stan-
dards-based instruction and learning in their disciplines. In science and engineering, 
the emergence of NGSS has provided guidance on what to aim for, but not how to 
pull it off. Now that this book is available, I recommend that STEM teacher educa-
tors and STEM teachers use it as a means to find their way.

Here are some of the insights I find so valuable in Creating Project-Based STEM 
Environments.

Just as students benefit from more highly scaffolded instruction when they 
encounter a new way of learning such as PBI, teachers will benefit from well-
designed, comprehensive curricular units which they can adapt and implement. The 
Realistic Explorations in Astronomical Learning (REAL) unit (Chap. 5) and the 
Chemical Reactions Engineered to Address Thermal Energy Situations (CREATES) 
unit (Chap. 6) have the kind of coherence and scaffolding that are ideal. They make 
explicit connections to NGSS and Common Core standards. Their levels of STEM 
integration are impressive as well. They engage students in science practices such as 
modeling; engineering practices such as designing, creating, testing, and redesign-
ing a device (here, a chemical hot or cold pack); and mathematical practices such as 
using ratios, all while embedding substantive technology use such as modeling soft-
ware. These units challenge students to understand and use disciplinary core ideas 
such as the reasons for the seasons and the conservation of matter in chemical reac-
tions, along with cross-cutting concepts such as finding patterns. And they do so 
while fulfilling purposes that are meaningful not just to the teacher, but to students 
whose curiosity and agency is awakened.

In addition, I am impressed with the design features that inform not only the 
REAL and CREATES projects, but also the examples created by teachers from the 
Spanning Astronomical and Atomic Spaces (SAAS) project in Chap. 8. First of all, 
Wilhelm, Wilhelm, and Cole’s model makes the important addition of the “sub-
driving question” to Joe Krajcik and colleagues’ idea of constructing PBI units 
based on teacher-selected driving questions (e.g., Krajcik & Czerniak, 2014). 
Interesting and challenging teacher-designated driving questions like “Why does 
the Moon’s appearance always seem to change?” in REAL and “How can I use 
chemical reactions to keep me comfortable?” in CREATES allow the teacher to 
organize a coherent set of thematic lessons that build student knowledge and pre-
pare them for more ambitious challenges. Importantly, the overall driving questions 
are constructed such that students are challenged to construct and then investigate 
“sub-driving questions” later on in the unit. The benchmark lessons and more 
teacher-directed portions of the unit thus provide the basis on which students can 
more effectively drive their culminating project, because they have built up back-
ground knowledge and confronted or disrupted misconceptions. In addition, the 
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“REAL way” described in this book involves two structural features in how activity 
is organized. Each of the lessons on the 5E structure (Engage, Explore, Explain, 
Elaborate, Evaluate; Bybee, et al., 2006) provides a language and set of routines to 
make daily work productive. The “REAL way” also integrates milestones through-
out, to ensure that routine assessments could be made and revisions and corrections 
implemented to support student success (Polman, 2000). I believe that Wilhelm, 
Wilhelm, and Cole’s model, based on this unique combination of existing PBI ideas 
and the innovation of “sub-driving questions,” is powerful and scalable. I sincerely 
hope that more teachers and curriculum developers use the model to construct a 
growing set of project units.

Speaking of growing, I want to return to the idea of this book as an important 
resource for cultivating an ecosystem for project-based instruction, with local habi-
tats for learners to blossom through PBI. The accounts and testimonies of the teach-
ers in this book who participated in the PBI professional development demonstrate 
how important their community was to supporting the work. The excitement and 
success at one middle school where eight of the nine science teachers implemented 
PBI was indicative of what more widespread reform could be like for teachers and 
students. As long as ambitious PBI teachers are in the minority at their schools, new 
groups of students will struggle to adjust each year. With repeated cycles across the 
year, Wilhelm, Wilhelm, and Cole as well as other research on PBI has shown that 
many students who historically perform at high levels in school as well as students 
who historically struggle can begin to thrive. Imagine a world where students like 
the young woman described in Chap. 7 have multiple years of opportunity to make 
breakthroughs in how they see themselves, and how they see what it means to learn 
science. Through the work of her teachers, this young woman moved through a rich 
habitat for science learning that spanned 6th through 8th grades. It was only at the end 
of 8th grade that she eventually overcame “her fear of making a mistake and not 
knowing the right answer”; no doubt, her prior experience of school had led to a 
limited view of what learning science could be like. I sincerely hope that a growing 
community of educators take up the ideas in Creating Project-Based STEM 
Environments and create a widespread ecosystem where STEM learning for all can 
blossom.
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Preface

My foray into project-based instruction was inspired by three people; this  
inspiration was also later a catalyst toward our book endeavor. I call these people 
my three “Jo(e)s” – they are Jo Boaler (author of Experiencing School Mathematics: 
Traditional and Reform Approaches to Teaching and Their Impact on Student 
Learning), Joe Polman (author of Designing Project-Based Science: Connecting 
Learners Through Guided Inquiry), and Joe Krajcik (author of Teaching Science in 
Elementary and Middle School: A Project-Based Approach). I met Jo Boaler and 
Joe Polman while I was a graduate student at the University of Texas at Austin. 
Their work inspired my early research interests and dissertation focus. Shortly 
thereafter, I met Joe Krajcik when I was a brand-new Assistant Professor at Texas 
Tech University. The three Jo(e)s influenced how I conducted research, how I 
taught my methods classes, and how I worked with teachers.

After spending my early career producing a body of work on project-based 
instruction in middle schools and teaching preservice and in-service teachers 
about how and why project-based instruction would benefit their classrooms, it 
was time to write a book. I wanted to produce a resource that not only encom-
passed my earlier research efforts but also would serve as a model for researchers 
and teachers to use in their practice. The primary purpose of this book, Creating 
Project-Based STEM Environments: The REAL Way, is to reveal how STEM 
classrooms can be purposefully designed for twenty-first-century learners and 
provide evidence regarding how situated learning experiences will result in more 
advanced learning.

As my research progressed, the other two authors of this book (Ron Wilhelm 
and Merryn Cole) became involved in this work as well. First was Ron, who was 
instrumental in the inspiration for and development of the Realistic Explorations 
in Astronomical Learning (REAL) unit (see Chap. 5). His background as an 
astronomer influenced the content and design of the unit. He also participated in 
the professional development of the teachers who implemented REAL in their 
classrooms. Later, Merryn Cole enrolled in the doctoral program at the University 
of Kentucky and began research with me. She embraced REAL and project-based 
instruction, becoming a valuable asset to the research. She authored the Chemical 
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Reactions Engineered to Address Thermal Energy Situations (CREATES) unit to 
add a second project-based unit to our portfolio to use in middle school 
classrooms.

This book should be of great interest to the STEM education community due to 
its research to practice approach. The intended audience is preservice and in-ser-
vice teachers as well as STEM education researchers. This book models project-
based environments that are intentionally designed around the US Common Core 
State Standards (CCSS, 2010) for Mathematics, the Next Generation Science 
Standards (NGSS Lead States, 2013) for Science, and the National Educational 
Technology Standards (ISTE, 2008).

This project-based instruction (PBI) resource illustrates how to design and 
implement interdisciplinary project-based units based on the REAL and CREATES 
units. The content of the book details these two PBI units with research behind 
each lesson (including misconceptions students might hold regarding STEM con-
tent) and pre-/post-research results of unit implementation with over 40 teachers 
and thousands of students. In addition to these two units, there are chapters describ-
ing how to design one’s own research-based PBI unit and teacher commentaries 
regarding strategies, obstacles overcome, and successes as they designed and 
implemented their PBI units for the first time after learning how to create PBI 
STEM environments the “REAL” way.

Lexington, KY, USA  Jennifer Wilhelm 
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Chapter 1
What Is a Project-Based STEM 
Environment?

 Introduction to the Project-Based Instructional Setting

Research on how people learn has shown that the types of settings most conducive 
for learning are those that are student-, knowledge-, and community-centered and 
use formative assessment to support learning (NRC, 2000). A project-based envi-
ronment incorporates all these features, which when implemented with effective 
design and instruction could create an ideal space for creativity, understanding, and 
scholarship. But how does a project-based milieu allow all students the opportunity 
to learn specific content goals required of a course or a district curriculum? This 
book provides insight into innovative ways to design a project-based educational 
setting within a Science, Technology, Engineering, or Mathematics (STEM) class-
room that ensures opportunity for students to learn specific content goals of the 
course, while simultaneously becoming “experts” of their own research topics.

 Project-Based Instruction Versus Textbook-Lecture-Lab 
in STEM Classrooms

In nature-study any teacher can with honor say, “I do not know”; for perhaps the question 
asked is as yet unanswered by the great scientists. But she should not let lack of knowledge 
be a wet blanket thrown over her pupils’ interest. She should say frankly, “I do not know; 
let us see if we cannot together find out this mysterious thing. Maybe no one knows it as yet, 
and I wonder if you will discover it before I do.” (Anna Botsford Comstock, 1911, p. 3)

Project-based instruction (PBI) is an open-ended, inquiry method of teaching 
with purposeful reasons and meanings for students to learn the content at hand. 
Students investigate research questions of their choosing related to the subject mat-
ter being taught, design and carry through their method of investigation, organize 
and make sense of the results, and generate new questions that emerged as a result 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-04952-2_1&domain=pdf
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of their project work. It is the teachers’ job to provide adequate parameters to the 
student-generated questions; scaffold students’ learning and project progress with 
appropriate and sometimes “just-in-time” lessons; aid students in finding resources, 
technologies, or “expert” assistance; and assess how well students are understand-
ing and applying the discipline-specific content. Just as Comstock (1911) claimed, 
a teacher can be a learner along with his/her students and does not necessarily need 
to be the all-knowing, omniscient being.

Numerous research has shown PBI can lead to effective long-term learning with 
students performing as well or better than those in a more traditional (textbook- 
lecture- lab) or business as usual (BAU) STEM setting (Wilhelm, 2002; Boaler, 
2002). Ruopp, Gal, Drayton, and Pfister (1993) described serious downfalls of the 
standard textbook-lecture-lab approach to include (a) students not knowing when to 
apply a formula or algorithm, (b) textbooks spoon-feeding information to the stu-
dents, (c) laboratory equipment that is not the same as that found in a practicing 
scientist’s laboratory, and (d) students that are not encouraged to generate their own 
investigative questions about physical phenomena or design their own ways to 
search for explanations (pp. 32–33). Studies have shown that students exposed to an 
open, project-oriented instructional approach have been more creative in their solu-
tions to applied mathematical situations than those taught with the traditional, non- 
reform teaching methods (Boaler, 2002).

When conducting project work in the areas of mathematics and/or science, it is 
often not conducted in an isolated disciplinary manner nor should it be. Example 
project topics that are naturally interdisciplinary include studies of motion and rate 
of change; sound waves and trigonometry; the Moon’s phases, motion, and spatial 
geometry; and chemical reactions and spatial transformations.

Doing PBI takes time and is not easy, but it is well worth the effort. Teachers who 
have recently implemented PBI in their STEM classrooms offer the following 
advice:

The biggest barrier is probably knowing where to start. Teachers often feel as if everything 
must be PBI right this second, and it has to be perfect. In this way of thinking, it’s easier to 
keep the same lessons that have always been taught, because designing these units is hard. 
Helping teachers see the end result in the students’ work I think at least creates some buy-in 
but doesn’t change the fact that a lot of teachers think… Well I could never do that, or do it 
that well, so I won’t. (Secondary Science Teacher)

I mean, to me project-based learning – I think the kids just get it. They have a purpose, more 
of a purpose there. If you have a good driving question, like the one that I’m doing now with 
the water, they’re all into it. I filled up this jug of water out of the faucet in our lab and it’s 
totally brown, and they want to know why, and so it’s a perfect lead-in to try and figure out 
what’s wrong with this water, testing all the water, testing their water, finding out how we 
would determine if this is safe to drink. (Secondary Science Teacher)

This book illustrates and documents how to start and be successful in the chal-
lenge of educational transformation by examining PBI curricula design and 
implementation by real teachers and their students. It can be used as a guide of 
challenges to overcome and opportunities to seize for both researchers and teach-
ers planning to partake in the PBI method. With example curricula, student work, 
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teacher comments, and research on students’ learning in PBI settings, this text 
provides insight into design features needed in a project implementation unit that 
allows all students the opportunity to learn specific content goals required of a 
course while at the same time giving students the freedom to choose their own 
research driving question where a particular subset of the larger implementation 
unit is studied in depth.

Chapter 2 provides the history and evolution of PBI and expands on the neces-
sary design features for PBI STEM classrooms. Chapter 2 also highlights specific 
examples of STEM projects at the high school level. Chapter 3 describes how to 
design a PBI unit and explains how students’ learning can be assessed and evaluated 
in a PBI STEM classroom. Chapter 4 illustrates how to locate and translate research 
into instructional best practice. Part II of the book includes Chaps. 5 and 6 contain-
ing example project-based STEM units (one is an integrated Earth/Space and math-
ematics unit and the other is a chemistry unit incorporating engineering design) 
designed for the middle level (grades 6–8). Part III contains Chaps. 7 and 8 where 
teachers’ commentaries on their experiences with learning about and implementing 
project-based instruction can be found. Chapter 7 includes teacher voices, where 
middle school teachers shared their views on the costs and benefits of PBI, over-
coming obstacles, student success stories, and how their views on project-based 
instruction changed over time. In Chap. 8, teacher-designed PBI units are shared.
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Chapter 2
A Historical Perspective on Project-Based 
Instruction Origination, Design, 
and Evolution

Wholehearted purposeful activity in a social situation as the typical unit of school  
procedure is the best guarantee of the utilization of the child’s native capacities now too 
frequently wasted. Under proper guidance purpose means efficiency, not only in reaching 
the projected end of the activity immediately at hand, but even more in securing from the 
activity the learning which it potentially contains. (Kilpatrick, 1918, p. 334)

 Early Project Features

The idea of projects emerged with John Dewey and the progressive movement 
(1876–1957). Dewey and other progressives looked at redefining education via 
seeing the child at the center, emphasizing learning by doing, including diverse 
real- world contacts, making curriculum relevant and meaningful to the learner, 
and making the teacher more than a “taskmaster” (Ruopp, Gal, Drayton, & Pfister, 
1993, p. 52). Progressives like John Dewey, E. L. Thorndike, and William Heard 
Kilpatrick promoted “vocational training, curriculum differentiation based upon 
student desire, intelligence testing, project learning, and other devices that were 
divorced from the traditional liberal arts curriculum” to fit the industrial era in 
which they were living as opposed to the traditional liberal arts curriculum of the 
past (Null, 2007, p. 1015). This shift away from the traditional curriculum sets up 
a division between the traditionalists who favored the liberal arts curriculum and 
the progressives who were focused on student-centered, practical curricula for all 
students (Null, 2007). The first use of the term “project” can be traced to the year 
1908 when project-based agricultural work was established at Smith’s Agricultural 
school in Massachusetts (Alberty, 1927). The agricultural student projects were 
focused on community and/or home improvements, such as planting trees, build-
ing walks, and increasing crop yield. Key elements contained in the projects 
included:

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-04952-2_2&domain=pdf


8

 1. A carefully drawn plan with a purpose
 2. An agreement between the parent, pupil, and teacher
 3. Instruction in school both in regular course and individual study
 4. Detailed records of method, time, cost, income etc.
 5. A report accounting for the entire project period
 6. Supervision by an instructor to help ensure project success (Alberty, 1927, p. 19)

Kilpatrick (1918), a student of Dewey, described a project as a purposeful act. 
Examples of these purposeful acts included (a) a girl making a dress, (b) a boy 
undertaking the project of getting out a school newspaper, (c) a boy building a 
kite, and (d) a boy solving an “original” in geometry (Kilpatrick, 1918, p. 320). 
Stormzand (1924) defined the term project in a similar manner to Kilpatrick, “A 
project is a definite and clearly purposeful task, and one that we can set before a 
pupil as seeming to him vitally worthwhile, because it approximates a genuine 
activity such as men are engaged in real life” (p.  148). In defining a project, 
Stevenson (1921) suggested that to truly be a project the aims should be reasoning 
(as opposed to memorizing and reciting information) and doing something (as 
opposed to learning information or facts about that act). The context and motives 
of learning should be in a natural setting as opposed to an artificial school-based 
context. Stevenson succinctly stated a project is “a problematic act carried to 
completion in its natural setting” (p. 43) where he also emphasized the impor-
tance of the environment commenting that “without the natural setting there is no 
project” (p. 90).

 Project Work and Youth Clubs

Earlier than 1908, the idea of the project method – even if not coined as such – 
began with the founders of Youth Clubs that developed into what is now known as 
the 4-H club. In the early 1900s, Youth Clubs were formed in the Midwestern 
United States where boys and girls were encouraged to learn by doing projects 
with the goal to “appreciate rural life and its opportunities” (Iowa State University 
Extension and Outreach, 2017). Project topics focused on the soil, farm animals, 
cookery, and housekeeping. Some of these early Youth Clubs (e.g., Tomato Club, 
Pig Club, Canning Club) first transformed into the 3-H (head, heart, and hands) 
club and then by 1912 became the 4-H club. The fourth H of 4-H initially stood for 
“home” but later became “health.” “The seed of the 4-H idea of practical and 
‘hands-on’ learning came from the desire to make public school education more 
connected to country life. Early programs tied both public and private resources 
together for the purpose of helping rural youth” (UCANR, 2017). An example of 
one of the sister clubs (Tomato Canning) to the boys’ Corn Club is shown in a 
Georgia newspaper article (see Fig. 2.1). By the early 1950s, the 4-H Clubs’ initia-
tive went beyond a rural reach and extended to electricity, tractor and auto mainte-
nance, and entomology.

2 A Historical Perspective on Project-Based Instruction Origination, Design…
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 Post Sputnik’s Influence on PBI

In the 1950’s, committees like the Biological Sciences Curriculum Study (estab-
lished in 1958), the Physical Science Study Committee (PSSC, established in 
1956), and the Chemical Education Materials Study (established in 1959) were 
formed mainly due to the space race between the United States and the Soviet 
Union and the launch of Sputnik. Such committees were charged with advancing 
understanding in mathematics and the sciences in the United States. Unfortunately, 
the project method did not always find its way into such curriculum if one’s defini-
tion included the idea that students select and develop their own projects (Ruopp 
et al., 1993). In fact, many have argued that the PSSC curriculum was only designed 
for future scientists and not necessarily focused on developing students’ learning 
through real-world contextual experiences and opportunities for self-construction 
(Liao, 1997). As a result of this “elite” curricular focus that was often teacher 
driven, PBI faded. Prominent scientists at the time felt the emphasis on the practical 
applications was holding back science education and as a result pushed teaching 
science with the goal of basic research and moved away from the practical approach 
that included project work (Abramson, 2007). Other casualties of the Sputnik influ-
ence were technology and engineering initiatives that were shoved to the 

Canning Club Early Sister Of Corn Club

Just like a woman not to want to admit her age.
Although the Georgia 4-H Club celebrates its 

50th birthday this year, the girls say their part of the 
organization is not quite that old.

Records don’t show the exact date of Georgia’s
first girls’ club. It wasn’t too long after the boys’
corn club was started in Newton county, though,
before The University of Georgia. Membership was 
limited to girls from 10 to 18 years old. They had 
projects in needlework, baking, and preserves. 

The first real “sister” to the boys’ corn club was
the girls’ tomato canning club which by 1912 was 
well-organized throughout the state. 

Just as the boys’ work started with one crop, the
same method was decided upon for the girls’ club 
work. The tomato was selected because it was 
universally grown and appreciated. It wasn’t too 
difficult to get a good crop. It was acid and therefore
easy to can without danger of excessive spoilage. 

Each girl was asked to plant a plot large enough
to provide tomatoes not only for family use, but for 
sale. The plot agreed upon was a tenth of an acre. 

4H

Building Good Citizenship on the farm!

Fig. 2.1 Newspaper clipping (Canning Club Early Sister of Corn Club) from a Georgia news-
paper (circ. ~1954)
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background with the new curricular emphases on mathematics and science. “There 
is no small amount of irony in this, as a goal of the Sputnik era was sending men to 
the Moon. One of the great engineering and technological accomplishments in his-
tory was achieved while technology and engineering were explicitly downplayed in 
STEM education” (Bybee, 2013, p. 14).

Another argument that could help to explain the disappearance of PBI was due 
to the strong voices of a small group called the Essentialists (Null & Ravitch, 
2006). The Essentialists opposed the “life adjustment education” of the progressive 
movement and “favoured the mental disciplines and, in the matter of method and 
content, put effort above interest, subjects above activities, collective experience 
above the individual, logical organization above the psychological and the teach-
er’s initiative above that of the learner” (Encyclopaedia Britannica, 2018). Though 
the Essentialists were a short-lived group, these and other critics from the general 
population claimed that an emphasis on informal contextual learning was an anti-
intellectual movement that undermined a traditional, liberal arts education (Polman, 
2000, p. 30; Null, 2007).

 Rebirth of PBI

By the end of the twentieth century, the idea of engaging in project-based instruc-
tion resurfaced full force. Reasons for the new interest could be due to National 
Science Foundation-funded projects (e.g., January 29, 1987: NSF launches a major 
effort to upgrade science education in grades K-12; NSF 2018), research on best 
practice teaching methods and how people learn (NRC, 2000), access to the Internet 
and the World Wide Web, and the need for improvements in student learning out-
comes for all students.

With this heavy emergence came a slew of research and development on effec-
tive teaching practices and ways to design and implement a project-enhanced class-
room (Krajcik et al., 1998; Barron et al., 1998; Boaler, 1998; Singer, Marx, Krajcik, 
& Chambers, 2000; Polman, 2000). Old project features as described by Kilpatrick 
(1918), Stormzand (1924), and Alberty (1927) evolved into the following criteria 
necessary for project success as described by Krajcik et al. (1998).

• A driving question, encompassing worthwhile content that is meaningful and 
anchored in a real-world problem

• Investigations and artifact creation that allow students to learn concepts, apply 
information, and represent knowledge

• Collaboration among students, teachers, and others in the community
• Use of technological tools (Krajcik et al., 1998, p. 315)

Barron et al. (1998) argued that organizing project-based learning around a driv-
ing question necessitated the need for a question, which is “well-crafted” and not 
lacking in its ability to make “connections between activities and the underlying 
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conceptual knowledge that one might hope to foster” (p. 273). Barron et al. also 
pointed out that oftentimes “doing” of an activity takes precedent over “doing with 
understanding” (p. 274). Barron et al. used the following four principles as their 
focus for project-based instruction, which they argued would result in doing with 
understanding rather than doing for the sake of doing.

 1. Learning-appropriate goals
 2. Scaffolds that support both student and teacher learning
 3. Frequent opportunities for formative self-assessment and revision
 4. Social organization that promotes participation (p. 273)

Singer et  al. (2000) described seven curriculum design principles for a con-
structivist PBI environment: context, standards based, inquiry, collaboration, 
learning tools, artifacts, and scaffolds. The context design principle contains the 
instructional component of the driving question. Learning tools, artifacts, and 
scaffolds incorporate the components of data collection, modeling, concept maps, 
lab reports, and the processes of predicting, observing, and explaining. The design 
principles of standards based, inquiry, and collaboration are contained in the sci-
ence education standards advocated by the American Association for the 
Advancement of Science (AAAS, 1993) and the National Research Council (NRC, 
1996). Other ideas promoted by the AAAS and the NRC are students participating 
in benchmark-like activities, where benchmark lessons are purposeful, directly 
related to the driving questions, and provide meaning making experiences for the 
learner (Singer et al., 2000, p. 175).

As the PBI community added important new features (e.g., driving questions, 
collaboration, scaffolds, formative self-assessments, benchmark lessons, and tech-
nologies) to aid in PBI success, one old feature described by Alberty (1927) fell by 
the wayside – parental involvement and the contractual agreement between the 
parent/guardian, student, and teacher. Parental/guardian involvement can some-
times make or break a productive school-wide, systemic movement (Boaler, 2002). 
Parental involvement could be facilitated and nurtured through strategic commu-
nication, invitation to student project presentations, and purposefully utilizing par-
ent/guardian expertise to advance students’ project work.

 PBI in Real High School STEM Classrooms

We follow with three examples of PBI in high school settings. The three situated 
PBI environments described are classes of Earth Science, Mathematics, and 
Industrial Electronics; all settings had been researched and part of dissertation stud-
ies. Some of these PBI examples were more successful than others in terms of stu-
dents’ learning and did not necessarily incorporate all of the PBI essential features 
described thus far.

Rebirth of PBI
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 PBI in Earth Science

Polman (2000) showed the potential for “what science could be” in his dissertation 
involving a project-based, Earth Science classroom. Polman’s case study focused on 
issues of educational anthropology and collaborative learning, but did not investi-
gate how well students learned a particular unit of knowledge. What Polman’s 
research did show was how an Earth Science teacher (Rory Wagner) implemented 
PBI with high school students. Rory had a bachelor’s degree in science education 
and a master’s degree in geology and had been teaching for over 20 years at the time 
of this study. One of the key pieces in Rory’s PBI design was the utilization of 
“milestones” as a form of assessment and accountability in students’ project prog-
ress. Rory broke project assessment up into milestones (sharing out checkpoints 
regarding project background information, project proposal, data collection, data 
analysis, and final presentation). Using milestones in such a way ensured that rou-
tine assessments could be made and revisions and corrections could be implemented 
in time to optimize student success (Barron et al., 1998). Another key piece that 
Rory incorporated in his PBI classroom was the inclusion of experts in the com-
munity. Rory was aware that he was not the expert in all areas and encouraged his 
students to collaborate with expert mentors in the community that might be able to 
assist in advancement of their project work.

Rory’s students undertook a variety of projects (see Fig. 2.2) on 12 topics that 
spanned the field of Earth Science (with some projects that were questionable under 
the Earth Science heading). Figure 2.2 also shows the number and type of interac-
tions that Rory had with each of the project groups. One of the more successful 
projects was on hurricanes. The Hurricane group’s driving question was “Is there a 
preferred pattern of hurricane movement in the northern hemisphere?” (Polman, 
2000, p. 87). In this project, students looked at the shape of storm paths. At first the 
students wanted to look at a longer time period of storms but soon found the amount 
of data overwhelming. With Rory’s help, they decided to narrow the data to storms 
over the past 10 years (1985–1995). The students then plotted the hurricane paths 
and identified and categorized the shape of the storm paths. Throughout their proj-
ect investigation the Hurricane group corresponded with an expert mentor (arranged 
by Rory). The expert mentor had sent the group library book references and website 
addresses about hurricanes for their research.

One of the less successful projects was the Zodiac project. The Zodiac group 
wished to conduct “an analysis of the relationship between astronomy and astrol-
ogy” (Polman, 2000, p. 119). Rory agreed to allow them to pursue this topic as long 
as they related it to constellations. Rory had planned to connect the group with an 
astronomer, but unfortunately was not able to do so. Not surprisingly, the students 
had little data to go on as they conducted their research. One of the reasons the stu-
dents lacked sufficient data was because they spent most of their work time looking 
up astrology and little time investigating the astronomy half of their research focus. 
Rory helped the Zodiac group narrow their topic to comparing astrological claims 
about star positions to astronomical findings. However, the milestone deadlines 
came and went for this group, and in the end, they were unable to come up with an 
adequate data set or findings.
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It is important to realize that the students spent approximately 9 weeks using all 
the Earth Science class time working on these projects. The students in the success-
ful Hurricanes group responded well to the structure and design of this project- 
based learning environment. When comparing interactions that Rory had with each 
project group, Fig.  2.2 shows larger number of scientific discussions with the 
Hurricanes group than the Zodiac group. Such interactions might help to explain 
project success. Rory’s fundamental goals for his project-based Earth Science class 
were students learn how to do research and how to perform empirical data analysis. 
He firmly believed that each student should generate his/her own driving research 
question. Rory gave them the freedom to design their own research topic and pro-
posal hoping that this would be the pure motivation one would need to begin such 
an endeavor. However, some students in the class felt as though no learning of Earth 
Science took place. Rory’s students did not recognize that understanding how to do 
research and how to conduct empirical data analysis were forms of learning (Polman, 
2000, pp. 143–147).

We argue that Rory made an error not limiting the Earth Science topic somewhat. 
The domain of all of Earth Science was too broad and made things unmanageable. 
Another pitfall had to do with the lack of focused and “investigable” driving ques-
tions generated by the students.

In order to help narrow the range of possible student projects, we contend that the 
teacher should generate the initial driving question and students should springboard 
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off the driving question to produce their own sub-driving question. It is extremely 
important for the sub-driving question to be selected by the student, in order to 
allow ownership and motivation. Students should be allowed to research a topic that 
interests them but still have a topic remain in the confines of the original teacher- 
generated driving question.

 PBI in Mathematics

Boaler’s (2002) groundbreaking dissertation on PBI in secondary mathematics 
paved the road in many ways toward displaying what PBI can look like in a math-
ematics classroom. She investigated in a longitudinal manner the effects of PBI on 
students’ mathematics learning as she compared two high schools (one traditional 
and one project-based). Boaler followed two groups of secondary students in 
England for 3 years and compared their performance on various assessments. The 
first group of students (Phoenix Park) was taught mathematics using a project-
based method, while the second group (Amber Hill) was taught mathematics via 
traditional didactic methods.

In the Phoenix Park setting, students worked on open-ended project tasks. 
Although students were often given the same task to solve, students solved the 
task in multiple ways with varied levels of mathematical sophistication. If addi-
tional mathematics were needed for project completion, then teachers would 
accommodate with a just-in-time mathematical lesson. At Amber Hill, teachers 
tended to teach in a traditional manner, explaining mathematical procedures to 
students for about the first 20 min of class time. Students were then permitted to 
complete their daily assignments by working through individualized workbooks.

Boaler described a representative example of how project tasks were intro-
duced and carried out at Phoenix Park. One task was called “36 pieces of fencing” 
(Boaler, 2002, p. 51). In this task, the teacher explained to the students that they 
have 36 pieces of fencing (each piece of 1 meter in length) and that each piece has 
small hooks so they can hook the fencing together. The teacher stated “You can 
put them at any angle…What we are interested in is what sort of shapes can you 
make with 36 pieces of fencing?” What followed with this initial task setup was 
students called out shapes (square, hexagon, etc.). Students then questioned 
whether it was necessary to use all the pieces and whether the shapes had to be 
regular. In the end, the students came up with the necessary “rules.” The teacher 
also asked how big each shape was and what its area was. The students began to 
explore the tasks in different ways. For instance, one student was not familiar with 
all the different kinds of possible shapes, so the teacher told the student “look 
them up in your maths dictionary.” Boaler (2002) wrote how the Phoenix Park 
teacher “deftly weaves mathematical ideas into the conversation about fences, 
navigating students through the mathematical terrain, drawing from the students’ 
own comments and questions…Some of the Phoenix Park problems, such as this 
one, were contextualized…others were not, but they were all open enough to 
encourage different ways of thinking” (p. 55).
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Results from a range of assessments (including nationally normed tests) that 
were given to students at each school were compared. The GCSE (General Certificate 
of Secondary Education) showed Amber Hill and Phoenix Park students performed 
similarly on many items, but Phoenix Park outperformed Amber Hill on those tasks 
that were applied and required more than rote application. When students from both 
schools were given a performance task involving estimating an angle size, 38% of 
Amber Hill students could not accurately estimate the angle. “The sight of the word 
angle seemed to prompt many of the Amber Hill set 1 students to think that trigo-
nometry was required, even though this was inappropriate in the context of the 
activity. The students seemed to take the word angle as a cue to the method to use” 
(Boaler, 2002, p. 88). When given the same task, only 16.7% of Phoenix Park stu-
dents were unable to correctly estimate the size of the angle.

Boaler claimed that students in the PBI environment developed a deeper concep-
tual understanding than those taught more traditionally. The PBI students seemed to 
be at an advantage when tested on a range and variety of assessments. “The project 
students had been ‘apprenticed’ into a system of thinking and using mathematics 
that helped them in both school and nonschool settings” (Boaler, 1998, p. 41).

In Boaler’s study, driving questions were more akin to situated tasks that per-
mitted multiple sub-investigations and pathways toward solving. The just-in-time 
mathematics lessons can be categorized as just-in-time benchmark lessons that 
were purposeful toward providing scaffolding of content knowledge and facilitat-
ing students’ task progress. In addition to this, the wide-ranging problem-solving 
approaches, with varied levels of sophistication when conducting PBI mathemati-
cal tasks like the “36 pieces of fencing,” illustrate how PBI can offer ways to 
differentiate instruction and learning with students of different ranges, abilities, 
and strengths.

 PBI in Industrial Electronics

Wilhelm (2002) conducted a case study in her dissertation that examined how well 
students’ content knowledge developed as a result of a waves PBI unit imple-
mented in an inner city Industrial Electronics (IE) classroom at Tree High School 
(classified as a low-performing school). Students participated in a PBI unit involv-
ing sound waves and trigonometric reasoning. The unit was designed to foster 
common content learning (via benchmark lessons) by all students in the class and 
to help students gain a deeper conceptual understanding of a subset of the larger 
content unit (via group project research). The objective goal of the PBI unit was to 
have students gain conceptual understanding of sound waves, such as what actually 
waves in a wave, how waves interfere with one another, and what affects the speed 
of a wave. This unit was also designed with the intention for students to develop 
trigonometric reasoning associated with sinusoidal curves and superposition of 
sinusoidal waves. Project criteria within this design included implementation  
criteria, such as the need for the student to have a driving research question and 
focus (Krajcik et al., 1998; Barron et al., 1998), the need for benchmark lessons to 
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help foster and scaffold content knowledge and understanding (Singer et al., 2000), 
and the need for project milestones (Polman, 2000) to complete throughout the 
implementation unit to allow students the time for feedback and revision.

The IE class consisted of nine students who met daily during double class peri-
ods for 100  min of class time per day. The class teacher had been teaching for 
18 years (mathematics, physics, and computer science). He had a background in 
engineering and experience teaching at the college level.

The research methodology in studying the effect of PBI on the IE students’ learn-
ing included both quantitative and qualitative methods. The quantitative data con-
sisted of pre- and posttests given to the IE class and comparison classrooms. The 
pre- and posttests were a waves diagnostic test developed by the University of 
Maryland Physics Education Research Group (Wittmann, 1998) and a trigonometry 
test developed by Confrey, Wilhelm, Carrejo, Heiskell, and Nicholson (2002). 
Further quantitative data and analysis were conducted with comparison groups by 
administering the waves diagnostic test to a Physics class at Tree High School and 
administering the trigonometry test to an IE class at Wright High School (another 
high school in the same district classified as an exemplary school).

Qualitative data involved videotaped clinical student interviews, classroom 
observations, and videotaped classroom activities of the Tree High School IE class-
room. Written classroom observations had special focus on how students used 
available technology and how it assisted in social reasoning and student’s under-
standing of waves phenomena. Additional focus was placed on student use of 
benchmark activities to assist their project work, and how project work facilitated 
benchmark lesson understanding.

Students began group project work by researching the driving question, What 
salient features are required in order to reproduce sound? After initial student 
research on this question, students were asked to generate and then investigate their 
own sub-driving question, derived from the original research question. Three groups 
emerged with projects on radio waves, hearing implants, and the sound quality of 
compact discs (see Table 2.1).

Benchmark activities during implementation were used to scaffold fundamental 
ideas and terminology needed to investigate characteristics of sound and waves. 
Students participating in benchmark activities analyzed motion and musical wave-
forms using probeware technology and explored wave phenomena using waves 
simulation software. Benchmark activities were also used to bridge the ideas of 
 triangle trigonometric ratios to the graphs of sinusoidal curves, which could lead to 
understanding the concepts of frequency, period, amplitude, and wavelength.

Table 2.1 Student groups and their student-generated sub-driving questions

Group Sub-driving questions

Radio waves How is amplitude modulation and frequency modulation produced and 
reproduced?

Hearing implants How can cochlear implants be improved?
Compact discs How do compact discs work?
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Table 2.2 outlines the project implementation features that were utilized in this 
PBI classroom, and Table 2.3 displays the benchmark lessons conducted within 
this unit.

Pretest results revealed students having common waves misconceptions, which 
have been documented in the literature, concerning what properties of the medium 
determine wave speed and how waves interact with each other (Sadler, Whitney, 
Shore, & Deutsch, 1999; Wittmann, 1998) and little trigonometric reasoning.

Posttest data showed the Tree High School IE students making significant gain 
scores in understanding of both waves and trigonometric concepts. The Tree High 
School IE students also scored significantly higher on the waves posttest than the 
Tree High School Physics class that had similar curriculum content goals. Other 
comparison group analysis (Tree and Wright High School) showed no statistical 
difference between group’s post mean scores on the trigonometry test.

Analysis of classroom observations indicated that the Tree High School IE 
teacher had difficulty understanding the difference between wave frequency and 
wave velocity, and the difference between longitudinal and transverse waves. Some 
of the teacher’s difficulties translated to students’ difficulties. Gains in the Tree 
High School IE students’ understanding were primarily made with test items that 
dealt with wave speed (both wave speed in air and wave speed on a string) and with 
understanding of sinusoidal wave amplitude and period.

Table 2.2 Project implementation criteria

1. Teacher selects driving question
2. Students select sub-driving question
3.  Students have opportunities to develop their background knowledge through use of 

benchmark lessons and activities
4. Students, teachers, researchers, “expert” members of the community collaborate
5.  Students use benchmark activities and technological tools to scaffold understanding and to 

assist with research, data collection, data analysis, feedback, and communication
6. Students are given ample feedback and time for revisions (via project milestones)
7. Students create end artifacts that relate to their initial sub-driving question
8. Students share their experiences and results with a community of learners

Table 2.3 The benchmark lessons

1. Measuring the speed of sound using binoculars, a bell, and stopwatches
2.  Analyzing standing waves on a string and exploring wave phenomena using wave computer 

simulations
3. Measuring the speed of sound through analysis of standing waves in air columns
4.  Determining amplitudes, wavelengths, and frequencies of waves produced by various musical 

instruments using probeware
5.  Exploring simple harmonic motion with a mass on a spring and computer-based motion 

detectors
6. Examining sinusoidal curves using spaghetti
7. Participating in waves class discussion with an outside science expert

Rebirth of PBI



18

An unprecedented feature that emerged from this study was that students, who 
had a driving research focus, thought about and connected their group project 
work with benchmark activities and made gains in conceptual understanding. Not 
only did the benchmark lessons facilitate project progress, but also the projects 
themselves helped students better understand the benchmark lessons. This project 
implementation design demonstrated the need for both the benchmark and group 
project implementation features.

 Summary

In general, over the last century there is a consensus of what a project is whether it 
is called the project method, project-based instruction, project-based science, 
inquiry learning, or learning by doing. The real difference lives in the implementa-
tion of the project. As can be observed by the three high school scenarios, PBI was 
implemented in varied ways and with emphasis on different types of outcomes. 
Table 2.4 shows PBI features found within each of the PBI classrooms.

 Recommendations of Key Project Features

Key project features to highlight include the driving research question and focus 
(Krajcik et al., 1998; Barron et al., 1998) derived from learning goals as defined by 
national, state, and/or district standards and with awareness of classic student mis-
conceptions with the discipline topic, the opportunity to investigate, apply and 
represent learned information in multiple ways (Boaler, 2002), the need for bench-
mark lessons and utilization of technologies to help foster and scaffold content 
knowledge and understanding (Singer et al., 2000; Wilhelm, 2002), collaboration 

Table 2.4 Comparing PBI features within each research study

PBI features Polman Boaler Wilhelm

Teacher-generated driving question Mainly student-
generated questions

X X

Student-generated driving questions X X X
Multiple ways of investigating a driving 
question

X X X

Milestones as formative assessment X None mentioned X
Access to experts X None mentioned X
Benchmark lessons (lessons to facilitate 
project work)

None mentioned X X

Collaborative work X Sometimes X
Technological tools X None mentioned X
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within and beyond the classroom (Boaler, 2002; Polman, 2000) utilizing commu-
nity experts (Polman, 2000; Wilhelm, 2002), and the need for project milestones 
(Polman, 2000; Wilhelm, 2002) to complete throughout the implementation unit to 
allow students the time for feedback and revision. In addition to these criteria, 
parental/guardian communication and involvement are instrumental toward  
educating the community on project purpose and success. See below for a com-
plete list of PBI criteria to help ensure project learning.

 1. Teacher/researcher selects driving question.
 2. Students select sub-driving question.
 3. Students have opportunities to develop their background knowledge and con-

front or disrupt misconceptions.
 4. Students, teachers, researchers, and “expert” members of the community 

collaborate.
 5. Students use benchmark activities and technological tools to scaffold conceptual 

understanding, and to assist with research, data collection, data analysis, feed-
back, and communication.

 6. Students are given ample feedback and time for revisions (via project 
milestones).

 7. Students create an end artifact, which relates to their initial sub-driving 
question.

 8. Students share their learned experiences to a community of learners which 
include their parents/guardians.
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Chapter 3
How Can Project-Based Units Be Designed 
for STEM Classrooms?

 What Do We Want Students to Learn?

 Driving Questions

When implementing project-based instruction (PBI) in a STEM classroom, we 
need to consider what it is that we want students to learn. What students should 
learn is determined by national, state, and local curricular standards in terms of 
content. In addition, the PBI designer needs to be aware of classic student miscon-
ceptions that students may have with concepts within the discipline content (see 
Chap. 4). This is where the driving question emerges. The driving question (DQ) 
drives the learning within the unit of study. Krajcik and Czerniak (2014) claimed 
the DQ should be meaningful, sustainable, worthwhile, feasible, ethical, and con-
textual (see Table 3.1 from Krajcik and Czerniak 2014).

Similar to the DQ is what Wiggins and McTighe (2005) called the essential 
question (EQ). An EQ is propelled by Wiggins and McTighe (2005) six facets of 
understanding. Wiggins and McTighe (2005) described their “multifaceted view of 
what makes up a mature understanding, a six sided view of the concept” (p. 84).

• Explanation – sophisticated theories and illustrations, providing knowledgeable 
accounts of events and ideas

• Interpretation – narratives and translations that provide meaning
• Application – ability to use knowledge in new situations and in diverse contexts
• Perspective – critical and insightful points of view from various vantage points
• Empathy – ability to get inside a person’s feelings and worldview
• Self-Knowledge – the wisdom to know one’s ignorance and how one’s patterns of 

thought can inform understanding (pp. 84–100)

Wiggins et  al. distinguish between an “overarching” EQ and a “topical” 
EQ. Overarching questions concern big ideas and can structure an entire program of 
study. Topical EQs focus on particular concepts and ideas. The difference between 
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the two is that overarching understanding should encompass and transfer across a 
wide range of concepts and big ideas, while topical understanding may be more 
limited in its array of transferability.

Our idea of a DQ melds the Krajcik and Czerniak (2014) DQ and the Wiggins 
and McTighe (2005) EQ together with a heavy emphasis on feasibility, sustain-
ability, meaningfulness, interpretation, application, and perspective. We like to call 
Krajcik and Czerniak (2014) “feasibility” a question’s investigability – How well 
is the DQ capable of being investigated by students? Investigability can be poten-
tially limited by access to resources, equipment, time, and location. The DQ ought 
to be something to be investigated over time; thus, it should be sustainable (Krajcik 
and Czerniak 2014) and not something that is simply googleable. The DQ should 
be meaningful and for us meaningful encompasses Krajcik’s explanations of 
worthwhileness and contextualization. As stated earlier, the DQ should originate 
from STEM content standards (national, state, and local). The DQ should also be 
meaningful to the student at that point in time so that they have interest in pursuing 
their investigations and developing understanding of real-world contextualized 
situations. Interpretation (Wiggins and McTighe 2005) is critical to a DQ investi-
gation as it assists with understandings that lead to explanations that are driven by 
evidence and patterns. In terms of Wiggins et al.’s application, we argue that if 
what a student learns cannot also be applied by him/her in a new or novel situation, 
then the student really did not learn the idea at all. And finally, to us, Wiggins 
et  al.’s “perspective” encompasses ethics, empathy, and even self-knowledge. 
Perspective is the ability to walk in others’ shoes, to see from their point of view, 
and to have a metacognitive sense of one’s own limitations and strengths.

Table 3.1 Driving question criteria (Krajcik and Czerniak 2014, p. 58)

Feasibility Students can design an investigation to answer the question
Students can perform an investigation to answer the question
Materials for the investigation are readily available
The question is developmentally appropriate for the students

Worth The question is related to what scientists really do
The question is rich in science content/concepts
The question helps students link science concepts
The question is complex enough to be broken down into smaller questions
The question leads to further questions
The question meets district, state, or national curriculum standards

Contextualization The question is anchored in real-world issues
The question has real-world consequences

Meaning The question is interesting and important to learners
The question intersects with learners’ lives, reality, and culture
The phenomena covered by the question are of interest to students

Ethics The practices used to answer the question do not harm living organisms or 
the environment

Sustainability The question allows students to pursue solutions over time
Students can pursue answers to the question in great detail
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The DQ determines the overarching idea of what we want the students to grasp. 
Springboarding from the DQ, arise the sub-driving questions that are student- 
generated. Having students generate their own sub-DQs frames and supports their 
project investigation toward being more meaningful and relevant to the students’ 
lives while at the same time leaving room for teacher manageability. Recall in 
Chap. 2, the Industrial Electronics teacher’s overarching DQ was: What salient 
features are required to reproduce sound? Resulting student sub-DQs were:

 1. How is amplitude modulation and frequency modulation produced and 
reproduced?

 2. How can cochlear implants be improved?
 3. How do compact discs work?

It can be argued that sub-DQs 1 and 3 could have been improved since in their 
current forms were quite easily answered via a computer search, but sub-DQ 2 had 
much more potential for students to conduct a robust and sustainable investigation.

 How Do We Know Students Have Learned?

 Assessment

Once it is determined what it is we want students to learn with the DQ and potential 
sub-DQs considered, one needs to establish how students’ learning will be mea-
sured. Students’ learning should be evaluated by the teacher and students through-
out the PBI unit from pre-understanding to post-understanding. Assessing students’ 
learning should be formative as well as summative.

Some pre-assessments might illustrate what students have yet to learn and 
highlight students’ misconceptions about certain concepts. For example, pre- 
assessments can gauge levels of students’ conceptual understanding prior to 
instruction as was the case in the PBI Industrial Electronics (IE) class (see Chap. 2). 
Pretest results showed IE students with little to no trigonometric reasoning ability 
and also revealed students held common waves misconceptions documented in the 
literature, concerning how waves interact with each other and what properties of a 
medium determine wave speed. Furthermore, test analysis of pre-implementation 
IE students’ waves understanding also uncovered three new waves misconceptions 
(not documented in the literature) concerning wave speed, wave “friction,” and 
wave widths being associated with step size. Knowing what the students know and 
do not know is crucial to the design of a PBI unit in terms of DQ development and/
or refinement, benchmark lesson choice, and determination of possible outside 
experts to help guide productive project work and learning.

Other means of assessing students’ learning occur during implementation of the 
benchmark lessons and project work. Recall the benchmark lessons are used to 
help ensure students have the opportunity to learn the content at hand while they 
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are becoming “experts” of their own research and are also used to facilitate the 
students’ project progress. As students undertake their project work, it sometimes 
becomes apparent that students need a just-in-time lesson due to a lack of under-
standing of a concept or content pertinent to their project development. As was 
often the case at Phoenix Park school in the Boaler (2002) study, teachers had to 
provide students with a just-in-time mathematical lesson as students pursued their 
mathematics projects like the 36-sided fencing problem (see Chap. 2).

As far as the project itself, as in Rory Wagners’ class (Polman, 2000), milestone 
markers should take place at all stages of project work – from the point of estab-
lishing a question to investigate, coordinating with an outside expert, determining 
what you know and what you still need to know, developing a plan of action or 
method of investigation, and finding and sharing resources  – to collecting and 
reducing data, analyzing and categorizing findings, creating models and represen-
tations, and making final conclusions. These milestone experiences should occur 
with peers as well as with the teacher. Students who present their research status 
weekly to their peers can gain the advantage of organizing their work, reporting 
difficulties, soliciting suggestions, learning about potential resources, and data 
reporting techniques that can be utilized for their project. In addition, milestone 
sessions among students can create beneficial opportunities to learn from each oth-
ers’ projects.

People often think that only performance assessments should be employed to 
assess understanding within a PBI classroom. This is simply not the case. A variety 
of learning measurements (e.g., multiple-choice tests, short answer quizzes, concept 
maps, reports, benchmark lesson tasks, milestone presentations, community 
research presentations, and peer evaluations) should be utilized to assess under-
standing to determine how well students are learning what you want them to learn.

 Benchmark Lessons to Facilitate Project Progress 
and to Ensure Common Content Opportunities to Learn

The mistake that is often made by teachers is designing a unit as simply a series of 
lessons without first reflecting on what it is that they want students to learn and 
determining how they will know students learned the content. When designing a 
PBI unit, the design of benchmark lessons should only come after the DQs, and 
assessments have been premeditated. Benchmark lessons should scaffold stu-
dents’ learning, be designed knowing the research concerning misconceptions stu-
dents often have with the material (see Chap. 4), and facilitate students’ project 
progress.

In Chap. 2, Table 2.3 outlined key benchmark lessons that helped to facilitate 
IE high school students’ understanding of the overarching DQ, What salient fea-
tures are required in order to reproduce sound? Benchmark lessons included mea-
suring the speed of sound in various ways; utilizing technologies like probeware to 
determine wavelengths, frequencies, and amplitudes of waves produced by vari-
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ous musical instruments; and examining sinusoidal curves using spaghetti trigo-
nometry (Peterson, Averbeck, & Baker, 1998). These lessons were carefully 
chosen so that students could better understand frequency, period, amplitude, and 
wavelength concepts, experience what really waves in a wave, and determine what 
affects the speed of sound.

 Just-in-Time Benchmark Lesson

A just-in-time benchmark lesson is a lesson that was not pre-planned, but 
discovered later to be needed. The discovery of its necessity could be from 
misconceptions that emerged on a pre-assessment, or it could be due to a missing 
skill or concept that has yet to have been learned. An example of such a need arose 
during an implementation of a STEM-integrated PBI Astronomy unit called 
Realistic Explorations in Astronomical Learning (REAL; see Chap. 5) with 
preservice teachers (PSTs). The REAL unit’s DQ was Why does the Moon’s 
appearance always seem to change? One PST group’s project involved studying 
how the Moon’s highest altitude angle changes over time. The group made a plot 
of the Moon’s daily highest altitude angle as a function of time from various 
Earthly locations (e.g., United States and Australia). The plots that were produced 
appeared sinusoidal, but these PSTs had little to no experience with sinusoidal 
functions that were generated from a contextualized situation. In order for the 
PSTs to better understand the graph and the physical characteristics of frequency, 
period, amplitude, and wavelength within this lunar plot, a just-in-time bench-
mark lesson on spaghetti trigonometry (Peterson et al., 1998) was employed. The 
spaghetti trigonometry benchmark lesson helped to bridge the ideas of triangle 
trigonometric ratios to the graphs of sinusoidal curves and assisted the group to 
better answer their sub-driving question. One PST wrote in his class reflection, 
the following:

I had always studied sinusoidal functions, but was really never aware of their use in the 
real world. In this project, I was able to see the use and practicality of the function… It 
did take some time and research to be able to understand the relationship of the altitude 
as a function of time…this was a very interesting and worthwhile project…look for-
ward to implementing much of the knowledge I acquired in my classroom someday. 
(Pre-service Teacher, Wilhelm, Sherrod, & Walters, 2008, p. 232)

 The Role of Experts

As students engage in project work that can vary even within a single topic area, a 
teacher may not know everything necessary to help scaffold, guide, and support 
their students’ research. This is where it might become necessary to connect students 
with outside experts. Within the sound waves unit mentioned in Chap. 2, students 
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who were conducting research on cochlear implants were able to secure an expert 
mentorship with an audiologist. Within the REAL unit (Chap. 5), students were 
mentored by a planetary scientist employed by NASA AMES. Within Rory Wagner’s 
classroom (Chap. 2), several experts were utilized as students engaged in their broad 
spectrum of research projects.

Utilizing expert mentors serves several purposes and often involves a reciprocal 
relationship. Outside experts are able to engage in outreach and better understand 
K–12 STEM PBI preparation. PBI teachers are alleviated of being the expert of 
everything and can establish helpful collaborations with the STEM workforce 
community. Students learn how to be prepared with asking relevant questions 
regarding guidance of their research projects. Bringing in mentors can also provide 
a connection between what students are learning and doing in the classroom to 
what STEM professionals do. Choosing mentors that have similar backgrounds to 
your students could also show students that people who look like them participate 
in and can be successful in STEM careers. Mentors can also provide access to and/
or instruction on technology that students may not normally have access to. For 
instance, an astronomer could bring telescopes and set up night sky viewing for a 
unit like REAL.

 The Role of Parents/Guardians and the Community 
to Legitimize Projects, Create PBI Buy-In, and Extend 
Learning Beyond the Classroom

One feature that is key to sustainable PBI environments involves communications 
with parents/guardians. Chances are current K–12 students’ parents/guardians did 
not experience many PBI classrooms. In Boaler’s (2002) 3-year longitudinal 
research study of PBI implementation in mathematics classrooms in England – 
parents were instrumental in shutting down this type of instruction since it did not 
resemble the manner in which they were taught – “In response to the new middle- 
class parents putting pressure on the school, Phoenix Park also started to place 
students into ability groups for mathematics. The teachers in the mathematics 
department responded badly to these changes with feelings of demoralization and 
disempowerement” (Boaler, 2002, p. 186). Communicating with parents in pro-
ductive ways can invite parents/guardians to play supportive roles as students con-
duct project work or need to make observations of natural phenomena outside of 
school hours. For example, when observing the Moon and sky, students may need 
to observe late in the evening or very early in the morning. Parents/guardians in 
the workplace can play a role in K–12 settings by bringing in their own career 
expertise or by assisting with ways to solve a community problem (e.g., water ero-
sion or water contamination issues). Having a vested interest and awareness in 
their child’s learning and school community can go a long way toward building 
productive relationships and partnerships.
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 The Role of Technology to Advance Understanding

Technology can be used in a variety of ways in a project-based classroom including 
assisting with teaching and learning, communicating with experts and stakeholders, 
and enhancing presentation of projects. A variety of software is now commonly 
found on computers or easily obtained that aids the students’ ability to find and 
present information. While the Internet was certainly a boon for sourcing informa-
tion and communicating with experts through computers, the rise in tablets and 
smartphones has also led to an increase in the ease with which we can communicate, 
find information, and share our work with others. These devices also give students 
the opportunity to collect data at home and then come together in the classroom to 
discuss information gathered.

With the availability of technology at our fingertips, we must be careful to use it 
when it is useful and not just because it is novel. Flick and Bell (2000) warn that 
technology should not be used for tasks that are just as easily done without technol-
ogy. In this case, the technology may become a hindrance rather than a help. 
Educators need to carefully consider when the technology will aid in addressing the 
DQ of a PBI unit or simply be a distraction. Teachers using PBI must be adaptive 
planners (due to a wide range of projects), problem-copers (like technological prob-
lems or time problems), and initiative takers (e.g., learning new technologies, 
becoming involved in the teacher project network community, negotiating and col-
laborating with administrators, or collaborating on interdisciplinary projects within 
or outside the school). Technology plays the role of scaffolding inquiry environ-
ments, supporting research and data gathering (such as, probeware, modeling soft-
ware, Internet), and aiding communication, guidance, and collaboration (with 
experts in the field, with other schools, teachers, and students).

Technology can make abstract, difficult-to-visualize science concepts accessible 
through modeling and multiple representations (Flick & Bell, 2000). Pallant and 
Tinker (2004) said, “Learning experiences based on molecular dynamics tools 
should help students develop more scientifically accurate mental models of atomic- 
scale phenomena which should in turn help them to reason more effectively at dif-
ferent levels, like experts” (p.  52). An animation, for instance, can show the 
interactions, but a computational model allows for contact and communication with 
the model. The model interplay allows students to experiment with the system and 
see what happens – in effect, they are able to generate an infinite number of their 
own animations (Pallant & Tinker, 2004).

Technologies as a link to the outside world “are dramatically transforming the 
basic patterns of communication and knowledge interchange in societies, and auto-
mating the component processes of thinking and problem solving. In changing situ-
ations of knowledge acquisition and use, the new interactive technologies 
redefine – in ways yet to be determined – what it means to know and understand, 
and what it means to become ‘literate’ or an ‘educated citizen’” (Lave & Wenger, 
2003, p. 12). Recall Polman (2000) examined a project-oriented classroom where 
all students participated in various projects dealing with Earth Science issues. All 
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students used library resources and the Internet (which was relatively new at that 
time) to collect data for their research proposals and questions, some communicated 
with outside experts via email, and many presented their findings using PowerPoint.

 Example Technologies in PBI

There is a vast array of technologies that can be used in a project classroom. 
Technology can be that of probeware, Internet, email, videoconferencing, computer 
software, downloadable apps, simulations, and computer programming. Many serve 
the purpose of scaffolding understanding, supporting research, or communicating 
with the outside world. While this section is not meant to be an exhaustive list of all 
possible technologies that may be beneficial in a PBI classroom, it is an overview of 
some of the many technologies being used in PBI classrooms today. As technology 
evolves, so would the list of things that could be included here.

 Google Classroom

Google Classroom (Google 2014) has become the cornerstone of some classrooms 
while serving as an occasional tool in others. A challenge with using Google 
Classroom is having both a good internet connection and an available device for 
connection. As Chromebooks and iPads become more widely available in class-
rooms, this impediment will fade. Google Classroom allows teachers to upload 
documents and ask questions and comment on student work as it is being completed. 
The students can follow embedded links, take assessments, and turn in work within 
Google Classroom. It also allows for students to collaborate on projects together, 
typing within the same document at the same time. It also provides a way for teach-
ers to quickly share links to online tools with students. Teachers have also appreci-
ated that students can not only access Google Classroom within their classroom but 
also on computers, tablets, and smartphones outside of their classrooms. This pro-
vides a convenient way for teachers to share what is happening in the classroom with 
students who are at home due to illness or weather as long as they have an Internet 
connection and device at home. While students are working on projects, this ability 
to connect within and outside the classroom could allow students to collaborate with 
their entire group, even if a student isn’t in class that day. Students can also share 
their project work with each other within Google Classroom, allowing students 
within the class to see what other groups are working on and provide feedback.

 Simulations and Animations

One type of interactive animation used in PBI classrooms are Gizmos 
ExploreLearning (2016). Gizmos are helpful for incorporating real-world scenarios 
into a PBI unit where content/concepts can be modeled rather than experienced 
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directly. They are excellent for simulating experiences that are difficult to duplicate 
in a classroom. For instance, one group of middle school teachers used Gizmos to 
demonstrate changes in ecosystems in their classroom. Gizmos allowed for stu-
dents to manipulate certain aspects of ecosystems and see the result, which they 
could not do otherwise in their classroom (see Chap. 8). Some teachers have also 
used Gizmos as lab stations during a rotating station lab where the Gizmos allowed 
students to virtually interact with the content and apply what they were learning. In 
another unit, teachers used a simulation to demonstrate thermal energy transfer 
through a copper tube. In the Gizmo, the system is completely closed and 100% 
insulated, so no heat is lost to the environment, and students can easily see trends 
in data. They also used it so students could explore phenomena that is too small to 
see with their eyes (cells, atoms), exists inside the body (digestion), occurs over 
extended time or in history (adaptation and change over time in moth populations 
in the 1800s), or is too large in scale for students to see (planet gravitation).

Another common source of animations is PhET (University of Colorado, 2018). 
Williamson and Abraham (1995) found that college general chemistry students who 
received instruction including animations increased their conceptual understanding 
of the particulate nature of matter more than similar students who did not use the 
animations. In addition, the authors suggested that students’ understanding of 
chemistry concepts is linked to their ability to create mental models to visualize the 
behavior of particles in matter. They used Paivio’s (1991) dual-coding theory, 
explaining that visual models help students retain information better because they 
are coded both verbally and visually while text is only coded verbally. PhET simu-
lations allow students to interact with physical phenomena. There are a variety of 
topics covered by PhET simulations, and they have frequently been used by K–12 
teachers. While none of the interactive simulations currently available from PhET 
address the particulate nature of matter directly, many of them address chemical 
phenomena at the particulate level, allowing students to learn about the nature of 
matter as well. Moore, Chamberlain, Parson, and Perkins (2014) described the 
PhET Interactive Simulations Project, saying that each of the simulations has five 
pedagogical goals: allow students to engage in scientific exploration, take owner-
ship of their learning, develop conceptual understanding, be able to make connec-
tions between the content and the real world, and begin to enjoy science. The 
authors stated that the interactive simulations could be used by teachers for demon-
strations or interactive class quizzes using student response systems. Perkins and 
colleagues used student interviews and classroom implementation studies to explore 
the use of PhET simulations at the middle school level; over 80 interviews covering 
14 simulations were conducted with 4th through 8th grade students (Perkins, 
Moore, Podolefsky, Lancaster, & Denison, 2012). Perkins et al. found that, in gen-
eral, students enjoyed using the PhET simulations and were engaged. They also 
found that even when the simulation did not include a game, students would often 
turn it into a game or a challenge. Perkins et al. (2012) suggested two broad strate-
gies for using PhET simulations in a middle school classroom. They argued that 
nurturing student ownership of the simulation and encouraging the use of games 
and challenges stimulates productive exploration and learning. The authors also 
suggested that instructions should be written so that they inspire students to explore 
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to develop understanding rather than following explicit, step-by-step instructions 
for interacting with the application. Perkins et al. pointed out that using built in 
games, creating challenges for the students, and asking students to identify the rules 
goes along with the tendency for middle school students to enjoy games and 
competitions.

 Student-Generated Models

Teachers can also use software that allows students to create their own animations, 
simulations, or models to illustrate and refine their understanding of phenomena. 
One recent example is SiMSAM, which is modeling software that allows students 
to make stop-action movies, animations, and simulations of a physical phenomenon 
to illustrate their developing understanding (Wilkerson-Jerde, Gravel, & Macrander, 
2015). Participants in the study engaged in two cycles of modeling: first they drew 
and animated their ideas of the diffusion of perfume through a room at the particu-
late level, and then they simulated the diffusion. In the first part, the participants 
spent more time considering how to represent the phenomenon. In the second part, 
they spent more time evaluating and revising their model. The study “illustrates that 
iterative modeling activity across multiple representational technologies can sustain 
and deepen student learning and engagement” (p. 411). The study also highlights 
the benefits of modeling: representing the phenomenon, simulating the phenome-
non, and using the simulation to make predictions.

 Downloadable Apps

Stellarium (Chereau, 2010) is free downloadable planetarium software that is 
available for both computers and handheld devices. Other similar apps are available 
for smartphones as well. Stellarium allows the user to set the time, date, and location 
to anywhere in the world and see what the sky looks like at that time. The advantage 
is that students can make sky observations at different times or at different locations 
around the world. This type of software can also aid students who run into poor 
viewing conditions when conducting live observations of the sky (see Chap. 5).

 Probeware

One example of technologies that can scaffold content understanding are probeware 
(motion sensors, water quality sensors, and sound sensors). Probeware sensors used 
with software have the ability to measure phenomena, such as, temperature, light, 
pH, magnetic fields, motion, voltage, current, and sound. Probeware sensors have 
the ability to be connected to computers, and handheld devices, so that when  
linked with software, students can examine and analyze data and graph results  
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(e.g., position versus time, velocity versus time). In the case of computer-linked 
motion detectors, students are able to interpret graphs with meaningful values and 
are able to model different types of motion situations (Wilhelm & Confrey, 2003).

 Summary of Technologies

Each of the discussed technology activities has its place in the classroom, but 
teachers need to understand there are advantages and drawbacks to each. One 
drawback to all types of models, whether or not technology based, is that students’ 
interpretations of the models often do not consistently match how the teacher 
intended students to understand the model (Carr, 1984; Harrison & Treagust, 
1996). Teachers need to be aware that individual students may interpret diagrams, 
drawings, and models differently (Harrison & Treagust, 2010). Researchers have 
found success in incorporating animations and simulations into classroom instruc-
tion (Chang, Quintana, & Krajcik, 2009; Yezierski & Birk, 2006; Kozma & 
Russell, 1997; Stieff & Wilensky, 2003; Perkins et al., 2012; Tinker & Xie, 2008; 
Pallant & Tinker, 2004; Wilkerson-Jerde et al., 2015). Technology tools have 
helped students to visualize matter at the molecular level (Yezierski & Birk, 2006), 
probe models to explore how the system may change due to inputs (Perkins et al., 
2012), or explicate their own mental models to share and discuss with others 
(Wilkerson-Jerde, 2014). Teachers need to carefully choose technology that will 
assist with benchmark lessons, project work, or other aspects of the PBI unit in a 
meaningful way and not just replace an activity that could be easily done without 
the technology (Flick & Bell, 2000). Technology can enhance a PBI classroom but 
should be used with intention and careful thought.

 Summary of PBI Criteria to Help Ensure Success 
and Learning

Figure 3.1 illustrates the seven puzzle pieces needed to help ensure PBI learning 
and success. The central puzzle piece is the phenomenon or topic being taught by 
the teacher and studied by the students. The two top puzzle pieces show the 
teacher- selected driving question (derived from the standards and phenomenon) 
and the student-selected sub-driving questions (developed by the students giving 
them ownership and empowerment of their own learning). The benchmark lesson 
puzzle piece illustrates opportunities for students to develop their background 
knowledge and confront (or disrupt) their misconceptions via carefully planned 
experiences. Benchmark lessons can also include activities with technological 
tools to scaffold conceptual understanding and to assist with research, data collec-
tion, data analysis, feedback, and communication. The milestone piece allows 
students to share their project status with their peers, teachers, and parents/
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guardians and permits time for ample community feedback and revisions. The 
expert piece can include students working with university professors, community 
members, industrial partners, and parents/guardians to facilitate project work or 
give students access to resources or equipment they might not normally have 
(such as a telescope). The seventh piece is the projects/artifacts themselves, 
where students share their artifact and report their research findings and/or mod-
els that answer their driving research questions and open the door for many new 
questions to emerge and deeper learning to be gained. The glue that holds all 
pieces together is the assessment – it is this bonding agent that is woven through-
out most puzzle pieces in both formative and summative forms. Formative under-
standing can be assessed throughout the milestone sessions and benchmark 
lessons and work with experts. Summative understanding can occur when the 
project work is complete.
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Chapter 4
How Can Teachers Locate and Translate 
Research Specific to Instructional 
Practice?

 Why Use Research Literature?

Research literature provides a wealth of information on a variety of topics in 
education. You can often find best practices for teaching topics, common miscon-
ceptions, learning progressions, assessments, lessons, and case studies. Each of 
these may provide information that are useful for classroom teachers. One of the 
challenges is finding the articles for free, and another challenge is translating the 
literature to the classroom.

An experienced teacher may have a wealth of information on the topics they 
have been teaching for years, including the misconceptions their students bring to 
the classroom. But how can the teacher tell whether there are other common mis-
conceptions on the topic? There are often research studies to be found that identify 
common (or sometimes not-so-common) misconceptions. Or perhaps the teacher 
has identified the misconceptions held by their students this year but needs to know 
how to address these misconceptions. This type of information might be in a 
research article or in a practitioner journal. Regardless of where they look, a 
teacher should consult the research literature to inform their planning of a unit.

Professional organizations like the National Science Teachers Association 
(NSTA, 2017) have considered the role of research in the teaching and learning of 
science. Among the recommendations in their position statement, the NSTA rec-
ommends “researchers communicate about research in ways that can be under-
stood and embraced by science educators, administrators, policy makers, and 
others in the science education community” and that “researchers make research 
readily accessible by disseminating it to teachers and other decision makers using 
many forms of communication, including practitioner journals, professional con-
ferences, websites, and social media” (NSTA, 2017).

The research literature also includes a variety of studies that support the connec-
tion between research and teachers’ classroom practice. Kyei-Blankson (2014) 
concluded “training teachers as researchers is likely to encourage teacher interest 
in conducting and applying theory in math and science classrooms” (p.  1047). 
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While many of the participants cited positive effects of participating in the training 
and positive reviews of conducting and using research in their classrooms, many 
expressed concerns over the challenges of the time and energy required to conduct 
research alongside being a teacher. Dynarski (2010) commented on the difficulties 
of bringing research to classroom teachers. He said, “It’s useful to remember that 
to connect practice and research, many educators will have to take a giant leap of 
faith” (p. 65). Even though teachers may be aware of the benefits of using research 
to inform their practice, teachers who have practiced their craft for years need to 
balance what their experience tells them with what new research tells them may 
work better in their classroom. This could lead to a disconnect between researchers 
and practitioners, particularly if the application of the research to the classroom is 
a new idea to a practitioner. One way this could be improved would be for 
practitioner- focused organizations to include research in their practitioner-focused 
publications and conferences in a way that includes both the research and applica-
tions of that research to the classroom.

 How Do I Find Research Literature?

Pick a database and jump in! Google Scholar (scholar.google.com) is a great place 
to start. It’s familiar, works much like regular Google, and is easily accessible. You 
could also try out other databases such as ProQuest, EBSCOhost, ERIC, Academic 
Search Complete, etc. Some databases are more general (like Google Scholar), 
while others are specific to certain disciplines (SciFinder is specific to chemistry). It 
is important to choose a database that covers the field you’re interested in and also 
that you become familiar with how your selected database(s) work.

The search functions for each database work slightly differently, so it is impor-
tant that you know how one works before you use it. For instance, some will take a 
word like “chemical” and automatically search for similar terms like “chemicals” or 
“chemically,” while others will only search “chemical.” Similarly, know how to use 
Boolean operators such as “and,” “or,” “not,” etc. These need to be used in certain 
ways in each database. Also, be aware of how quotation marks work in a search. 
Usually, if you put quotation marks around a phrase, you will search for the exact 
phrase. If you search for the phrase without quotes, you are searching for any of the 
words in the phrase, but not necessarily together in the text. You can find some of 
this information online, but librarians (especially the research librarians) are really 
helpful in learning how to search each database.

 Search Terms

One of the keys to finding the right articles is using the right search terms. It’s 
useful to start by brainstorming likely terms and related terms that might be use-
ful. The word you use for a topic might be the perfect term to search to find the 
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research literature you need. You might also find useful research in other terms 
tends to use a different, similar word to the term you use to describe the same 
thing. Let’s look at an example. The exact topic of the search is students’ under-
standing of matter. A broader topic might be chemistry and a subtopic might be 
misconceptions about the particulate nature of matter. The similar words can be a 
bit trickier, but you could try knowledge in place of understanding or further clas-
sify students by adding adolescents or children in your search. When it comes to 
matter, you might also try types of matter, such as phases, solids, liquids, or gases, 
or parts of matter, such as particles, atoms, molecules, or ions. Once you’ve started 
searching and found a few articles, you should look for keywords in the articles. 
Are they using different words to describe your topic? If they’re using a term you 
did not think of, you might want to consider adding it to your list of search terms. 
Many articles use a list of keywords provided by the authors to aid in finding that 
article. This list of keywords is a great place to get ideas for the specific terms used 
in the field that publishes in that type of journal.

In addition to looking for keywords for articles you find, check out the refer-
ence list at the end of the article. Once you’ve found an article that is relevant to 
your topic, chances are they have cited other articles that would also be useful to 
you. Not only will these articles be listed in the references list, but the article you 
read will also have a sentence or two in the text that will provide insight on how 
they’re related. For instance, the article might share that researchers have studied 
X topic before and found Y on a similar population of students. Or they could note 
that a particular misconception that had been previously found in population A 
wasn’t in population B.

 Paywalls

You’ve found a database you like, picked the right keywords, and ended up with a 
research article that fits your needs perfectly. You click on the link and are con-
fronted with a paywall. The article isn’t free and you’re being asked to pay for it. 
What did you do wrong? The answer is nothing. Some articles are easily available 
for free, while others are behind a paywall. The way journals make most of their 
money is by selling subscriptions or by selling individual articles. An increasing 
number of journals instead charge article processing fees to authors wishing to 
publish in their journals to make the articles open-access and free to anyone wish-
ing to access them. Some journals, like the Journal of Chemical Education, will 
make certain articles open-access after being chosen as editor’s choice articles. 
These are accessible on the journal’s website by anyone. If you are a member of a 
professional organization, like the National Science Teachers Association (NSTA), 
you can often read articles published in the organization’s journals for free (or a 
reduced fee) online. You can also find some articles free online because they are 
posted on third- party websites. Be aware, however, that not all of these articles 
have been obtained or posted legally.
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If you run into a paywall, check with your local librarian for help. In some 
areas, public libraries have access to research journals that anyone with a library 
card can access for free. If you are near a public university, go visit! Anyone can 
use the library as it is open to the public. They usually have computers you can use 
to access research articles, or you can use your own laptop on their Internet to 
access research databases. You may not be able to print an article there, but you 
can save a copy of it to read or print later. University libraries also have research 
librarians who are skilled in  locating information such as research articles on a 
topic. They are also great at helping with key words or alternate sources when 
doing research. You might also want to check with your school administrators to 
ask if your school or district has access to research journals. Finally, you can con-
tact the author(s) of an article and ask for a copy. They are sometimes able to 
email one to you. Keep in mind that if the article is not a recent one, the contact 
information for the author(s) may be out of date.

 Practitioner Versus Research Journals

You will likely find three main types of articles: reviews of research, practitio-
ner articles, and research articles. The review articles can take a few forms, but 
are likely not what you’re looking for. Don’t dismiss them totally, however, as 
they are good sources for finding other articles that may be more useful. A 
review article is exactly what it sounds like – a review of the research literature 
that has been published on a topic. Sometimes these take the form of meta-
analyses, which revisit the data within the articles and use the data and findings 
in a new analysis of the literature. Other times they are a collection of articles 
that are summarized and have the connections or themes of the articles dis-
cussed in the review.

Practitioner articles tend to include a lot of how-to instructions, activities to 
use in the classroom, and information on current topics in education. These jour-
nals usually (but not always) do not include research articles and instead focus on 
what teachers have tried in the classroom and found successful. These are good 
places to find lessons, labs, and other activities to use in the classroom but are not 
likely to provide much research-backed information on misconceptions or best 
practices to use in your classroom.

In contrast, a research article is not likely to include specific lessons, unless 
they were part of a research study on their effectiveness. Even then, it is unlikely 
the actual lesson is included, but instead a description or outline of the lesson or 
unit is included in the paper. Research articles are great places to look for mis-
conceptions on a given topic that are held by students (or adults) in a specific 
population. They are also good places to look for information on what kinds of 
pedagogy is most helpful in overcoming misconceptions or for teaching a topic 
in general.
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 Identifying if It’s a “Good” Research Article

There are two big things to consider in deciding whether it’s a good article: 
whether it’s from a reputable journal and whether it fits your needs. It’s not 
always a simple task to determine whether it’s a reputable journal, but some 
clues are the impact factor (higher is better, though actual value varies by field), 
acceptance rate (lower is generally better), or whether it’s published by a profes-
sional organization in the field. If you read an article and find a lot of typos, 
grammar, and spelling issues that were not fixed prior to publication, that might 
be another clue about the quality of your article source. Librarians could help 
you determine the quality of the journal if you aren’t sure about it. Research 
librarians at university libraries are particularly good at finding sources and 
identifying their quality.

When it comes to whether the journal article is a good fit for your needs, you 
will have to determine those parameters yourself. Start by reading the abstract, 
which is a summary of the study and findings. It should provide enough informa-
tion for you to determine whether the rest of the article is relevant to your work and 
worth reading. Next, look at the study population to see if it is fits your situation. 
The population doesn’t necessarily need to match your classroom exactly, but it 
needs to be close enough to be relevant. For instance, if you’re in a high school 
classroom, middle school or college freshmen populations might still be relevant to 
your needs, but it is unlikely a study on first graders would be of much use to you. 
Then, look at the findings. Did the authors report findings that are relevant to your 
setting? It would be great if there are findings that include how the research is rel-
evant to your classroom, but that’s not always present. Instead, you might want to 
look for the types of issues you’re interested in. For instance, do they report mis-
conceptions, best practices, or novel methods that might fit your classroom?

 How Should I Read Research Literature?

You certainly could read a research article from start to finish, but you’re more 
likely to find what you’re looking for in the article more quickly by heading to 
the section that most interests you. If there is a particular part of the article you 
know interests you, go there first. For instance, you might be looking for a good 
assessment for a topic. In that case, the methods section would be a great place 
to start to see which assessment(s) they used, and then follow up with the discus-
sion to see what the assessment results told them. If you’re not really sure which 
part of the article is the most relevant, then consider the following reading strat-
egy. You may want to print the article so that you can highlight and make notes 
on it as you read or use an app on a tablet that will let you make notes on a pdf. 
If neither of these options work, keep a notebook handy where you can keep track 
of what you find and where you found it.
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 1. You’ve probably already read the abstract when you found the article and were 
determining whether it was a good article to suit your needs. Skip the abstract 
for now.

 2. Read the introduction and purpose and look for the research questions. Find 
out what the authors were studying (introduction and research questions) and 
find out why it was important. This section should start to explain where this 
study fits into the research literature. It may provide a clue that the study fills a 
gap in the literature that may be relevant to your classroom. Or it may hint that 
other studies exist that address issues of your concern; sometimes finding these 
other studies is relevant to your work, so pay attention to these cited studies. 
Make a note of any related studies that look like they might be relevant to your 
current search. You can find the full citation in the reference section at the end 
of the paper.

 3. Skim the methods. Don’t read them all the way through yet, but skim them to 
see what was done. Is the study population similar to your students? Did they 
use a method that is likely to provide information that would be relevant to your 
classroom? Are the methods going to provide results that are generalizable to 
your population of interest? Do you understand the methods used? If you aren’t 
familiar with the methods used, it may be more difficult to judge whether the 
study is relevant to your own classroom or study. Look for the study population 
to see if it’s similar to your group of interest, but don’t necessarily ignore the 
paper if it’s not an exact match. For instance, if you are interested in what high 
school biology students know about evolution, a paper that included a group of 
high school biology students would be ideal, but another study that included a 
group of middle school students learning about evolution might also work. 
However, a group of graduate students learning about a specific part of evolu-
tion might not be as relevant, unless you’re looking for how to teach that unique, 
obscure portion of evolution yourself.

 4. Check out the summary, conclusions, and/or significance. These sections may 
all be present or just one. They may also come under other names but usually 
occur at the end of the paper, just before the references. These sections should 
tell you about why others would be interested in the results of this study and 
also suggestions for future work that researchers should do as a follow-up to 
this project. They will tell you what the researchers found in their study, what 
they mean, and why the findings are important. They may also include some 
information on how these results are relevant to your classroom or work. Pay 
attention to the big impacts of this study. Sometimes the impacts aren’t so big 
in a broad sense, but they may be really big for your classroom.

 5. Stop and take a deep breath. You’ve made it quite a way through a research 
article and now need to determine what else you need. Do you need more 
 background information? Head for the literature section. Do you need more 
information about specific results of the study? Head to the results section. Do 
you need more information on how the results fit into the research literature? 
Read the discussion section.
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 How Can I Translate the Research Literature to My 
Classroom?

Once you have found research articles and determined they fit your needs, you still 
need to translate these to your classroom. You might be able to use lessons, labs, or 
other activities from a practitioner article more directly, but you still need to adapt 
those to fit your students. When it comes to research articles, the information needs 
to be translated into or used to inform your classroom activities rather than be 
implemented directly into the classroom. Often lessons or units are not published 
with a given study in the literature. However, you can contact the authors and inquire 
as to whether the lessons are available. You can also check supplemental informa-
tion that many journals post online to go along with the research articles. Sometimes 
lessons are posted as supplemental information. Google will often also find infor-
mation on researchers and/or lessons.

Misconceptions can be used in pre-assessments and also in writing lessons for 
the classroom. Teachers should keep known misconceptions in mind when design-
ing classroom instruction. It is also helpful to give a pre-assessment to see how 
many of your students hold misconceptions from the research literature as well as 
identify which specific misconceptions students hold. Experienced teachers can 
also use misconceptions they’ve identified in their students over the years but 
should also be aware of what misconceptions researchers have found. Once mis-
conceptions have been identified, instruction can directly address specific 
misconceptions.

Best practices for teaching particular topics can also be found in the literature. 
Sometimes practices that are simple are well defined in the article, while others may 
require outside information. Teachers can find best practices and then look for more 
information elsewhere online or for professional development that is related to 
those practices.
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Chapter 5
Realistic Explorations in Astronomical 
Learning (REAL)

The story of REAL began in June of 2007. My (Jennifer Wilhelm) background is Physics 
(bachelors and masters), and I have a PhD in Science and Mathematics Education with a 
dissertation on project-based instruction (Assessing Student Understanding of Sound 
Waves and Trigonometric Reasoning in a Technology-rich, Project-enhanced Environment). 
My husband and astronomer, Ron Wilhelm (PhD in Physics and Astronomy), and I were 
traveling with our two children to Yellowstone National Park from Lubbock, Texas, for a 
short vacation. I was not particularly thrilled about making this journey since I was heavily 
involved in preparing my dossier for promotion and tenure. As we traveled across the coun-
try on this 1,090 mile journey, we had much time to discuss our next project endeavors. Ron 
had already been using a project-enhanced investigative method within his astronomy 
classes since he became sold on this method while I researched it for my dissertation. It was 
during this road trip that we hatched the REAL idea and later that fall applied for a NASA 
grant to fund our REAL project-based unit. We were awarded the grant in October 2007, 
and the design, development, implementation, and research began.

Since the initial launch of REAL, we have implemented and researched its effec-
tiveness with dozens of studies in over 20 middle schools in two states. We con-
ducted professional development with 70 middle level science and/or mathematics 
teachers reaching more than 8000 students. These studies not only researched how 
students learned in a project-based instruction (PBI) environment but also compared 
gender differences in Earth/Space understandings. Control groups were also incor-
porated into our research design, and we examined differences in students’ learning 
by comparing the effects of business as usual (BAU) Earth/Space instruction with 
our PBI REAL unit. More recently we studied, at length, differences in teacher 
implementation (concerning the fidelity with which the curriculum was taught) and 
its effect on student learning outcomes (Lamar, Wilhelm, & Cole, 2018). One study 
examined how different gender groups and racial/ethnic groups performed on lunar 
content and spatial assessments within BAU and REAL classrooms (Wilhelm, 
Toland, & Cole, 2017).

Research with REAL with thousands of students has shown significant 
gains in understanding for all students including gap students (e.g., Wilhelm, 
2009; Wilhelm et  al., 2017; Wilhelm, Cameron, Cole, & Pardee, 2015; 
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Wilhelm, Jackson, Sullivan, & Wilhelm, 2013). In the Wilhelm (2009) and Wilhelm 
et al. (2013) studies, students who experienced REAL achieved significant gains 
on science assessments as well as geometric spatial assessments. Results showed 
all experimental subgroups (males and females) making significant gains on four 
assessments including three spatial mathematics assessments. In addition, females 
who began lower on a geometry pretest were able to close the gap with their male 
counterparts by post- assessment time.

 Literature Review

The REAL project-based unit concerns an Earth/Space context containing lunar- 
related mathematical and scientific content mapped to the Next Generation Science 
Standards (NGSS Lead States, 2013) and the Common Core State Standards for 
Mathematics (CCSS-M). Developed around the national standards, the driving 
question for the REAL unit is Why does the Moon’s appearance always seem to 
change? The unit is designed to (a) foster learners’ understanding of spatial scien-
tific big ideas through the development of innovative projects, benchmark lessons, 
milestones, and virtual learning communities and (b) produce experiences for learn-
ers to “do mathematics” by challenging them to (i) analyze and represent situations 
graphically and geometrically, (ii) identify and use superposition concepts to 
describe planetary surface phenomena, (iii) observe patterns and functional rela-
tionships to make astronomical predictions, and (iv) develop and employ spatial 
visualization skills to model and scale Solar System phenomena.

The NGSS state that students should demonstrate lunar-related understanding by 
(a) developing or using a model of the Earth-Sun-Moon system to describe the 
cyclic patterns of lunar phases and (b) analyzing and interpreting data to determine 
scale properties of objects in the Solar System (NGSS Lead States, 2013, p. 78). 
These standards are closely linked to the Common Core State Standards for 
Mathematics (CCSS-M) through the mathematical practices MP.2 (reason abstractly 
and quantitatively) and MP.4 (model with mathematics) as well as the standards 
6.RP.A.1 (understand the concept of a ratio and use ratio language to describe a ratio 
relationship between two quantities) and 7.RP.A.2 (recognize and represent propor-
tional relationships between quantities).

Unfortunately, learners of all ages (elementary through college) have severe dif-
ficulties comprehending lunar-related content especially that which concerns the 
cause of lunar phases (Baxter, 1989; Zeilik & Bisard, 2000; Mulholland & Ginns, 
2008; Venville, Louisell, & Wilhelm, 2012; Wilhelm  2014; Wilhelm et al., 2015; 
Wilhelm et al., 2017). Common misconceptions students have in explaining phases 
are a blocking perception (e.g., a celestial body, “black space,” cloud – see Wilhelm, 
2009; Venville et al., 2012) or a shadow notion (e.g., Earth’s shadow cast upon the 
Moon, Sun’s shadow – see Wilhelm et al., 2017). Such ideas could be influenced by 
a students’ inability to visualize the distance between the Earth and Moon, the 
geometry of the Earth/Moon/Sun system, and/or the  orientation of the lunar orbital 
path relative to the Earth and Sun. Studies have correlated  learners’ struggles with 

5 Realistic Explorations in Astronomical Learning (REAL)
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phases and other astronomical phenomena (celestial motions, seasonal constella-
tions, cause of seasons, eclipses, etc.) to their spatial awareness (Fanetti, 2001; 
Wilhelm, 2009; Wilhelm et  al., 2013; Plummer, Bower, & Liben, 2016; Cole, 
Cohen, Wilhelm, & Lindell, 2018; Wilhelm et al., 2018). In terms of understanding 
the reason for seasons, students hold numerous misconceptions. Often students 
believe the primary cause for seasons is due to the variation in Earth’s distance from 
the Sun. Students tend to think the Earth has a highly exaggerated elliptical orbit as 
opposed to a more circular orbit, thus drawing conclusions that winter occurs when 
Earth is farthest away from the Sun (De Paor et al., 2017).

 REAL Learning Expectations

The REAL curricular unit addresses disciplinary core ideas, performance expecta-
tions, and crosscutting concepts in the NGSS, such as modeling the patterns of lunar 
phases (ESS1–1) and the apparent motion of the Sun, Moon, and stars (ESS1.A). 
The REAL modeling begins with students conducting observations and includes 
opportunities for predicting and explaining the observed motions. Explicit CCSS-M 
addressed within REAL lessons are ratios (6.RP.A.1, 6.RP.A.3) and proportional 
relationships (7.RP.A.2) to create a scale model (ESS1–3) of Earth, Moon, and 
Mars, and emphasis on angular measures (7.G.B.5) to determine the location (lon-
gitude and latitude) on Earth and to document the location of an object in the sky 
(altitude and azimuth). The collaborative nature of the REAL lesson investigations 
allows students to engage in scientific argumentation and discussions with diverse 
partners (SL.6.1) to develop scientific literacy and understanding of vocabulary 
(L.6.6) and content. Throughout the REAL unit, lessons address spatial domains via 
the NGSS Crosscutting Concepts on patterns; scale, proportion, and quantity; sys-
tems and system models; and the CCSS-M practices, such as modeling with math-
ematics and looking for and expressing regularity in repeated reasoning.

In designing REAL, spatial experiences were purposefully woven throughout the 
benchmark lessons. The spatial experiences engage students in (a) 2D and 3D geo-
metric spatial visualization (GSP: visualizing the geometric orientations of a system 
as it appears above/below/within a system’s plane), (b) spatial projection (SP: pro-
jecting to a different location and visualizing from that perspective), (c) document-
ing cardinal direction (CD: distinguishing N, S, E, and W direction to record an 
object’s vector position in space), and (d) recognizing periodic patterns (PP: occur-
rences at regular intervals of time and/or space).

Assessing understanding during the REAL unit is ongoing. Formative, summa-
tive, and milestones occur throughout the unit. Surveys that gauge students’ level of 
spatial reasoning, understanding of lunar phases and eclipses, and geometric spatial 
understanding can be administered prior to the unit. Milestones with project work, 
journaling, and the benchmark lessons assist in assessing students’ understanding 
during the unit, and a summative performance assessment involving final projects 
can serve to illustrate a students’ final level of development. Surveys that have been 
administered to assess students understanding with this unit are shown in Table 5.1.

REAL Learning Expectations
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 Benchmark Lessons

Table 5.2 outlines the progression of the REAL benchmark lessons (all detailed les-
sons are at the end of this chapter). Students keep Moon journals for 5 weeks where 
they record their daily viewings (including altitude and azimuth angles) and look for 
patterns (see Fig. 5.1). Prior research has shown that students who put more effort 
into these journals score better on the posttests, both in lunar knowledge and spatial 
reasoning (Cole, Wilhelm, & Yang, 2015). Students also participate virtually with 
students from around the world to compare and contrast their astronomical observa-
tions to learn about (1) the Moon and (2) the significance of relative position and 
motion. Students utilize the free planetarium software, Stellarium (Chéreau, 2010), 
to compare and contrast their local sky data with that of Australia and other Southern 
Hemisphere locations.

The unit continues with students exploring how to measure the distances between 
objects in the sky (Lessons 2 and 4). Lesson 3 has students documenting their 
Earthly location through exploration of longitude and latitude; while students think 
they understand using longitude and latitude, related research shows that they have 
difficulty connecting angle measure to latitude and longitude measurements 
(Russey, Wilhelm, & Jackson, 2013). Lesson 5 walks students through a seasons 
modeling experience where students discover the reason for seasons themselves. 
Lessons 6–7 concern examination of lunar global features and craters.  Lessons 8–9 
have students investigating the scale of the Solar System and engaging in 2D/3D 
modeling of the necessary Earth/Moon/Sun geometries for various phases. 
Throughout the unit, students participate in milestones, formative assessments, and 
project work.

Table 5.1 Assessments utilized in REAL

Assessment Developer Type

Moon journals Wilhelm & Wilhelm (2007) Open-ended journal recording daily 
lunar data, sketches, and narrative for 
approximately 5 weeks

Milestones Polman (2000) [Rory 
Wagner’s Milestones]

Milestone markers – sharing 
checkpoints of project status (all 
stages)

Lunar Phases Concept 
Inventory (LPCI)

Lindell & Olsen (2002) 20-item multiple choice (varied 
number of response choices) science 
concept survey

Purdue Spatial 
Visualization Test- 
Rotation (PSVT-Rot)

Bodner & Guay (1997) 20-item multiple choice mental 
rotation test

Geometric Spatial 
Assessment (GSA)

Wilhelm, Ganesh, Sherrod, 
& Ji (2007)

16-item multiple choice geometric 
spatial domain assessment

Project Rubric Wilhelm (2009) [Adapted 
from Kathy Schrock’s Guide 
for Educators]

4-point scaled performance 
assessment rubric
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 Projects

Projects within REAL can occur early on as students begin their lunar engagement 
via journaling their observations or can occur slightly later as they begin to establish 
lunar patterns and develop a better spatial awareness of the Earth/Moon/Sun system. 
Some teachers who have implemented REAL felt a need for a scaffolding mini- 
project since this was often the first time that students were to come up with a sub- 
driving question of their own. A mini-project investigation called the Moon Hoax 
Investigation was added to the REAL curriculum to serve this purpose. In this 
exploration, students view the 2001 Fox network video “Conspiracy Theory: Did 

Table 5.2 Benchmark lessons within the REAL unit

Lesson 1 Can I see the Moon every night and why does it appear to change shape? 
– Students listen to the story “Many Moons” and discuss the size, distance, and 
composition of the Moon as a group.
Moon journals – Students keep daily Moon observation journals for 5 weeks. Each 
day, students record the position (azimuth and altitude angle) of the Moon, sketch 
the shape of the Moon, and look for patterns in the appearance and position of the 
Moona.

Lesson 2 How do I measure the distance between objects in the sky? – Students learn to 
measure the distance between objects in the sky using their fists. They also use this 
method for estimating the position of the Moon in the sky.

Stellarium Students observe the apparent motion of the Moon over the course of a day and 
compare this motion for locations in the northern and southern hemispheresa.

Lesson 3 How can I say where I am on the Earth? – Students explore the concepts of 
latitude and longitude, including discussing where these angles come from and also 
how our position on the Earth affects where we see the Sun in the sky.

Lesson 4 How can I locate things in the sky? – Students use a sky map to locate stars, 
planets, and constellations in the sky. They draw each of these as they see them, and 
then students measure the angular distance between stars in the skya.

Lesson 5 Why do we have seasons? – Students model the seasons and discover the reasons 
the Earth has seasons.

Lesson 6 What can we learn by examining the Moon’s surface? – Students compare photos 
of the highlands and the mare on the Moon to determine the relative age of each and 
the crater density in each area and to make an inference about what the early solar 
system was likea.

Lesson 7 What affects a crater’s size? – Students brainstorm variables that affect a crater’s 
size and then investigate one of these variables by making craters of their own. This 
lesson includes a discussion of independent and dependent variables and also 
graphinga.

Lesson 8 The scaling Earth/Moon/Mars NASA activity – Students use ratio and proportion 
concepts to better comprehend the size of the universe by building a scale model of 
the Earth, Moon, and Marsa.

Lesson 9 Moon finale – Students use foam balls and a light to discover the Earth/Moon/Sun 
geometries necessary to produce the phases of the Moon. Students are asked to refer 
to their Moon observation journals to check whether their geometry matches what 
was observed in nature.

aTechnologies: class telescopes, Excel (tables and plots), Geometer’s Sketchpad, Stellarium plan-
etarium software, compass app, online virtual data comparison with students from around the 
world.

Benchmark Lessons
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We Land on the Moon?” that claimed the 1969 Moon landing was faked by 
NASA. The video puts forth a variety of “evidences” from lunar landing skeptics 
that they say illustrate we did not land on the Moon. An example claim asks why the 
stars were missing from the black lunar sky. The skeptics state that the absence of 
background stars is an evidence that the lunar landing photos were filmed in a movie 
studio. Other questions by skeptics included (1) Why was the American flag waving 
when there is no air on the Moon? (2) How were the astronauts able to operate their 
chest-mounted cameras well enough to take thousands of photos with crystal clarity 
despite the bulkiness of their suits? (3) Why were the shadows cast in different 
directions when the Sun was the only light source? (other Moon hoax claims are 
shown at the end of this chapter). For this mini-project investigation, students 
choose one of the skeptics’ claims to examine more closely. Students who researched 
the “no visible stars” claim were able to produce similar photos of Earth’s night 
skies displaying no visible stars even when the stars were visible with the naked 
human eye. The students concluded that the lack of stars in the lunar sky photo was 
due to insufficient camera exposure time. Similar student investigations have been 
done to debunk the other skeptics’ claims. The idea behind this mini-project is that 
it gives students a starting point (with choice on which claim to investigate) and 
allows students to frame a sub-DQ (e.g., Do sky photos showing no background 

Friday, Sept. 5, 2014
Time: 9:41 pm
Direction: S
Altitude: 35º
Azimuth: 176º
The Moon appears to be 
getting fuller which should 
be occurring due to the 
Moonbow Celebration. 
Darker spots on the Moon
are probably craters which I 
have not noticed on the 
Moon in a while.

Saturday, Sept. 6, 2014
Time: 9:30 pm
Direction: SSW
Altitude: 30º
Azimuth: 165º
Clouds near Moon but not 
touching. After the weather 
today, I was surprised that 
the Moon was out because 
of the amount of rain. The 
Moon is not 100% full yet, 
but appears to be getting 
close. I am concerned that 
my azimuth is not 
changing. One of my older 
brothers suggested that I 
name a cheese for the 
Moon each night: 
Mozarella!!

Sunday, Sept. 7, 2014
Time: 9:37 pm
Direction: SE
Altitude: 28º
Azimuth: 127º
The Moon is full tonight. 
Unfortunately, clouds are 
covering the Moon so 
Stellairum was used for this 
entry.

Monday, Sept. 8, 2014
Time: 9:46 pm
Direction: SE
Altitude: 30º
Azimuth: 122º
Even though it is raining 
buckets currently, I was able to 
view the full Moon. I did find it 
difficult to obtain my readings 
as drops of water are falling 
from my hair but I am noticing 
that the azimuth is decreasing 
causing me to think that this 
decrease is due to the Moon
traveling/ since last & tonight’s 
readings are almost the same 
time.

Fig. 5.1 Student Moon journal entries
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stars prove the lack of background stars?). From there students determine how they 
might go about answering their sub-DQ, what data do they need to collect, how do 
they need to analyze their data, how do they represent their data, and what exactly 
do their findings show or not show. This mini-investigation should provide the scaf-
folding necessary for the larger project work.

Project work – As a reminder the overarching unit’s DQ is Why does the Moon’s 
appearance always seem to change? Past projects that students have engaged in 
explored the following sub-DQs: How does my Earthly location affect my lunar 
observations? How does light pollution affect my night sky observations? What path 
does the Moon sweep out as it orbits the Earth as the Earth and Moon orbit the 
Sun? What factors determine the distribution of impact craters in Earth’s hemi-
spheres? What causes Earth’s seasons and do other planets have seasons?

Two projects will be highlighted here. Students explored the sub-DQ – What 
path does the Moon sweep out as it orbits the Earth as the Earth and Moon orbit the 
Sun? Students chose to investigate this question by modeling the dynamic Earth/
Moon/Sun system using Geometers’ Sketchpad (GSP, Copyright © 2015 McGraw-
Hill Education 2018). Sixth-grade CCSS-M ratios and proportions were utilized to 
determine the proper scale distances for the Earth/Moon/Sun system (some assump-
tions and adjustments were made due to the limitation of the screen size). Fig. 5.2 
shows the scaled system with the green circular path illustrating the Earth’s path 
around the Sun and the red scalloped path illustrating the Moon’s path as it orbits 
the Earth as the Earth and Moon orbit the Sun.

Fig. 5.2 Model of Moon’s path (as it orbited the Earth as the Earth and Moon orbited the Sun) in 
1 year’s time

Projects
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The second highlighted project concerns the sub-DQ – How does my Earthly 
location affect my lunar observations? For this, students used the naval oceanogra-
phy portal website to gather lunar altitude angle data for two different Earthly loca-
tions. The students examined how the highest altitude angle changes each day from 
the perspectives of Kentucky and Australia. Students noted that when the Moon was 
high in Lexington, Kentucky (Northern Hemisphere), it was low in Queensland, 
Australia (Southern Hemisphere). Students also noted peculiar dips in the Australian 
data and pondered if the dips were real or if the dips were due to the manner in 
which altitude angle was measured.

 

 Summary

In this chapter, we described the REAL PBI unit designed for middle-grade stu-
dents, the research behind the design, as well as the implementation research. Key 
components (DQ, example sub-DQ, assessments, technologies, and benchmark les-
sons) were shared. The story of REAL documents a means by which the twenty-first 
century STEM educators can experience and adapt for their classrooms an interdis-
ciplinary PBI unit. A resource to further explore is free planetarium software like 
Stellarium. Stellarium is critical for its use as a supplement to lunar journaling 
observations when weather issues cause problems and can also be used to virtually 
view Southern Hemisphere skies. Moon journaling is another critical component of 
this unit as it serves as a formative assessment for the teacher. Moon journals can 
reveal early on students’ misconceptions and later on students’ growth in under-
standing lunar patterns and trends as students record altitude and azimuth angles, 
percentage of lunar illumination, and Moonrise and Moonset times and note the 
Moon’s “eastward” movement illustrating its orbit throughout the lunar month.

5 Realistic Explorations in Astronomical Learning (REAL)



53

Another idea to consider is getting involved in online learning communities where 
students can coordinate and collaborate with students across the globe to compare 
their sky observations and spatially visualize why sometimes things might appear 
differently based on location. Students should discover that perspective matters and 
that changes in Earthly locations can change the side of the Moon that appears lit, but 
the percentage of the Moon illumination and phase remain the same.

 Lesson 1: Can I See the Moon every Day and Night, and Why 
Does it Appear to Change its Shape?

 Teacher Lesson Plan

 Overview

In this lesson, students listen to the story Many Moons (Thurber, 1998). As a group, 
they discuss their thoughts on the size, location, and composition of the Moon. 
Then, they compare their thoughts to what they read in the book. At the end of the 
lesson, students are introduced to the Moon journaling, where they make daily 
observations of the location, appearance, and movements of the Moon for 5 weeks 
(Lesson Adaptation from Glandon (2000), Caldecott Connections to Science).

 Standards Addressed

NGSS DCI

• ESS1.B: The solar system contains many varied objects held together by gravity. 
Solar system models explain and predict eclipses, lunar phases, and seasons.

NGSS Crosscutting Concepts

• Patterns.
• Systems and system models.

NGSS Science and Engineering Practices

• Asking questions and defining problems.
• Developing and using models.
• Analyzing and interpreting data.
• Obtaining, evaluating, and communicating information.

 Materials

• Student sheet (one per group of four).
• Many Moons by James Thurber (1998).

Lesson 1: Can I See the Moon every Day and Night, and Why Does it Appear to Change…
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 Lesson Sequence

Engage:

 1. Begin lesson by discussing stories that students know about the Moon.
 2. Introduce the story “Many Moons” by James Thurber and either read the whole 

book or excerpts from it. Ask the students the following questions:

 (a) What do you think the size, distance, and composition of the Moon are?
 (b) Now that you know what Princess Lenore thinks, how would you solve the 

King’s problem?

 3. Have the students count off by fours and, in groups of four, decide how they 
would solve the King’s problem. Students should be given approximately 15 min 
for this task. All groups should have a recorder (records group’s possible solu-
tions), a presenter (orally presents group’s findings and/or solutions to class 
peers), an encourager (keeps group focused), and a timekeeper (keeps group on 
time) (Glandon, 2000). The group’s presenter should present their groups’ solu-
tion to the King’s problem to the class.

 4. Discuss as a class the question “Can I see the Moon every day and night?” 
During discourse, other questions may emerge and should be placed on the class 
driving questions board.

 5. Instructions should follow with the students’ initial assignment of observing the 
Moon for 5 weeks and keeping a journal of their Moon observations. At first, 
students should communicate what they viewed and wondered about regarding 
the Moon and sky within their journal. However, after REAL lessons two and 
three (measurement lessons), students should expand their entries to include 
more purposeful data collection, such as time of day, altitude angle, and azimuth 
angle. Students should also predict where the Moon will be the following night 
and why they think this. If the Moon is not where they expected, they should try 
to speculate why. More detailed entries should begin by the second week of their 
5-week observations.

Explore:

 1. Each week, students should share and explore class members’ journal observa-
tions. Students should compare and contrast their Moon observations.

 2. The exploration stage should last approximately 5 weeks and will overlap with 
the explaining stage. Lessons 2–4 should be conducted throughout this stage, 
since much of the journaling is conducted outside of class time.

Explain:

 1. Throughout the 5 weeks, students should try to find Moon patterns and explain 
any discrepancies in their journals when compared with other class members’ 
journals.
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Elaborate:

 1. Provide further investigations by allowing students to participate in an on-line 
Moon project where students share their Moon observations with students from 
around the world. Students should try to decipher if and why students’ observa-
tions appear the same or different than their own.

Evaluate:

 1. Provide opportunity for students to review and reflect on their own Moon learn-
ing and other students’ ideas concerning why the Moon appears to change shape 
and appears at different times throughout the month. Give students opportunities 
to discuss their thoughts and ideas. Request that students provide evidence for 
their conjectures.

 Student

 Lesson 1: Can I See the Moon Every Day and Night, and Why 
Does It Appear to Change Its Shape?

 Part 1: Adapted from Caldecott Connections to Science by Glandon (2000)

 1. What stories do you know about the Moon?

 _______________________________________________________________

_______________________________________________________________

 2. Listen to the story about Princess Lenore.
 3. What do you think the size, distance from Earth, and composition of the Moon 

are?

Size:___________________________________________________________

_______________________________________________________________

_______________________________________________________________

Distance: _______________________________________________________

_______________________________________________________________

_______________________________________________________________

Composition:  ___________________________________________________

_______________________________________________________________

Student
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 4. Now that you know what Princess Lenore thinks, how would you help the King 
to solve her problem?

_______________________________________________________________

_______________________________________________________________

_______________________________________________________________

 Part 2: Creating Your Moon Journal

 6. We invite you to observe the Moon at approximately the same time each day. You 
can choose. (Hint: There will be a time that you will need to adjust your lunar 
viewing time.)

 7. For your Moon journals, please decorate the cover however you wish. For each 
journal entry, there are two requirements:

 (i) Make a simple sketch of the Moon and sky. Make sure you record the date 
and time of your viewing.

 (ii) Write at least two sentences about your observations. (Hint: You can describe 
what you see and what you wonder about. After a few days of viewing, you 
should begin predicting what you expect to see the next day.)

 8. Extra credit: Do you know any poetry about the Moon? After the first week of 
viewing, consider crafting a short poem. Here is an example of one students’ 
poem.

  The fair Moon
  a guide to many souls
  the lantern in the sky

What do you think the author of this poem means? ______________________

_______________________________________________________________

 Lesson 2: How Do I Measure the Distance Between Objects 
in the Sky?

 Teacher Lesson Plan

 Overview

Students learn to measure the distance between objects in the sky using their fists. 
They also use this method for estimating the position of the Moon in the sky. 
Students use ratios and proportional relationships to understand why the fist method 
works regardless of the person’s size. The students measure angles, collect data, 
graph data, investigate patterns in data, and draw appropriate conclusions from data.
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 Standards Addressed

NGSS Crosscutting Concepts

• Patterns.
• Scale, proportion, and quantity.

NGSS Science and Engineering Practices

• Analyzing and interpreting data.
• Using mathematics and computational thinking.
• Constructing explanations and designing solutions.

Common Core State Standards for Mathematics

• 6.RP.A.1 (ratios and proportional relationships) – Understand the concept of a 
ratio and use ratio language to describe a ratio relationship between two 
quantities.

• 7.RP.A.2 (ratios and proportional relationships) – Recognize and represent pro-
portional relationships between quantities.

• 7.G.A.2 (geometry) – Draw (freehand, with ruler and protractor, and with tech-
nology) geometric shapes with given conditions.

• 6.EE.C.9 (expressions and equations) – Use variables to represent two quantities 
in a real-world problem that change in relationship to one another; write an equa-
tion to express one quantity, thought of as the dependent variable, in terms of the 
other quantity, thought of as the independent variable. Analyze the relationship 
between the dependent and independent variables using graphs and tables, and 
relate these to the equation.

 Materials

• Metersticks (one per pair of students).
• String or yarn, approximately 2 m long (one per pair of students).
• Protractor (one per pair of students).
• Measuring tape or ruler (one per pair of students).
• Graph paper or computer graphing software.

 Lesson Sequence

Engage:

 1. Pick an object on a far wall that you ask the students (from their seats) to esti-
mate its length. (A meterstick works well.)

 2. Ask students to figure out how many of their thumbs (using widths of thumbs) 
cover the object from their perspective. (Let students measure how they like at 
first. You will observe a variety of techniques.)

Lesson 2: How Do I Measure the Distance Between Objects in the Sky?
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Explore:

 1. Make a plot of number of thumb widths versus distance from object. (Teacher 
note: Do not tell students to extend their arms  – plots will most likely be 
scattered.)

 2. Have students discuss how they took their measurements. Now have each stu-
dent measure the number of thumbs with everyone’s arm fully extended.

 3. In groups of 5–10, have groups systematically record the number of thumb 
widths for the length of the meterstick located at the front of the room. (With 
large classes, three metersticks at front of room should be used – one for a group 
of students to the right of the classroom, the middle of the classroom, and the left 
of the classroom. This helps to ensure that everyone is making measurements of 
the metersticks that are directly in front of them.) For organizational purposes, it 
is helpful if three or four students in the group make measurements from at least 
eight distances from the meterstick (no distance should be closer than 3 meters 
from the front).

 4. Have students plot the number of thumbs versus distance for each of the stu-
dent’s data within the group. Using Excel is useful for this plotting activity. 
Discussing dependent and independent variables is also important for this les-
son. Number of thumbs is dependent, and distance is independent.

Explain:

Relationship Between Number of Thumb Widths and Distance.

 1. Construct and compare explanations of any patterns that emerged in their data. 
Begin with small group discussion to generate possible explanation and then 
compare groups’ findings within a whole class discussion. (Teacher note: 
Students should find an inverse relationship between thumb widths and distance. 
Students should also see the need for the arm length extension.)

 2. Students should notice an inverse relationship. That is N (number of thumbs) is 
proportional to 1/distance.

Elaborate:

 1. For further investigation, make your hand into a fist and use fists (orient fists with 
thumb side out and facing left) instead of thumbs to measure the metersticks. 
Have students find a location where their fist exactly covers up one meterstick 
(no more, no less).

 2. Use a protractor and yarn to measure the line of sight angle where student’s fist 
perfectly covers up a meter stick. (You should get approximately 10 degrees.)

Compare two students’ fists at the front of room (choose two students with differ-
ent sized fists). How can both students measure 10 degrees if fists are different 
sizes?

 3. Have each student measure his/her own fist width and arm length. In their groups, 
make a table of each person’s arm length (best to measure from armpit to thumb 
knuckle), fist width, and ratio of arm length to fist width.
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 4. Teacher should have one group member from each group enter group data into 
class Excel plot for further analysis. Plot students’ arm lengths versus fist widths 
to illustrate constant ratios (should be linear).

Other methods of determining degrees per fist width.

 5. Also ask students to determine how many fists it takes to go from horizon to 
horizon (180 degrees)? (Teacher note: This activity leads to altitude angle.)

 6. Ask students to determine how many fists does it take to make a complete circle 
around your body? (360 degrees in a circle). (Teacher note: This activity leads to 
azimuth angle.)

 7. Select a pair of students to go outside to a pick a cloud and determine a means of 
using angle measures to communicate to students which cloud they selected 
without showing other students the particular cloud.

 8. Have other students figure out what cloud they picked based on their angular 
measurements. This will need to be done in a relatively quick fashion since the 
cloud will move from their original location. (Teacher note: Teachers will need 
to discuss azimuth and altitude angles and how they are measured.)

Evaluate:

 1. Provide opportunity for students to review or reflect on their own learning and 
other students’ thinking.

 2. Give students opportunities to discuss alternative solutions.
 3. Ask students to write a paragraph in their Moon journals answering the follow-

ing questions:

 (a) Based on what you have learned today, how do people measure the distance 
between objects in the sky?

 (b) How might you use what you have learned today to assist with your data 
collection of the Moon?

 Student

 Lesson 2: How Do I Measure the Distance Between Objects 
in the Sky?

Engage:

 (a) Pick an object on a far wall and estimate its length (from your seat).
 (b) Figure out how many thumbs (using widths of thumbs) cover the object from 

your perspective.

_______________________________________________________________

 (c) As a class we will plot the number of thumb widths versus distance from the 
object. Record the class data here. (What should be on the y-axis? What should 
be on the x-axis?)

Student
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Explore:

In your group, make a plot of number of thumb widths versus distance from the 
object (with your arm fully extended).

 

Is the relationship in the plot linear? How do you know?
_______________________________________________________________

_______________________________________________________________
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Explain:

 (a) Construct and compare explanations of any patterns that emerged in your data.

_______________________________________________________________

_______________________________________________________________

Elaborate:

 (a) Now use a meterstick (resting horizontally on the chalk tray) as your object. 
Please sketch your line of sight to the ends and middle of your meterstick.

 

 (b) For further investigation, make your hand into a fist and use fists (orient fists 
with thumb side up facing left if using right hand) instead of thumbs to measure 
the metersticks’ length. Determine a method of measuring the line of sight 
angle where your fist perfectly covers up a meterstick.

 (c) Each student should measure his/her own fist width and arm length. We will 
plot students’ arm lengths versus fist widths. Place arm length on y-axis. Place 
fist width on x-axis.

 

Student
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 (d) Determine how many fists it takes to make a complete circle around your body. 
(Hint: How many degrees are in a full circle?)

_______________________________________________________________

 (e) Determine how many fists it takes to go from horizon to horizon. (Hint: How 
many degrees are in half of a circle?)

_______________________________________________________________

Altitude angle definition: The angular measure of apparent height of a celestial 
object above the horizon (altitude angle should not be higher than 90 
degrees).

Azimuth angle definition: The horizontal angular measure or direction of a 
compass bearing, e.g., east is a 90-degree azimuth angle, south is a 180-degree 
azimuth angle, west is a 270-degree azimuth angle, and north is a 0- and 
360-degree azimuth angle.

Extension:

 (a) A pair of students will be selected to go outside to pick a cloud. They will report 
the location of the cloud in terms of altitude angle and azimuth angle.

You will determine what cloud was selected based on these angular communica-
tions (as long as the cloud has not moved too much).

Evaluate:

 (a) Write in your Moon journal what you have learned today and how you might 
use it as you conduct your Moon observations. Also describe how you think 
people might measure the distance between objects in the sky.

 Lesson 2A: Exploring the Sky with Stellarium

 Teacher Lesson Plan

 Overview

In this lesson, students explore the motions of the Moon throughout a single day and 
compare these observations for locations in the Northern and Southern Hemispheres.

Teacher Note: In this lesson, a specific date and time and two specific locations 
were chosen. The locations were chosen because of their longitudes and latitudes 
(New York, NY: 40.71 degrees N, 74.01 degrees W; Puerto Montt, Chile: 41.47 
degrees S, 72.94 degrees W). If you would prefer to use other locations (such as 
your current location), you should choose the time so that in Part 1 the Moon has 
already risen and is in a phase that is easy to observe. In Part 2, the time should be 
chosen so that the Moon is about to rise or has just risen. It does not have to be the 
same time in both locations, but it makes for a nice comparison. Similarly, if you 
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choose a different location, you may want to find another location in the opposite 
hemisphere that has similar longitude to your location so that you do not have to 
correct for a different time zone. Any location can be used for Part 3, though some 
students may need assistance in finding the Moon if it has not yet risen at the time 
they choose.

 Standards Addressed

NGSS Disciplinary Core Ideas

• ESS1.A: The universe and its stars; patterns of the apparent motion of the Sun, 
the Moon, and stars in the sky can be observed, described, predicted, and 
explained with models.

NGSS Performance Expectations

• MS-ESS1.1: Develop and use a model of the Earth-Sun-Moon system to describe 
the cyclic patterns of lunar phases, eclipses of the Sun and Moon, and seasons.

NGSS Crosscutting Concepts

• Patterns: Patterns can be used to identify cause and effect relationships.

NGSS Science and Engineering Practices

• Analyzing and interpreting data.
• Constructing explanations and designing solutions.

 Materials

• Computer.
• Stellarium (free download from http://www.stellarium.org/).

 Lesson Sequence

Part 1

 1. Choose New York, NY as your location in Stellarium. (Hint: You can do this by 
taking the mouse cursor and hovering over the bottom left edge of the computer 
screen. This will cause an option panel to pop up. Hover over the icons that pop 
up, and find and click on the location window. You can find the options you need 
for additional controls in the same panel.) Set the date to October 5, 2020. Set the 
time to 21:00. Find and zoom in on the Moon. What does it look like? Where is 
the Moon in the sky?

 2. Change your location to Puerto Montt, Chile. Keep the date and time the same. 
Find and zoom in on the Moon. What does the Moon look like?

Lesson 2A: Exploring the Sky with Stellarium

http://www.stellarium.org/


64

Where is the Moon located in the sky? (Hint: Use cardinal directions to describe the 
location  – these directions are marked on the screen with N, S, W, and E 
markers.)

Part 2

 3. Change your location back to New York, NY. Change the time to 18:00, but keep 
the date the same. The Moon should be about to rise. Use the search tool to find 
the Moon. Use the time tool to move through the day, increasing by an hour at a 
time. Continue until the Moon sets.

Describe the path of the Moon in the sky during one day.
Where is the Sun in relation to the Moon during the day?

 4. Change your location to Puerto Montt, Chile once again. Change the time to 
20:00, keeping the date the same. Use the search tool to find the Moon. Use the 
time tool to move through the day, increasing by an hour at a time. Continue until 
the Moon sets.

Describe the path of the Moon in the sky during one day.
Where is the Sun in relation to the Moon during the day?

Part 3

 5. Change the location to your hometown. Choose your next birthday as the date.

When is your birthday? (month/day).
At what time does the Moon rise?
Where is the Moon in the sky when it is rising?
At what time does the Moon set?
Where is the Moon in the sky when it is setting?
What does the Moon look like?
Describe the path of the Moon in the sky during one day.

 6. Explore Stellarium on your own. See if you can find an interesting feature to 
share.

 Student

 Lesson 2A: Exploring the Sky with Stellarium

Choose New York, NY as your location in Stellarium if it is not already there. (Hint: 
You can do this by taking the mouse cursor and hovering over the bottom left edge 
of the computer screen. This will cause an option panel to pop up. Hover over the 
icons that pop up, and find and click on the location window.) Set the date to October 
5, 2020. Set the time to 21:00. (If you cannot find the Moon, ask your teacher for 
help.) Find and zoom in on the Moon.
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What does the Moon look like? (Hint: Zoom in on the Moon using the mouse 
cursor.)

_______________________________________________________________

_______________________________________________________________

Where is the Moon located in the sky? (Hint: Use the cardinal direction markers 
N, S, W, and E.)

_______________________________________________________________

_______________________________________________________________

Change your location to Puerto Montt, Chile. (Hint: Keep the date and time the 
same. Find and zoom in on the Moon).

What does the Moon look like? (Hint: Zoom in on the Moon using the mouse 
cursor.)

_______________________________________________________________

_______________________________________________________________

Where is the Moon located in the sky? (Hint: Keep the date and time the same. 
Find and zoom in on the Moon. If you cannot find the Moon, ask your teacher for 
help.)

_______________________________________________________________

_______________________________________________________________

Change your location back to New York, NY. Change the time to 18:00. Use the 
search tool to find the Moon. (Hint: If you cannot find the Moon, ask your teacher 
for help.) Use the time tool to move through the day, increasing by an hour at a time. 
Continue until the Moon sets.

Describe the path of the Moon in the sky during one day.
_______________________________________________________________

_______________________________________________________________

Where is the Sun in relation to the Moon during the day?
_______________________________________________________________

_______________________________________________________________

Change your location to Puerto Montt, Chile once again. Change the time to 
20:00, keeping the date the same. Use the search tool to find the Moon. Use the time 
tool to move through the day, increasing by an hour at a time. Continue until the 
Moon sets.

Describe the path of the Moon in the sky during one day.
_______________________________________________________________

_______________________________________________________________
Where is the Sun in relation to the Moon during the day?
_______________________________________________________________

_______________________________________________________________

Student
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Change the location back to your hometown. Choose your next birthday as the 
date.

When is your birthday? (month/day).
_____________________________________

What does the Moon look like?
_______________________________________________________________

_______________________________________________________________
At what time does the Moon rise?
____________________________________

Where is the Moon in the sky when it is rising?
_______________________________________________________________

At what time does the Moon set?
______________________________

Where is the Moon in the sky when it is setting?
_______________________________________________________________

Describe the path of the Moon in the sky during one day.
_______________________________________________________________

_______________________________________________________________
Explore Stellarium on your own. See if you can find an interesting feature to 

share.
_______________________________________________________________

_______________________________________________________________

 Lesson 3: How Can I Say Where I Am on the Earth?

 Teacher Lesson Plan

 Overview

Students explore the concepts of latitude and longitude, including discussing where 
these angles come from and also how our position on the Earth affects where we see 
the Sun in the sky.

 Standards Addressed

NGSS DCI

• ESS1.B: The Solar System contains many varied objects held together by grav-
ity. Solar System models explain and predict eclipses, lunar phases, and 
seasons.
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NGSS Crosscutting Concepts

• Systems and system models.

NGSS Science and Engineering Practices

• Developing and using models.
• Using mathematics and computational thinking.

 Materials

• Blank paper.
• Globes.
• Small Post-its.
• Protractors.

 Lesson Sequence

Engage:

 1. Look around your classroom. Decide a way to communicate to a friend where 
you are in the classroom. Write a paragraph, draw a map, plot a graph, or repre-
sent on a piece of paper some way to communicate your location.

 2. The teacher should collect all students’ representations, mix them up, and select 
five different methods. Have students determine each of the five students’ loca-
tion and the various methods used.

 3. In this activity we will be using a globe of the Earth to better understand the sky 
coordinates and placement of the Sun in the sky. Because the sky coordinates are 
very analogous to Earth’s coordinates of the latitude and longitude, it is impor-
tant to first establish an understanding of positions on the Earth.

 Part 1: Latitude and Longitude

Explore:

We will begin this activity by first locating a few key locations. Mark with an X each 
of the following when you have located them on the globe. Describe in one sen-
tence what each location looks like:

• The Equator of the Earth.
• The North Pole.
• The South Pole.
• The approximate location of your hometown.

Lesson 3: How Can I Say Where I Am on the Earth?
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Explain:

 1. In order to fully describe a position on the surface of the Earth, we need two 
positional measurements. One is the location on a line that is north-south and 
one that defines the location east-west. A north-south (N-S) position is called 
the latitude for a given location, and an east-west (E-W) position is called the 
longitude.

 2. Does your hometown lie south of the Equator, north of the Equator, or on the 
Equator of the Earth? How do you know?

 3. Find another city in the world, BUT outside of your hemisphere, which is about 
at the same N-S location as your hometown. Record the city and country. 
EXPLAIN how you decided this location was correct.

 4. The line around the Earth that marks the Equator is a line of constant latitude. 
Both latitude and longitude are given in degrees on the globe.

• What is the latitude given for the Equator?
• What is the latitude given for the North Pole?
• What is the latitude given for the South Pole?

 5. Given these values and that the numbers relate to an angle in degrees, make a 
sketch of the Earth showing how these latitude values are found. In other words, 
explicitly show in your sketch how this angle is defined. Describe in words 
what your sketch is showing.

 6. What would you estimate the latitude of your hometown to be?
 7. The lines on the globe that run from the North Pole all the way down to the 

South Pole are lines of constant longitude. They measure your angular location 
east and west.

 8. Record the name of a city and country that is approximately at 0 degrees 
longitude.

 9. What is the longitude of your hometown?
 10. What is the largest longitude value you can find on the globe?
 11. Record the latitude and longitude for the following locations:

• Lexington, KY.
• New York, NY.
• Hong Kong, China.
• Rio de Janeiro, Brazil.

 12. Ask your instructor to pick a location for you to find the latitude and longitude. 
Record the name of the location and its latitude and longitude.

 13. Find a city on Earth and its latitude and longitude. Tell classmates the latitude 
and longitude of your chosen city and have them find it.

 Part 2: The Sun’s Position

Elaborate:

 1. Next we want to think about where in the sky you will find the Sun at different 
times of the day and at different places on Earth. To be able to predict positions 
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of the Sun more effectively, we must first think about how much of the sky we 
can see.

 2. If you place your right hand directly west and your left hand pointing straight up, 
how many degrees are separating your two arms?

 3. Now bring your left hand down to due east. How many degrees of the sky can 
you see from the western horizon to the eastern horizon? (Teacher should use a 
stiff piece of paper held close to the globe, tangential to a particular location, to 
demonstrate the horizon.)

 4. If the Sun is rising in your hometown, where in the world (find a city) will the 
Sun be setting at the same moment? Write out the latitude and longitude and 
explain how you decided your answer.

 5. Suppose it is noon in London, England. Where in the world (find a city) will the Sun 
just be setting? Write out the latitude and longitude and explain how you decided 
your answer. Where will the Sun just be rising? Where will it now be midnight?

 Part 3: The Sun’s Position (Continued)

Evaluate:

 1. On March 21, the Sun will be directly above the Equator of the Earth all day 
long. If you are on the Equator on March 21, sometime during the day (actually 
at noon), the Sun will pass directly over your head. Will the Sun pass directly 
over the head of somewhere here in your hometown on this day? If not, where 
will it pass? Give your answer in degrees from directly overhead and tell if it will 
be north or south of overhead. Explain how you arrived at this answer. Listen to 
others’ explanations. Evaluate the responses.

 2. Finally, on March 21, where will you see the Sun if you are standing directly on 
the North Pole of the Earth? Explain the reasoning you used to arrive at this 
answer. (Note: The Sun is very far from Earth.) Listen to others’ explanations. 
Evaluate the responses.

 Student

 Lesson 3: How Can I Say Where I Am on the Earth?

Look around your classroom. Decide a way to communicate to a friend where you 
are in the classroom. Write a paragraph, draw a map, plot a graph, or represent on a 
piece of paper some way to communicate your location.

In this activity, we will be using a globe of the Earth to better understand the sky 
coordinates and placement of the Sun in the sky. Because the sky coordinates are 
very analogous to the Earth’s coordinates of latitude and longitude, it is important 
to first establish an understanding of positions on the Earth.

Part 1: Latitude and Longitude.

Student
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We will begin this activity by first locating a few key locations. Mark with an X 
each of the following when you have located them on the globe. Describe in one 
sentence what each location looks like.

The Equator of the Earth.
_______________________________________________________________

_______________________________________________________________
The North Pole.
_______________________________________________________________

_______________________________________________________________
The South Pole.
_______________________________________________________________

_______________________________________________________________
The approximate position of your hometown.
_______________________________________________________________

In order to fully describe a position on the surface of the Earth, we need two 
positional measurements. One is the location on a line that is north-south and one 
that defines the location east-west. A north-south (N-S) position is called the lati-
tude for a given location, and the east-west (E-W) position is called longitude.

Does your hometown lie south of the Equator, north of the Equator, or on the 
Equator of the Earth?

_______________________________________________________________

_______________________________________________________________

_______________________________________________________________

Find another city in the world, BUT outside of North America, which is about at 
the same N-S location as your hometown. Record the city and country. EXPLAIN 
how you decided this location was correct.

_______________________________________________________________

_______________________________________________________________

_______________________________________________________________

The line around the Earth that marks the Equator is a line of constant latitude. 
Both latitude and longitude is given in degrees on the globe.

What is the latitude given for the Equator?
_______________________________________________________________

What is the latitude given for the North Pole?

_______________________________________________________________

What is the latitude given for the South Pole?
_______________________________________________________________
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Given these values and that the numbers relate to an angle in degrees, make a 
sketch of the Earth showing how these latitude values are found. In other words, 
explicitly show in your sketch how this angle is defined. Describe in words what 
your sketch is showing.

 

What would you estimate the latitude of Lexington, Kentucky to be?
_______________________________________________________________

_______________________________________________________________
The lines on the globe that run from the North Pole all the way down to the South 

Pole are lines of constant longitude. They measure your angular location east and 
west.

Record the name of a city and country that is approximately at 0 degrees 
longitude.

_______________________________________________________________

What is the longitude of your hometown?
_______________________________________________________________

What is the largest longitude value you can find on the globe?
_______________________________________________________________

Record the latitude and longitude for the following locations:
Lexington, KY
_______________________________________________________________

New York, New York
_______________________________________________________________

Hong Kong, China
_______________________________________________________________

Student
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Rio de Janeiro, Brazil
_______________________________________________________________

Ask your instructor to pick a location for you to find the latitude and longitude. 
Record the name of the location and its latitude and longitude.

_______________________________________________________________

Find a city on the Earth and its latitude and longitude. Tell classmates the latitude 
and longitude of your chosen city and have them find it.

_______________________________________________________________

Part II: The Sun’s Position.
Next we want to think about where in the sky you will find the Sun at different 

times of the day and at different places on Earth. To be able to predict positions of 
the Sun more effectively, we must first think about how much of the sky we can see.

If you place your right hand facing directly west and your left hand pointing 
straight up, how many degrees are separating your two arms?

_______________________________________________________________

Now bring your left hand down to due east. How many degrees of the sky can 
you see from the western horizon to the eastern horizon?

_______________________________________________________________

If the Sun is rising here in your hometown, where in the world (find a city) will 
the Sun be setting at the same moment? Write out the latitude and longitude and 
explain how you decided your answer.

_______________________________________________________________

_______________________________________________________________

_______________________________________________________________

Suppose it is noon in London, England. Where in the world (find a city) will the 
Sun just be setting? Write out the latitude and longitude and explain how you 
decided your answer.

Where will the Sun just be rising?
_______________________________________________________________

Where will it now be midnight?
_______________________________________________________________

On March 21, the Sun will be directly above the Equator of the Earth all day 
long.

If you are on the Equator on March 21, sometime during the day (actually at 
noon), the Sun will pass directly over your head. Will the Sun pass directly over the 
head of someone here in your hometown at noon on this day? If not, where will it 
pass? Give your answer in degrees from directly overhead and tell if it will be North 
or South of overhead. Explain how you arrived at this answer.
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_______________________________________________________________

_______________________________________________________________

_______________________________________________________________

_______________________________________________________________

Finally, on March 21, where will you see the Sun if you are standing directly on 
the North Pole of the Earth? Explain the reasoning you used to arrive at this answer.

_______________________________________________________________

_______________________________________________________________

 Lesson 4: How Can I Locate Things in the Sky?

 Teacher Lesson Plan (for Northern Hemisphere Summer Sky)

 Overview

In this lesson students use a sky map to locate stars, planets, and constellations in 
the sky. They draw each of these as they see them, comparing what they see in the 
night sky to the maps. Then students measure the angular distance between stars in 
the sky. Students are also asked to observe the Moon, paying close attention to the 
terminator line.

 Standards Addressed

NGSS DCI

• ESS1.A: Stars range greatly in size and distance from Earth, and this can explain 
their relative brightness.

NGSS Crosscutting Concepts

• Patterns.
• Scale, proportion, and quantity.

 Materials

• Sky map (one for each student). Go to http://www.skymaps.com/downloads.
html for current monthly skymap.

• Red flashlight (one per pair of students).
• Student instructions.

Lesson 4: How Can I Locate Things in the Sky?

http://www.skymaps.com/downloads.html
http://www.skymaps.com/downloads.html
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 Lesson Sequence

Stars and Constellations

We will begin observing with a tour of the night sky. This activity is intended to 
introduce you to the stars, planets, and constellations in the sky. It also introduces 
the concept of angular distances and how to make crude angular measurements.

 1. Identifying stars and constellations – You will use your sky map to locate various 
constellations and stars. On the sky map the various stars are labeled. WHEN 
ASKED TO DRAW CONSTELLATIONS, DRAW WHAT YOU SEE IN THE 
SKY, NOT WHAT IS ON THE SKY MAP. In order to begin using the sky map, 
you will need to know the direction that you are facing. Locate north, south, east, 
and west.

 2. You will need to measure some angles in this activity. For this we will use the fist 
method. If you make a fist and hold it at arm’s length, with your elbow extended, 
then the angle that your fist covers is roughly 10 degrees.

 (a) Find and draw Ursa Minor, Draco, and Ursa Major. Label on the drawing the 
star Polaris (the North Star).

 (b) Next find and draw Leo, Virgo, and Bootes. Label the stars Regulus, Spica, 
and Arcturus.

 (c) Next find and draw Cygnus, Lyra, Hercules, and the Corona Borealis, and 
label the stars Deneb, Vega, and Altair. (Note: These three stars make a large 
triangle on the sky which is called the Summer Triangle.)

 (d) Finally find and draw Scorpius and Sagittarius and label the star Antares.

 3. Estimating angular distance – Use the fist technique to measure the angular dis-
tances between the following stars. We will be checking your results later so be 
as precise as possible. Each member of the group should make the measurement, 
and then each group should average the measurements to get the best result.

 (a) Northern Horizon to Polaris.
 (b) Vega to Deneb.
 (c) Altair to Arcturus.
 (d) Polaris to Antares.

 4. Which measurement above (in #3) do you think is the most uncertain? Why?
 5. Which measurement has the greatest spread between the values found by each 

person?
 6. Do you think the average value is the “best” value? Why or why Not?

Moon Observations: Observing the Terminator

If you remember that the Moon looks like a circle, then there is a dark portion and 
light portion of the Moon. The terminator is the name of the imaginary line that 
separates the dark and bright portions.
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 1. Find the Moon in the sky. Carefully draw the Moon and pay special attention to 
the terminator. When you draw the Moon, also draw the prominent celestial 
objects near the Moon. Does the terminator look like a straight line? Or does it 
curve? If it curves, does it curve to the west, or does it curve to the east? Be care-
ful to draw the terminator on your Moon exactly as it looks in the sky.

 Student (for Northern Hemisphere Winter Sky)

 Lesson 4: How Can I Locate Things in the Sky?

We will begin observing with a tour of the night sky. This activity is intended to 
introduce you to the stars, planets, and constellations in the sky. It also introduces 
the concept of angular distances and how to make crude angular measurements.

 1. Identifying stars and constellations – You will use your sky map to locate various 
constellations and stars. On the sky map the various stars are labeled. When 
asked to draw constellations, draw what you see in the sky, not what is on the sky 
map. In order to begin using the sky map, you will need to know the direction 
that you are facing. Locate north, south, east, and west.

You will need to measure some angles in this activity. For this we will use the fist 
method. If you make a fist and hold it at arms’ length, with your elbow extended, 
then the angle that your fist covers is roughly 10 degrees.

Find and draw in the space below Ursa Minor, Cassiopeia, and Ursa Major. Label 
on the drawing the star Polaris (the North Star).

 

Next find and draw Pegasus, Andromeda, and Taurus. Label the star Aldebaran 
and the star cluster the Pleiades.

Student (for Northern Hemisphere Winter Sky)
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Next find and draw Auriga, Gemini, and Canis Minor, and label the stars Capella, 
Castor, Pollux, and Procyon.

 

Finally find and draw Orion and Canis Major, and label the stars Betelgeuse, Rigel, 
and Sirius.
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 1. Estimating angular distance – Use the fist technique to measure the angular dis-
tances between the following stars. We will be checking your results later so be 
as precise as possible. Each member of the group should make the measurement, 
and then each group should average the measurements to get the best result.

Objects
Angle #1
(degrees)

Angle #2
(degrees)

Angle #3
(degrees)

Angle #4
(degrees)

Angle #5
(degrees)

Northern Horizon to Polaris
Castor to Pollux
Betelgeuse to Rigel
Polaris to Sirius

Which measurement above do you think is the most uncertain? Why?
_______________________________________________________________

Which measurement has the greatest spread between the values found by each 
student?

_______________________________________________________________

Do you think the average value is the “best” value? Why or why Not?
_______________________________________________________________

 Moon Observations: Observing the Terminator

The terminator is the name of the imaginary line between the bright portion of the 
Moon and the dark portion. If you remember that the Moon looks like a circle, then 
there is a dark portion and light portion of the Moon. The terminator is the line that 
separates the dark and bright portions.

Student (for Northern Hemisphere Winter Sky)
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Find the Moon in the sky. Carefully draw the Moon and pay special attention to 
the terminator. When you draw the Moon, also draw the prominent celestial objects 
near the Moon. Does the terminator look like a straight line? Or does the terminator 
line curve? If it curves, does it curve to the west, or does it curve to the east? Be 
careful to draw the terminator on your Moon exactly as it looks in the sky.

 Lesson 5: Why Do We Have Seasons?

 Teacher/Student Lesson Plan

 Overview

Students explore the concepts of light and warmth at different locations and dis-
tances on both flat surfaces and spherical surfaces. This leads into addressing sea-
sons on the planet Earth.

 Standards Addressed

NGSS DCI

• ESS1.B: This model of the Solar System can explain eclipses of the Sun and the 
Moon. Earth’s spin axis is fixed in direction over the short term but tilted relative 
to its orbit around the Sun. The seasons are a result of that tilt and are caused by 
the differential intensity of sunlight on different areas of Earth across the year.

NGSS Crosscutting Concepts

• Patterns.
• Systems and system models.
• Stability and change.

NGSS Science and Engineering Practices

• Developing and using models.
• Planning and carrying out investigations.

 Materials

• Flashlight.
• Blank white paper.
• Pencil.
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• World globes.
• Stellarium.
• Computers.

Part 1: Light and Warmth on a Flat Surface.
For this part of the lesson, obtain flashlights; blank, white pieces of paper; and 

pencils (each student will need one of each of these materials).

 1. Hold your flashlight about 1 inch above your paper, pointing it directly down 
onto the paper so you make a nice circle of light. Outline the circle with a pencil. 
(Label this circle 1a.)

 2. Next move the flashlight up higher to about 3 inches above the paper. Again, 
outline the circle with a pencil. (Label this circle 2a.)

 3. Finally, move the flashlight up to 6 inches above the paper. Trace the circle and 
label it 3a.

Light carries energy, and when it falls onto the paper, it heats the paper up just a 
little.

 4. Now imagine it is a cold day and you are a very tiny little bug that wants to get 
warm. Which of the three circles do you think would give you more warmth? 
Explain why you think this.

_______________________________________________________________

_______________________________________________________________

_______________________________________________________________

 5. Now try again. This time you should start with a distance from the paper, 1 inch, 
and try to remain at this height. On a second piece of paper, again outline the 
circle of light (1b) that you see.

 6. Now, keeping the light at the same distance, tip the flashlight slightly so that the 
circle becomes more elliptical. Outline the light and call this 2b. Finally tilt the 
flashlight even more, keeping the same distance, and outline the light calling this 
3b.

 7. Now imagine you are the very tiny bug again. Which outline will give you more 
warmth this time? Compare your reasoning to what you wrote as answer for 
question 4.

_______________________________________________________________

_______________________________________________________________

_______________________________________________________________

Part 2: Light and Warmth on a Spherical Surface.
For this part of the lesson, obtain flashlights and world globes anchored with a 

tilt of 23.5 degrees (each group will need one of each of these materials).

Lesson 5: Why Do We Have Seasons?
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 8. Now, imagine your flashlight is the Sun. Hold your flashlight so it is horizontal 
and bring it within about 1 inch of the globe. Try to find many places on the globe 
where you can make a nice circle (rather than oval) of light. Remember to keep 
your flashlight horizontal and notice where on the globe the nice circles are 
formed.

 9. Next, staying in exactly this same location, slowly move your flashlight farther 
away from the globe. What happens to the circle of light? When would a very 
tiny bug on the globe feel the most warmth, when the light is close or far away? 
Explain.

_______________________________________________________________

_______________________________________________________________

_______________________________________________________________

 10. Now think about the real Earth and the real Sun. If we could control the dis-
tance to the Sun, how would we want to move it to make the Earth warmer? 
Explain why.

_______________________________________________________________

_______________________________________________________________

_______________________________________________________________

 11. Now, start again. Keep your flashlight horizontal as before, and, with it, make 
nice little circles of light on the globe as you did before. Now, while keeping the 
flashlight horizontal, start to move it up so that it hits an area north of the equa-
tor. As you do this, what happens to the shape of the light on the globe? As you 
move farther and farther north, does the light pattern change? Explain.

_______________________________________________________________

_______________________________________________________________

_______________________________________________________________

 12. Where would the very tiny bug feel the most warmth in this case?

_______________________________________________________________

 13. Now consider the real Earth and Sun. Of the different patterns you have seen, 
which one would represent the Sun being directly overhead? Would it be when 
the light pattern is a circle or a more elongated shape?

_______________________________________________________________

 14. Where on the Earth would it be warmest? Explain why.

_______________________________________________________________

_______________________________________________________________

_______________________________________________________________
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At this point you should have discovered two different ways to make the Earth 
warm from sunlight. It is important to note the Earth orbits the Sun in almost a 
perfect circle. This means that the distance between the Earth and Sun stays 
almost the same all year round (see Fig. 1). Because the change in distance is so 
little, we can just say the Sun’s distance does not change throughout the year. In our 
experiment, this means that the flashlight does not get nearer to or farther from the 
globe, but remains at a constant distance.

 15. If Earth’s distance from the Sun does not change throughout the year, what is 
the other way a bug can feel the warmest while on planet Earth?

_______________________________________________________________

_______________________________________________________________

_______________________________________________________________

 16. Now think back to your globe investigations and look at Fig. 1. We know that 
during the year, we have seasons when it is hot outside (summer) and seasons 
when it is cold (winter). What must be the reason for these changes in tempera-
ture throughout the year? Remember, we are considering the distance to the 
Sun to remain the same throughout the year.

_______________________________________________________________

_______________________________________________________________

_______________________________________________________________

 17. Look at Fig. 2. If, instead of the sunrays in this image, this were your flashlight 
held horizontally next to the globe, then which ray would make a nice circle and 
which ones would be more elongated?

_______________________________________________________________

_______________________________________________________________

_______________________________________________________________

 18. Which ray would produce the most warmth?

_______________________________________________________________

_______________________________________________________________

 19. What is different about the angle the rays hit the Earth as you move away from 
that warmest spot?

_______________________________________________________________

_______________________________________________________________
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Fig. 1 Earth revolving around the Sun throughout 1 year. National Oceanic Atmospheric 
Administration

Fig. 2 Three sunrays hitting the surface of the Earth on June 21 (the first day of summer). 
Przenyslaw “Blueshade” Idzkiewica, https://creativecommons.org/licenses/by-sa/4.0/
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Part 3: Stellarium.

 20. Open Stellarium and choose the date of June 21, 2018. Choose a latitude of 
N90o 0′ 0.00”. Record the altitude of the Sun at that day and location.

_______________________________________________________________

 21. Now move ahead hour by hour until you have gone through an entire day. What 
happens to the Sun throughout the day?

_______________________________________________________________

_______________________________________________________________

 22. A day is the time it takes the Earth to rotate one time on its axis. Look back at 
Fig. 2 and imagine the world rotating. Why does the Sun never set or rise at the 
North Pole on June 21?

_______________________________________________________________

_______________________________________________________________

 23. Why do you think it is still cold at the North Pole on this date, even though the 
Sun is up all day long? (Hint: Think about what your flashlight pattern would 
look like up at the North Pole.)

_______________________________________________________________

_______________________________________________________________

 24. What would it be like at the South Pole on this same date? Check by moving to 
a latitude of S90o 0′ 0.00.”

_______________________________________________________________

_______________________________________________________________

 25. Now put your current location into Stellarium and set the time to around noon. 
Begin with a date of June 21. Record the altitude of the Sun on that date and 
time.

_______________________________________________________________

 26. Next change the month and go through an entire year, keeping the time at noon. 
What happens to the Sun’s altitude as the year goes by? When is the altitude the 
smallest? Explain why it is cold at this time of year. Remember, the distance 
to the Sun is considered to be the same throughout the year.

_______________________________________________________________

Lesson 5: Why Do We Have Seasons?
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 Lesson 6: What Can We Learn by Examining the Moon’s 
Surface?

 Teacher Lesson Plan

 Overview

In this lesson, students compare photos of the highlands and the maria on the Moon 
to determine the relative age of each, to determine the crater density in each area, 
and to make an inference about what the early Solar System was like.

 Standards Addressed

NGSS Crosscutting Concepts

• Scale, proportion, and quantity.

NGSS Science and Engineering Practices

• Developing and using models.

 Materials

• Student sheet (one per student).
• Full-sized copies of Figs. 2 and 3 (one per student, + extra).
• Ruler (one per student).

 Lesson Sequence

Part 1

 1. Ask your students to imagine they are detectives in a murder case. The victim 
had been missing for some time and was just found out in the woods. You go to 
the victim’s house and see a stack of letters below the mail slot. As you look 
through the mail, you find a very suspicious letter from a person that seems to be 
threatening the victim. This letter was buried under 50 other letters. Use your 
detective abilities to try to decide when the letter might have arrived. Have stu-
dents state their reasoning and any assumptions that were made.

 2. Now we want to use these types of detective skills to look at the Moon. The 
Moon has a great number of craters on its surface. The craters come from large 
meteorites impacting the surface of the Moon. Fig. 1 is an image of the entire 
Moon’s surface. The dark areas are called maria, which means seas in Latin. The 
brighter areas are called the highlands. Fig. 2 is an image that shows a large por-
tion of a mare. Fig. 3 is an image that shows a portion of the highlands. Have 
students make a note of things they notice about Figs. 2 and 3. How are they 
different? How are they the same?
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Fig. 1 An image of the Moon’s surface. NASA/GSFC/Arizona State University

 3. The maria were thought to be big oceans by people hundreds of years ago. From 
the images, do you think that the maria are oceans of liquid water? What evi-
dence can your students give to support their answer?

 4. Ask students to use their detective skills to try to figure out which features on the 
Moon came first and which came at a later time. Start with Fig. 3, and see if they 
can identify four craters that can clearly be ordered in terms of oldest to young-
est. Ask students to explain their reasoning for their order.

 5. Now look at Fig. 2. Have students try to figure out which areas are older and 
younger. This includes the mare itself. Ask students to explain their reasoning.

 6. Finally, look at Fig. 1. Ask students to try to answer the question: which is older 
the maria or the highlands? Explain your reasoning and test your reasoning by 
asking what would have to happen if my answer were wrong? Can you defend 
your answer with confidence?

Lesson 6: What Can We Learn by Examining the Moon’s Surface?
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 7. Ask students to summarize what their have learned about determining ages on 
the Moon. Can your students come up with a general principle which would 
always work to determine relative age between objects on the Moon?

Part 2

 1. Now let’s use our detective skills to gather more information. Students should go 
back to Fig. 3 and measure, with a ruler, the width of the ten largest craters they 
find in the image. Record this data and mark the craters that were used with a 
number that corresponds to the data. Hint: It may be helpful to outline the chosen 
craters with a marker or highlighter to make them easier to find later.

 2. Next, students should average all of their measurements and see what the aver-
age width is for the ten craters. Then, compare their results with their partners. 
Are there differences? Discuss problems that they find in doing this exercise.

 3. Now move to Fig. 2. Have students do the same measurements for ten craters in 
the mare. Be sure to only use mare craters. How do their answers compare with 
their partners?

 4. Ask students to look at what they answered for the relative age of the highlands 
and maria from their Fig. 1 analysis. Have them use this answer and the average 
values they found for the highlands and the mare to make an assumption on the 
property of meteors based on their evidence.

Part 3

 1. Now we can gather even more data from these images. Ask students to draw a 
nice size box on Fig. 3. Be sure to record the size of the box. Then, they should 
count all the craters they see inside the box. Record the data.

 2. Next, they need to draw the same size box inside the mare in Fig. 2 and count the 
number of craters.

 3. Then, students should compare their results with their partners. Discuss any dif-
ferences and why they occurred. Be sure to consider whether the differences are 
real or not. Determine the number density. Number density is the number of 
craters per unit area.

 4. Astronauts have visited both the maria of the Moon and the highlands. They have 
returned rock samples which have been radiometrically dated. The data showed 
that the maria formed on the Moon about 3.5 billion years ago. The highlands 
formed about 4.5 billion years ago. This is also the age of the Earth and the rest 
of the Solar System.

 (a) Using this information, have students look at the number of craters they 
counted from the highlands and the number from the mare and try to figure 
out how many of the craters in the highlands came about in the first 1 billion 
years after the Moon formed. Think carefully about what the data is telling 
you. Discuss your reasoning.

 (b) From this investigation, you have the evidence to decide what the Solar 
System was like in the first 1 billion years after it formed. Ask students to 
think about what they have learned from the data and use it to write a conclu-
sion about what conditions were like in these early times.

Lesson 6: What Can We Learn by Examining the Moon’s Surface?
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 Student

 Lesson 6: What Can We Learn by Examining the Moon’s 
Surface?

Part 1

 1. Imagine you are a detective in a murder case. The victim has been missing for 
some time and was just found out in the woods. You go to the victim’s house and 
see a stack of letters below the mail slot. As you look through the mail, you find 
a very suspicious letter from a person that seems to be threatening the victim. 
This letter was buried under 50 other letters. Use your detective abilities to try to 
decide when the letter might have arrived and record your answer below.

_______________________________________________________________

_______________________________________________________________
The Moon has a great number of craters on its surface. The craters come from 

large meteorites impacting the surface of the Moon.
Figure 1 is an image of the entire Moon’s surface. The dark areas are called 

maria, which means seas in Latin. The brighter areas are called the highlands.

 2. Make note of things you notice about Figs. 2 and 3. How are they different? How 
are they the same?

_______________________________________________________________

_______________________________________________________________

 3. The maria were thought to be big oceans by people hundreds of years ago. From 
the images, do you think that the maria are oceans of liquid water? Using evi-
dence, explain your answer.

_______________________________________________________________

_______________________________________________________________

 4. Using Fig. 3, identify four craters that can clearly be ordered in terms of oldest 
to youngest. Explain your reasoning.

_______________________________________________________________

_______________________________________________________________

 5. Now look at Fig. 2. Try to figure out which areas are older and younger. This 
includes the mare itself. Explain your reasoning.

_______________________________________________________________
_______________________________________________________________
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 6. Finally, look at Fig. 1. Which is older: the maria or the highlands? Explain your 
reasoning and test your reasoning by asking what would have to happen if your 
answer were wrong? Can you defend your answer with confidence?

_______________________________________________________________

_______________________________________________________________

 7. Can you come up with a general principle which would always work to deter-
mine relative age between objects on the Moon?

_______________________________________________________________

_______________________________________________________________

Fig. 1 An image of the Moon’s surface. NASA/GSFC/Arizona State University

Student



Fig. 2 An image that shows a large portion of a maria. NASA/GSFC/Arizona State University

Fig. 3 An image that shows a portion of the highlands. NASA/GSFC/Arizona State University
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Part 2

 1. Using Fig. 3, measure, with a ruler, the width of the ten largest craters in the 
image. Record this data and mark the craters that were used with a number that 
corresponds to the data.

_______________________________________________________________

_______________________________________________________________

 2. Average all of your measurements and see what the average width is for the ten 
craters. Compare your results with your partners’. Are there differences?

_______________________________________________________________

_______________________________________________________________

 3. Using Fig. 2, perform the same measurements for ten craters in the maria. Be 
sure to only use maria craters. How do your answers compare with your 
partners’?

_______________________________________________________________

_______________________________________________________________

 4. Using the relative age of the highlands and maria from your Fig. 1 analysis, aver-
age the values for the highlands and the maria to make an assumption on the 
property of meteors based on your evidence.

Part 3

 1. Draw a nice size box on Fig. 3. Be sure to record the size of the box. Then, count 
all the craters you see inside the box. Record your answer.

_______________________________________________________________

_______________________________________________________________

 2. Next, draw the same size box inside the maria in Fig. 2, and count the number of 
craters. Record this below.

_______________________________________________________________

 3. Compare your results with your partners’.

With the class, discuss any differences and why they occurred. Be sure to con-
sider whether the differences are real or not. Determine the number density. Number 
density is the number of craters per unit area.______________________________
__________________________________________________________________

 4. Astronauts have visited both the maria of the Moon and the highlands. They have 
returned rock samples which have been radiometrically dated. The data showed 

Student
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that the maria formed on the Moon about 3.5 billion years ago. The highlands 
formed about 4.5 billion years ago. This is also the age of the Earth and the rest 
of the Solar System.

 (a) Using this information, look at the number of craters you counted from the 
highlands and the number from the maria and try to figure out how many of 
the craters in the highlands came about in the first 1 billion years after the 
Moon formed. Think carefully about what the data is telling you. Discuss 
your reasoning.

 (b) From this investigation, you have the evidence to decide what the Solar 
System was like in the first 1 billion years after it formed. Think about what 
you have learned from the data and use it to write a conclusion about what 
conditions were like in these early times.

_______________________________________________________________

_______________________________________________________________

 Lesson 7: What Affects a Crater’s Size?

 Teacher Lesson Plan

 Overview

Students brainstorm variables that affect a crater’s size and then investigate one of 
these variables by making craters of their own. This lesson includes a discussion of 
independent and dependent variables and also graphing.

 Standards Addressed

NGSS Crosscutting Concepts

• Cause and effect.

NGSS Science and Engineering Practices

• Developing and using models.
• Planning and carrying out investigations.
• Obtaining, evaluating, and communicating information.

Common Core State Standards for Mathematics (CCSS Math Content 6: 
Expressions and Equations)

• Represent and analyze quantitative relationships between dependent and inde-
pendent variables.

5 Realistic Explorations in Astronomical Learning (REAL)



93

 Materials

• Large, deep pans such as lasagna pans (one per pair of students).
• Flour (one bag per pair of students).
• Collision balls (one set per pair of students)  – Collision balls have the same 

diameter but different mass.
• Cocoa powder (one packet per pair of students).
• Metersticks.
• Rulers.
• Newspaper (to cover floor or table under pans).

 Lesson Sequence

Engage:

 1. Begin class by showing the students a brief (1 min) clip of craters being created 
on the Moon.

 2. Ask students to brainstorm a list of things than can affect a crater’s size.
 3. Then, in pairs, students should come up with their own sub-driving question 

concerning possible causes of a crater’s size that they can test in the lab. (Teacher 
note: Care should be taken when discussing what is meant by size. When dis-
cussing size, diameter could be examined as well as crater depth and shape.)

Explore:

 1. Students should make a plan for how they will answer their question. This will 
include making charts or tables to represent their data.
• Possible data collections:

 – Does the height at which I drop the collision ball affect crater size?
 – Does the weight of the collision ball affect crater size?

Explain/Elaborate/Evaluate:

 1. Then, students should collect and analyze their data. In a presentation format, 
students should include the following:

• Display your research question.
• Display a table of your data collection.
• Display a graph using Excel of your data collection.
• Write your conclusions. Please consider the following. Did your data collec-

tion answer your question? What have you learned from your data analysis?
• Write down a follow-up question.

Lesson 7: What Affects a Crater’s Size?
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 Student

 Lesson 7: What Affects a Crater’s Size?

Let’s Brainstorm:
_______________________________________________________________

_______________________________________________________________

_______________________________________________________________

_______________________________________________________________

Springboard off of this initial investigation question and come up with your own 
sub-driving question concerning possible causes of a crater’s size.

What is your sub-driving investigation question?
_______________________________________________________________

_______________________________________________________________

_______________________________________________________________

Describe how you plan to answer your question.
_______________________________________________________________

_______________________________________________________________

_______________________________________________________________
Ok, now collect and analyze your data. What conclusions can you draw from 

your analysis?

Present your findings:

As you present your findings to your peers, please include the following items:

 1. Display your research question.
 2. Describe your methods of answering your investigative question (including 

materials used).
 3. Display a table of your data collection.
 4. Display a graph using Excel of your data collection (showing a plot of dependent 

vs. independent variables).
 5. Write your conclusions. Please consider the following. Did your data collection 

answer your question? What have you learned from your data analysis?
 6. Write down a follow-up question for further investigation.
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 Lesson 8: Earth, Moon, and Mars Scaling

 Teacher Lesson Plan

 Overview

In this lesson, students use ratio and proportion concepts to better comprehend the 
size of the universe by building a scale model of the Earth, Moon, and Mars using 
balloons (Adapted from NASA’s Earth, Moon, and Mars Balloon Lesson).

 Standards Addressed

NGSS DCI

• ESS1.B: The Solar System contains many varied objects held together by 
gravity.

NGSS Crosscutting Concepts

• Patterns.
• Scale, proportion, and quantity.

Common Core State Standards for Mathematics

• 6.RP.A.1: Understand the concept of a ratio and use ratio language to describe a 
ratio relationship between two quantities.

• 7.RP.A.2: Recognize and represent proportional relationships between 
quantities.

• 7.RP.A.2.B: Identify the constant of proportionality (unit rate) in tables, graphs, 
equations, diagrams, and verbal descriptions of proportional relationships.

 Materials

• Balloons (four per group)
• Meterstick (one per group)
• Ruler (one per group)
• Calculator (one per group)
• Tape (can be shared)
• Conversion worksheet

Lesson 8: Earth, Moon, and Mars Scaling
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 Lesson Sequence

Engage:

 1. Administer the scaling pre-assessment.
 2. Show students a balloon that represents Earth. The model Earth balloon has a 

diameter of 20 cm (which represents the Earth with a true diameter of 12,756 km).

Explore:

 1. Divide students into groups and distribute student sheets and balloons. Groups 
should all have four different colored balloons to represent the Earth, Moon, 
Mars, and Phobos. Tell students that the Earth balloon should have a diameter of 
20 centimeters (cm). Ask students to inflate their Earth balloons to the 20-cm- 
diameter size.

 2. Ask students to look at their student sheets and to calculate the size that the 
Moon and Mars should be using the same scale as the Earth model. Have stu-
dents inflate their Mars and Moon balloons.

 3. Ask students if they would also like to inflate a balloon to represent Phobos. 
(They will find out that this will not work since Phobos would be about the same 
size as a grain of sand using this scale model).

 4. Have the students tape their Earth to the wall or floor near them. Then have the 
students predict how far away the Moon should be and tape it down.

 5. Ask students to determine how far apart the Earth and Moon should be at this 
same scale and how far apart the Earth and Mars should be. Students should 
adjust their predictions to match their calculations.

 6. Compare the size of the Mars model with the Earth and Moon models and ask 
students to demonstrate their model distances.

Explain/Elaborate:

 1. Ask students to communicate how they determined all celestial diameters and 
distances. There are many different ways that students can arrive at the correct 
scale model size. It is important to emphasize units as students explain their 
work. This portion emphasizes ratio and proportion from the CCSS-M.

 2. When comparing the model distances (distance between the Earth and Moon and 
distance between Earth and Mars), have students choose a landmark within their 
vicinity that can reflect the model distance between Earth and Mars.

Evaluate:

 1. As an extension and means to evaluate students’ self-understanding and class 
understanding – students should estimate how long it would take to travel from 
Earth to the Moon and how long it would take to travel from Earth to Mars. 
Students should investigate what route/path this travel might take.
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 Student Pre-Assessment

 Earth, Moon, and Mars Scaling

Name: _____________________ Date:_____________________

 1. How far away is the Moon from the Earth? Please estimate.

 2. How large is the Moon compared to the Earth? Please estimate.

 3. How many Earth diameters are there between the Earth and Moon?

Student Pre-Assessment
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Adapted from NASA’s Earth, Moon, and Mars Balloons Lesson
Use the information from this table to determine the scale of your Earth balloon 

and to calculate the size of your other models. Be sure to fill in any missing informa-
tion from the tables. Measurements are presented in kilometers (km) and centime-
ters (cm). Blow all balloons up to your calculated model sizes.

Astronomical body Diameter (km)
Model 
diameter (cm)

Earth 12,756 20
Moon 3476
Mars 6794
Phobos 22

Use the following table to calculate the distances between the planets.

Astronomical bodies Distance (km) Model distance (cm)

Earth to Moon 384,000
Earth to Mars 78,000,000

Fig. 1 Image of Mars and Phobos. NASA/JPL-Caltech/Malin Space Science Systems/Texas 
A&M University 
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Please estimate how long it would take to travel to Mars – if it takes approxi-
mately 3 days to travel from Earth to the Moon. What path would one take in order 
to arrive safely on the surface of Mars? What are some ideas that we need to con-
sider as we ponder this?

_______________________________________________________________

_______________________________________________________________

_______________________________________________________________

_______________________________________________________________

_______________________________________________________________

 Lesson: Moon Finale

 Teacher Lesson Plan

 Overview

During the Moon finale lesson, students model the Earth/Moon/Sun system in 2D 
and 3D. They model the phases, consider Moonrise and Moonset times, the appear-
ance of Moon phases from different perspectives, and use Moon journals to connect 
their models to their observations of the Moon in nature.

 Standards Addressed

NGSS DCI

• ESS1.B: The Solar System contains many varied objects held together by grav-
ity. Solar System models explain and predict eclipses, lunar phases, and 
seasons.

NGSS Crosscutting Concepts

• Patterns.
• Systems and system models.

NGSS Science and Engineering Practices

• Developing and using models.

 Materials

• Foam ball for Earth (one per student).

Lesson: Moon Finale
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• Foam ball for Moon (one per student).
• Sticks for foam ball handles (two per student, one for each foam ball).
• Push pins (two per student, preferably different colors).
• Blank paper (one per student).
• Markers (1–2 per student).
• Light, such as projector, to act as Sun (one per class).
• Black paper or heavy dark butcher paper to darken out any windows in the 

classroom.

 Lesson Sequence

For the Moon finale, the instructor needs two Styrofoam balls (one to represent the 
Earth and the other to represent the Moon; and they should be to scale). Other mate-
rials include a pen or pencil (stuck into the Earth for rotating purposes) and a tooth-
pick (stuck into the Moon for rotating purposes). Two pushpins are also needed: one 
should be placed at your hometown, and the other should be place somewhere east 
of your hometown. An overhead projector is also needed to represent the Sun. The 
student should have their Moon journals with them. The classroom should be com-
pletely blacked out, with as little outside light pollution as possible.

Engage:

 1. Since the students have been keeping Moon journals for the past 5 weeks, initiate 
a discussion regarding why students think the Moon sometimes appears differ-
ently than other times. Two to three explanations should be recorded on the 
board. Now proceed to the exploration stage.

Explore:

How does the Earth spin on its axis?

 1. Begin the exploration and modeling of phases with students (working either sin-
gly or in pairs) placing pushpins in their foam model Earth to represent your 
hometown and a state east of your hometown. Also ask students if their home-
town is located above or below the Equator.

 2. How does the Earth spin on its axis? Have students model with their foam ball 
the direction that the Earth spins on its axis by doing the following sequence. 
Position the Earth in front of the overhead projector (the Sun) and ask students 
to state whether the Sun comes up earlier for people in their hometown or for 
people who live east of their hometown? Students usually know that the Sun 
comes up earlier for people east of their hometown. This should be enough infor-
mation for the student to figure out the rotation of the Earth on its axis. (The 
Earth rotates counterclockwise on its axis if you are viewing from above the 
Earth’s North Pole).

 3. How do I model sunrise and sunset? Have students model with their foam balls 
how the Earth should be positioned to illustrate sunrise, noon, sunset, and mid-
night for their hometown.
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Explain:

What is the geometric configuration of the Earth, Moon, and Sun to create a 
waxing crescent Moon phase in your evening hometown sky?

 1. Ask students to try to recollect when they observed a waxing crescent Moon 
phase. Students may need to consult their Moon journals. (Students should recall 
or confirm from their Moon journals that a waxing crescent Moon phase occurs 
in the southwestern evening sky.)

 2. Now using the Earth (large foam ball), the Moon (small foam ball), and the Sun, 
have students think of a way to geometrically position the three in order to see a 
waxing crescent Moon in the evening sky. (First have them position the Earth on 
its axis so that their hometown is experiencing sunset.)

 (a) Learners usually display their misconceptions at this point in time in the les-
son. This is the point where learners wrongly position the objects in a linear 
fashion (order that students tend to create is the Sun on one end, the Earth in 
the middle, and the Moon on the other end). Learners try to cast the Earth’s 
shadow onto the Moon to create a crescent-shaped Moon (where the dark 
part of the Moon is caused from Earth’s shadow). In other words, they posi-
tion the Moon in the eastern hometown sky, while the Sun is in the western 
hometown sky. At this point, ask the students, “So what causes the phases of 
the Moon?” Students inevitably state that it is caused from “shadows.” 
Clarify with students, what shadow? Students will state the Earth’s shadow. 
However, some students might have the correct configuration – allow for a 
discussion by these students to explain their configuration.

 3. In order for students to overcome their misconception (if they have the Earth’s 
shadow misconception), ask students to look in the Moon journals for an entry 
that shows the waxing crescent Moon in the evening sky. Many will see that the 
waxing crescent Moon in the evening sky (around 7:00 pm) was located in the 
southwestern sky (approximately an azimuth angle of about 250 degrees). Now 
ask them to go back and model the geometry for this phase where the Moon is 
located in the southwestern sky as opposed to the eastern sky that many had 
before. This is the “AHA!” moment. This is where students begin to over-
come their misconceptions. It is also important that the students make an 
effort to view their foam Moon from the perspective of their Earth model’s 
hometown by crouching and placing their eye at that location and looking 
at their model Moon from that location.

 4. Now knowing this information, have students model the geometry of the first 
quarter Moon phase. Ask students, “What is the first time of day that you would 
observe a first quarter Moon phase?” (noon) and “When is the last time of day 
that you would observe a first quarter Moon phase?” (midnight). Discuss with 
students how we know when an object first comes into view. Does that city have 
to be directly facing the object? Or can we see it before we are completely facing 
it (in other words, can you look east to first see it)?
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 5. Model the geometry of the full Moon phase. “What is the first time of day that 
you would observe full Moon phase?” (sunset). “When is the last time of day that 
you would observe a full Moon phase?” (sunrise).

 6. Model the geometry of the third quarter Moon phase. “What is the first time of 
day that you would observe a third quarter Moon phase?” (midnight). “When is 
the last time of day that you would observe a third quarter Moon phase?” (noon).

 7. Model the geometry of the New Moon phase.

Elaborate:

Let’s model the geometry of the first quarter Moon phase in two dimensions.

 1. For this activity, students will need a blank sheet of white paper and a marker. 
Ask students to close their eyes and recall the 3D modeling (of the Earth, Moon, 
and Sun) for the first quarter Moon phase. (This is the phase that we observed the 
Moon to be half lit on the right hand side – Northern Hemisphere perspective.) 
Now ask them to draw the geometry of the Earth, Moon, and Sun system for the 
first quarter Moon phase on their paper.

 2. After students have done this, walk around the room and tell them that you are a 
space traveler in outer space and you have decided to land right in the middle of 
the circle that each student had drawn to represent Earth. Ask them to label 
where on the surface of the Earth you, the space traveler, had landed. Once this 
has been done, ask students to draw the direction that the Moon is orbiting the 
Earth.

 3. After students have finished with these drawings, please ask them to share their 
drawings up front. It is imperative to facilitate a classroom discussion with sev-
eral students presenting their 2-D models of the Earth/Moon/Sun geometry for 
first quarter Moon phase.

Evaluate:

 1. During class discussion, have students decide which 2-D model best represents 
the geometry for the first quarter Moon phase and explain why. (It is important 
to select a variety of seemingly different drawings and have students replicate 
their representations on the board for class discussion. Some drawings might 
look incorrect (e.g., students might show Moon’s orbit around the poles) but 
really are just a matter of students having difficulty illustrating the Moon’s orbit 
in 2D. Give students a chance to explain their representations.)

 2. On the backside of that sheet of paper, have the students draw the geometry of 
the Earth/Moon/Sun for the third quarter Moon.

5 Realistic Explorations in Astronomical Learning (REAL)
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 Appendix – Project Supplements

 Moon Hoax Challenges

 1. Why were the stars missing from the black lunar sky?
 2. Why was the American flag waving when there is no air on the Moon?
 3. Why was there no blast crater beneath the Lunar Lander, where its powerful 

rocket engine had fired?
 4. Why was the crater in one of the Moon photos similar to one in Area 51?
 5. Why was there no engine noise from within the LEM (Lunar Excursion 

Module)?
 6. Why did the footprints remain after the blast of the powerful rocket engine?
 7. Why was there no dust on the footpads of the Lunar Lander after the blast of the 

rocket engine?
 8. Why was there no exhaust plume coming from the engine module upon the 

LEM departure?
 9. Why do the astronauts appear to be running as if on Earth when the speed of the 

Apollo film footage is doubled?
 10. How were the astronauts able to operate their chest-mounted cameras well 

enough to take thousands of photos with crystal clarity despite the bulkiness of 
their suits?

 11. Why were shadows cast in different directions when the Sun was the only light 
source?

 12. Why did astronauts and objects in the shadows appear to be backlit in the Moon 
photos?

 13. Why did the same hill appear in footage of the Apollo 16 mission on two sepa-
rate days, at different locations?

 14. Why was a part of the crosshairs behind the Lunar Rover in one of the Moon 
photos?

 15. How were the astronauts able to survive passing through the Van Allen Radiation 
Belt?

 16. How were the astronauts able to survive the extreme temperatures of the Moon 
which were as low as 250 degrees below zero to 250 degrees above zero?

 17. Why did the lunar module appear in one photo and not appear in another with 
the same exact background?
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 Sample Project Rubric

Project Rubric (adapted from Kathy Schrock’s Guide for Educators http://www.
schrockguide.net/assessment-and-rubrics.html.)

4 (high) 3 2 1 (low)

Hypothesis/
conjecture
Sub-driving 
research 
question

Student(s) posed a 
thoughtful, creative 
question that 
engaged them in 
challenging or 
provocative 
research. The 
question breaks new 
ground or 
contributes to 
knowledge in a 
focused, specific 
area

Student(s) posed 
a focused 
question 
involving them in 
challenging 
research

Student(s) 
constructed a 
question that 
lends itself to 
readily available 
answers

Student(s) relied 
on teacher- 
generated 
questions or 
developed a 
question 
requiring little 
creative thought

Methods of 
investigation 
and data 
collection

Student(s) gathered 
their own data as 
well as information 
from a variety of 
quality electronic 
and print sources, 
including 
appropriate licensed 
databases. Sources 
are relevant and 
balanced and include 
critical readings 
relating to the 
research question or 
problem. Primary 
sources were 
included (if 
appropriate)

Student(s) 
gathered 
information from 
a variety of 
relevant 
sources – Print 
and electronic 
sources

Student(s) 
gathered 
information from 
a limited range 
of sources and 
displayed 
minimal effort in 
selecting quality 
resources

Student(s) 
gathered 
information that 
lacked relevance, 
quality, depth, 
and balance

Analysis of data Student(s) carefully 
analyzed the 
information 
collected and drew 
appropriate and 
inventive 
conclusions 
supported by 
evidence. Voice of 
the student writer is 
evident

Student(s) 
product shows 
good effort was 
made in 
analyzing the 
evidence 
collected

Student(s) 
conclusions 
could be 
supported by 
stronger 
evidence. Level 
of analysis could 
have been deeper

Student(s) 
conclusions 
simply involved 
restating 
information. 
Conclusions 
were not 
supported by 
evidence
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Project Rubric (adapted from Kathy Schrock’s Guide for Educators http://www.
schrockguide.net/assessment-and-rubrics.html.)

4 (high) 3 2 1 (low)

Data 
representation
Graphs/charts/
models and/or 
technologically 
generated 
visuals

Student(s) 
thoughtfully used 
representations and/
or technologically 
produced visuals to 
assist them in their 
own understandings 
of the project 
research and to 
assist in the 
communication of 
their research 
findings

Student(s) 
representations 
related to their 
research project

Student(s) used 
visuals but did 
not adequately 
support or add to 
their research 
project

Student(s) used 
no 
representations 
of 
technologically 
produced visuals

Synthesis Student(s) developed 
appropriate structure 
for communicating 
project findings, 
incorporating a 
variety of quality 
information. 
Logically and 
creatively organized 
with smooth 
transitions

Student(s) 
logically 
organized the 
product and 
made good 
connections 
among ideas

Student(s) could 
have put greater 
effort into 
organizing the 
product

Student(s) work 
is not logically 
or effectively 
structured
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Project Rubric (adapted from Kathy Schrock’s Guide for Educators http://www.
schrockguide.net/assessment-and-rubrics.html.)

4 (high) 3 2 1 (low)

Documentation Student(s) 
documented all 
sources. Sources are 
properly cited, both 
in-text/in-product 
and on work-cited/
work-consulted 
pages/slides. 
Documentation is 
error-free

Student(s) 
documented 
sources with 
some care; 
sources are cited, 
both in-text/
in-product and on 
work-cited/
work-consulted 
pages/slides. Few 
errors noted

Student(s) need 
to use greater 
care in 
documenting 
sources. 
Documentation 
was poorly 
constructed or 
absent

Student(s) need 
to work on 
communicating 
more effectively 
and relate their 
findings to their 
original research 
question

Product/process Student(s) 
effectively and 
creatively used 
appropriate 
communication tools 
to convey their 
conclusions and 
demonstrated 
thorough, effective 
research techniques.  
Student(s) answered 
their research 
question. Product 
displays creativity 
and originality

Student(s) 
effectively 
communicated 
the results of 
research to the 
audience

Student(s) 
showed limited 
evidence of 
thoughtful 
research

Student(s) 
showed little 
evidence of 
thoughtful 
research. Product 
does not 
effectively 
communicate 
research findings

Total points__________________________

 Helpful Guide to Modeling Moon’s Path Using Geometers’ 
Sketchpad

In order to model the path and motion of the Moon, students needed to determine 
the orbital speed of the Moon (as it orbits the Earth) and the orbital speed of the 
Earth as it orbits the Sun and adjust relative speeds accordingly. Once in Geometers’ 
Sketchpad (GSP), students use the Compass Tool to draw a circle to model Earth’s 
path (making an assumption that it’s a circular path) with the Sun at the center. 
Using the Earth/Sun model distance, students can model the Moon’s distance from 
the Earth (however, a decrease by a factor of 10 is necessary due to screen limita-
tions). Some scaling down adjustments are necessary due to screen size.
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 Creating the Moon’s Path in Geometer’s Sketchpad

 1. Using the Compass Tool in the left-hand menu, draw a circle (model of Earth’s 
path).

 2. Position your circle as close to the center of the screen as possible.
 3. You may adjust the size of the circle by clicking and dragging the red dot on the 

circle.
 4. You will want to leave approximately 2 cm of space all the way around your 

circle so that you can see the entire Moon’s path.
 5. Once your circle is just the way you want it, right click on the red dot on the 

circle and hide it.
 6. Select the Point Tool in the left-hand menu and place a dot (Earth model) on the 

circle.
 7. Select the dot at the center of your circle and the dot on the circle.
 8. Under Measure in the top toolbar, select Distance ➔ you will see the distance 

between the Sun-Earth model displayed in the top left-hand corner of the 
screen.

 9. With the Sun-Earth/Earth-Moon ratio and the Sun-Earth model distance, calcu-
late the Earth-Moon model distance.

 10. Select the Straightedge Tool in the left-hand menu and draw a segment in the 
top right-hand corner of the screen (away from your circle).

 11. Select the segment only (not the endpoints).
 12. Under Measure in the top toolbar, select Length ➔ you will see the length of the 

segment displayed in the top left-hand corner of the screen.
 13. Adjust the length of the segment to match the length of the Earth-Moon model 

distance you calculated in #9 above, by clicking and dragging one of the end-
points of the segment.

 14. Select the segment only (not the endpoints) and the Earth model. (HINT: You 
can drag a box around the segment to highlight both the segment and the end-
points. Then, holding control, you can deselect the endpoints to leave just the 
segment highlighted.)

 15. Under Construct in the top toolbar, select Circle By Center+Radius (model of 
Moon’s path about the Earth).

 16. Select the Point Tool in the left-hand menu and place a dot (Moon) on the 
model of the Moon’s path.

 17. Under Display in the top toolbar, click Show Motion Controller.
 18. Select both the Earth and Moon models.
 19. Click the forward button on the Motion Controller.
 20. Under the Target Point menu on the Motion Controller, select only one point 

(either the Earth or the Moon model).
 21. Set the speed of the model that you have selected. (Hint: While keeping the 

ratio constant, you may want to adjust the scale of the speed so you can observe 
the path.)

 22. Repeat steps 20 and 21 for the other model.
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 23. Select the Moon model only (you may need to pause the motion on the Motion 
Controller to do that).

 24. Under Display in the top toolbar, select Trace Point.

Note: You can highlight a point and then use the Properties option under the Edit 
menu to rename your points.
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Chapter 6
Chemical Reactions Engineered to Address 
Thermal Energy Situations (CREATES)

In CREATES, students explore chemistry concepts related to chemical reactions 
and the thermal energy of chemical reactions through the driving question, “How 
can I use chemical reactions to keep me comfortable?” An emphasis is placed on 
considering both the macroscopic (i.e., what we can observe) and the particulate 
views (i.e., atoms, molecules, ions, etc.) of matter and the changes it undergoes. 
Students will design, test, and refine a chemical hot or cold pack using the engineer-
ing design process. This unit includes two fundamental ideas in chemistry, the Law 
of Conservation of Mass and the particulate nature of matter, on which later chem-
istry instruction builds. This particular set of lessons is focused on the Next 
Generation Science Standards (NGSS Lead States, 2013) performance expectations 
MS-PS1–2 (analyze and interpret data on the properties of substances before and 
after the substances interact to determine if a chemical reaction has occurred), 
MS-PS1–5 (develop and use a model to describe how the total number of atoms 
does not change in a chemical reaction, and therefore the mass is conserved), and 
MS-PS1–6 (undertake a design project to construct, test, and modify a device that 
either releases or absorbs thermal energy by chemical processes). These three per-
formance expectations build on earlier ideas that introduce the particulate nature of 
matter, including the structure and function of matter. In the NGSS, middle school 
chemistry is focused on providing particulate explanations for the macroscopic phe-
nomena we can easily observe. The CREATES lessons focus on identifying chemi-
cal reactions, differentiating them from physical changes, exploring the energy 
changes associated with chemical reactions, and understanding the Law of 
Conservation of Mass.

CREATES has been used by nearly a dozen teachers over the 3 years since its 
launch. Each of the teachers received professional development, experiencing the 
lessons as learners prior to implementing CREATES in their own classrooms. 
Research on its effectiveness has shown that students improve in understanding the 
particulate nature of matter and the conservation of matter and in spatial thinking. 
Research has shown students significantly increase their understanding of the par-
ticulate nature of matter when experiencing CREATES as well as a significant, 
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 positive correlation between the understanding of the particulate nature of matter 
and spatial thinking for both middle school students and their teachers (Cole, 2017). 
This research also showed students who chose the correct response tended to have 
higher spatial ability than students choosing incorrect responses on a multiple- 
choice test of the particulate nature of matter. Similarly, a significant, positive cor-
relation was found between middle school students’ understanding of the 
conservation of matter and spatial thinking, and students’ understanding of the con-
servation of matter significantly increased after experiencing CREATES (Cole, 
Wilhelm, Fish, & Fish, 2018). Research with CREATES also showed that students 
with higher spatial abilities tended to have more to say and give more complete 
explanations in response to questions about chemistry and matter, whereas students 
with lower spatial abilities tended to use keywords that were relevant to the same 
questions but often had little or no explanation for their responses (Cole, 2017). See 
Table 6.1 for a description of assessments used in CREATES.

CREATES addresses disciplinary core ideas, performance expectations, and 
crosscutting concepts in the NGSS, such as developing a model to describe the con-
servation of mass (PS1–5) and the properties of substances before, during, and after 
a chemical reaction (PS1–2). These models start with students making observation 
of physical and chemical changes and then using their understanding of the particu-
late nature of matter to explain what they observe. Also addressed are Common 
Core State Standards for Mathematics such as using ratios and proportions (6.
RP.A.1, 7.RP.A.2) to describe the proportional relationships between atoms in a 
molecule and also reactants and products in a chemical reaction. Students are also 
asked to make sense of and summarize the data they collect (6.SP.B.5), reason with 
the data (MP.2), and create a model to explain their data (MP.4). An engineering 
design component will underlie one project for the unit, where students will be 
asked to apply their understanding of chemical reactions to design a device that uses 
thermal energy (PS1–6). Throughout the unit, students will use NGSS Crosscutting 
Concepts on patterns and energy and matter and CCSS-M practices on modeling 
with mathematics: reasoning abstractly and quantitatively and looking for and 
expressing regularity in repeated reasoning. Students will also encounter the NGSS 
Science and Engineering Practices of developing and using models, analyzing and 
interpreting data, and constructing explanations and designing solutions.

This particular set of lessons is focused on the Next Generation Science Standards 
(NGSS) performance expectations MS-PS1–2, MS-PS1–5, and MS-PS1–6. These 
three performance expectations build on earlier ideas that introduce the particulate 
nature of matter, including the structure and function of matter. In the NGSS, mid-
dle school chemistry is focused on providing particulate explanations for the mac-
roscopic phenomena we can easily observe. The CREATES lessons focus on 
identifying chemical reactions, differentiating them from physical changes, explor-
ing the energy changes associated with chemical reactions, and understanding the 
Law of Conservation of Mass. After completing the first two lessons, students are 
given chemical hot and cold packs to make observations and begin thinking about 
how they might work. Throughout the remaining lessons, students work on refining 
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their thoughts on the hot and/or cold pack and come up with a plan for engineering 
their own.

Throughout the unit, students engage in two kinds of projects, which are intro-
duced at about the same time in the unit allowing students to work on the projects 
throughout the unit. First, they use the engineering design process to design, create, 
test, and redesign either a hot or cold pack using what they learned from the unit to 
inform their design. Second, students investigate sub-driving questions of their own 
design based on the unit’s driving question; they investigate, analyze, and present 
other ways in which chemical reactions could be used to keep them comfortable. 
Some examples of student sub-driving questions are: How does using chemical 
energy for heating (or cooling) compare to other kinds of energy? What kinds of 
chemical reactions are more useful than others for keeping a person at a comfortable 
temperature? How is the amount of heat given off (or consumed) by chemical reac-
tions measured? What temperature ranges are ideal for human comfort? How do 
engineers design heating or cooling devices? How do chemical reactions in my 
body regulate temperature? How do engineers decide which factors are most impor-
tant when they cannot meet all design demands?

 Literature Review

Gabel (2005) suggests there are two main reasons students struggle with under-
standing chemistry: (1) most of the instruction is at the symbolic level, assuming 
students can make their own connections to the macroscopic and submicroscopic 
levels, and (2) students have their own conceptions about how the natural world 
works, including misconceptions about basic chemistry. She discusses the issue that 
most instruction in chemistry is at the symbolic level, but students need to engage 
with all three levels – macroscopic, submicroscopic, and symbolic – to really under-
stand chemistry. CREATES follows the progression of chemistry ideas that are 
present in both Gabel’s work and the NGSS. The lessons ask for both macroscopic 
observations and particulate (i.e., submicroscopic level) explanations for phenom-
ena under consideration. For example, rather than weighing the system prior to and 

Table 6.1 Assessments utilized in CREATES

Assessment Developer Type

Milestones Polman (2000) [Rory 
Wagner’s milestones]

Milestone markers – sharing 
checkpoints of project status (all stages)

Particulate Nature of Matter 
Assessment (ParNoMA)

Yezierski (2003) 20-item multiple-choice (varied number 
of response choices) science concept 
survey

Purdue Spatial Visualization 
Test-Rotation (PSVT-Rot)

Bodner and Guay 
(1997)

20-item multiple-choice mental rotation 
test

Conservation of Matter 
Assessment (CoMA)

Pyke and Ochsendorf 
(2004)

10-item multiple-choice and short 
answer science concept survey

Literature Review
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after a reaction to show that mass was conserved, the CREATES lesson also asks 
students to make observations and model the products and reactants. An emphasis 
is placed on the students modeling both the macroscopic view and the particulate 
view.

The particulate nature of matter refers to the atomic, molecular, and ionic inter-
actions that result in chemical phenomena (Bunce & Gabel, 2002; Gabel, 1999; 
Johnstone, 1991). The particulate nature of matter is a concept that states (1) matter 
is composed of tiny, individual particles, (2) the particles are always in motion, and 
(3) the nature of the particles and their interactions define the properties of matter 
(Nyachwaya et al., 2011). When discussing the importance of the particulate nature 
of matter, Margel, Eylon, and Scherz (2008) said that understanding the concept of 
the particulate nature of matter illuminates “relationships between structure, proper-
ties, and applications of materials, which will in turn help us understand phenomena 
in the world around us” (p. 135).

Understanding that matter is made up of particles (i.e., atoms, molecules, and 
ions) is important in order for students to understand how or why chemistry hap-
pens. Smith, Wiser, Anderson, and Krajcik (2006) asserted “understanding the 
atomic-molecular theory depends crucially on the macroscopic big ideas studied 
earlier (e.g., the understanding that matter has weight and occupies space) and, at 
the same time, it provides deeper explanatory accounts of macroscopic properties 
and phenomena” (p. 12). If students are unable to envision that matter is composed 
of tiny particles, they will not be able to understand how these particles interact 
through chemical reactions or physical processes. Wright (2003) asserts “when stu-
dents learn about atoms they are given the key to unlocking many of the doors 
across the sciences, in physics, chemistry, biology, and earth science” (p. 18).

Others have found children’s beliefs about matter are fragmented rather than 
being part of a true explanatory framework. In addition, children’s views of matter 
seemed to be more descriptive than explanatory; they viewed macroscopic proper-
ties as intrinsic properties of the substance (Nakhleh & Samarapungavan, 1999). 
They also noted that children’s conceptions of matter were not consistently devel-
oped across the spectrum; some exhibited different views of solids versus liquids or 
gases. Researchers also found middle school students are in the process of transi-
tioning to a more scientifically accurate particulate view of matter, but nearly one 
third of the middle school students in their study continued to hold an inaccurate 
macro-level view (Nakhleh, Samarapungavan, & Saglam, 2005).

Students often have difficulty understanding the conservation of matter during 
chemical reactions because the substances change. In a study of sixth-grade stu-
dents, Lee, Eichinger, Anderson, Berkheimer, and Blakeslee (1993) found that stu-
dents struggled with the idea that matter is made of molecules; many students 
instead believed that molecules are in matter similar to the way chocolate chips are 
part of a cookie but don’t make up a cookie. They also found that students had dif-
ficulty conserving matter when explaining dissolving or changes of state, particu-
larly when a gas was evolved. Students also often equate dissolving with disappearing 
(Lee et al., 1993).
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The power of chemistry to explain natural phenomena lies at the atomic level 
(Hesse & Anderson, 1992; Treagust & Chittleborough, 2001), but students are often 
expected to make the link between the macroscopic observations and the particulate 
explanations on their own. Researchers have suggested that instruction is needed at 
the atomic level in order for students to develop an understanding of chemistry 
(Ahtee & Varjola, 1998; Gabel, 1993). Similar to Lee et al. (1993), Nakhleh et al. 
(2005) also suggest that one reason students struggle to view matter as particulate is 
that they continue to base their ideas solely on their observations rather than incor-
porating new abstract information about the particles in matter from their science 
lessons in school into their framework of understanding about matter.

 Assessment

CREATES assessments are varied and ongoing. Prior to and after the unit, spatial 
and science content assessments are used to gauge students’ understanding of the 
particulate nature of matter (ParNoMA; Yezierski, 2003), the conservation of matter 
(CoMA; Pyke & Ochsendorf, 2004), and mental rotation ability (PSVT-Rot; Bodner 
& Guay, 1997). Milestones occur throughout the unit where students are able to 
share their ongoing project work with other students as well as the teachers. Teachers 
may also wish to ask students to keep science notebooks throughout the unit. The 
science notebooks are both a tool for the student to record project ideas and prog-
ress, work from benchmark lessons, and questions they may be considering and a 
tool for the teacher to assess student progress throughout the unit.

 CREATES Overview

Students explore chemistry concepts related to chemical reactions and the thermal 
energy of chemical reactions through the driving question, “How can I use chemical 
reactions to keep me comfortable?” An emphasis is placed on considering both the 
macroscopic (i.e., what we can observe) and the particulate views (i.e., atoms, mol-
ecules, ions, etc.) of matter and the changes it undergoes. Students design, test, and 
refine a chemical hot or cold pack using the engineering design process as well as 
undertake a project of their own design, using what they learned in the unit and first 
project as jumping-off points. This second project allows students to investigate 
their own sub-driving question. This unit includes two fundamental ideas in chem-
istry, the Law of Conservation of Mass and the particulate nature of matter, in addi-
tion to an introduction to chemical reactions. Later chemistry instruction builds on 
these concepts. Table 6.2 outlines the progression of CREATES benchmark lessons. 
Detailed lessons are at the end of this chapter.

The first lesson How safe are the chemicals in my food? gets students thinking 
about what chemicals are and whether all chemicals are dangerous. Students 
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 consider a set of ingredients to determine whether the food is good to eat. Then 
students work in groups to develop a definition of chemicals based on their experi-
ences and also readings. Throughout the lesson students create and refine a defini-
tion for chemicals as well as learn about what is and is not chemicals. Students use 
articles to understand how and when chemicals are used and discuss the evolving 
definition of chemical as a group. The list of ingredients is revisited at the end of the 
lesson with another question of whether students would eat it after learning about 
chemicals; the identity of the food is only revealed at the end of the lesson.

In the next lesson When does a cookie become a cookie?, students learn about 
chemical and physical changes, identifying both definitions and criteria for each. 
The initial context is making cookies, discussing the steps involved and the changes 

Table 6.2 Benchmark lessons within the CREATES unit 

Lesson 1 How safe are the chemicals in my food? Gets students thinking about what 
chemicals are and whether all chemicals are dangerous. Throughout the lesson 
students create and refine a definition for chemicals as well as learn about what 
is and is not chemicals.

Lesson 2 When does a cookie become a cookie? Students learn about chemical and 
physical changes, identifying both definitions and criteria for each. The initial 
context is making cookies, discussing the steps involved and the changes that 
can be observed for each step.

Engineering 
project intro.

Students are introduced to a project for the unit: Using engineering design to 
make, test, and refine a chemical hot or cold pack. They are reminded of the 
driving question and provided with commercially made hot or cold packs to 
observe and consider how they work. Students investigate the hot or cold packs 
and then discuss the constraints the class will use for their projects. Students 
then come up with initial plans for their prototype.

Lesson 3 How can I tell if a chemical reaction has occurred? Builds on the differentiation 
between chemical and physical changes from Lesson 2. Students differentiate 
between the reactants and products and consider what happens to each at the 
particulate level during a chemical reaction. Students also model the 
rearrangement of atoms in a chemical reaction, building the base for learning 
about the Law of Conservation of Mass. Finally, students identify signs a 
chemical reaction has occurred.

Lesson 4 What happens to the mass? Asks students to predict, model, and test what 
happens to the mass during chemical reactions. After discovering the conditions 
needed to confirm the law of conservation of mass, students design and write a 
letter describing an experiment that could be done to confirm the law.

Lesson 5 How do we know the mass of a molecule? Continues linking the macroscopic to 
the particulate level and introduces the idea that atoms combine in constant 
ratios. Students create a periodic table of blocks and use it to make the 
connection between the mass of atoms and molecules. The law of definite 
proportions is also introduced, where students can use grade-level-appropriate 
mathematics of ratio and proportion to see that atoms combine in constant ratios.

Lesson 6 Why did my beaker change temperature? Introduces students to the idea that 
some chemical reactions give off energy in the form of heat, while others require 
the addition of energy. They too explore the factors that affect the amount of 
heat energy in a reaction. After making rudimentary hot or cold packs, students 
are tasked with carrying out their engineering design project.
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that can be observed for each step. After the class has come to a consensus on the 
meaning and identification of chemical and physical changes, students are tasked 
with making a mug cake, identifying the changes, and deciding when the raw ingre-
dients become a cake and how they know.

At this point, students are introduced to the first project for the unit: using engi-
neering design to make, test, and refine a chemical hot or cold pack. They are 
reminded of the driving question How can I use chemical reactions to keep me 
comfortable? and provided with commercially made hot or cold packs to observe 
and consider how they work. Students investigate the provided hot or cold packs and 
then discuss the constraints the class will use for their projects. Students then come 
up with initial plans for what they plan to make and how to make their prototype. 
These plans will be refined throughout the remaining lessons, as well as any just-in- 
time lessons that become necessary due to the projects.

The third lesson How can I tell if a chemical reaction has occurred? builds on the 
differentiation between chemical and physical changes from Lesson 2. Students dif-
ferentiate between the reactants and products in a reaction and consider what hap-
pens to each at the particulate level during a chemical reaction. Students also model 
the rearrangement of atoms in a chemical reaction, building the base for learning 
about the Law of Conservation of Mass. Finally, students identify signs a chemical 
reaction has occurred. This is a particularly important topic for linking the macro-
scopic and particulate views.

The fourth lesson What happens to the mass? asks students to predict, model, 
and test what happens to the mass during chemical reactions. After discovering the 
conditions needed to confirm the Law of Conservation of Mass, students design and 
write a letter describing an experiment that could be done to confirm the law. 
Students trade letters with a classmate, critiquing the explanation and experiment 
before sharing with the class.

The fifth lesson How do we know the mass of a molecule? continues linking the 
macroscopic to the particulate level and introduces the idea that atoms combine in 
constant ratios. Students create a periodic table of blocks and use it to make the con-
nection between the mass of atoms and molecules. The law of definite proportions 
is also introduced, where students can use grade-level-appropriate mathematics of 
ratio and proportion to see that atoms combine in constant ratios to make 
molecules.

The sixth lesson Why did my beaker change temperature? introduces students to 
the idea that some chemical reactions give off energy in the form of heat, while oth-
ers require the addition of energy. They go on to explore the factors that affect the 
amount of heat energy that is produced or required in a reaction.

After completing the benchmark lessons, students continue with an engineering 
design approach to create a better hot or cold pack that will fit the given require-
ments. The requirements vary by class but could include things such as cost of 
materials, reusability, or aesthetics. These hot or cold packs are based on the design 
that began after Lesson 2 and evolved throughout the rest of the unit. Students 
should go beyond designing the packs and should build, test, and redesign the packs 
prior to sharing their products with peers. The engineering design process or 
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 showcase of hot and cold packs would also be good times to incorporate an expert 
from the community to share in the process and make it as authentic as possible.

While designing, testing, and building a hot or cold pack is a project, as we 
learned in Chap. 3, having a project alone does not make a unit a project-based unit. 
In the case of the engineering design project in this unit, the students were all asked 
to solve a problem (using chemicals to keep them comfortable) related to the driving 
question, but they all solved the same problem in largely the same way. This project 
does not allow students to develop their own sub-driving question and pursue a 
project related to that. For CREATES to be a PBI unit, students should also com-
plete a project that is guided by their own sub-driving question. Students may wish 
to use what they learned in the engineering design project or from other places 
within the unit such as milestones or benchmark lessons to inform their sub-driving 
questions and project designs for their PBI unit projects.

 CREATES Lessons

The following lessons contribute to students’ understanding of chemical reactions, 
the Law of Conservation of Mass, thermochemistry, and chemistry in general. The 
unit focuses on the driving question, “How can I use chemical reactions to keep 
myself comfortable?” It assumes that students have already been introduced to the 
structure of matter. The first unit project takes an engineering approach to solving a 
problem, assuming that students are also familiar with engineering design, as 
described by the Next Generation Science Standards. The second unit project 
branches off of the first and the driving question, where students can investigate how 
chemical reactions can be used to keep people comfortable.

 Lesson 1: How Safe Are the Chemicals in My Food?

The first lesson, “How safe are the chemicals in my food?”, sets the stage for the rest 
of the unit by asking students to start thinking about chemicals. A definition is not 
provided for chemicals; rather, students use a word sort activity, readings, and group 
discussion to come up with a definition of chemicals for the class. This lesson is 
broadly relevant to the Disciplinary Core Idea (DCI) PS1.B: Chemical Reactions in 
that the lesson focuses on a problematic term – chemicals. The term is not defined 
well or, at times, at all. Many chemistry textbooks don’t include chemical in the 
glossary, other than as part of another term. The American Chemical Society web-
site uses the term chemical somewhat interchangeably with the term matter. 
Dictionaries often identify the term by using chemical as part of the definition. It’s 
no wonder the definition of chemical is poorly understood by the general public. 
The lesson is aligned to the Science and Engineering Practices and Crosscutting 
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Concepts through understanding of the nature of science. Students learn about sci-
ence as a way of knowing, scientific explanations are based on evidence, and, some-
times, new evidence can change a scientific explanation. The driving question uses 
the phrase chemical reactions. Before students can begin to think about how they 
can use chemical reactions, students need to understand what chemicals are and not 
all chemicals are dangerous.

Engage
 1. Show the ingredient list, without showing the picture or telling students what the 

food item is. (Note: There are a variety of foods online with ingredient lists avail-
able. A banana was used here as a familiar food that is usually considered healthy, 
but another food item could be substituted).

 2. Ask students if they’d like to eat this food as a snack.

 (a) Take a poll of who would eat it.
 (b) Ask a few students for a reason for their choice.

 3. As a group, identify the ingredients in the food as chemicals or not chemicals. 
How did the students know which substances were chemicals?

Ingredients: Water (75%), Sugars (12%) (Glucose (48%), Fructose (40%), 
Sucrose (2%), Maltose (<1%)), Starch (5%), Fiber E460 (3%), Amino Acids (<1%) 
(Glutamic Acid (19%), Aspartic Acid (16%), Histidine (11%), Leucine (7%), Lysine 
(5%), Phenylalanine (4%), Arginine (4%), Valine (4%), Alanine (4%), Serine (4%), 
Glycine (3%), Threonine (3%), Isoleucine (3%), Proline (3%), Tryptophan (1%), 
Cystine (1%), Tyrosine (1%), Methionine (1%)), Fatty Acids (1%) (Palmitic Acid 
(40%), Omega-3 Fatty Acid: Linolenic Acid (8%), Oleic Acid (7%), Palmitoleic 
Acid (3%), Stearic Acid (2%), Lauric Acid (1%), Myristic Acid (1%), Capric Acid 
(<1%)), Ash (<1%), Phytosterols, E515, Oxalic Avid, E300, E306 (Tocopherol), 
Phylloquinone, Thiamin, Colors (Yellow-Orange E101 (Riboflavin), Yellow-Brown 
E 160a), Flavors (3-Methylbut-1-yl Ethanoate, 2-Methylbutyl Ethanoate, 
2-Methylpropan-1-ol, 3-Methylbutyl-1-ol, 2-hydroxy-3-methylethyl Butanoate, 
3-Methylbutanal, Ethyl Hexanoate, Ethyl Butanoate, Pentyl Acetate), 1510, Natural 
Ripening Agent (Ethene Gas) (Monash, 2014).

Explore
 1. Hand out a set of cards to each group of four students. The set of cards should 

include Light, Banana, Coffee, Table salt, Aspartame, Iodine, Iron, Sound, Air, 
Vinegar, Heat, Baking soda, Corn, Coal, Sucrose, Anger, Electricity, Water, 
Milk, Coca-Cola.

 2. Ask them to sort the cards into things that are chemicals, things that are mixtures 
of chemicals, and things that are not chemicals. Do not provide definitions or 
additional directions. Students should decide within their groups what the crite-
ria are for each group of cards. Some groups of students may also want to have 
an unknown category. How did they group their cards?

 3. Set the cards aside, but keep them in the categories. These will be revisited later.
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Explain
 1. In groups, have students write out a definition for a chemical. What makes some-

thing a chemical? What makes something not a chemical? Is the definition dif-
ferent for pure chemicals versus mixtures of chemicals? Is the definition different 
for natural versus artificial (man-made) chemicals?

 2. Share the definitions with the class. Come to a consensus (or close) on what 
makes something a chemical. This definition may change later, so a final consen-
sus isn’t necessary. If needed, settle on more than one definition or criteria for 
what makes something a chemical for now.

Elaborate
 1. Hand out a few grade-level-appropriate articles that include chemicals (e.g., De 

Antonis, 2010; Haines, 2009; Perkins, 2015; Rohrig, 2011; Tinnesand, 2014; 
Washam, 2010; Zielinski, 2015), giving a different one to each student in each 
group.

 2. Students should read the article individually, answering the guiding questions.

 (a) Which article did you read?
 (b) What kinds of chemicals were discussed in the article?
 (c) Where are these chemicals found?
 (d) Are these chemicals helpful or harmful? Explain.

 3. Provide a few minutes for the students to consult with others who read the same 
article. Students can meet in the groups, sharing their responses and answering 
questions for each other. Before leaving the group, each student should be the 
“expert” on their article.

 4. After returning to their original groups, students should take turns sharing what 
their article said and what they learned about the chemicals in the article.

Evaluate
 1. Ask students to look at the categories used for the cards earlier.

 (a) Do they still agree with the categories? Are there any they’d like to change?
 (b) Ask students to move any to different categories based on what they now 

know.

 2. Revisit the definition(s) of a chemical written earlier. Do any changes need to be 
made? Ask students to justify any suggested changes.

 3. Take a poll again, asking students if they’d like to eat the snack represented by 
the ingredient list.

 (a) Did any of them change their minds?
 (b) Tell them it’s a list of ingredients for a banana. Does that make a 

difference?

 4. Ask students to briefly describe how they would explain what chemicals are and 
whether chemicals are safe to a family member. What evidence would they use 
to support their claims?
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 Lesson 2: When Does a Cookie Become a Cookie?

Students use the familiar context of making cookies to begin to think about chemi-
cal and physical changes. Similar to the format of Lesson 1, students develop defini-
tions and criteria for identifying chemical and physical changes. At the end of the 
lesson, students compare their definitions and criteria, and this sets the stage for the 
next lesson where they explore signs of a chemical reaction. This lesson is related 
to the DCI PS1.B: Chemical Reactions. In order for students to understand chemical 
reactions, they first need to be able to identify them. It also supports the perfor-
mance expectation (PE) MS-PS1–2 (analyze and interpret data on the properties of 
substances before and after the substances interact to determine if a chemical reac-
tion has occurred). This lesson allows students to generate their own ideas (based 
on observations and prior experience) to identify when they think a chemical reac-
tion has occurred. The next lesson expands on this, exploring evidence of chemical 
reactions. The driving question asks students to use chemical reactions to keep 
themselves comfortable. Before they can use a chemical reaction, they need to be 
able to differentiate between chemical reactions and physical changes.

Engage
 1. Ask students to think about making cookies. Have them describe the process, 

outlining it on the board. If your students are unfamiliar with baking, you may 
wish to look for a video online where cookies are made on a cooking show.

 2. Think about what happens at each stage of the process – mixing ingredients, 
portioning cookies onto the cookie sheet, and baking the cookies.

 (a) Are the cookies the same at each stage? How are they the same or different? 
If not, at what point do they become cookies?

 (b) Are the cookies undergoing physical or chemical changes at each stage? 
How can you tell?

Explore
 1. Hand out the sets of cards to each group. Each set should contain a card with 

each of the following: Wood becoming sawdust, Toasting Bread, Alka-Seltzer in 
water, Hard boiling an egg, Making a statue out of clay, Fresh milk becoming 
sour milk, Ice turning into liquid water, An iron nail rusting, Melting wax, 
Mixing cake ingredients, Baking a cake, Exploding fireworks, Crushing a Coke 
can with your foot, Mixing salt and water, Mowing the lawn, Digesting pizza.

 2. Students should group the cards by any criteria they choose, but all cards need to 
be in categories.

 3. Once the cards are sorted, each group should justify why the cards fit into each 
category. How did they decide where the cards fit?

Explain
 1. Introduce the terms “physical change” and “chemical change,” without defining 

the terms.
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 2. Ask students to classify their categories as physical or chemical changes. Are 
there any cards that need to be moved? Are there categories that are now 
uncertain?

 3. As a class, agree on definitions of physical and chemical changes. Include signs 
and/or examples of each.

Elaborate
 1. Ask students to make a list of the following (see below for list of demonstrations) 

changes and predict whether each will be a chemical or physical change. Ask 
them to include the evidence they will look for to support their choice.

 2. Demonstrate (or have students experience at stations) each of the following 
changes. Students should make observations along the way.

 (a) Tear a piece of aluminum foil into strips.
 (b) Toast a marshmallow.
 (c) Melt chocolate.
 (d) Wipe a swab that has been dipped in rubbing alcohol on a piece of glass.
 (e) Dissolve table salt in water.
 (f) Mix aqueous solutions of magnesium sulfate and sodium carbonate (a pre-

cipitate should form).

 3. After each change is demonstrated, students should use their observations to 
explain why their initial prediction was correct or not. Remind students to 
include evidence to support their claims.

 4. Ask students to draw what happened in each case. Be sure to include both the 
macroscopic view (what we can see/observe) and the particulate view (what’s 
happening at the particulate level). How does the particulate view help explain 
the macroscopic observations?

Evaluate
 1. Ask students to make a mug cake as homework, making observations along the 

way. Students should use their observations to support any claims of chemical or 
physical changes they observe. In the end, they should decide when the “cake 
becomes a cake” and how they know when it happens.

 (a) Mug cake recipes can be found online. Choose a recipe that will work for 
your students.

 (b) A simple recipe is to mix one box of just-add-water angel food cake mix 
with one box of cake mix of your choice. Two tablespoons of water can be 
stirred into three tablespoons of this combined mix and then heated in the 
microwave for 1 min.

 2. In class, ask students to share what they learned about when the cake became a 
cake. What evidence did they use to make their decision?

 4. Return to the initial definition of chemical and physical changes your students 
wrote. Provide accepted definitions for chemical and physical change. Allow 
your students to compare theirs to the accepted definitions.

6 Chemical Reactions Engineered to Address Thermal Energy Situations (CREATES)



123

 5. Alternate: If students are unable to make mug cakes, ask students to keep a list 
of chemical and physical changes they observe or experience between now and 
the next class. Label each one physical or chemical change, including evidence 
for how they know. Then continue with the lessons.

 Lesson Pause: Introducing the Engineering Design Project

At this point, students should be introduced to the project for the unit. The project is 
based on the PE MS-PS1–6 (undertake a design project to construct, test, and mod-
ify a device that either releases or absorbs thermal energy by chemical processes). 
According to the assessment boundary, students should focus on changing the 
amount, time, and temperature of a substance when designing and testing their 
device. Though this PE says chemical processes, the clarification statement specifi-
cally mentions dissolving a substance, suggesting that a physical change or a chemi-
cal change could be used.

 1. Provide groups of students with a commercially made hot pack or cold pack.
 2. Ask students to make observations of the pack initially as well as after activation. 

What inferences and observations can they make about how the packs work? 
What questions do they have?

 3. Remind students of the driving question, “How can I use chemical reactions to 
keep me comfortable?”, and ask them to think about how their observations of 
the hot or cold pack could help them address the question.

 4. Ask students to make each of the following. Students should make observations 
along the way.

 (a) Mini-project A.

 (i) Place 10 mL of water in a zip-closing bag.
 (ii) Tilt the open bag at an angle so that the water flows into one corner. 

Hold the bag, while a partner places an Alka-Seltzer tablet in the oppo-
site corner. Remove as much air as possible and seal the bag.

 (iii) Shake the bag to help the water and Alka-Seltzer combine. Place the 
bag in a bowl or sink in case the bag pops.

 (iv) Feel the liquid near the tablet to see if there is any temperature change.

 (b) Mini-project B.

 (i) Place 25 mL of water in a zip-closing bag.
 (ii) Tilt the open bag at an angle so that the water flows into one corner. 

Hold the bag, while a partner places 10 g calcium chloride in the oppo-
site corner. Remove as much air as possible and seal the bag.

 (iii) Shake the bag to help the water and calcium chloride combine. Place 
the bag in a bowl or sink in case the bag pops.

 (iv) Feel the liquid to see if there is any temperature change.
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 5. Have students model (macroscopic and particulate views) what happened inside 
of each bag. How do these models relate to the driving question?

 6. What questions do students have about designing their own hot or cold pack? 
What additional information do they need?

 7. Ahead of time or as a class, choose the constraints that will be placed on the 
projects. These constraints might include the following: the pack must be a reus-
able hot or cold pack, it needs to be aesthetically pleasing, the contents of the 
pack should be environmentally friendly, the pack needs to be under a certain 
cost, etc.

 8. In their science notebooks, students should make initial plans for a hot or cold 
pack.

 (a) Plans should include the type of pack, how it will be constructed, materials 
needed, and also any additional information the students still need.

 (b) These plans should be refined throughout the rest of the lessons, and, at the 
conclusion of the unit, the hot or cold pack will be constructed, tested, and 
refined.

 Lesson 3: How Can I Tell if a Chemical Reaction Has 
Occurred?

The third lesson, “How can I tell if a chemical reaction has occurred?”, builds on the 
differentiation between chemical and physical changes from Lesson 2. Students dif-
ferentiate between the reactants and products in a reaction and consider what hap-
pens to each at the particulate level during a chemical reaction. Students also model 
the rearrangement of atoms in a chemical reaction, building the base for learning 
about the Law of Conservation of Mass.

Engage
 1. Review the terms chemical change and physical change. Introduce the terms 

reactant and product. In a chemical change (or chemical reaction), the atoms in 
the reactants rearrange to form the products. Since we can’t see atoms, ask stu-
dents how they think we can tell a chemical change has occurred.

 2. Demonstrate the reaction between vinegar and baking soda. Use a graduated 
cylinder or a small cup and enough of each reactant so the products bubble out 
over the top.

 (a) Ask students to make observations of the reactants, the reaction, and the 
products. What do they see?

 (b) They should notice a solid and a liquid combined to form a gas. Also, there 
is likely still some solid and liquid in the bottom of the container.

 (c) Ask students how they can tell if a chemical reaction has occurred.
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 3. Have students look at the chemical equation for the vinegar and baking soda 
reaction as you discuss the reactants.

 HC H O NaHCO H O CO NaC H O2 3 2 3 2 2 2 3 2+ → + + .  

Acetic acid (vinegar)  +  sodium bicarbonate (baking soda) ➔ water + carbon 
dioxide + sodium acetate

 (a) Ask students about vinegar:

 (i) Acetic acid is mixed with water to form vinegar. Vinegar is usually 5% 
acetic acid and 95% water. When a reactant is in a solution, the water is 
usually not listed as a reactant.

 (ii) Which atoms make up an acetic acid molecule?
 (iii) What to the little numbers mean?
 (iv) Do you think every acetic acid molecule has this formula? Why or why 

not?

 (b) Ask students about baking soda:

 (i) Baking soda is sodium bicarbonate.
 (ii) What atoms is sodium bicarbonate made of?
 (iii) How many of each type of atom are in a molecule of sodium 

bicarbonate?

 (c) Is every type of atom on the left side (reactants) of the equation also on the right 
side (products) of the equation? How do the numbers of atoms on each side 
compare?

Explore
 1. Demonstrate the vinegar-baking soda reaction again, this time adding some soap 

to the mix. Pour 10 mL vinegar into a small cup, and add one drop of dishwash-
ing liquid. Swirl gently to mix. Add 1/2 tsp. of baking soda to an empty 50 mL 
graduated cylinder that is sitting in a pan to catch any overflow. Pour the vinegar 
and dishwashing liquid from the cup into the graduated cylinder. Have students 
make observations.

 2. Ask students how they think they could change the amount of foam produced so 
it rises just to the top of the graduated cylinder without overflowing.

 (a) Students may mention variables such as changing the amount of vinegar, 
changing the amount of baking soda, changing the amount of dishwashing 
liquid, changing the temperature of the reactants, or changing the order the 
reactants are added to the cylinder.

 (b) Note: The dishwashing liquid isn’t a reactant in this case but is an indicator 
of the amount of gas produced.

 (c) Note: Adding the baking soda to the cylinder before the vinegar provides for 
better mixing.
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 3. Challenge students to conduct an investigation of how to make the foam rise to 
the top of the cylinder without overflowing. Remind them that you used 10 mL 
vinegar, 1/2 tsp. baking soda, and one drop of dishwashing liquid and that these 
amounts caused the foam to overflow.

 (a) Students should be making observations throughout their experimentation.
 (b) Some students may need to be reminded to rinse the graduated cylinder 

between trials, to add the reactants the same way each time, or to keep care-
ful track of amounts.

 (c) When students have come up with a result they think works the best, they 
should explain what they see at both the macroscopic and particulate levels. 
Also ask them to think any patterns they see in their data. For instance, are 
there any clues in the ratios of reactants used?

Explain
 1. Why does adjusting the amount of baking soda or vinegar affect the amount of 

foam produced? What is happening at the particulate level?
 2. What would you need to do to produce more carbon dioxide?
 3. Could you keep adding more and more baking soda to the same amount of vin-

egar to get more carbon dioxide? Why or why not?
 4. Are atoms created or destroyed in a chemical reaction? How do you know?

Elaborate
 1. Have students make a model to show that in each of the following chemical reac-

tions, the atoms of the reactants are rearranged to make the products. If there are 
not enough reactants to make the products, add another reactant molecule. If 
there are reactant molecules leftover, make more products. Go back and forth 
adding molecules until all atoms in the reactants are used with none leftover. 
Keep track of how many of each reactant molecule are used.

 (a) Baking soda and vinegar (see Fig. 1).
 (b) Hydrochloric acid and sodium hydroxide (see Fig. 2).
 (c) Methane and oxygen (see Fig. 3).
 (d) Magnesium sulfate and sodium carbonate (see Fig. 4).

Acetic

Acid

HC2H3O2

Sodium

Bicarbonate

NaHCO3

Water

H2O

Carbon

Dioxide

CO2

Sodium

Acetate

NaC2H3O2

Fig. 1 The reaction between baking soda and vinegar
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 2. Write balanced equations, using the number of reactant molecules used and 
number of product molecules created as coefficients. Count the number of each 
kind of atom on each side of the equation to check.

 (a) In what ratio do the reactants react in each chemical change?
 (b) In what ratio do the products form in each chemical change?

 Lesson 4: What Happens to the Mass?

Students continue to examine what happens to the mass in chemical reactions in 
Lesson 4. They predict and test whether the mass will change in chemical reactions. 
Students also model the substances prior to, during, and after a chemical reaction; 
both the macroscopic views and the particulate views are included. Students are also 
asked to consider how the two views are related. Lesson 4 addresses the PE 
MS-PS1–5 (develop and use a model to describe how the total number of atoms 

Hydrochloric
Acid HCl

Sodium
Hydroxide

NaOH

Water
H2O

Sodium
Chloride

NaCl

Fig. 2 The reaction between hydrochloric acid and sodium hydroxide

Methane

CH4

Oxygen

O2

Carbon Dioxide

CO2

Water

2  H2O

Fig. 3 The reaction between methane and oxygen

Magnesium
Sulfate
MgSO4

Sodium
Carbonate
Na2CO3

Sodium
Sulfate
Na2SO4

Magnesium
Carbonate
MgCO3

Fig. 4 The reaction between magnesium sulfate and sodium
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does not change in a chemical reaction and thus mass is conserved). An emphasis 
is placed on relating the macroscopic (i.e., the things we can measure or observe, 
like mass) and the particulate views (i.e., the atomic, molecular, ionic, etc. level we 
can only model), which helps students make the connection between conserving the 
number of atoms and the mass in a chemical reaction.

Engage
 1. For each of the following, ask students to identify whether it’s a chemical or 

physical change and also predict what will happen to the mass of the materials: 
Increase, decrease, or stay the same. Be sure to weigh each and record the mass 
before and after each demonstration.

 (a) Tear a piece of paper into eight pieces.
 (b) Place Alka-Seltzer into a glass of water.
 (c) Melt an ice cube.
 (d) Toast a marshmallow over a flame.

 2. Ask students if the results were what they expected. Ask for reasons for their 
answers.

 3. Ask students to create models (most likely, draw diagrams) showing what hap-
pened in each case. Be sure to include both the macroscopic (what we can sense) 
and the particulate (particles/atoms/ions/molecules) views.

 4. Share the quote, “We may lay it down as an incontestable axiom that, in all the 
operations of art and nature, nothing is created; an equal amount of matter exists 
both before and after the experiment. Upon this principle, the whole art of per-
forming chemical experiments depends” (Antoine Lavoisier, 1789).

 (a) Discuss what this quote means.
 (b) The quote is one of the early statements of the Law of Conservation of Mass.

Explore
 1. After hearing/reading the quote, ask students if they think their predictions for 

Part 1 should change.
 2. Ask students to revisit their drawings, making changes as needed. Rather than 

getting rid of any initial models, students should modify or create new models.
 3. Based on Lavoisier’s quote (and the Law of Conservation of Mass), we know 

that the mass should be the same before and after a chemical or physical change. 
Why might some of the masses from Part 1 change? What could be done differ-
ently so the masses wouldn’t change?

 4. Ask students to choose one of the options below as the best way to confirm the 
Law of Conservation of Mass. Ask for justification of their choice. (Procedures 
for each option are listed at the end of the lesson.)

 (a) Option A: A beaker contains baking soda. A second beaker contains vinegar. 
Each of the beakers and their contents are weighed separately. The baking 
soda is poured into the beaker with the vinegar. After the reaction subsides, 
the two beakers and their contents are again weighed. The masses before and 
after the reaction are compared.
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 (b) Option B: A plastic bottle contains vinegar. A test tube contains baking soda. 
Both containers and their contents are weighed. The baking soda is poured 
into the bottle. After the reaction subsides, the bottle and test tube and their 
contents are again weighed. The masses before and after the reaction are 
compared.

 (c) Option C: A beaker contains baking soda. A second beaker contains vinegar; 
this beaker is covered by a watch glass. Each of the beakers and their con-
tents are weighed separately. The baking soda is poured into the beaker with 
the vinegar, which is then covered by the watch glass. After the reaction 
subsides, the two beakers and their contents are again weighed. The masses 
before and after the reaction are compared.

 (d) Option D: A plastic bottle contains vinegar; the bottle has a screw-on cap. 
Baking soda is carefully wrapped in a thin paper. Both containers and their 
contents are weighed. The bottle is placed on its side without spilling the 
vinegar. The wrapped baking soda is placed inside the neck of the bottle, 
without touching the vinegar. The cap is carefully screwed onto the top of 
the bottle. The bottle and contents are carefully weighed. The bottle is tipped 
up, and a reaction occurs. After the reaction, the bottle and its contents are 
again carefully weighed. The masses before and after are compared.

 5. Have students try out the option chosen and respond to the following questions. 
Remind them to carefully record the masses and follow the procedures.

 (a) Were you able to confirm the Law of Conservation of Mass? Why or why 
not?

 (b) What happened to the vinegar and baking soda in the option you chose? 
What about the particles inside of each? Draw a diagram to help with your 
explanation.

 (c) Would a different option be better? Why or why not?
 (d) NOTE: if students did not confirm the Law of Conservation of Mass and 

decide another option is better, have them try out the new choice if time 
permits. If there isn’t time, have students discuss as a class what they learned 
from each option and come to a consensus on which was the best choice.

Explain
 1. Ask students to share their results with the rest of the class.

 (a) Discuss open and closed systems.
 (b) Identify each of the options (A, B, C, D) as an open or closed system.

 2. Show students the equation for the reaction between vinegar and baking soda.

 HC H O NaHCO H O CO NaC H O2 3 2 3 2 2 2 3 2+ → + +  

Acetic acid (vinegar)  +  sodium bicarbonate (baking soda) ➔ water + carbon 
dioxide + sodium acetate.

 3. Have students draw what happened including both the macroscopic and particu-
late views, now using the specific atoms and molecules.
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Elaborate
 1. Have each student choose a physical change or a chemical change that was dem-

onstrated in the introduction to this lesson.
 2. Ask students to design an experiment to confirm that mass was conserved during 

the change.
 3. Have students write a letter to a family member describing their experiment and 

explaining why and how it would confirm the Law of Conservation of Mass.

Evaluate
 1. Have students trade letters with a classmate.
 2. Ask each to read their classmate’s letter, think about whether there is enough 

detail to understand the experiment, and decide whether they think their experi-
ment will work or not. Ask for reasons, including drawings of the macroscopic 
and particulate views where appropriate.

 3. Ask students to share suggestions to their classmate’s letter, revising their own 
letters as appropriate.

 4. Have students share what they learned with the class. What conditions are neces-
sary for confirming the conservation of mass in a chemical or physical change? 
How do the macroscopic and particulate views of the reactions help us under-
stand what’s happening in a reaction or change of state?

Procedures
Option A:

 1. Measure out 5 mL vinegar into one beaker and 1.5 g baking soda into a second 
beaker.

 2. Weigh each beaker (and its contents). Record the masses.
 3. Carefully pour the baking soda into the beaker containing the vinegar.
 4. Observe as the reaction occurs.
 5. Weigh each beaker again (and its contents). Record the masses.

Option B:

 1. Measure out 5 mL vinegar into the empty plastic bottle and 1.5 g baking soda 
into a test tube.

 2. Weigh the bottle (and its contents). Weight the test tube and its contents. Record 
the masses.

 3. Carefully pour the baking soda into the bottle containing the vinegar.
 4. Observe as the reaction occurs.
 5. Weigh the bottle (and its contents). Weight the test tube. Record the masses.

Option C:

 1. Measure out 5 mL vinegar into one beaker and 1.5 g baking soda into a second 
beaker.

 2. Cover the beaker that contains vinegar with a watch glass.
 3. Weigh each beaker (including its contents and the watch glass). Record the 

masses.
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 4. Carefully pour the baking soda into the beaker containing the vinegar. 
Immediately cover the beaker with the watch glass.

 5. Observe as the reaction occurs.
 6. Weigh each beaker again (and its contents and watch glass). Record the masses.

Option D:

 1. Measure out 5 mL vinegar into the empty plastic bottle and 1.5 g baking soda 
into a test tube.

 2. Carefully pour the baking soda onto the middle of a kimwipe. Roll the kimwipe 
up like a burrito. You may need to ask your teacher for help.

 3. Weigh the bottle (and its contents and cap). Weight the kimwipe and its contents. 
Record the masses.

 4. Carefully tilt the bottle onto its side without spilling the vinegar. Place the kim-
wipe into the neck of the bottle, careful to not let it touch the vinegar. Carefully 
screw the lid on the bottle.

 5. Weigh the bottle and contents. Record the mass.
 6. Tilt the bottle up so the kimwipe (and baking soda) mix with the vinegar. You 

may want to swirl the bottle a bit to help them mix.
 7. Observe as the reaction occurs.
 8. Weigh the bottle (and its contents). Record the masses.

 Lesson 5: How Do We Know the Mass of a Molecule?

The fifth lesson, “How do we know the mass of a molecule?”, continues linking the 
macroscopic to the particulate level and introduces the idea that atoms combine in 
constant ratios. Students create a periodic table of blocks and use it to make the con-
nection between the mass of atoms and molecules. The law of definite proportions 
is also introduced, where students can use grade-level-appropriate mathematics of 
ratio and proportion to see that atoms combine in constant ratios to make 
molecules.

This lesson adds to the connection between the mass of a molecule and the num-
ber of atoms in the molecule. It also builds on grade appropriate ratio and propor-
tional reason mathematics content to illustrate the Law of Constant Proportions. 
Chemicals react in constant ratios to create molecules. These proportional relation-
ships need to be taken into account when adjusting the amount of substances used 
in a chemical reaction.

 Some Chemistry Vocabulary

Matter is anything that has mass and takes up space. What are three examples of 
matter?
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Matter is made up of tiny particles too small to see. These particles may be atoms 
or molecules.

An atom is the smallest unit of an element. They can be alone or combined with 
other atoms.

When two or more atoms are bonded together, we call it a molecule.
An element is a pure substance that has only one kind of atom in it. Elements 

might be atoms or molecules, but there can only be one kind of atom. Some exam-
ples are neon and oxygen. Neon usually exists as individual atoms, while oxygen is 
often found as a molecule where two oxygen atoms are bonded together.

A compound is a molecule that includes two or more different elements. 
Compounds have different properties from their individual elements. For instance, 
sodium is a gray metal that bursts into flame when it contacts the air, and chlorine is 
a green, poisonous gas. When combined into a compound, sodium chloride is table 
salt – the stuff you put on your food!

A mixture is a combination of two or more pure substances that could be sepa-
rated by physical methods. One example is salt water. If we boil the salt water, the 
water will evaporate, and we will be left with salt.

 The Periodic Table of the Elements

There are a lot of different ideas of how the periodic table of the elements should be 
arranged. The most common one was created by Dmitri Mendeleev. He arranged the 
elements so that elements in columns and rows had similar properties to each other. 
He even left spaces and predicted where new elements we didn’t know about yet 
would fit!

Different versions of the periodic table of the elements contain different informa-
tion. Each box on the periodic table shows information for one element. At a mini-
mum, you can usually find the name of the element, the symbol, the number of the 
element, and the average atomic mass of the element.

We read the periodic table and use the masses for either an atom or a mole of 
atoms. A mole is a term that means a bunch of atoms – 6.02 × 1023 to be exact. It’s 
kind of like saying you have a dozen eggs, only a mole is a much bigger number.

You have a set of plastic blocks in a baggie. Carefully dump out the blocks, and 
sort them by color. Each of these blocks will represent an atom in this activity. We 
can combine our atoms to make molecules as well. First, we will need to complete 
our periodic tables.

Find the average mass for each type of block and fill in your periodic table.

Example
You have seven red blocks. Weigh all of your red blocks together and record the 
mass here:

To find the average mass of the red blocks, you need to divide the total mass by 
the number of blocks. Do that here:
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Fill in the average mass of a red block on your periodic table. Then repeat the pro-
cess for each of the other colors of blocks until your periodic table has been filled in.

1 Red 2 White 3 Gray 4 Yellow

R W G Y

5 Black 6 Blue 7 Green

B L N

 Making Molecules from Atoms

Atoms combine following certain rules to make molecules. One rule is that each 
kind of atom makes a certain number of bonds. On our atoms, this is represented by 
the number of bumps on the top of each block. The red atom will make one bond. 
The white and black atoms will each make two bonds. The yellow and blue atoms 
will each make four bonds. The gray atoms will make three bonds. The green atoms 
will make eight bonds. Another rule is that the molecules don’t like to leave any 
bumps unfilled when they make molecules – they want to make as many bonds as 
possible. This means that atoms always combine in constant ratios. We will always 
find two red atoms with a white atom, for instance.

When we write the formula for a molecule, we write the symbol for the atom and 
use a subscript to show how many of that atoms are in the molecule. We don’t usu-
ally write the subscript 1. Here are some examples from our atoms:

Formula Explanation

YW2 1 yellow, 2 white
BWL 1 black, 1 white, 1 blue
Y2N 2 yellow, 1 green

What is the ratio of white blocks to yellow blocks in YW2? According to the 
rules, could these blocks combine in another ratio? Why or why not?

What is the ratio of blue blocks to red blocks in LR4? According to the rules, 
could these blocks combine in another ratio? Why or why not?
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What is the ratio of gray blocks to blue blocks in L3G4? According to the rules, 
could these blocks combine in another ratio? Why or why not?

Write out a formula for a new molecule that would work with your set of blocks 
here:

Trade formulas with a partner, and try to figure out which blocks are in their 
formula. Write the formula and the explanation here.

Now build their molecule. Does their formula work with your blocks?
Write out the atoms that would go into another molecule. Be sure to follow the 

rules.
Trade the list of atoms with a partner. Write out the formula for their molecule.
Build their molecule. Does their molecule work with your blocks? Did they fol-

low the rules?
With your partner, write out several more formulas that will work with your 

blocks. Build the molecules to check if you need to. See how many different com-
binations of blocks you can find. What kinds of patterns do you see in the ratios 
between blocks in your molecules?

 Molecular Mass

Sometimes scientists need to know the mass of a molecule. To do this, we add up 
the mass of each atom in a molecule. Since we can’t see individual molecules or 
pick up a single molecule to weigh it, we use the average mass from the periodic 
table. From our periodic table, a simple molecule might be WB. That means we 
have one white atom and one black atom in our molecule. To find the mass, we 
would add the mass of a white atom and the mass of a black atom. Another example 
might be to have R2W, where there are two red atoms and a white atom. To find the 
mass of this molecule, we’d add the mass of two red atoms to the mass of a white 
atom.

Calculate the mass of this molecule: Y2N.
Now build the molecule and use your balance to weigh the molecule. Record the 

mass here:
Does your measurement match your calculation? Why or why not?
Calculate and check the mass of the three of the molecules you wrote the formula 

for in the previous activity. Did the calculations match the measurements? Why or 
why not?

 Lesson 6: Why Did My Beaker Change Temperature?

The sixth lesson “Why did my beaker change temperature?” introduces students to 
the idea that some chemical reactions give off energy in the form of heat, while oth-
ers require the addition of energy. They go on to explore the factors that affect the 
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amount of heat energy that is produced or required in a reaction. This lesson is 
related to MS-PS1–6. In order to design and test their hot or cold pack, students 
need to understand that some reactions give off energy, while others require energy 
to happen – this change in energy is also related to the driving question, which asks 
students to use chemical reactions to keep them comfortable.

Engage
 1. Show students a video about thermite. This is a reaction of rust and aluminum 

that produces a dramatic temperature increase.
 2. Ask students if they think chemicals can combine to make the temperature 

decrease as well.
 3. Show students an endothermic reaction video, such as one using barium hydrox-

ide and ammonium thiocyanate to freeze a beaker to a piece of wood.
 4. Ask students to explain why the beaker is stuck to the wood.

NOTE: Both of these reactions are dangerous and should not be duplicated in a 
middle school classroom.

Explore
 1. Have students measure the change in temperature of the reaction between baking 

soda and vinegar (Reaction 1).

 (a) Ask students: Did the temperature increase, decrease, or stay the same?
 (b) What was the lowest temperature reached during your group’s reaction?

 2. Explain when the temperature of a chemical reaction decreases, the reaction is 
called an endothermic reaction.

 3. Have students measure the change in temperature of the reaction between baking 
soda solution and calcium chloride (Reaction 2).

 (a) Ask students: Did the temperature increase, decrease, or stay the same?
 (b) What was the highest temperature reached during your group’s reaction?

 4. Explain when the temperature of a chemical reaction increases, the reaction is 
called an exothermic reaction.

Explain
 1. Show students the image of the reaction of baking soda and vinegar (Fig. 1).

 (a) Is this an endothermic or an exothermic reaction?
 (b) What do you know about the amount of energy required to break the bonds 

of the reactants compared to the amount of energy released when the prod-
ucts are formed?

 2. Show students the image of the reaction of calcium chloride with baking soda 
(Fig. 2).

 (a) Is this an endothermic or an exothermic reaction?
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 (b) What do you know about the amount of energy required to break the bonds 
of the reactants compared to the amount of energy released when the prod-
ucts are formed?

 3. Remind students that a chemical reaction involves the breaking of bonds in the 
reactants and the making of bonds in the products. Also remind them it takes 
energy to break bonds and that energy is released when bonds are formed.

 4. Explain that in an endothermic reaction, it takes more energy to break the bonds 
of the reactants than is released when the bonds in the products are formed. In an 
endothermic reaction, the temperature goes down.

Elaborate
 1. Investigate the range of temperature changes resulting from different chemical 

reactions. Make observations along the way, and record initial and final tempera-
tures and the amounts of each chemical used.

 (a) Reactions:

 (i) Baking soda and calcium chloride.
 (ii) Hydrogen peroxide and yeast.
 (iii) Baking soda and vinegar.
 (iv) Epsom salt and water.
 (v) Potassium chloride and water.

 (b) Which chemical reaction would make the best hot pack? What evidence do 
you have?

 (c) Which chemical reaction would make the best cold pack? What evidence do 
you have?

Acetic Acid

HC2H3O2

Sodium

Bicarbonate

NaHCO3

Water

H2O

Carbon Dioxide

CO2

Sodium Acetate

NaC2H3O2

Fig. 1 The reaction between baking soda and vinegar

Calcium
Chloride

CaCl2

Sodium
Bicarbonate
2 NaHCO3

Water
H2O

Carbon
Dioxide

CO2

Sodium
Chloride
2 NaCl

Calcium
Carbonate

CaCO3

Fig. 2 The reaction between baking soda and calcium chloride
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 2. Investigate the effects of the amount of chemicals mixed during chemical 
reactions.

 (a) Choose one reaction from your previous investigation.
 (b) Vary the amount of each reactant used in the reaction. Use whole number 

ratios.
 (c) Again record observations, initial and final temperatures, and the amounts of 

each chemical used.
 (d) Which ratio of reactants resulted in the biggest temperature change? What 

was the temperature change?
 (e) Which ratio of reactants resulted in the smallest temperature change? What 

was the temperature change?
 (f) Which ratio of reactants would result in the best hot pack or cold pack?

Evaluate
 1. Choose one of the projects below:

 (a) Using what you’ve learned, take an engineering approach to design, con-
struct, test, and modify a device that uses chemical energy to either provide 
heat or cooling. The device should be based on one of your mini-projects.

 (b) Reverse-engineer a commercially available product that uses chemical 
energy to keep us warm or cool.

Reaction 1:

• Vinegar (approx. 10 mL) in a cup.
• Baking soda (approx. 1/2 tsp) in a cup.
• Thermometer.

 1. Place a thermometer in the vinegar. Read the thermometer and record the 
temperature.

 2. While the thermometer is in the cup, add all the baking soda from your other cup.
 3. Watch the thermometer to observe any change in temperature. Record the tem-

perature after it has stopped changing.

Reaction 2:

• Make a baking soda solution by dissolving about 2 T baking soda in 1 cup of 
water. Stir until no more baking soda will dissolve.

• Place about 10 mL baking soda solution in a small plastic cup for each group.
• Place about 1/2 tsp. of calcium chloride in a small cup for each group.

 1. Place a thermometer in the baking soda solution. Read the thermometer, and 
record the temperature.

 2. While the thermometer is in the cup, add all the calcium chloride from the other 
cup.

 3. Watch the thermometer to observe any change in temperature. Record the tem-
perature when it stops changing.
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 CREATES Engineering Design Project: Building a Hot or 
Cold Pack

After students create their initial hot or cold pack designs, the teacher should assess 
whether additional lessons are needed in addition to the planned lessons in 
CREATES. Remind students of the constraints that will be placed on the projects. 
These constraints might include the following: the pack must be a reusable hot or 
cold pack, it needs to be aesthetically pleasing, the contents of the pack should be 
environmentally friendly, the pack needs to be under a certain cost, etc.

It is encouraged that students present the projects “publicly” and include their 
reasoning for the design and how and why it works.

 CREATES Unit Project: Investigate Ways Chemical Reactions 
Can Be Used for Comfort

The second project is what makes CREATES a project-based unit. The students 
should revisit the driving question, How can I use chemical reactions to keep me 
comfortable?, and then brainstorm some of the ways they think chemicals could be 
used for comfort. Students will then create a sub-driving question for their own 
project in which they will investigate, analyze, and present other ways in which 
chemical reactions could be used to keep them comfortable. Depending on where in 
the unit the second project is introduced, students may wish to base their sub- driving 
questions on benchmark lessons, milestones, the engineering design project, or a 
topic related to the driving question of their own choosing. It is up to the teacher as 
to how much the students are guided or limited in choosing their question topic and 
the format of the final product or artifact. It is important to remember that the proj-
ect should be student-directed as much as possible rather than having students all 
solve the same problem in a similar manner as in the first project.
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Chapter 7
Teacher Voices

The biggest barrier is probably knowing where to start. Teachers often feel as if everything 
must be PBI right this second, and it has to be perfect. In this way of thinking, it’s easier to 
keep the same lessons that have always been taught, because designing these units is hard. 
Helping teachers see the end result in the students’ work I think at least creates some buy-in 
but doesn’t change the fact that a lot of teachers think... Well I could never do that, or do it 
that well, so I won’t.

–Science Teacher after trying PBI

We initially introduced a few middle school teachers to project-based units and 
provided just-in-time professional development (PD) on those units during their 
first implementation of the units. After writing and receiving a grant, Project SAAS,1 
we had an opportunity to introduce 30 teachers per year to project-based instruction 
(PBI) over 2 years. We introduced the teachers to how to implement project-based 
instruction (PBI) as well as why project-based instruction would be beneficial in 
their classrooms during a week-long summer workshop. The teachers also experi-
enced one of the units as learners each summer. We continued meeting monthly 
throughout the school year, continuing our discussions on PBI as well as providing 
support for teachers designing and implementing their first PBI units. While some 
teachers found it initially frustrating, we wanted our teachers to understand how and 
why project-based instruction would be beneficial in their classroom rather than giv-
ing them “ten easy steps to PBI” without any background. It is important to note a 
few of the teachers participating in the grant had also either taken a graduate course 
on project-based instruction with one of the authors or had participated in some of 
the earlier unit-specific PD.

This chapter includes thoughts and comments from the teachers themselves. We 
asked teachers participating in our grant workshops, called Project SAAS for short, 
to reflect on their experiences. The content has been edited for clarity and  anonymity, 

1 Designing Mathematics and Science Project-Based Environments: Spanning Astronomical and 
Atomic Spaces (Project SAAS) funded through Kentucky Council on Postsecondary Education 
Improving Educator Quality Program Year 13.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-04952-2_7&domain=pdf
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but the words are otherwise those of the teachers. Longer paragraphs from teachers 
are denoted with a teacher number and the grade taught. Shorter quotes, such as 
those appearing in lists, are left anonymous.

 What Is Project-Based Instruction?

Teachers have a variety of ideas of what PBI is when they are first starting to imple-
ment it in their classrooms. Our teachers were no different. As discussed in Chap. 2, 
while projects are a part of PBI, other pieces are also essential to a quality project- 
based unit. One of the teachers described this common misconception well:

Before joining Project SAAS, I was under the impression that PBI was a unit with a project 
at the end. In my opinion, I did PBI all the time. False. At the beginning of Project SAAS, 
I learned what PBI really was. It was helpful to get the components of PBI and then to 
understand how each of those components fit into a unit. Understanding the breakdown of 
the components and then participating in a [researcher] made unit, made it much easier to 
then go and design my own unit. (Teacher 1, 6th Grade)

The following list is a selection of the types of things teachers shared when asked 
prior to professional development what they thought were the essential components 
of project-based instruction:

• Engaging topic/project, relatable to the kids, and structure.
• (1) Good driving question, (2) real-world application, (3) student voice, (4) 

classroom management, and (5) time management.
• Authentic projects, qualified teachers, facilities, and materials necessary are 

available to students.
• Teacher’s knowledge of how to conduct the project, support for teacher 

(resources, knowledge), willing students, time, and support from administrators 
and colleagues.

• To have an effective project-based environment, students will need to understand 
that there is room for failure. Students will need to understand how to work as a 
group and have deadlines to complete a task.

• Student-centered instructions for students to work through to get to the end 
product.

After receiving professional development, the teachers’ ideas had changed a bit. 
The teachers started to more consistently list the need for a driving question, but 
they also listed more of the other essential parts of project-based instruction as well.

• A good driving question is essential. Teachers need to design a classroom envi-
ronment that allows for students to be doing very different things, use of technol-
ogy, knowing common misconceptions to guide benchmark lessons.

• Frequent check-ins for students to see if they are headed in the right direction. 
Assessments both formative and summative might be different than traditional 
classrooms.
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• The unit should have an overall driving question, under which all student project 
questions could fit. The unit has several benchmark lessons that review the con-
tent and skills needed to complete the project as well as the content and skills that 
are required by curriculum standards. Students should have work time or brain-
storming time throughout the unit to tie the material from the benchmark into 
their student-driven sub-driving project question.

• A driving question, student sub-driving questions, benchmark lessons, mile-
stones, and a culminating project. Also, teacher training, materials/supplies, 
resources, and PATIENCE and a sense of humor are helpful.

 Costs and Benefits of a Project-Based Classroom

After implementing PBI in their classrooms, teachers reflected on what they thought 
were the benefits and the costs of this type of instruction. Teachers commonly men-
tion cost of materials, though whether the cost of materials for a project-based unit 
was higher than in a traditional classroom varied widely among teachers, partly due 
to the type of project used. Some teachers also chose to ask students to bring in their 
own materials, noting it was easier to ask students to bring in what they needed 
rather than trying to satisfy the needs of the wide range of projects being conducted 
by students.

Another cost that came up was time. Teachers noted both the time for planning 
for PBI and also the time to implement PBI in their classroom, including the time to 
allow students to pursue their own questions as projects. In particular, teachers dis-
cussed the time it takes to create good benchmark lessons, come up with a good 
driving question, and scaffold students’ learning appropriately. However, one 
teacher noted, “Project Based Learning does take more time, but I think the benefit 
is that student learning connects more deeply to their personal context in this type 
of curriculum.” Other teachers agreed, commenting on the deeper understanding of 
content from students, saying “they are challenged to think on a deeper level and 
really use higher-order thinking skills instead of just receiving information. I really 
like the aspect of having students gather data and form their own conclusions.” One 
teacher said the connection to the NGSS was a real benefit as well as “students are 
more engaged, student choice is increased, and misconceptions may still be 
addressed – and may even be more fully uncovered or exposed as needing to be 
addressed.”

One of the teachers expressed similar comments on the costs of implementing 
PBI saying, “Time is a restraint. And we sometimes sacrifice how deep the projects 
can go to fit the district’s timeline. Materials can really add up.” She goes on to 
highlight an important benefit of PBI, “benefits are that students go home and talk 
about their assignments. They are engaged and have a personal investment in their 
project.” This involvement and the desire to share what students learned in class are 
a huge benefit of PBI. Often, the less successful students in a traditional classroom 
are more engaged and perform better in a project-based classroom where they can 

Costs and Benefits of a Project-Based Classroom
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explore questions of their own interest under the umbrella of the driving question 
for the unit. These students are also exposed to more self-directed learning in a dif-
ferent type of learning environment than before. Students who are usually higher 
performing in traditional classrooms may struggle at first in a project-based class-
room, as the focus is not on the right answer or filling in a worksheet or paper and 
pencil test like they may be used to. This is not to say that the traditionally high- 
performing students won’t excel in a project-based classroom. On the contrary, once 
they adjust to being asked to think critically and focus on the learning that goes 
along with pursuing questions of their own design, they learn just as well as in a 
traditional classroom.

 Implementation Surprises in the Classroom

We asked the teachers to share what surprised them about implementing PBI for the 
first time in their classroom. Many of the teachers made comments about either 
costs or benefits they weren’t expecting or the ways students, parents, or administra-
tors reacted to seeing PBI in action. Multiple teachers were also surprised at the way 
the students who were usually high performing in the classroom were good at mem-
orizing content and finding the answers but would struggle with the process of prob-
lem-solving. Each of the following paragraphs was contributed by a different 
teacher:

What surprised me when doing PBI is how frustrated some students and parents 
became. Some students wanted to be given the information but would become frus-
trated when I would not give them the correct answer. Through the school year these 
students became better at analyzing data, applying the information, and coming up 
with an answer. I had a parent on the other hand who did not understand how an end 
project could be considered an assessment. She struggled in understanding there are 
alternative ways to assess a student’s knowledge. She didn’t want to look at a rubric 
and the overall question, she just wanted to see a multiple-choice test and an overall 
score. This was so different from her educational experience that she couldn’t see 
the value in PBI. (Teacher 2, 6th Grade)

When I used PBI in the classroom, the most wonderfully surprising thing was 
how much ownership students took in the lessons. They were reminded often of the 
overarching question of the unit, and they were excited about the final projects. 
They used information, research, and skills from the benchmark lessons to develop 
a research question. They were super excited about finding their own answers to 
their own investigative questions. The way we used to teach science hit all of the 
standards and connected them with fun labs and activities. The PBI method did the 
same but offered a level of in-depth understanding and logical progression that I did 
not know I was capable of. Implementing PBI lessons made the unit so cohesive; all 
lessons reflected and enhanced understanding of the student-centered overarching 
question. The benchmark lessons and embedded assessments gave multiple oppor-
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tunities for formative assessment, reteaching, skill development, and content 
 extensions. In contrast, disjointed lessons of past units covered the content, but 
lacked cohesiveness, which affects student buy-in and, in turn, affects student 
understanding. (Teacher 3, 7th Grade)

I think what surprised me most was how unprepared my students were for think-
ing critically. They couldn’t even begin to find an answer to a question by collecting 
data and making a statement. Instead their instinct was to go to Google and have 
Google tell them the answer. Some of them were literally terrified of making a state-
ment of their own and not copying it from the internet. I really had to scale back my 
plans early on to accommodate how low their analytic skills were. (Teacher 4, 8th 
Grade)

What surprised me in the classroom was the students who are typically high 
achieving students were really struggling. These students were so used to memoriz-
ing facts that they were never really thinking. Once they were presented scenarios 
where they had to think, they would shut down and get so frustrated because they 
were so afraid to fail. On the other hand, it was so cool to see students who were 
disengaged and struggling in other classrooms succeeding in a PBI setting. These 
are students who had the ability to problem solve and think creatively. The students 
who struggled with memorizing facts were able to explore and learn and think out-
side of the box because they weren’t afraid to fail. I found many former straight A 
students’ parents were emailing and asking to conference because they didn’t 
understand why their student wasn’t performing how they typically do. When I had 
the opportunity to explain to them that in my classroom students were faced with 
problem solving and critical thinking, they immediately understood why they had 
struggled. I explained to parents that most likely their child did not have experience 
critically thinking. This was a completely new way of thinking and learning for 
them and they would struggle at first. Allow them to struggle a little bit now in the 
beginning of 6th grade, and they will be better off in the long run. (Teacher 1, 6th 
Grade)

What surprised me the most was how much the students REALLY loved the 
design and freedom that is inherent in Project based designed units. The students 
had never had this experience in forming a sub-driving question before and sud-
denly students were asking relevant questions to me, and when students ask ques-
tions, it is because THEY are interested and want to know the answer. Something 
else that was interesting was my role as teacher really shifted from presenting infor-
mation in lessons to the role of support team and guidance counselor. Finally, some-
thing that REALLY surprised me the first time we implemented the unit we designed, 
my top students really struggled more than some of my lower performing students. 
The top kids did better with future units, but they are top for different reasons than 
what project based units strive for. The cool thing was to see the joy of some stu-
dents who normally “fail” do so well and then they become motivated to try the next 
round. In other words, project based units tap into different strengths for different 
students, and I am positive that all my students learned something and could recount 
what they truly learned at a later date. (Teacher 8, 6th Grade)
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 Selling the Idea of a Project-Based Classroom

As can be seen from what the teachers said about surprises in implementing PBI in 
the classroom, there was often pushback from parents, administrators, or other 
teachers. People often think that if the style of teaching is too different from what 
they experienced, then it must not be good teaching. We asked some of our Project 
SAAS teachers to share how they sold the idea of a project-based classroom to those 
in their community who might be unsure about it. We specifically asked about their 
students, parents, their school administrator, and other teachers. Again, each of the 
following paragraphs represents the thoughts of one teacher on how they sold the 
idea of PBI to their students, students’ parents, or their school administrators.

 Students

Issues with buy-in from my students mainly dealt with question development and 
that their idea might not have been the only “correct” activity. Many of my students 
didn’t think that their questions were relevant within the classroom. Trying to get 
them to open up and develop questions was challenging. Many students have been 
spoon-fed until now as to what the question is that they are trying to find the answer 
for. Many have also been told “how” to find the answer. With my first PBI unit, 
many of the questions were what the students thought I wanted to hear. They really 
weren’t trying to link anything to the main driving question. As the year progressed, 
students saw that we were actually addressing the questions they were posing and 
became more involved in developing questions. Questions had a broader scope and 
went outside the proverbial box of the driving question. The biggest challenge was 
with my gifted and talented students. When it comes to projects and problem solv-
ing I find that these students are hindered by their need to have one answer. They 
often have a large amount of content-based knowledge on the subjects we explore. 
This content knowledge does not always transfer over to the projects that we are 
working on. (Teacher 5, 7th Grade)

I began to sell the idea to my students on day 1. My 7th grade students had expe-
rienced PBI in 6th grade and were very excited to continue this journey. They were 
very excited about learning chemistry because they all want to blow stuff up. I told 
them that we would be doing much more than that: designing a hot or cold pack 
using chemical reactions, designing a catapult and testing it, racing cars through an 
obstacle course using magnets, asking their own questions and researching to find 
answers to share, and much more. (Teacher 3, 7th Grade)
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 Parents

I cannot think of a time that I outright had a parent question my use of project-based 
instruction. I did try to get ahead of the curve by adding a mention of it in the syl-
labus. While each year the syllabus is slightly tweaked, in general it contains some-
thing along the lines of, “In this class we use project-based instruction. Project-based 
instruction focuses on students’ application of the material and allows students to 
challenge themselves on a topic. Project-based instruction can be very difficult for 
students who are not used to this style, especially for students who have never strug-
gled before. I am always here for students to help and guide. Please do not hesitate 
to call and ask for help.” (Teacher 4, 8th Grade)

Parents were an easy sell as they are always looking for new and exciting ways 
to keep their kids engaged in school. When sending home all of my information at 
the beginning of the school year, I made sure to make mention of my participation 
in the grant and give a brief description of what project-based instruction looked 
like. I did receive feedback from some parents throughout the year. The bulk of the 
feedback was very positive and mostly referred to their kids coming home and actu-
ally talking to them about what they had done in school that day or how their proj-
ects were going. Many of the students’ parents were supportive when they asked to 
bring in items to complete their projects. (Teacher 5, 7th Grade)

I began to introduce the concept to the parents at Open House. I made a Power 
Point with photographs of students from the previous year. The students were hold-
ing their projects, engaged in labs, and having fun in science. A few of the slides had 
information about Project SAAS and PBI in general. I also had information about 
PBI on my syllabus at the beginning of the year. I found that the best way to sell the 
idea to parents is to get their children excited about it. (Teacher 3, 7th Grade)

The parents that I have worked with for the past several years have been very 
receptive to this type of instruction. Many students who are not successful with 
traditional instruction are more successful with a project-based instruction. They are 
more successful so they are taking science home and talking about it around the 
kitchen table. The parents who need to be sold on project-based instruction are 
because their students are usually the high functioning students and may be strug-
gling with the project. Once you describe to them that project-based is more rigor-
ous and is actually challenging them, they are more receptive to it. (Teacher 6, 8th 
Grade)

 Administrators

The administration was always very positive. We actually have had an administra-
tion change during this time and both groups were very receptive. They were sup-
portive in that they trusted our department. Even if they had any problems, it would 
have been easy to convince them of the benefits. Our school has long had a commit-
ment to in-depth learning and PBI provides that. (Teacher 4, 8th Grade)

Selling the Idea of a Project-Based Classroom
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The administrators in my school were already familiar with my teaching style. 
Once I explained the program and the ideas behind PBI, it was an easy sell. (Teacher 
2, 6th Grade)

 Communities of Practice in Action

“Communities of practice are groups of people who share a concern or a passion for 
something they do and learn how to do it better as they interact regularly” (Wenger, 
1998, p. 1). This does not necessarily mean that learning is the reason for a group to 
form. Rather, the learning may be an unintentional outcome of a group that formed 
for another reason. Wenger (1998) says three components are essential for a com-
munity to be a community of practice: the domain, the community, and the practice. 
Domain refers to the shared area of interest of the group. Community refers to 
members in a group engaging in joint activities for a shared purpose. Wenger com-
ments, “having the same job or the same title does not make for a community of 
practice unless members interact and learn together” (1998, p. 2). This is important 
to note, in that a group of teachers is not a community of practice unless they inter-
act, plan, and learn together. Practice refers to the need to create a “shared repertoire 
of resources” or a shared practice (Wenger, 1998, p. 2). If professional development 
designers want to create a community of practice of teachers rather than simply 
training teachers, then care needs to be taken to provide time and opportunities for 
the teachers to collaborate for a shared goal, learning and developing a shared col-
lection of resources in the process. In the way we designed the workshops for 
Project SAAS, teachers had the opportunity to work with teachers from their grade 
level both within their school and across schools and districts and with teachers 
from other grades both within their school and across schools and districts. There 
were also opportunities for science and mathematics teachers to work with each 
other, share ideas, and create interdisciplinary lessons or units as desired. PBI units 
can be very integrated in nature, as projects tend to naturally incorporate ideas and 
tools from more than just one discipline.

Enyedy and Goldberg (2004) further refined the classification of classroom com-
munities of practice by analyzing the social context of classrooms as well as the 
ways in which teachers’ discourse and actions facilitated or hindered their students’ 
learning in the classroom. They also looked at pre- and posttests, resulting in a dif-
ference between classes and concluding that even though the teachers were imple-
menting the same curriculum, the social context of the classroom environment 
fostered by the teachers’ adaptations of the curriculum impacted students’ learning. 
While many of these teachers planned units together, the ways in which each teacher 
adapted and enacted the unit in their classroom varied. While we did not investigate 
the learning outcomes of the units teachers designed, we saw differences in the 
performance of the students in the classrooms of different teachers who imple-
mented the units presented in Chaps. 5 and 6.
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 Reflections from a Community of Project-Based Teachers

Being the only teacher in a school using project-based instruction can be challeng-
ing, as there may not be other teachers to bounce ideas off of or co-plan with. It also 
means that the teacher using PBI has to introduce students to the method, as the 
students likely have not been exposed to a project-based classroom in the past. In 
the following section, teachers who have implemented PBI together share their 
thoughts. In this particular middle school, eight of the nine science teachers in the 
school use PBI for at least some of their units. Each of the teachers have gone 
through PD on using PBI and received expert support and guidance in designing and 
implementing their initial project-based units. Some of these teachers have used a 
unit from Chap. 5 or Chap. 6 previously, one took a graduate PBI course from one 
of the authors, and others learned about PBI for the first time through Project 
SAAS. While they saw a variety of successes in addition to challenges, one big 
advantage was that teachers in later grades knew their students had experienced a 
project-based science classroom already, so it would not be a completely new expe-
rience for them. Some teachers also commented on the importance of being able to 
plan together, both within their grade level and across the grade levels in their 
school. While not saying it, this lends a nod to the building of a community of prac-
tice by the science teachers in their school. A teacher from a different school also 
commented on the opportunities for sharing ideas and tools provided by Project 
SAAS saying, “One of the best things about this professional development was 
being able to collaborate and network with other teachers in the district. It is com-
mon for schools to have a competitive atmosphere and not share resources. However, 
through Project SAAS, we were able to break down barriers within our district and 
state to ensure student success. It was helpful hearing about what other teachers 
were doing in their classroom to facilitate a PBI environment” (Teacher 7, 6th 
Grade).

The following paragraphs were provided by teachers in a school where most of 
the science teachers had participated in Project SAAS and were now using PBI for 
at least some units. The text has been edited for clarification and anonymity but 
otherwise comes directly from the teachers.

I feel very fortunate to work with an amazing group of teachers who are all learn-
ing about PBI, developing PBI units collegially, and implementing units together. It 
is difficult to take a first step in a new direction, but together we share our challenges 
and success stories while placing one foot in front of the other on the PBI path. 
Working with other teachers at our school to design and implement PBI units has 
made us a cohesive team. We are sounding boards for each other’s work. We have 
deeper conversations across grade levels about the NGSS Standards, and together 
we have a deeper understanding of what students are learning as they progress 
through middle school. We have been able to bond as a departmental team because 
of the time we have spent together at PBI professional development. (Teacher 3, 7th 
grade)

Communities of Practice in Action
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Project-based instruction (PBI) was not difficult to bring into our school as we 
had 8 of our 9 science teachers participating in the Project SAAS Grant. Our 6th 
grade teachers made it very easy to enter into a project-based environment as they 
were the first to design a unit. They shared the development stages of the unit with 
us in departmental meetings. This allowed us all to see how the planning of the unit 
was focused around the driving questions. Before the other teachers began partici-
pation in the grant, we were already aware of the driving question of their Moon 
unit. As the other grade level teachers in our building began participating in the 
grant and establishing a project-based environment we were all impressed at how 
seamless the transition seemed. Having students in our classrooms that had already 
participated in PBI was helpful in developing student generated driving questions. 
As we all started implementation we noticed that our discussions in our collegial 
planning turned more towards a project-based discussion. This also bled over into 
our department meetings. We were able to direct our discussion of common assess-
ments, lab development, departmental spending, and what progress we wanted stu-
dents to make to a project-based outcome. (Teacher 5, 7th grade)

One of my favorite things about project-based instruction is that it allows more 
students the opportunity to see their success and growth. Students are constantly 
embarking on new challenges, some set by the teacher and others they create for 
themselves with student generated sub driving questions or engineering challenges. 
They find that studying will get you very far, but there is a whole world of doing 
beyond that. They face challenges that take patience, perseverance, communication 
and collaboration to overcome. The culture of our science department through PBI 
is teaching science skills as well as life skills. (Teacher 3, 7th grade)

Personally, I saw an upswing in student understanding of questioning techniques 
and did not need to be led to an answer as they had in the past. They were more 
comfortable in developing answers to questions even if they could have a different 
answer than their fellow students. When we participated in engineering challenges, 
the students were more vocal in their groups than students had been in the past. 
Many of them had ideas that they were willing to share out in class. There was an 
overall sense of comfort in a science lab. This was different than past classrooms 
where students were more inclined to “sit and get.” Having a culture in our school 
that promoted developing questions and investigating answers to problems made 
my job easier as well as more enjoyable. We truly have a science lab rather than a 
classroom where some labs take place. Students are developing scientific literacy 
and language through investigation. I don’t think that would have been as easily 
accomplished without a schoolwide culture like the one that we have. (Teacher 5, 
7th grade)

A unique perspective that I can bring is that I taught my students for multiple 
years because I was moved from 6th grade to 8th grade. I can tell growth from the 
changes from 6th to 8th. In particular, I had a student in 6th grade who hated our 
Moon project-based unit so much that she blatantly started complaining that she 
would rather work at McDonald’s than ever work in science again. When she 
returned to me in 8th grade, she started off the year with so much anxiety about the 
projects that she would start asking questions and telling me she didn’t get it before 
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I had finished doing the directions. While I didn’t notice her progressively improv-
ing, I was completely shocked when, on our last unit, she walked up to my desk and 
instead of saying, “I can’t do this,” she simply asked me some logistics questions 
about formatting. I was so excited and called her out on it. She just laughed. 
Normally when she arrived at my desk, I would have to tell her that she could do 
this. Just calm down and look at the directions. This student was a huge overachiever 
and had rarely scored a B on an assignment. In addition, she was mathematically 
gifted and should have been easily successful, but her fear of making a mistake and 
not knowing the right answer hindered her. While it is a little surprising that a stu-
dent could need 3 years of PBI to “get it,” I think we reached this child who was 
initially against science because of the consistency in which she received her PBI 
training. (Teacher 4, 8th grade)

I am excited to see where our department takes the challenge of PBI and see how 
students grow with us. It was very enlightening to read reflections from our seventh 
and eighth grade teachers. As a sixth-grade teacher, we are presenting the basics of 
PBI. We have found the high achieving students tend to be the most adverse to the 
uncertainty and the application of knowledge in PBI, at least initially. It is exciting 
to see some lower achieving students “get it” and higher achieving students learning 
a “new way to learn.” (Teacher 8, 6th grade)

I enjoyed learning about project-based instruction with a network of people. In 
my case, I was attending these PD workshops with my collegial partners. We were 
learning about PBI together and able to bounce ideas off each other right on the 
spot. It was beneficial to hear from people who had already implemented PBI in 
their classroom and then we could tweak their ideas to better fit the needs of our 
kids. Not every teacher will face the same obstacles or successes in their classroom 
but it was very helpful to bounce ideas off of teachers in the same grade and at the 
same school. I did find that implementing was significantly easier with partners and 
a network of people rather than alone. [Teacher 8] and I often say during school, 
“together our brains make a great teacher.” (Teacher 1, 6th Grade)

 Integrated Units: Challenges of Teaching Mathematics 
in Science

Project-based units provide many opportunities for integrating other subjects with 
science, but an integrated unit becomes more of a challenge when the teacher is not 
comfortable with the other content area(s). Teachers commented on how they felt 
when experiencing and teaching the mathematics concepts in REAL (Chap. 5), a 
unit that integrates mathematics and science.

When I first experienced REAL, I can remember that when we were discussing 
scale, it took me a minute to remember how to do it, but it did come back. I was 
uncomfortable because other students in the group had set up the problems differ-
ently than I had. When teaching scale to my students, I would work with them in 
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small groups and we would do it together. First, we would do one together and then 
students would do each problem one at time. I would solve the problems slowly on 
the board and students would work with their heads down on their problems and 
then could look up to check themselves when finished or when they were stuck. I 
cannot remember specifically the class set up the last year I taught this, but I can 
infer that the reason we were working in small groups was that students were strug-
gling with the math so much I couldn’t teach them as a large group. In addition, the 
students struggled with using rulers and finding the diameter and not the circumfer-
ence. (Teacher 4, 8th Grade)

When experiencing REAL for the first time some parts of the math were easy for 
me to understand and some were a challenge. My math background is not strong. I 
have struggled with math since middle school. I often need someone to explain the 
reasoning or be able to read how the math works to fully grasp the idea. In the 
REAL lessons where the math was easier for me to understand it was used more for 
measuring. This made it easier for me to see the purpose and understand what I was 
doing. For example, in Lesson 2 fists were used to measure the azimuth and altitude 
of the Moon along with the angle from fists to eye. These math concepts were easy 
for me to understand because I was physically doing something and seeing how the 
math aided in understanding. The main lesson that was a challenge for me to under-
stand was Lesson 8 about scale. At first, I was completely lost when we did the 
assignment as a large group. I eventually got help individually and the math was 
explained to me but not the reasoning. I can now do the math for that assignment but 
I don’t understand the math fully so if I had to apply the same method to another 
problem I don’t know if I could. When teaching REAL my students struggled with 
concepts and I was able to provide answers to most of the questions. The lesson that 
both my students and myself struggled with the most was calculating ratios. This 
was due to my lack of understanding and not being able to fully explain the reason-
ing. After finding the ratios I was able to explain how to make the models. When 
explaining the calculations, I could only explain the how and not the why. Students 
were able to do the calculations but I don’t believe they understood what they were 
doing. This is expected since I only know how but not the why. (Teacher 2, 6th 
Grade)

When I experienced REAL for the first time did I struggle with the math? YES, 
my certification is science and social studies and NOT math. Interestingly enough, 
I had a student teacher that was going to be dual certified in science and math, and 
she really helped me, as when the lessons were taught to us, I felt too embarrassed 
that I was confused. Actually, I had to review the ideas of ratio! I still have to review 
the math each year, and I either have [Teacher 1] or the math teacher on my team 
help me. This past year we implemented REAL later in the year and the students, 
especially the high-performing math students, were very familiar with the concepts 
of ratio and they solved the problems in different ways. I heavily emphasize the fact 
we are using math in science and they think that is pretty cool and several students 
told the math teacher. I plan to work closer with the math teacher on my team next 
year to approach the math concepts together. (Teacher 8, 6th Grade)
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When the 6th-grade teachers taught us the REAL unit in our first PD sessions I 
didn’t exactly struggle with the math concepts that were being taught. I struggled 
more with how to teach those types of concepts as I am not math certified. In imple-
menting my own units, I can tell you that students vary in math ability and that does 
create interesting challenges in implementing labs and lessons with the kids. For 
some students, it involves reteaching concepts that they should know. I have to make 
sure that I teach these concepts correctly with vocabulary and methods that they will 
recognize. For this, I often consult with the math teacher on the team. (Teacher 5, 
7th Grade)

When experiencing REAL for the first time, I did not really struggle with the 
math. I am certified math and science and had taught math the year before. I was 
comfortable with ratios and proportions and comfortable teaching that topic. Once 
I started implementing the math, kids immediately got excited or shut down because 
they assumed if they are bad in math class, they would be bad at this. This isn’t 
always the case. Students were given access to calculators and we walked through 
ratio and proportions as a mini-lesson. I made it really simple on how ratios and 
proportions worked and then we related them back to our science unit. The students 
know that I am also math certified so I make sure when I am doing math, they are 
enjoying it and they can see that I am enjoying the math. So many students feel 
anxious that they have to take math content and bring it into science. I try to make 
it fun and easy as possible so they don’t shut down right off the bat. I like to explain 
to the students that I love science because it makes math make sense! It is continual 
real-life exposure to how people use math from their math class. (Teacher 1, 6th 
Grade)

 Conclusion

Each of the teachers whose voices appear in this chapter had the opportunity to meet 
regularly for one or both years of grant-funded workshops to learn about and prac-
tice the implementation of PBI. They were able to talk with other science and math-
ematics teachers who were in a similar position and bounce ideas, concerns, 
challenges, and successes off of each other. At times, some of the teachers’ shared 
frustrations seemed to be with what they were being asked to do, but in the end, all 
of the teachers who completed the Project SAAS workshops shared positive out-
comes through their reflections, which were presented in this chapter. One of the 
teachers who participated in both years of Project SAAS and had been exposed to 
PBI previously as well shared later in the second year that she finally understood 
milestones. After experiencing them as a learner in Project SAAS in addition to 
hearing about them and the importance of using them, she finally understood they 
were not intended just for teachers to be able to check on what the students were 
learning through their projects but that the milestones were also opportunities for 
the students to share their new knowledge with each other. Another teacher (Teacher 
8) also shared with the group that she had her students lead classroom instruction 
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when they had learned something important in their project work that would be 
beneficial for the entire class to learn. In this way, she empowered her students to 
lead their own kind of just-in-time benchmark lesson. Regardless of the specifics of 
what individual teachers learned through this process, they all began to appreciate 
the merits of PBI in their classrooms. Several teachers have continued to use the 
units they wrote or experienced during Project SAAS and have continued to create 
more PBI or PBI-leaning units to use in their classrooms, often making connections 
to the local context to engage students with the world around them.

I mean, to me project-based learning – I think the kids just get it. They have a purpose, more 
of a purpose there. If you have a good driving question, like the one that I’m doing now with 
the water, they’re all into it. I filled up this jug of water out of the faucet in our lab and it’s 
totally brown, and they want to know why, and so it’s a perfect lead-in to try and figure out 
what’s wrong with this water, testing all the water, testing their water, finding out how we 
would determine if this is safe to drink.

–Science Teacher after trying PBI

References

Enyedy, N., & Goldberg, J. (2004). Inquiry in interaction: How local adaptations of curricula shape 
classroom communities. Journal of Research in Science Teaching, 41(9), 905–935.

Wenger, E. (1998). Communities of practice: A brief introduction. http://www.uwoakville.org/
wpv3/wp-content/uploads/2013/12/Communities-of-Practice-introduction-document.pdf

7 Teacher Voices

http://www.uwoakville.org/wpv3/wp-content/uploads/2013/12/Communities-of-Practice-introduction-document.pdf
http://www.uwoakville.org/wpv3/wp-content/uploads/2013/12/Communities-of-Practice-introduction-document.pdf


157© Springer Nature Switzerland AG 2019 
J. Wilhelm et al., Creating Project-Based STEM Environments, 
https://doi.org/10.1007/978-3-030-04952-2_8

Chapter 8
Teacher-Designed Project-Based Units 
at the Middle Level

This chapter contains three middle-level (grades 6–7) units developed by teachers 
who participated for 2 years in our professional development: Project-based 
Instruction Spanning Astronomical and Atomic Spaces (Project SAAS). During this 
2-year period, teachers participated as learners with our REAL and CREATES units 
and then developed their own PBI units specific for their students. The first teacher- 
designed unit in this chapter was developed for 6th grade students and concerns 
interactions within an ecosystem. The second and third units were designed for 7th 
graders; one unit has students exploring gravitational, electrical, and magnetic 
forces, while the other has students examining what happens to the food they eat. 
We thank the teachers for sharing their units for our book. The real names of the 
teacher-authors of each of the units in this chapter are included at the teachers’ 
request.

 Interactions Within an Ecosystem: A Project-Based Approach

Emily Dodson-Snowden

 Overview

This 6th-grade science unit focuses on the interdependent relationships found in 
ecosystems, and it lasts around 5–6 weeks when taught for 45 minutes per day. The 
overall goal of this unit is for students to create an ecosystem that will survive for 3 
weeks in order to answer the driving question: Why do plants and animals live 
where they do? Students will need to take into consideration what habitat they will 
create, which organisms will be used, which organisms are producers/consumers, 
the food chain/web of their ecosystems, and how their ecosystem works with 
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connecting ecosystems. A pre- and posttest are used to measure growth. Several 
methods of teaching and scaffolding are applied to aid in students’ understanding. 
The Next Generation Science Standards (NGSS, 2018; NGSS Lead States, 2013) 
are used as a guide when designing and implementing the unit.

The main focus of the NGSS is the incorporation of three dimensions consisting 
of core ideas, crosscutting concepts, and science/engineering practices.

 Performance Expectations

06-LS2-2: Construct an explanation that predicts patterns of interactions among 
organisms across multiple ecosystems. [Clarification statement: Emphasis is on pre-
dicting consistent patterns of interactions in different ecosystems in terms of the 
relationships among and between organisms and abiotic components of ecosystems. 
Examples of types of interactions could include competitive, predatory, and mutu-
ally beneficial.]

 Science and Engineering Practices

Constructing explanations and designing solutions in grades 6–8 builds on K–5 
experiences and progresses to include constructing explanations and designing 
solutions supported by multiple sources of evidence consistent with scientific 
knowledge, principles, and theories.

Construct a scientific explanation based on valid and reliable evidence obtained 
from sources (including 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 (MS-LS1-6).

 Disciplinary Core Ideas

LS2.A. Interdependent Relationships in Ecosystems
Organisms and populations of organisms are dependent on their environmental interac-

tions both with other living things and with nonliving factors (MS-LS2-1). In any ecosys-
tem, organisms and populations with similar requirements for food, water, oxygen, or other 
resources may compete with each other for limited resources, access to which consequently 
constrains their growth and reproduction (MS-LS2-1). Growth of organisms and population 
increases are limited by access to resources (MS-LS2-1).

LS2.B. Cycle of Matter and Energy Transfer in Ecosystems
Food webs are models that demonstrate how matter and energy are transferred between 

producers, consumers, and decomposers as the three groups interact within an ecosystem. 
Transfers of matter into and out of the physical environment occur at every level. 
Decomposers recycle nutrients from dead plant or animal matter back to the soil in terres-
trial environments or to the water in aquatic environments. The atoms that make up the 
organisms in an ecosystem are cycled repeatedly between the living and nonliving parts of 
the ecosystem (MS-LS2-3).
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LS2.C. Ecosystem Dynamics, Functioning, and Resilience
Ecosystems are dynamic in nature; their characteristics can vary over time. Disruptions 

to any physical or biological component of an ecosystem can lead to shifts in all its popula-
tions (MS-LS2-4).

 Crosscutting Concepts

Patterns  – Patterns can be used to identify cause and effect relationships 
(06-LS2-2).

 Literature Review

The NGSS state that students should demonstrate ecosystems-related understanding 
by constructing an explanation, based on reliable and valid evidence and theories 
and laws, that can predict patterns of interactions among organisms across multiple 
ecosystems. Students do this after obtaining an understanding of habitats, abiotic 
and biotic factors, food chains and food webs, and consumers and producers (NGSS 
Lead States, 2013, p. 71).

It is important to note students may have some common misconceptions con-
cerning ecosystems. For example, students may falsely think (1) a food web is a 
simple food chain (Griffiths & Grant, 1985; Munson, 1991) or (2) the organisms at 
the top of the food web eat all organisms lower in the web (Crawley & Arditzoglou, 
1988; Griffiths & Grant, 1985). A study conducted by Adeniyi (1985) showed many 
students incorrectly thought (1) producers do not live in water; (2) plants get their 
food and carbon dioxide from the soil; (3) plants get energy from the Sun first, and, 
since consumers take energy from the plants, the consumers get less energy; (4) 
habitats are defined by animals that live in water or on land; and (5) a habitat is 
synonymous with an ecosystem (Adeniyi, 1985, p. 314). Many students do not hold 
the correct belief that biotic and abiotic factors are limited in an ecosystem and 
change a species’ carrying capacity. Rather, they believe some ecosystems hold 
limitless resources and therefore can provide limitless population growth (Brody & 
Koch, 1989; Munson, 1991). These misconceptions will be addressed and corrected 
in this unit.

 Unit Outline

This unit is the second unit students are taught in 6th grade, and this unit comes after 
a unit which focuses on using scientific equipment, measuring, lab safety, experi-
ment design, and the engineering design process. The unit prior to this one is taught 
first because many incoming 6th graders have not previously had consistent science, 
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Day Activity Short summary Benchmark or milestone

1 Pre-assessment and plant 
pea seeds for future use

Students learn their level of 
understanding over ecological 
concepts

Milestone: pre-assessment

2 Set up science notebook 
and perform Habitat Lap 
Sit as adapted from 
Project Wild (Council of 
Environmental Education, 
2011)

Students are introduced to the 
new unit

3–4 Engaging lesson using 1–3 
articles and a graphic 
organizer as adapted from 
Singer (2015)

Students start to question the 
interactions found in an 
ecosystem, and the driving 
question is introduced

Benchmark: living and 
nonliving items affect one 
another in an ecosystem

5 Use Google Cardboard 
Glasses to observe 
different ecosystems using 
virtual reality applications 
(technology; Google, n.d.; 
Smart2 B.V., 2018)

Students learn about different 
ecosystems and hypothesize 
why animals live in different 
ecosystems

Benchmark: there are 
different ecosystems in the 
world, and animals are 
adapted to live in certain 
types of environments

6–7 Make your own ecosystem 
with gallery walk. This 
was adapted from Project 
Wild (Council of 
Environmental Education, 
2011)

Groups of students are given 
information about different 
ecosystems (or students can 
research information) and draw 
a picture of their ecosystem

Milestone: reflection in 
notebook

8 Living vs. nonliving 
investigation (original 
lesson)

Students are given items and 
must classify them first on their 
own and then given the prompt 
of living vs. nonliving (biotic vs. 
abiotic)

Benchmark: living and 
nonliving components 
make up an ecosystem

9 Galileo the tortoise and 
Nemo video (original 
lesson)

Students are introduced to the 
class pet Galileo.  Galileo is a 
desert tortoise, and the teacher 
reviews ecosystems while 
asking students what biotic and 
abiotic items are found in 
Galileo’s environment

Milestone: students watch 
a clip from “Finding 
Nemo” (Disney-Pixar, 
2003) and list five biotic 
and five abiotic items.  
Students will also reflect in 
their notebook

and they need to learn basic science skills. Students are then introduced to this 
(ecology) unit. Students are often nervous about this unit because it is their first sci-
ence class and they are given an end goal and told they will have to come up with 
the solution. Both of these are new concepts for the majority of students. The 
sequence of this unit can be observed in the following chart.
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Day Activity Short summary Benchmark or milestone

10–
11

Biotic/abiotic factors 
online lab (technology). 
Adapted from Glencoe/
McGraw-Hill (2017)

Students use a virtual lab 
created by Glencoe (Glencoe/
McGraw-Hill, 2017) to see how 
the abiotic variable of 
temperature affects a fish’s 
breathing rate.  Afterward, 
students graph their data

Benchmark: biotic and 
abiotic items interact in an 
ecosystem

12 Video – abiotic and biotic 
factors (Drollinger, 2013) 
and T-chart and intro to 
plant experiment

Students create a T-chart over 
biotic and abiotic factors.  
Afterward, students design their 
plant experiments

12–
15

Plant experiment (best if 
set up over a weekend) 
(original lesson)

Students design an experiment 
where they will apply either a 
biotic or abiotic factor to their 
plant to see the effect.  This may 
include the type of soil, amount 
of Sun, barricades, hand 
pollination, temperature, etc.

Milestone: conclusion 
from the experiment

16 Ecological organization 
notes and create a picture 
using animal of choice 
(original lesson)

Students learn about the levels 
of organization (individual, 
population, community, 
ecosystem, biome, biosphere)

Benchmark: students learn 
how an ecosystem is 
defined and the 
components involved
Milestone: completed 
levels of organization, 
reflection

17 Food web activity adapted 
from Project Wild 
(Council of Environmental 
Education, 2011)

Students create a food web by 
placing animal nametags around 
their neck.  A ball of yarn is then 
passed around based on who 
eats who

Benchmark: energy comes 
from the Sun, and animals 
depend on other animals

14 Design own food chain 
and web or use owl pellet 
to make web

Students will either design a 
food chain/web, or students can 
dissect owl pellets and design a 
food chain/web using the 
organisms found

Milestone: completed food 
web, reflection

15 Energy pyramid Students create an energy 
pyramid foldable and calculate 
the amount of energy 
transported

Benchmark: 10% of energy 
is transported up a food 
chain

16 Predator/prey simulation 
obtained from Biology 
Corner (Biology Corner, 
2017)

Students learn that since a whale 
only gains 10% of a fishes’ 
energy, they must eat a lot of 
fish.  Students hypothesize and 
test how many fish this requires 
using a simulation

Milestone: reflection

17 Good Buddies from 
Project Wild (Council Of 
Environmental Education, 
2011)

Students complete an activity 
where they learn about the three 
types of symbiosis

Benchmark: animals can 
have different types of 
relationships with other 
animals
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Day Activity Short summary Benchmark or milestone

18 Symbiosis puzzle (Utah 
Roots Publication- 
Teachers Pay Teachers, 
2017)

Students read prompts and 
determine the type of 
relationship.  Students then 
color an image based on the 
answer

Milestone: completed 
image, reflection

19 Black Bear Lab by Project 
Wild (Council of 
Environmental Education, 
2011)

In this outdoor game, students 
take on the roles of black bears 
and must compete for resources 
to stay alive

Benchmark:  population 
numbers are determined by 
limiting factors and 
competition

20- 
23

Eco-column adapted from 
Bottle Biology (University 
of Wisconsin-Madison, 
1991)

Students create an eco-column 
using the what they know about 
interactions in an ecosystem

24 Post-assessment (original 
assessments)

Students take a post-assessment 
over ecology concepts

 Materials Needed in This Unit

The materials used in this unit include the following:

• Science notebooks (these are set up using the instructions provided in the book 
Teaching Science with Interactive Notebooks, by Kellie Marcarelli. That is, the 
right side of each notebook page is designated for student note-taking from 
teacher lessons, and the left side of the notebook pages is for student predictions, 
data, conclusions, questions, etc.) for each student.

• 2 liter plastic bottles (for eco-column construction)
• All the components listed in Table 8.1
• Virtual reality (VR) applications
• Smartphones
• Tablets
• Computers
• Google VR glasses
• Multicolored flashcards (for bear activity)
• Minecraft Edu
• Class pet and habitat
• Projector and viewing screen
• Picture cards (abiotic and biotic factors; animals, ecosystems, and food; whale 

and fish cards)
• Graph paper
• Pencils/pens
• Animal nametag necklaces
• Ball of yarn
• Whiteboards
• Post-it board
• Clickers
• Symbiosis puzzle (Utah Roots Publication-Teachers Pay Teachers, 2017)
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Table 8.1 A list of the eco-column materials students can choose from

Abiotic items Plants Animals

Dirt
Sand
Rocks
Water
Spirulina 
flakes 
(674878)
Old leaves

Vegetable pieces
Cactus (157290)
Carnivorous 
plants (157185)

Cellar spiders (143255)
Guppies
Earthworms (141620)
Wowbugs/Melittobia digitata 
(144570), a parasite in the 
Sarcophaga larvae
Pill bugs (143060)
Ramshorn snails (141230)

Living fossils/Triops 
(142184)
Earthworms (141620)
Elodea densa 
(162101)
Flesh fly from 
Sarcophaga larvae 
(144440)
Sea monkeys/brine 
shrimp (142226)
Ramshorn snails 
(141230)
Daphnia magna 
(142330)

Note: numbers in this table are item numbers for obtaining these supplies from Carolina Biological 
Supply Company

 Introduction of Unit

When starting the unit, it is important to prepare students for what is going to occur. 
During this time a pretest is administered. This provides a starting point and allows 
the teacher to analyze students’ misconceptions and knowledge base. Afterward, an 
engaging activity is used to draw students’ attention. During this unit, the “Habitat 
Lap Sit” by Project Wild (Council of Environmental Education, 2011, p. 61) is used. 
This activity allows students a chance to get out of their seats and have fun. At the 
core of the activity, students are learning the requirements needed for an organism 

Fig. 8.1 A student sample of a graphic organizer created after reading the article “A Bee Mogul 
Confronts the Crisis in His Field” by Stephanie Strom (Strom, 2017)
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to live and are starting to question their own environment. After this activity, stu-
dents receive time to prepare their science notebook and plant pea plants (or any fast 
growing plant) for future use.

After the lap-sit activity, students read articles on real-world events that pertain 
to ecology and the inner relationships found in an ecosystem. Appropriate articles 
include, “A Bee Mogul Confronts the Crisis in His Field” by Stephanie Strom 
(Strom, 2017), “Bee Symbiosis Reveals Life’s Deepest Partnership” by Emily 
Singer (Singer, 2015), and “Field Crop and Bees: Research Shows Surprising 
Relationships (Espinoza, 2016).” A variety of articles are used, so students can read 
about different views, have a choice in what they read, and have an article that meets 
them at their reading level.

The first article (“A Bee Mogul Confronts the Crisis in His Field”; Strom, 2017) 
was chosen because it contains real-world connections that students might realize 
are important in their life. Beehive health has been a growing concern, and students 
are going to continue hearing about bee health in their lives. Additionally, the article 
discusses how pollination is responsible for 90% of plant growth including foods 
that the students eat daily. The article offers students an opportunity to see how both 
biotic (people, parasites, etc.) and abiotic (climate change, chemicals, etc.) factors 
have affected bee health, and if bee health suffers so does peoples’ ability to obtain 
certain types of food. The second article (“Bee Symbiosis Reveals Life’s Deepest 
Partnership”; Singer, 2015) addresses the symbiotic relationship between bees and 
their parasitic symbiont. The third article (“Field Crop and Bees: Research Shows 
Surprising Relationships”; Espinoza, 2016) addresses concerns about insecticide-
coated seeds and the effects on bees and beehives. All of the articles address rela-
tionships between bees and their environments and provide real-world connections 
so that students can see the value in learning about relationships found in an ecosys-
tem. After reading their selected article, students are grouped based on the articles 
they read, and each group makes a graphic organizer to share with the class. See 
Fig. 8.1 for a student sample of a graphic organizer.

After this activity, teachers can introduce the idea of a project-based unit and 
explain the sub-driving question (“What does a ________ need to survive?”) and 
the end product: a thriving eco-column. Of note, the biotic factors the students are 
able to choose from should be limited in order to limit the range of sub-sub-driving 
questions the students can form. For example, the students are limited to the plants 
and animals listed in Table 8.1. This means the students may only develop sub-sub- 
driving questions from that list in Table 8.1 and may only use those items to create 
their eco-column. Students have 5 minutes at the end of each day, after the food web 
lesson, to reflect on what biotic and abiotic factors they will include in their eco- 
column throughout the unit until the black bear lesson (Lesson 8/Limiting Factors). 
After that lesson is complete, the students have 2 days in class to plan and design 
their eco-column. The teacher then orders the materials based on each student’s 
plan.

After these two introductory activities (Habitat Lap Sit and the graphic organizer 
based on research articles), the class begins with Lesson 1. Of note, in a project- 
based classroom, there should always be a focus on the end product, but the journey 
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to that end project is the most important. During this process students are learning, 
teachers are providing feedback, and students are developing ideas and theories. It 
is the teacher’s responsibility to make sure these lessons are relevant and scaffolded 
so that they are helpful for students. Additionally, the lessons should be created 
keeping the 5Es (engagement, exploration, explanation, elaboration, and evalua-
tion) in mind. This is because studies have concluded that the order and type of 
lessons can aid or harm student learning (Bybee, 2002). A brief outline of the unit 
has already been provided, but in this section, each benchmark idea will be broken 
down and analyzed using the 5Es.

 Exploring Different Ecosystems: Lesson 1

During the first benchmark lesson, students should learn there are different ecosys-
tems in the world and animals are adapted to live in certain types of environments. 
The NGSS state that students must determine patterns across multiple ecosystems, 
but they must first realize there are different ecosystems. This benchmark is impor-
tant because students need to make decisions on the animals that are placed in their 
eco-column based on the ecosystem they choose to assemble. This idea is taught 
through several methods.

Engage
In order to get students excited and engaged about ecosystems, Google Cardboard 
virtual reality (VR) glasses and smartphones are used (https://vr.google.com/card-
board/). The teacher provides several of these glasses, but students are invited to 
bring in any VR glasses that they own. Students are also invited to bring smart-
phones into their class. During class students download VR apps and tour different 
ecosystems while taking notes of what they see and the similarities of the animals 
they find (e.g., animals in the Arctic have white fur, a lot of animals in the rainforest 
have the ability to climb, etc.). Some possible VR apps include VR Cities (Smart2 
B.V., 2018), Perfect Beach VR (nDreams LTD), and Safari Tours Adventures VR4D 
(Tulip Apps, 2017). There are a variety of free VR apps available.

Explore
The next step is for students to start to make their own ecosystem. This can be done 
in a variety of ways and is dependent on time. One method is that groups of students 
can be given information about different ecosystems or students can research infor-
mation. This opportunity provides students with a chance to research an ecosystem 
and learn about the characteristics found in that area.

Explain
After the research component, students are given an opportunity to show and explain 
their ecosystem. This can be done through a drawing, a diorama, creation of an 
ecosystem using Minecraft Edu (Mojang, 2018), etc. During this component of the 
lesson, students are provided with a chance to explain their gained knowledge.
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Elaborate
To continue to expand upon student knowledge, a gallery walk can be used. A gal-
lery walk involves students walking around the classroom and touring the different 
ecosystems. Additionally, supplemental materials such as the British Broadcasting 
Corporations’ Planet Earth video clips or the Bill Nye biodiversity video (Nye, 
2009) may be used.

Evaluate
Students write daily reflections in their science notebooks. Teachers evaluate stu-
dent knowledge from these reflections. Alternatively, the ecosystem itself or mix 
and match pictures of animals and ecosystems may be used to evaluate student 
knowledge. Students will evaluate their own and their peers’ knowledge using class-
room evaluative tools such as four corners; red, yellow, and green flashcards; or 

Fig. 8.2 Student work samples of biotic/abiotic T-chart
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thumbs up/thumbs down. Students may also grade their own work (as written in 
their science notebooks) as the teacher tells the class the correct answers.

 Defining Biotic and Abiotic Variables: Lesson 2

During the second benchmark lesson, students learn that living and nonliving com-
ponents make up an ecosystem. This is an important concept because many students 
do not realize that nonliving items are just as important as living items in an ecosys-
tem. This is beneficial in the eco-column development because students need to take 
into account the nonliving items (temperature, precipitations, Sun, etc.) and the liv-
ing items (bacteria, animals, plants, etc.). The NGSS requires students to understand 
the interactions between biotic and abiotic items, but in order to do this, students 
must first be able to identify what is considered biotic/abiotic.

Engage
In order to build student interest, a classifying game is used. Students are given 
cards with pictures or items on them, and they are told to organize them into two 
groups (no other specification is given) using any method they choose. Afterward, 
the students are given the opportunity to explain their grouping.

Explore
Usually, while students are explaining their organization, one group will organize 
the items into living and nonliving items. The teacher should then get all students to 
reorganize their items into living and nonliving if they have not already organized 
their cards in that manner. Afterward, there is a class discussion on what makes 
some items living and others nonliving. A “T-chart” is used to identify differences, 
and the terms biotic and abiotic are introduced (Fig. 8.2). After the class discussion, 
students check their card organization and correct any cards that are not categorized 
correctly.

Explain
During the next class, the teacher introduces the students to Galileo, the class pet. 
Galileo is a desert tortoise, and his home is composed of living and nonliving items. 
Using the knowledge gained from the previous day, students must identify living 
and nonliving components. This can be done using the “round robin” method in 
order to engage all students. Students must then write a reflection where they explain 
what made some items living/biotic (tortoise, lettuce, cactus) and some items non-
living/abiotic (sand, heat lamp, rocks, fake log). The students need to use the items 
on the T-chart to support their claim.

Elaborate
Afterward, while the teacher is checking student work, students can watch a clip 
from the movie “Finding Nemo” and identify living and nonliving items (Pixar 
Animation Studios (2003). Additionally, the teacher can prompt students to identify 
how some items interact with each other, such as the sea anemone and clown fish. 
This will prepare students for the next concept.
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Evaluate
There are once again several methods that are used to evaluate students. First, the 
teacher can use the reflection as a method to check student understanding. The 
teacher may also look at the list the students created while watching the clip from 
“Finding Nemo.”

 The Interaction Between Abiotic and Biotic Variables: Lesson 3

The third benchmark lesson focuses on teaching students that biotic and abiotic 
items interact in an ecosystem. This is an important concept because students will 
need to take into account how items interact when making their eco-column. For 
example, if students plan on using a spider, then they need to take into account 
where the spider will live and the food source. This is an important concept because 
the NGSS wants students to be able to determine relationships in an ecosystem and 
patterns that emerge.

Engage
To promote student learning, the teacher uses a virtual lab created by Glencoe 
(Glencoe/McGraw Hill, 2017). This virtual lab focuses on how the abiotic variable 
of temperature affects a fish’s breathing rate. The online activity provides students 
with a chance to test without actually causing any harm to an animal. In the virtual 
lab, students place fish in water and count how many times the gills move during a 
set time period. Next, the temperature is turned up, and the students count the num-
ber of respirations again. This is repeated several times, and students record their 
data in their notebook (Fig. 8.3). Students then complete a worksheet and graph 
their results.

Explore
After the completion of the virtual lab, students will graph their data and start mak-
ing conclusions. A class discussion is held where students explain their findings but 
also explain how this could be helpful or harmful to fish. If needed a real-world 
connection can be brought in using climate shifts, and the teacher can ask how this 
will affect fish in the ocean. Additionally, students will design a lab using their bean 
plant. Groups of students will be given the assignment to change one biotic or abi-
otic component of their plant. This might include soil type, amount of light, hand 
pollinating (if flowering), obstacles in the way of the plant’s growth, etc. The plant 
will be allowed to continue growing for a set period of time, and students will record 
results.

Explain
After the fish and plant experiment, students should be able to start making the con-
nection that there are biotic and abiotic factors that affect an ecosystem. Students 
should be able to look at the graph from their fish data and conclude that fish breathe 
slower in colder climates and faster in warmer water. Additionally, students should 
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Fig. 8.3 Student graph samples constructed during the biotic/abiotic virtual lab (Glencoe-McGraw 
Hill, 2017). The axes show the number of breaths a fish takes (Y) at a certain temperature versus 
the number of seconds (X)

be able to see some change to their plant and be able to make a conclusion about 
what happened.

Elaborate
To elaborate on the concept of biotic and abiotic factors, there is a short video that 
reviews biotic and abiotic factors (Drollinger, 2013).

Evaluate
To evaluate students’ understanding, the teacher can review the conclusions from 
the plant or fish experiment. The main focus when evaluating student work should 
be on if students understood how biotic and abiotic components interact.
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 Ecological Organization: Lesson 4

The fourth benchmark concept is that students should learn the definition of an eco-
system and the components involved. This is important because when students 
make their eco-column, they need to understand the difference between an individ-
ual, population, and community. They will need to use this information to determine 
if they want to use a population of organisms or an individual.

Engage
To engage students the teacher gives students cards, and students are told to orga-
nize the cards from smallest to largest based on the images. The cards feature differ-
ent variations of pandas, bamboo, the Great Wall of China, etc.

Explore
Once students start to grasp onto the idea of organizing the cards from smallest to 
largest, the teacher explains the reasoning. The purpose of this activity is to intro-
duce students to the concept of ecological organization which is comprised of indi-
vidual, population, community, ecosystem, biome, and biosphere. Once this concept 
is taught, students will reorganize their cards. Afterward, the teacher and class will 
then make their own examples of each level. The teacher will draw, while students 
provide examples, or this could be done in small groups.

Explain
In order to give students a chance to explain their understanding, students should be 
given the opportunity to make their own ecological organization. This can be started 
by the teacher telling students to pick one animal and work upward from there. 
Students can be given the choice to write out what would be found in each level or 
draw a picture.

Elaborate
To elaborate on this idea of ecological organization, the school could be used. By 
explaining what the word simile means, the students can compare the school to an 
ecosystem and determine each of the components.

Evaluate
The teacher can evaluate student understanding by analyzing their individual draw-
ing of ecological organization.

 Food Webs: Lesson 4A

In the next benchmark lesson, students should learn that energy comes from the Sun 
and there is a web of who eats who. This is important because students need to take 
into account food sources to make their eco-columns self-sufficient. The NGSS 
wants students to be able to identify relationships and patterns. Food webs and 
chains show these patterns and relationships well.

8 Teacher-Designed Project-Based Units at the Middle Level



171

Engage
To introduce the idea of food webs, the class will perform an activity called the liv-
ing food web from Project Wild (Council of Environmental Education, 2011). In 
this activity, students create a food web by placing animal nametags around their 
neck. A ball of yarn is then passed around based on who eats who. In the end, a web 
appears, and each person holding a piece of the yarn represents an animal in the 
food web.

Explore
After completing the living food web, students can make their own food web. A 
picture of several animals in a circle is given out, and students draw a line from one 
animal to another based on who eats who.

Explain
Afterward, students should share their web to either the class or a small group. 
During this time they should be able to explain why they connected one animal to 
another.

Elaborate
To reinforce this concept, students should choose an ecosystem and make a food 
web using animals they know. Students could be allowed to research animals, or 
information could be provided.

Evaluate
To assess students’ understanding, the teacher can look at the student-made food 
webs or have students identify parts of a food web.

 Energy Pyramids: Lesson 5

During these lessons, students should learn that only 10% of energy is transported 
up the food chain. This is important because students need to conclude that more 
prey is needed than predators. If there is an equal amount, the ecosystem will col-
lapse. When students design their eco-column, not only will they need to take food 
sources into consideration, but they also need to take into account the balance of 
predators and prey. According to the NGSS, students need to identify patterns, and 
it is a very well-known pattern that more prey must exist than predators.

Engage
To engage students in the idea of the 10% rule, a foldable (Nebraska Alliance for 
Conservation and Environmental Education, 2002) will be used. This foldable will 
be placed in the students’ notebook and pops up to become 3D when in use. Students 
enjoy making this item, and they see a visual of the 10% energy transfer due to the 
triangle shape.
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Explore
After completing the energy pyramid, the students should calculate the amount of 
energy transfer. This will lead to a discussion about why more prey than predators 
are necessary and why there are more plants than animals.

Explain
Students should write a reflection on their findings. The reflection should include 
the 10% rule and explain why every level has fewer organisms.

Elaborate
There is a simulation created by Biology Corner (2017) which simulates predator/
prey relationships (Fig. 8.4). Cards representing fish and whales are used to model 
an ocean ecosystem. Students should remember that since a whale only gains 10% 
of a fishes’ energy, they must eat a lot of fish. Students should hypothesize how 
many fish will be needed to support a whale population before the activity. During 
the activity, students drop whale cards on fish cards. A whale must land on three fish 
cards to survive and any remaining organisms double for the next round. This con-
tinues for several rounds. At the end of the activity, students graph their data.

Evaluate
To evaluate student learning, the teacher can read the students’ reflections or look at 
the conclusions students made about the predator/prey simulation.

 Symbiotic Relationships: Lesson 6

During these set of lessons, students should learn that animals have a variety of 
relationships to one another ranging from good to bad. This is important to students’ 
knowledge because some organisms in their eco-column may work together while 
others may cause harm. For example, if students use fish then a snail may be neces-
sary to clean up the waste from the fish creating a mutualistic relationship. A big 
focus of the NGSS is types of interactions, and these lessons focus on identifying 
the type of relationship.

Fig. 8.4 Students used cutouts of whales and fish to simulate an ocean. The purpose of this simu-
lation is for students to realize you need more prey (fish) than predators (whales) in order for the 
ecosystem to be stable
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Engage
To introduce the idea of symbiosis, the activity “Good Buddies” from Project Wild 
(Council of Environmental Education, 2011, p. 91) is used. In this activity, students 
are given an animal and must find a partner that has some form of relationship to 
that animal. For example, one student may have a flea and the other have a dog. The 
students would become partners.

Explore
After the initial “Good Buddies” activity, the teacher would explain the three types 
of relationships and provide real-world examples. A class discussion would be held 
where students try to remember any symbiotic relationship they are aware of (e.g., 
bees and flowers).

Explain
The activity “Good Buddies” would be repeated again. During this phase, students 
will have to explain why they partnered with that animal and what type of relation-
ship is occurring. If students are struggling, the teacher can also guide students in 
telling what the animal does.

Elaborate
To elaborate on these ideas of symbiotic relationships, students will complete the 
symbiosis puzzle by Utah Roots Publication (Utah Roots Publication-Teachers Pay 
Teachers, 2017). In this puzzle, students read prompts and determine the type of 
relationship. Students then color an image based on the answer.

Evaluate
To evaluate student learning, the teacher may begin a game of “Three Corners” by 
reading a description of a symbiotic relationship and have students move to a corner 
of the room based on the relationship they identify it as. The teacher may also look 
at the students’ completed symbiosis puzzles.

 Limiting Factors and Competition: Lesson 7

In this final benchmark lesson, students learn that population numbers are deter-
mined by limiting factors and competition. This is important for students to under-
stand when making their eco-column so that they do not place too much competition 
in an area and therefore cause the eco-column to collapse. According to the NGSS 
students need to look at patterns found in an ecosystem, and limiting factors dem-
onstrate these patterns.

Engage
In order to engage students over this topic, students are taken outside for a Project 
Wild lesson (Council for Environmental Education, 2011, p. 23) over limiting fac-
tors in a black bear population. When students are outside, they are told they are 
black bears and need to gather food for winter. There are cards placed outside. What 
students don’t know is that some cards provide more food than others. Three 
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students are chosen as outliers: one student has two cubs and needs to gather double 
the food, one bear is blind due to quills from a porcupine and must wear a blindfold, 
and one student must hop of one leg due to being injured from another bear in a 
fight. Students are given 2 minutes to gather cards.

Explore
Once the activity is complete, students are taken back inside to calculate the amount 
of food collected and record in their journal (see Fig. 8.5 for an example of a student 
reflection concerning the black bear activity. The student who created this image 
found out that they, as a pretend bear, did not collect enough food to survive, so they 
wrote, “I died,” and underlined it). During this time students learn what the color of 
the cards represent the type of food and that the numbers represent the amount of 
food. Students start to learn that some students/bear got more food while others did 
not. Eventually, the teacher reveals the amount of food needed to survive, and usu-
ally only one to three students survive a class.

Explain
After analyzing the data, a class discussion is held. During this time the teacher 
facilitates questioning that results in defining limiting factors and competition. 
Students learn that there are several items that could limit a population growth and 
that there are even limiting factors for the human population.

Elaborate
Concluding the simulation students were asked to think of some limiting factors that 
might affect the human population or an animal. Students then record this in their 
notebook and share their ideas in small groups.

Fig. 8.5 Data recorded from the limiting factor simulation
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Evaluate
To evaluate student learning, the teacher can have students complete a reflection, 
answer the lab questions, or read the student-generated limiting factors. Any of 
these options reveal student understanding/misunderstanding of the cause of the 
black bear deaths in the simulation. Students assess their own understanding of this 
lesson by generating possible ideas that would allow more of the black bears to 
survive. They then explain how one of those solutions would work.

 Assessments (Milestones)

A variety of assessment methods were used to gauge students’ understanding. 
Several were listed in the table outlining the unit, but there were additional forma-
tive assessments that occurred daily including:

• Student Written Daily Reflections – students write daily reflections on what they 
learned through specific activities and how it helps answer the big question (see 
Fig. 8.6).

• Warm-Ups and Exit Slips – students complete recall questions on the day’s 
lesson or a lesson from a couple of days ago. They are teacher or peer scored.

• Student Tracking – students track their growth on a topic. Students take a pretest 
at the beginning on a unit, and the teacher scores each student in each area. 
Afterward, students track their growth based on how well they do on formative 
checks.

• Four Corners/Fist, Three, Five/Similar Activities – students are asked questions 
and go to different corners of the room based on their responses.

• Questioning/Class Discussions  – class discussions are held about what was 
learned and how this helps answer the big question.

• Summary Questions After Labs – students answer questions from activities to 
gauge their understanding.

• Clickers/Whiteboards/Socrative/Google Classroom/GradeCam  – students 
respond to a quick quiz through one of the mentioned items (teacher 
determined).

• Post-it Board  – students would be asked a question and would respond on a 
Post- it which would be placed in a location around the room.

Fig. 8.6 Student reflections

Interactions Within an Ecosystem: A Project-Based Approach



176

Additionally, summative assessments were used as a pretest and posttest. These 
served as a tool to measure students’ growth during the unit. Both assessments were 
teacher made and covered all of the main ideas. This assessment includes multiple 
choice, true/false, short answer, and open response questions. Before the unit was 
taught, only 12% of students received a passing score on the pretest. All students 
that attempted the pretest received participation credit in the grade book. After the 
unit was taught, the average score was an 84% with only 18% of students receiving 
a D or F. The eco- column packet also served as a summative assessment since stu-
dents had to apply all of their knowledge when designing their ecosystem.

 Interwoven Project: Eco-column

For the final project, students were told they were to design a self-sufficient ecosys-
tem that could survive for 3 weeks. This project was chosen because the NGSS 
states students need to design and construct a solution. The problem being that after 
construction no human assistance was allowed. For example, the swamp ecosystem 
had to filter water for the terrestrial ecosystem. The types of ecosystems also had to 
work together in order to support one another. Therefore, all of the ecological com-
ponents had to be considered before assembly. This idea was obtained through the 
book Bottle Biology (University of Wisconsin-Madison, 1991) and adapted by the 
teacher. The process used to assemble the eco-column is listed below:

 1. Students were reminded of the challenge from the beginning of the lesson and 
told the requirements – “Construct an ecosystem that can survive without your 
help for three weeks. You must take into account the interactions that occur in the 
planning phase when designing your eco-column.”

 2. Students were assigned groups by the teacher, and the groups had to designate 
students for the following jobs:

 (a) Computer user
 (b) Recorder
 (c) Question asker
 (d) Animal handler (multiple)
 (e) Habitat maker (multiple)

 3. Students were given a choice of three ecosystems that they could assemble – 
terrestrial, swamp/pond, or aquatic (salt water or freshwater).

 4. Students were given the list of items (see Table 8.1) that would be provided so 
that students could design their eco-column around these limitations. The items 
were obtained through Carolina Biological Supply Company, PetSmart, and out-
side of the school. Every group of students was provided with a pre-cut 2 liter 
bottle.

 5. Next, students started the planning phase where they had to research and answer 
the following questions (see Fig. 8.7 for a student sample):
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 (a) You may use up to three species of animals, what do you plan on using?
 (b) Are the organisms you chose appropriate for your ecosystem?
 (c) Construct a food web/chain of the animals you are using (make sure you 

consult your partner ecosystem if you need them to use something. For 
example, if you need flies as a food source, then ask the swamp ecosystem if 
they are using the larvae).

 (d) Determine how your living items reproduce so that your population does not 
die out.

 (e) Draw a picture of your eco-column plan, and label the items, and list why 
they are being used.

 6. After the planning phase, the students turned in their plan to the teacher for 
approval (Fig. 8.8). This allowed the teacher to determine if the plan was safe for 
the organisms being used.

 7. Finally, students were allowed to assemble their eco-column (Fig. 8.9), and then 
the partnering eco-columns were combined (Fig. 8.10).

 8. For the next 3 weeks, at the beginning of the class, students were given time 
(about 5 minutes) to make observations about their eco-column and share this 
information with the class.

 9. At the end of 3 weeks, students were required to reflect on their experience and 
list any changes they would make if assigned this project again. Students also 
had to answer these questions:

 (a) What worked and what did not?
 (b) What would you change?
 (c) What changes happened?

Overall, the eco-columns were very successful and all survived the required 3 
weeks. More than half of the eco-columns survived for several months. Students 

Fig. 8.7 The above image shows students’ work when determining the food chain that would be 
used in their ecosystem
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appeared to enjoy this project and cared about making an appropriate habitat for 
their animals. This project was helpful because it allowed the teacher to observe the 
students’ knowledge over topics. Students did not choose an item because they 
wanted it, instead, they took into consideration what was needed and why.

 Future Work

The eco-column was successful in teaching students the required information and 
provided a fun and informative unit. The benchmark lessons met the requirements 
needed to teach students content and provided the teacher with a chance to provide 
feedback. While the overall project-based unit was successful, there are changes 
that could be made to make to improve student learning. First, the use of an aqua-
ponics table could be used. This could be helpful because it could teach students 
about relationships between fish and plants and allow students to view a real-life 
example of a symbiotic relationship. Second, a programmed Raspberry Pi and 

Fig. 8.8 This image shows one student’s plan for two ecosystems (aquatic and terrestrial) and the 
items they chose
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Fig. 8.9 This image shows 
a student eco- column 
sample which contains a 
freshwater aquatic 
ecosystem with snail 
Elodea densa

Fig. 8.10 This picture shows student ecosystem samples once they were combined with another 
ecosystem. The column on the left has all three ecosystems in use
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probes could be used to test temperature, CO2, moisture, etc., of the aquaponics 
table. This could help the students understand how abiotic variables affect biotic 
components. Third, students could model ecosystem and interactions using current 
computer games such as Minecraft and Spore. This makes the lessons more engag-
ing for the students and placed the content in an atmosphere they are more comfort-
able using. Finally, a 3D printer could be used to demonstrate animal adaptations 
and make components to be used in an eco-column such as a cave fish. While these 
changes may not be appropriate or needed for every class, they do provide some 
options for adapting the unit for future students.

 Exploring the Phenomena of Gravitational, Electrical, 
and Magnetic Forces

Emily Tighe, Kelly Profitt, and Jessica Pollard

Grade: 7
Unit length: 5 weeks (55 minutes per class)

 Introduction

In this project-based instruction (PBI) unit, students complete a variety of investiga-
tions to look at the phenomena of gravitational, electrical, and magnetic forces in 
order to answer the driving question, “How can I make something move without 
touching it?” This unit covers the following Next Generation Science Standards’ 
(NGSS) performance expectations, disciplinary core ideas (DCIs), crosscutting 
concepts, and science and engineering practices while correcting the misconcep-
tions discussed in the conceptual challenges for learning magnetism section.

 NGSS

Performance Expectations

07-PS2-3
Ask questions about data to determine the factors that affect the strength of electric 
and magnetic forces.

07-PS2-5
Conduct an investigation, and evaluate the experimental design to provide evidence 
that fields exist between objects exerting forces on each other even though the 
objects are not in contact.
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Disciplinary Core Ideas 

MS-PS2-3
Electric and magnetic (electromagnetic) forces can be attractive or repulsive, and 
their sizes depend on the magnitudes of the charges, currents, or magnetic strengths 
involved and on the distances between the interacting objects.

MS-PS2-5
Forces that act at a distance (electric, magnetic, and gravitational) can be explained 
by fields that extend through space and can be mapped by their effect on a test object 
(a charged object or a ball, respectively).

Crosscutting Concepts 

 Cause and Effect
Cause and effect relationships may be used to predict phenomena in natural or 
designed systems (MS-PS2-3, MS-PS2-5).

 Science and Engineering Practices

 Asking Questions and Defining Problems
Asking questions and defining problems in grades 6–8 builds from grades K–5 
experiences and progresses to specifying relationships between variables and clari-
fying arguments and models.
 Planning and Carrying Out Investigations
Conduct an investigation, and evaluate the experimental design to produce data to 
serve as the basis for evidence that can meet the goals of the investigation 
(MS-PS2-5).

 Conceptual Challenges for Learning Magnetism

According to Barrow (1987) and Borges, Tecnico, and Gilbert (1998), the phenom-
enon of magnetism is difficult for children to comprehend. Some ideas that students 
have difficulty with are (1) that objects may act on each other without actually 
touching and (2) magnets are able to attract and repel certain objects (Constantinou, 
Raftopoulos, & Spanoudis, 2001). Sederberg and Bryan (2009) notes students must 
use mental spatial orientation and the construction of mental models in order to 
understand abstract concepts such as the particulate nature of matter and the kinetic 
molecular theory (Sederberg & Bryan, 2009). Gilbert and Boulter (1995) and 
Boulter and Gilbert (2000) also note the importance of the construction of mental 
models as it has been shown to allow learners to reduce a phenomenon to the most 
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meaningful elements to the learner, and this makes the phenomenon personally 
meaningful to the learner. Clement (1991) notes the construction of, and the reflec-
tion upon, mental models closely resembles everyday reasoning. With the research 
on and support of mental model construction and reflection, the students will use 
this approach in order to most effectively address their misconceptions.

 Materials Needed in This Unit

• Interactive/engineering notebook (one per student; these are set up using the 
instructions provided in the online article by Young (2002). That is, the right side 
of each notebook page is designated for student note-taking from teacher les-
sons, and the left side of the notebook pages is for student predictions, data, 
conclusions, questions, etc.) for each student.

• Projector/projection screen
• Computers/tablets/smartphones/laptops
• Whiteboard
• Google Slides/Nearpod
• Flexible plastic straws (ten per student)
• Masking tape (3–5 inches per student)
• Meterstick (one per student)
• Cameras
• Paperclips
• Coins
• Cork
• Rubber stoppers
• Bits of aluminum foil
• Toothpicks
• Rubber bouncy balls
• Thumbtacks
• Magnets
• Shiny or metallic looking plastic
• Post-it notes
• Wand magnets (one per student)
• Scissors
• Glass beakers (one per student)
• Magnetic and nonmagnetic items
• Re-magnetizer (optional)
• Hot Wheels/Matchbox cars (one per group)
• Disk magnets (three to four per group)
• Practice racetracks
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 Learning Progression

What Should They Already Know?
• Magnets attract or repel.
• Earth’s gravity pulls everything toward its center.
• Balanced/unbalanced forces and Newton’s laws.

What Comes After?
• Forces are affected by the mass of the objects and the distance between them.
• Electrical fields cause magnetism and magnetism can generate electricity.
• Gravitational potential energy.
• How does chemistry/engineering play a role?
• Designing something to solve a problem (project).

What Understandings Do You Want Your Students to Acquire?
• How to ask good scientific questions from data.
• How to refine a question to plan an investigation.
• Gravitational forces.
• How to use models.
• How to test prototypes and redesign them (engineering design process).
• Cause and effect relationships.
• What factors affect magnetic, electric, and/or gravitational forces?

How Do We Know Students Have Acquired This Understanding?
• Pretest/posttest.
• Student engineering/interactive journal from magnetic derby.
• Writing Prompt: given a scenario, students will predict outcomes about mag-

netic/electric forces.

Potential Student Sub-driving Questions
• How does the mass of the car affect the motion of the car?
• How does the number of magnets affect the motion of the car?
• How does the position of the magnets affect the motion of the car?
• How does the orientation of the magnets affect the motion of the car?
• Do attractive forces or repulsive forces work better for a controlled motion?
• How can we change the strength of magnets?

 Benchmark Lessons

 Benchmark 1: How Do I Design Something?

Addresses NGSS PE 07-PS2-5, DCI MS-PS2-5, CC Cause and Effect, and Science 
and Engineering Practices Asking Questions and Defining Problems and Planning 
and Carrying Out Investigations
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In order to address the engineering portion of the unit, we want students to be 
introduced to the design process early on. We ask students to complete a basic engi-
neering challenge of building a straw tower and keeping a design journal. After the 
challenge, students continue the design process with gallery walks and classroom 
discussion to develop their understanding. This lesson is designed to get students 
acquainted with the design process and evaluate others’ work. Group goals, evalua-
tion techniques, discussion protocols, and goal setting are all discussed with this 
lesson.

Engage
Per our experience, students often think (1) engineering entails a large amount of 
mathematics and (2) they do not experience engineering in everyday life. Simply 
put, students do not see themselves as designers or engineers. To teach these stu-
dents otherwise, we start a discussion by simply asking, “What is an engineer?” 
Students brainstorm in their science notebooks and free write any characteristics, 
jobs, degree needs, etc., that engineers may have. Once students have finished, the 
teacher facilitates a discussion concerning what students think constitutes an engi-
neer. Depending on the setup of your room, this discussion can take place in the 
classroom on a whiteboard or using digital slides such as Google Slides or Nearpod 
slide. Keep a tally of the discussion on the board and/or website for students to refer 
to at a later date.

Explore: Steps of the Engineering Process
Have students watch the video “What is engineering?” (National Science Foundation, 
2016) and note in their notebook what they think the steps to the design process are. 
After viewing the video, students work in small groups to create an ordered list of 
the design process. Students will define/explain what they think each step entails, 
and then they will share their ideas. The sharing of ideas will involve the whole class 
and be recorded on a whiteboard or on a tech page like Google Slides or Nearpod. 
After discussion, students view the video, “What’s an engineer? Crash Course Kids 
#12.1” (Crash Course Kids, 2015). After viewing the video, students revise their 
lists and notes, concerning the steps involved in the design process, to match the 
steps below:

 1. Define the problem.
 2. Do your research.
 3. Develop a possible solution.
 4. Design your solution.
 5. Build a prototype.
 6. Test it.
 7. Evaluate your solution.

Explain
Using the context of the design process, introduce students to the task (i.e., build the 
tallest tower possible using only the items given: ten flexible plastic straws, 3–5 
inches of masking tape, and a meterstick). Based on the design process, students 
may use electronic devices (e.g., tablets, smartphones, laptops, computers) to do a 
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small bit of research if they choose to ask. We did not add this to the instructions as 
we wanted to see if students would think to use that step in the process. Working in 
teams, students design a possible solution in their notebooks. Teachers give students 
an allotted amount of time (around 10 minutes). Students must label and describe 
the building process they are planning to use. Encourage them to be as descriptive 
as possible. As students are working through the design process, the teacher rotates 
through the room and poses questions. I used the role of an investor in the tower 
build to ask questions concerning building plan choices, engineering design, what 
they hoped to build, etc. For fun or an extra challenge, tell them the budget for 
resources has been cut by investors and they may only use one arm. Aside from add-
ing a challenge, it also encourages students to engage in team building skills. Once 
the time elapses, allow students to take photos of their work and data in the form of 
height measured in centimeters. Add this to a class slide on Google Classroom or 
Nearpod.

Elaborate
Once students finish the design and build phase, they go over their design and write 
up a description explaining why they built their tower the way they did and how they 
feel their tower performed. We did this as a Google Slides presentation that each 
group presents to the class. Students look at each part of the design process and 
explain their choices at each step. Each group then presents and students evaluate 
them.

Evaluate
During the evaluation, students look at designs of fellow students. They evaluate 
data from each build group to determine how well their tower performed compared 
to other groups. Students then evaluate their own design and improve upon it. (This 
is challenging for some students as they want to stick with one design choice and do 
not feel changes should be made. Make sure to talk up that most engineered prod-
ucts go through many trials and designs.)

 Benchmark 2: What Is a Magnet?

Addresses NGSS PE 07-PS2-3, DCI MS-PS2-3, CC Cause and Effect, and Science 
and Engineering Practices Asking Questions and Defining Problems

In this lesson, students are reintroduced to the basic properties of a magnet. 
Students share what they know, look for common properties of magnetic items to 
define and share, and use what they know to complete a writing prompt. Common 
themes include what materials are magnetic, magnetic poles, and magnetic fields.

Engage
A Google presentation asks students to think about what they currently know about 
magnets. Questions such as “What are they?”, “What makes something magnetic?”, 
“How are they used?”, “How do they affect my everyday life?”, and “What are some 
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vocabulary words that you associate with magnets?” are asked. This gets the stu-
dents to recall mental models of magnets they have seen in the real world.

Explore
Students are given a variety of items. You may use anything you can find in your 
classroom. Materials may include the following: paperclips, coins, cork, rubber 
stoppers, bits of aluminum foil, toothpicks, rubber bouncy balls, thumbtacks, mag-
nets, shiny or metallic-looking plastic, Post-it notes, etc.; however, the materials you 
find in your room may be different. Students group the items into magnetic and 
nonmagnetic piles. At this point, do not provide a magnet. This portion of the lesson 
is used to address the misconception that ALL metal is magnetic and/or that any-
thing shiny is magnetic. Students then record their groupings in their notebooks.

Facilitate a discussion on which items are magnetic. Ask students to share com-
mon properties between the items they grouped as magnetic. Students may dis-
agree, and if so, then use this as a way to teach collegial discussion. After the class 
discussion, have students go back and retest their ideas using a wand magnet. Have 
them record the results in a data table. Continue to work through the slide presenta-
tion, and then have students read The Wiener Dog Magnet (Hayes Roberts, 2008). 
Ask students to answer the quick write: A very useful magnet can be _________. It 
is important because_____________.

Explain
After completing the explore activity, students decorate a large paper magnet fold-
able with magnets they use in their everyday lives and record explanations of how 
each item utilizes a magnet. Students may also write notes on magnetic fields, 
domains, and materials in the foldable.

After interacting with the foldable, a temporary magnet demonstration is shown. 
This demonstration begins with a pair of scissor blades being placed into a bowl of 
paper clips and asking students what they think will happen when you lift the blades 
out of the bowl. During this discussion, address any misconceptions students may 
present. Then, lift the blades out of the bowl, and discuss the results with the class. 
After the discussion, run a wand magnet down the scissor blades to temporarily 
magnetize the blades. Again, ask students what they think will happen (the paper 
clips should stick to the blades). Then place the scissor blades into the bowl of paper 
clips, and then remove the blades. Discuss what happens with the class. Use this to 
facilitate a discussion about the poles of a magnet. During this demonstration, dis-
cuss the misconception that ALL metallic items are magnetic. Finally, students will 
watch a short video clip (about 15 min) about magnets (Disclose Education, 2014).

Elaborate
Magnetism Gizmo (ExploreLearning, 2015) is an online lab program that allows 
students to manipulate iron filings with different magnets and their poles situated in 
different positions. This introduces students to magnetic fields and how they can 
predict which poles of a magnet are facing each other based on the shape of the 
magnetic fields.
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Evaluate
Mini quiz on magnet vocabulary and ideas

 Benchmark 3: What Effects Magnet Forces?

Addresses NGSS PEs 07-PS2-3 and 07-PS2-5, DCIs MS-PS2-3 and MS-PS2-5, CC 
Cause and Effect, and Science and Engineering Practices Asking Questions and 
Defining Problems and Planning and Carrying Out Investigations

Collecting data on different types of magnets or magnetic situations. Developing 
and refining questions (students develop potential sub-driving questions)

Engage: Northern Lights/Magnets in Water
Show students a picture of the aurora borealis, and ask them what they think it is and 
how it relates to magnets. Then pose the following question, Will what you know 
about magnets hold true if we put the items in water? This will start the discussion 
on what affects the forces between the magnets or the magnets and magnetic items. 
After discussion, allow students to investigate. This is very informal. Students will 
need a glass beaker with water and metallic items as well as magnets. Allow stu-
dents to investigate and discuss what they noticed.

Explore
Create magnet stations based on what you have available. Students go to the differ-
ent stations and investigate properties of magnets and situations that affect the 
forces.

Station ideas:

• Iron filings with different magnets (Gizmo).
• Static electricity – with balloons and aluminum foil.
• How many paperclips can different types of magnets hold?
• An electromagnet with a different number of coils.
• A battery with a wire and a magnet.
• Motors/generators.

Explain: Lab Write-Up
Have students keep a data table in their interactive/engineering notebooks that 
includes observations and any quantitative data. Use this data to double-check stu-
dents’ data collection abilities and to facilitate a discussion on what they notice. 
This will depend on which station you chose based on the supplies that you have at 
hand.

Elaborate: Design Introduction (Milestone 1)
Students design a race car in which they decide where placed magnets will be the 
most effective in helping “drive” the car. Students are not allowed to touch the mag-
net to the car. They will need to decide if it is a better idea to push the car with a 
repulsive force or pull the car with an attractive force. Students work in teams of two 
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to three to develop their hypothesis, plan a procedure, and design and test their car 
on the test track.

We incorporate a mini-lesson on independent and dependent variables. Students 
must identify these prior to beginning their build. Once they have come up with a 
placement, students must explain why they chose that design. This explanation 
needs to include their understanding of magnetic fields as well as forces involved in 
using magnets. You may want to allow students to play with the items so they have 
an understanding of how they work.

Materials for the lab include but are not limited to Hot Wheels/Matchbox cars 
(one per group), disk magnets (three to four per group), tape, and wand magnets. 
Please note, if you are going to do a great deal with magnets, then your school may 
want to invest in a re-magnetizer. We found that our magnets lost some of their force 
as we worked through the unit.

Evaluate: Kahoot
To make sure students have a grasp of the core ideas, we give a small quiz at this 
time. Ours is in the form of a Kahoot (Kahoot!, 2016). Kahoot is an online quiz 
game that allows students to use an electronic device on their own or in pairs/groups 
to answer questions. It is similar to a quiz show.

 Benchmark 4: Magnet Car Derby (Milestone 2)

Addresses NGSS PEs 07-PS2-3 and 07-PS2-5, DCIs MS-PS2-3 and MS-PS2-5, CC 
Cause and Effect, and Science and Engineering Practices Asking Questions and 
Defining Problems and Planning and Carrying Out Investigations

Students present data from the investigations and make connections on how to 
adjust the magnets on the car. The portions of this unit are all done during the same 
time period. They relate to each other but do not need to be completed in order for 
student understanding.

Engage: Video Clip on Electromagnets
Students watch a video about electromagnets (Techquickie, 2016). This further 
introduces students to the everyday uses of magnets and electromagnets.

Explore
Students complete their design and test it on the test track. This takes about 2 days, 
depending on how many test tracks and groups you have. Students complete a mini-
mum of three trials. This data is recorded in Google Sheets, and the data is then 
turned into a graph to see how well the student groups met the goal of getting 
through the track without touching the magnet to the car.

Explain
Students read about how magnets are utilized in compasses.
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Elaborate
Have students work through the data collection portion of their lab. As they do this, 
continue to ask if there are ways they could improve the design of their car. Our 
students completed their lab write-ups on Google Slides. Having access to comput-
ers allowed them to do a bit of research as they were collecting their data. Many of 
them realized that there is a specific way to “drive” the car that gives them the best 
results. Students should evaluate their cars and come up with a secondary design for 
their car. This evaluation should include why they changed the design of the car and 
should involve citing information on the magnetic fields and the forces involved.

Evaluate
Hold a gallery walk for the car designs and allow students to talk about what worked 
and what didn’t work. Compare data as a class utilizing the graphs that students 
included in their lab reports. Using the claim, evidence, reasoning technique, ask 
students to decide which design worked best, and cite specific data from the class to 
back up their claim. They then need to use their knowledge of magnetic fields and 
forces to explain why their claim is valid.

 Benchmark 5: Gravity

Addresses NGSS PE 07-PS2-5, DCI MS-PS2-5, CC Cause and Effect, and Science 
and Engineering Practices Asking Questions and Defining Problems and Planning 
and Carrying Out Investigations

The gravity portion of the unit involves students working at stations for about 
3–4 days. Each station is listed below and there is a checklist of items included.

Engage: Gravity Lab
Students weigh themselves privately or estimate their weight and then calculate 
what their weight would be on different planets. They then do a standing long jump 
and measure the distance. They complete five trials and find the mean of the data. 
They use the mean to calculate how far they could jump on other planets. This leads 
to a discussion on the difference between weight and mass.

Explore: Why Don’t People Fall Off the Other Side?
Students complete an informational read on gravity and its force on humans on 
Earth. This reading also addresses the concept that as the mass of two objects or the 
distance between them changes, so too does the gravitational pull. This is a key 
concept for the unit.

Explain
The concepts of Newton’s universal law of gravitation, as well as the relationship 
between mass and force and distance and force, are discussed.
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Elaborate
Students watch a video on gravity and complete Google Forms. We utilized Google 
Classroom and allowed each student to complete tasks at their own pace. They were 
able to start and stop the video as needed to complete the small quiz.

Evaluate
Students interact with the Gravity Pitch Gizmo (ExploreLearning, 2015). This 
Gizmo allows students to look at trajectory as well as apply what they know about 
gravity to orbits. This delves into standards from 6th grade and elaborates on the 
knowledge they have. Students use the data collected in the lab simulation to ana-
lyze the relationship between mass and orbit.

 Formative and Summative Assessments

The unit begins with a pre-assessment. In the lessons, we include small formative 
assessments. The summative assessments for the unit are in the building and testing 
of the magnet car and the analysis, redesign, and presentation of their original proj-
ect. In addition, a post-assessment (identical to the pre-assessment) is given, and the 
data is recorded.

 Actual Student Projects

Sub-Sub-driving Research Question (Student-Generated Question)

Students created a multitude of sub-sub-driving questions for investigation. Some of 
these included:

• What is more effective for control: more magnets or stronger magnets?
• Can placing various items between the lead magnet and the car make it easier to 

control?
• Which is better for the car track: attracting, repelling, or a combination of forces?
• Is it possible to stack magnets to get a stronger force?
• Does the mass of the car affect the results (if the same combination and location 

of magnets are used)?

Methods of Investigation and Data Collection

Qualitative data is collected using photographs, untimed tests and trials, and mag-
netic exploration. Quantitative data is collected and recorded in timed trials. Each 
group used an iPad stopwatch to measure the amount of time (sec) it took their car 
to complete one circuit of each track: (1) a practice track which is oval in shape and 
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wide and (2) a challenge track which is crooked and contains obstacles like toy 
horses, tractors, and landscape. If student cars accidentally veer off the track or run 
into an obstacle, then they have to start back at the beginning. Students record data 
in their science notebooks (either online or composition book depending on teacher 
preference).

Analysis of Data

Student data analysis included but was not limited to the following questions:

• What does your data mean?
• What are your findings? (What did you learn?)
• What errors or problems did you have in your experiment?
• How could you improve your experiment for next time to reduce errors or 

problems?

Most students conclude it is difficult to move an object without touching it. They 
find it difficult to find a balance using the mass of the car, the distance of the car 
magnets to the lead magnet, and the magnetic fields for the combinations of mag-
nets they used.

Most students agree if they do this experiment again, they would like more prac-
tice tracks. They develop their cars and take turns with the actual track, so it is dif-
ficult to modify the design for the practice track within the time slot. In addition, 
short classes mean most groups must disassemble their cars at the end of each day. 
Students report this adds to inconsistency in their designs since they may not be 
using the exact same magnets from day to day.

Data Representation

Students organize data in tables. Student groups plan the number of trials, record 
qualitative data of their choice, and record quantitative data (i.e., the time it took the 
car to drive around the track; see Fig. 1 for an example).

Graphs/Charts/Models and/or Technology-Generated Visuals

Students collaborate through Google Slides to present their questions, procedures, 
and findings. Required graphics include a data table (see Fig. 2), graph (see Fig. 3), 
and an image of their design (see Fig. 4). Some students used Google Sheets to col-
lect data and generate graphs, while others used graphing websites. Still, others 
preferred to create a hand-drawn graph and took a photograph to upload into the 
presentation.
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Trials Time (Seconds) Type of 

Force

1 3 sec. attract

2 4.3 sec. attract

3 3.7 sec attract

Fig. 1 Student sample of a 
data table with both 
qualitative and quantitative 
data recorded

Trial Seconds

1 17

2 17

3 16

Fig. 2 A student sample 
of a data table measuring 
the time it took for a car to 
go around a racetrack for 
three different trials

Fig. 3 A student sample graph made from the data recorded in a student data table
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Results and Conclusions

The focus areas for student results and conclusion include, but are not limited to, the 
following:

• Restate your hypothesis.
• Did your data support your hypothesis?
• What were the limitations of your experiment?
• What did you learn in your experiment?
• What further research questions do you have based on your data/findings?

Most students conclude that it is difficult to move an object without touching it. 
They find it difficult to strike a balance between using the mass of the car, the dis-
tance of the car magnets to the lead magnet, and the magnetic fields.

Students generate follow-up questions and add them to a wonder wall (Teaching 
Ideas, 2015a). Wonder wall research is used as an extension for the unit. Students 
may present their research using Google Slides if the question is purely research- 
based. Students could also develop their own engineering/design lab as an exten-
sion. Again, they have an option to present their results to the class.

Fig. 4 A picture of a 
student group’s designed 
magnet car
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Follow-Up Question

Student follow-up questions include the following: What are the applications for 
using magnetic and gravitational fields to move objects? How do engineers calcu-
late and control the combined magnetic and gravitational force for roller coasters 
and maglev trains? And how much does speed and force required to operate vary in 
roller coaster runs when the mass of the passengers differs greatly each time?

 Chemistry to Biology Bridge: What Happens to the Food 
We Eat?

For 7th grade
Unit length: Approximately 3–4 weeks (60 minute classes)
By: Jessica Pollard and Kelly Profitt

 Introduction

Energy is a crosscutting concept prevalent throughout the 7th grade science class-
room. In this Chemistry to Biology Bridge Unit, students explore ways that matter 
and energy are cycled through organisms and ecosystems. Students know that food 
provides matter and energy they need to grow, so the driving question for the unit is: 
What happens to the food we eat? This unit uses two fundamental chemistry con-
cepts, the Law of Conservation of Mass and the Law of Conservation of Energy, to 
provide a backdrop for explaining biochemical processes such as photosynthesis, 
digestion, and biomagnification of external contaminants in food webs and 
ecosystems.

Having just finished the CREATES chemistry unit that focuses on conservation 
of matter and evidence of chemical change as key concepts, we feel that students 
should bridge their understanding of chemical reactions and evidence of chemical 
change in a system to understanding and modeling conservation of matter and 
energy and evidence of chemical change in a natural system (i.e., body system, 
ecological system, etc.). This unit allows students the opportunity to glimpse inside 
organisms, including themselves, and investigate the cycling of energy and matter 
in a more open system. In addition, they look outside themselves to the cycling of 
matter and energy in the environment.

We want to make sure students know where the energy they consume comes 
from and how it travels through their bodies. Students have a large misconception 
about the amount of energy they get from the food they eat (see literature review). 
We wanted to address this early on, so students would be able to connect the energy 
flow to later lessons. Our main project in this unit is paired with Lesson 5. This 
project has each student design and model an organ in the digestive system. They 
then use their model to actually process food (Table 1).

8 Teacher-Designed Project-Based Units at the Middle Level



195

 Next Generation Science Standards’ Performance Expectations

 Science and Engineering Practices

Developing and Using Models
Modeling in grades 6–8 builds on grade K–5 experiences and progresses to develop-
ing, using, and revising models to describe, test, and predict more abstract phenom-
ena and design systems.

• Develop a model to describe phenomena (MS-LS2-3).
• Develop a model to describe unobservable mechanisms (MS-LS1-7).

Constructing Explanations and Designing Solutions
Constructing explanations and designing solutions in grades 6–8 builds on K–5 
experiences and progresses to include constructing explanations and designing 
solutions supported by multiple sources of evidence consistent with scientific 
knowledge, principles, and theories.

• Construct a scientific explanation based on valid and reliable evidence obtained 
from sources (including 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 (MS-LS1-6).

Disciplinary Core Ideas
LS1.C. Organization for Matter and Energy Flow in Organisms

• Plants, algae (including phytoplankton), and many microorganisms use the 
energy from light to make sugars (food) from carbon dioxide from the atmo-
sphere and water through the process of photosynthesis, which also releases 
 oxygen. These sugars can be used immediately or stored for growth or later use 
(MS-LS1-6).

Table 1 NGSS performance expectations (PE) covered in this unit

PE PE explained

MS- 
LS1- 6

Construct a scientific explanation based on evidence for the role of photosynthesis in 
the cycling of matter and flow of energy into and out of organisms

MS- 
LS1- 7

Develop a model to describe how food is rearranged through chemical reactions 
forming new molecules that support growth and/or release energy as this matter moves 
through an organism

MS- 
LS2- 1

Analyze and interpret data to provide evidence for the effects of resource availability 
on organisms and populations of organisms in an ecosystem

MS- 
LS2- 3

Develop a model to describe the cycling of matter and flow of energy among living and 
nonliving parts of an ecosystem

MS- 
LS2- 4

Construct an argument supported by empirical evidence that changes to physical or 
biological components of an ecosystem affect populations

Note: numbers in this table are item numbers for obtaining these supplies from Carolina Biological 
Supply Company
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• Within individual organisms, food moves through a series of chemical reactions 
in which it is broken down and rearranged to form new molecules, to support 
growth, or to release energy (MS-LS1-7).

LS2.A. Interdependent Relationships in Ecosystems

• Organisms and populations of organisms are dependent on their environmental 
interactions both with other living things and with nonliving factors 
(MS-LS2-1).

• In any ecosystem, organisms and populations with similar requirements for food, 
water, oxygen, or other resources may compete with each other for limited 
resources, access to which consequently constrains their growth and reproduc-
tion (MS-LS2-1).

• Growth of organisms and population increases are limited by access to resources 
(MS-LS2-1).

LS2.B. Cycle of Matter and Energy Transfer in Ecosystems

• Food webs are models that demonstrate how matter and energy is transferred 
between producers, consumers, and decomposers as the three groups interact 
within an ecosystem. Transfers of matter into and out of the physical environment 
occur at every level. Decomposers recycle nutrients from dead plant or animal 
matter back to the soil in terrestrial environments or to the water in aquatic envi-
ronments. The atoms that make up the organisms in an ecosystem are cycled 
repeatedly between the living and nonliving parts of the ecosystem (MS-LS2-3).

LS2.C. Ecosystem Dynamics, Functioning, and Resilience

• Ecosystems are dynamic in nature; their characteristics can vary over time. 
Disruptions to any physical or biological component of an ecosystem can lead to 
shifts in all its populations (MS-LS2-4).

PS3.D. Energy in Chemical Processes and Everyday Life

• The chemical reaction by which plants produce complex food molecules (sug-
ars) requires an energy input (i.e., from sunlight) to occur. In this reaction, car-
bon dioxide and water combine to form carbon-based organic molecules and 
release oxygen (secondary to MS-LS1-6).

• Cellular respiration in plants and animals involve chemical reactions with oxy-
gen that release stored energy. In these processes, complex molecules containing 
carbon react with oxygen to produce carbon dioxide and other materials (second-
ary to MS-LS1-7).

Crosscutting Concepts
Cause and Effect

• Cause and effect relationships may be used to predict phenomena in natural or 
designed systems (MS-LS2-1).

Energy and Matter

• Matter is conserved because atoms are conserved in physical and chemical pro-
cesses (MS-LS1-7).
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• Within a natural system, the transfer of energy drives the motion and/or cycling 
of matter (MS-LS1-6).

• The transfer of energy can be tracked as energy flows through a natural system 
(MS-LS2-3).

Stability and Change

• Small changes in one part of a system might cause large changes in another part 
(MS-LS2-4).

 Literature Review

Prior to learning this unit, our students understand what defines energy and how 
energy can change from one form to another. However, they do have a difficult time 
applying what they know to energy flow in an ecosystem. According to the Harvard 
Graduate School of Education (2008), students need to understand ecosystems are 
complex systems that contain individual organisms, the organisms’ surrounding 
environment, and interactions between the organisms as well as between the organ-
isms and their environments. It is also important students know what organisms, 
populations, species, and communities are as well as how they cooperate and com-
pete in an ecosystem. They also need to be aware of many aspects of ecology such as 
energy transfer, matter recycling, decomposition causes, symbiotic and mutual rela-
tionships, and issues of balance and flux in ecosystems (Harvard Graduate School of 
Education, 2008). Other topics of importance are respiration, gas exchange, energy 
transfer through a food web, photosynthesis, and the Sun as a constant energy source.

Initially, there is a trend where students think one thing causes another directly, and 
the students usually only concentrate on obvious variables while ignoring less obvious 
ones (Harvard Graduate School of Education, 2008). Since ecosystems are very com-
plex systems that involve many obvious as well as nonobvious variables, students 
need help to leave this simple linear thinking behind and adopt a more complex think-
ing style in order to understand the aforementioned aspects of ecology (Fries-Gaither, 
2016). Students also need to have common misconceptions, such as the thought that 
there is more energy at the top of the food chain/pyramid, corrected (Fries-Gaither, 
2016). Other common misconceptions, that must be corrected, include (1) food webs 
are simple food chains; (2) there are more plant-eaters (herbivores) than meat-eaters 
(carnivores) because of human activity such as breeding plant-eaters; (3) food chains 
do not involve producers; (4) decomposers recycle energy to plants; and (5) carnivores 
have more energy than herbivores have (Fries- Gaither, 2016).

 Materials Needed in This Unit

• Science notebooks (these are set up using the instructions provided in the online 
article by Young (2002). That is, the right side of each notebook page is designated 
for student note-taking from teacher lessons, and the left side of the notebook pages 
is for student predictions, data, conclusions, questions, etc.) for each student.
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• Paper
• Pens/pencils
• Markers/colored pencils
• Bulletin board
• Cards with data concerning abiotic factors (e.g., sunlight, moisture, gases)
• Projector/screen
• Computers/laptops/tablets
• Google Classroom and Google Forms
• Colorful food pyramid item cards (e.g., pictures of fruit, grains, meats, etc.)
• Dice
• Periodic table
• Food web cards (e.g., primary consumers, secondary consumers, etc.)
• Cups
• Water
• Red beads
• Carrots (enough for class)
• Bananas
• Crackers
• Food coloring
• Zippered plastic bags
• Panty hose
• Funnels
• Scissors
• Digestive enzymes (Flinn Scientific, 2018; or use Diet Coke as stomach acid, 

Tropico drink for bile, red food coloring for protease, and water with green food 
coloring for amylase)

• Digestive system organ model (students will come up with these)

 Pre-assessment

Before beginning the unit, students assess their ecosystem knowledge by drawing a 
model of a food web. To do this, they label as many parts of the ecosystem as pos-
sible and label the direction that energy travels through the web. This is useful to 
find what vocabulary students are already familiar with. Connecting what students 
already know about how energy travels to what they learn in the biochemistry bridge 
unit is important to start with. Misconceptions are noted and addressed in bench-
mark lessons to follow.

Admittedly, this “pre-assessment” is formative, but it is also extremely limited in 
the information it provides. To make this less limited, add questions concerning 
their food web. Specifically, these questions may concern the role of photosynthe-
sis, nutritional needs at different levels (e.g., how/why do the needs of a giraffe 
differ from the needs of a grasshopper? or how much must an organism consume to 
live?), chemical reactions (e.g., where do chemical reactions take place? How do 
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you know?), matter and energy (e.g., where is matter conserved? Where is energy 
conserved? What evidence supports this claim?), and contaminants (e.g., what 
could happen if contaminants are introduced to environment?)

Alternatively, students can create their food web on day 1 and discuss the role of 
photosynthesis. As the unit progresses, students can come back to their food webs 
and make corrections after every lesson. These alterations can be color coded by 
lesson in order to show what lesson corrects which student misconceptions. This 
also allows students to add to existing ideas by answering a question or formative 
assessment question set at the beginning and/or end of each benchmark lesson.

As we progress through the unit, we focus on presenting information in the 5E 
method. We want to make sure that students use the 5E method to address our driv-
ing question (What happens to the food we eat?) and sub-driving question. The 
sub-driving questions are the following:

 1. Where do we (living organisms) get matter and energy needed to grow and 
function?

 2. How are matter and energy dispersed and conserved in an ecosystem?

As we work through the unit, we create a “Wonder Wall,” (Teaching Ideas, 
2015b) where students post their questions This space can be a physical space, bul-
letin board, or “parking lot” for ideas and questions that students want to continue 
to explore, or it can be a digital space where students can write ideas to expand on 
later, ask questions, or comment on something significant from the lesson. This 
space for questioning is important because it allows students a means and opportu-
nity to develop their own questions. These questions can then be useful as student- 
generated sub-driving questions (sub-sub-driving questions) for the project-based 
unit (design and model a digestive organ). The students then use one of these ques-
tions to generate a research project they present on Google Slides as part of the end 
of unit assessment. After the slides are compiled by category into one presentation, 
students are able to see multifaceted answers to a broad range of questions about the 
unit.

 Benchmark Lesson Overview

 Lesson 1: Photosynthesis

Addresses NGSS LS1.C, MS-LS1-7, LS2.A, and PS3.D
The first lesson allows students to think about energy production in the terms of 
something that is familiar to them: plants (i.e., they learn about photosynthesis very 
early on in school with a focus that the plant is making food). We take this prior 
knowledge and cross the bridge to energy. As they have learned that energy can be 
neither created nor destroyed, they are now more prepared to understand energy 
“cycles” through the ecosystem. The students look at how a tree gains mass (Science 
and Plants for Schools, 2018), and they begin to understand energy, mass, etc., are 
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all tied together. In addition, students build on what they learned in the chemistry 
unit (CREATES) and tie chemistry knowledge to the process of photosynthesis by 
looking for evidence that a chemical reaction occurs, identifying chemicals in the 
process, and balancing the chemical equation for photosynthesis.

 Lesson 2: Organisms and Energy

Addresses NGSS LS1.C and PS3.D
In this lesson, students take what they have learned about energy in terms of photo-
synthesis and apply it to other organisms. This gives students the background 
knowledge on how organisms obtain their energy. Prepared slides show students 
that different organisms such as dogs, squirrels, and middle school students obtain 
their energy in different ways. Throughout the lesson, students look at where an 
organism gets its energy and how that is dependent on other organisms in the eco-
system they live in. This is where the foundation for the modeling project is laid. 
Students should be able to build on 6th grade knowledge that the original source of 
energy for ecosystems is the Sun and progress to identify primary food sources for 
a variety of organisms by the end of this lesson.

 Lesson 3: Conservation of Energy

Addresses NGSS LS2.A, MS-LS2-1, LS2.B, and LS2.C
The third lesson has students take what they have learned about how an organism 
obtains food and apply that to how that energy travels through the ecosystem that it 
is a part of. Ecosystems were covered in 6th grade, but only the different levels of 
organization and how organisms obtain their food (producer, consumer, etc.) were 
taught. Now that we have taken the leap from food to energy, students can begin to 
track how that energy moves from place to place within the ecosystem. Students 
solve a food web mystery (Mosa Mack Science, 2016) where they determine where 
Frank the Frog can get his food from, before he “croaks.” They also look at an eco-
system and investigate how different factors affect levels of the ecosystem and the 
organisms within those levels. We continue to hit on the energy transfer within the 
food web, so students will be able to apply what they learn to the modeling activity 
in the lesson.

 Lesson 4: Minamata Disease

Addresses NGSS LS2.A, MS-LS2-1, LS2.B, MS-LS2-3, LS2.C, and MS-LS2-4
At this point, students have the background knowledge that they need to model the 
energy transfer in an ecosystem. They also know matter cannot be created or 
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destroyed. To do this we use the situation in Minamata City, Japan, in the 1950s. 
Students learn about the tragedy and then use what they know to model how the citi-
zens of the town became so ill. Teachers used Google Slides to implement this les-
son. This lesson ends with a modeling activity that demonstrated how contaminants 
disrupted the ecosystem of that area and led to human illness. By understanding 
how energy moves through an ecosystem, students are able to grasp how the con-
centration of mercury increases as we travel up the food chain. They also learn the 
10% rule that only 10% of energy is passed from one trophic level to the next in a 
food chain.

 Lesson 5: Digestion – Food to Feces

Addresses NGSS LS1.C and MS-LS1-7
In the final lesson, students combine what they learned in the chemistry unit 
(CREATES) with the BioChem unit to explore chemical reactions in the body. This 
lesson has students take food from start to finish in the body to see how it is broken 
down and absorbed. This is a fantastic segue into the next unit on cells. Students are 
able to see how their own bodies obtain and use energy. Knowing what they do 
about energy in an ecosystem, they are able to apply this to the human body. This all 
works together since students are immersed in the example of a system. Once stu-
dents have grasped what a system is, we apply that knowledge to different examples 
(e.g., large ecosystems like the African plains, a bay in Japan, or a human body).

This Biochemistry unit introduces seemingly separate topics (after a pre- 
assessment), so the “Engage” portion is not limited to the beginning of the unit. 
Engagement occurs at the beginning of each new concept or topic.

The video Introduction to Biochemistry HD (Gregorio, 2014) defines biochemis-
try and shows macroscopic and microscopic views of chemical interactions in 
organisms. As we studied and focused on the difference between macroscopic and 
microscopic in the CREATES Chemistry PBI unit, we feel it is important we bring 
that concept into this unit as well. The unit starts with a more “microscopic” view 
by concentrating on photosynthesis and the chemistry behind the process. It then 
moves into a more “macroscopic” view (i.e., examining food webs and whole eco-
systems). The lesson returns to a “microscopic” view when it introduces digestion.

 Benchmark Lesson 1: Photosynthesis

Engage
Students are posed the question: Where does wood come from (Science and Plants 
for Schools, 2018)? They are given no prompt other than this. In their journals, 
students free write all the possible answers they can create. Many of these are very 
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creative, but for the most part, students think trees get their mass from the soil, per 
our classroom experience. This is a common misconception that is explained when 
we get to the actual chemistry behind photosynthesis. We use a think-pair-share 
setup in this discussion. Students have 5 minutes on their own to jot down their 
ideas. They then pair up with a table partner for another 5 minutes to discuss their 
thoughts. The entire class then discusses their thoughts together.

Explore
Where does wood come from (Science and Plants for Schools, 2018)? This lesson 
is a wonderful segue from student-generated inquiry to historical science inquiry. 
Students examine a diary entry about an experiment carried out by Jean Baptiste van 
Helmont (1580–1644). Students read the entry about his experiment and findings, 
and they hypothesize about where the mass of a tree comes from. Students are 
placed into small groups, and each group is given a different card. They examine the 
card with data about soil, moisture, sunlight, gases, or another variable, and they 
discuss the experiment regarding the variable. Students then think, pair, and share to 
answer their own questions and find out about other variables in the experiment. 
After the small group, specialist group, mixed group, and whole class discussions, 
we show a video called “Where Do Trees Get Their Mass From?” (Veritasium, 
2012). This video sets the stage for the class to discuss which hypotheses were sup-
ported and which ones were not.

Explain
Next, students tackle some reading and lab simulations. To begin with, they read 
about photosynthesis from two different books. These readings give them the infor-
mation they need to complete the next portion of the lesson. We differentiate the 
assessment in this portion. Students desiring a challenge are given questions that 
involve application of the concepts covered, in the reading and extension of what 
they learn. Students who may need more time to understand the content are given 
questions that assure they understand the vocabulary and concepts covered in the 
reading.

Students then complete a virtual lab (ExploreLearning, 2016) where they inves-
tigate the chemical process of photosynthesis by first reading about it and, second, 
manipulating variables on the Photosynthesis Gizmo (ExploreLearning, 2016). 
Students measure the rate of oxygen production by manipulating variables such as 
light intensity, carbon dioxide levels, light wavelengths, temperature, etc. We dis-
cuss the chemical formulas involved as a way to bring the CREATES unit back into 
focus. In discussing increasing versus decreasing light intensity, etc., students are 
introduced to the concept of limiting factors. This is important when we discuss 
ecosystems and what affects them. There is also an extension in this lab that we 
discuss when we cover waves, as the second portion of the lab deals with the color 
of the light the plant has access to.
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Elaborate
We use Google Classroom to complete the next activity. Students read the article 
“Why Humans Can’t Live Off Sunlight” (Readworks, 2015). The article is interest-
ing in that it discusses the chemical process of photosynthesis and why humans 
cannot survive on sunlight alone. This begins the discussion on where the different 
forms of energy for different organisms come from. Students answer questions, 
concerning the reading, in Google Forms. By this point, students have learned about 
the process of photosynthesis, how photosynthesis gives a plant its energy (and 
therefore its mass), the chemistry involved in photosynthesis, what a limiting factor 
is, and how limiting factors can affect the rate of photosynthesis.

Evaluate
Students complete a differentiated quiz on the concepts covered previously. The 
quiz covers basic vocabulary, chemical concepts, and extension questions related to 
energy transfer. In addition, students make a food web and food chain on day 1, and 
then they go back in a different color of ink and fix the things they previously had 
wrong. They do this throughout the unit and write down notes.

 Benchmark Lesson 2: Organisms and Energy

Engage
A Google Slides presentation invites students to think about and talk about where 
organisms obtain their energy, and this encourages them to ask their own questions 
(which they can later investigate). This presentation is for students in relatively 
urban areas and asks where different organisms get their energy (squirrel, dog, 
human, etc.)

Explore
Students research teen nutrition requirements to learn about how energy and matter 
are transferred within a system (i.e., teen). Students explain the implications of hav-
ing too many or too few calories. Students identify variables that affect recom-
mended calorie requirements for teens. Student watch a video (Standard Deviants 
Accelerate, 2014), which analyzes nutrition for the human body. This video covers 
topics such as digestion, sugar, processed foods, metabolism, calories, nutrients, 
and consequences of personal choices. These topics together are the foundation for 
getting students invested in the unit as well as their own personal health choices.

Explain
As a follow-up on personal choices and nutritional decision-making, students are 
asked to track their food and beverage intake as well as their exercise for 24 hours. 
This is planned as a weekend activity. Many may be reluctant to do this, but assur-
ance they only share if they wish to helps.
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Of note, we partnered with a professor from a nearby university to serve as our 
PBI unit expert. During unit implementation, she will share microscopic and mac-
roscopic images of the digestive processes.

Elaborate
Students play a game called The Nutrition Game. This game was created by a stu-
dent teacher at our school. Her name is Kayla Cornett.

The Nutrition Game
Game rules

• First, shuffle your cards! (The cards are colorful, and they have pictures of items 
from the food pyramid, e.g., fruits, 1 serving; dairy, 1 serving; or Uh Oh! Sweets, 
2 servings – move back one space.)

• Roll the dice and move forward. Draw a card every time you roll the dice.
• If you receive a card and it puts you over your daily allowance for that food 

group, then discard and move back one space. (You may have to move back more 
than one space, depending on the card you draw.)

• If you draw an “Uh-Oh” card, go back however many tiles it tells you to, and 
then discard that card.

• If you draw a wild card, you may use it to trade cards with any other player at any 
point in the game before you reach the finish tile.

• You cannot go to the “Finish” tile unless you are in the goal range for each food 
group. Keep drawing cards until you are able to do so.

• You cannot get to the end and win unless you are in the goal servings for each 
food group.

 – Sweets: 0–1 servings
 – Dairy: 2–3 servings
 – Protein: 2–3 servings
 – Vegetables: 3–5 servings
 – Fruits: 2–4 servings
 – Grains: 6–11 servings

• You must remain in the serving goal range to complete the game and win.

Evaluate
Students write a paragraph using their food journal (as created in the explain section 
of this lesson) to reflect on their past exercise and nutrition. Specifically, they will 
rate their past activity on a scale from sedentary to active (based off of a reading, 
Coleman, 2018; this article describes three levels of activity: sedentary, moderately 
active, and athlete). Once they have given themselves a rating, they will make an 
appropriate meal plan for themselves based upon their activity rating. This meal 
plan will include the appropriate amount of servings from each category on the food 
pyramid to make sure they get a balanced diet for 1 day. They will justify their meal 
plan, and they will also compare it to their previous food intake to note 
differences.
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 Benchmark Lesson 3: Conservation of Energy

Engage
The Mosa Mack Food Web Game (Mosa Mack Science, 2016) uses a short video to 
introduce students to the problem that Frank the frog is having (i.e., he is having a 
hard time finding food), and it is up to students to solve it. Frank reminds students 
to access prior knowledge and a large amount of key vocabulary from 6th grade 
including carnivore, primary consumer, secondary consumer, and producer. Students 
learned about these basic concepts in 6th grade science, but this module extends 
student knowledge to include a food web (instead of a food chain) and the effects of 
a contaminant in the system. In the end, the introduction of a “worm killer” affected 
the decomposers and continued to affect producers and consumers in the temperate 
forest ecosystem. Students solve the puzzle using the introductory videos along 
with a card sort about the food web in a temperate forest.

Explore
Using the Food Chain Gizmo (ExploreLearning, 2016), students investigate an eco-
system consisting of hawks, snakes, rabbits, and grass. Students experiment with 
population size at trophic levels to have a visual representation of what happens at 
trophic levels of an ecosystem when it is balanced and unbalanced. Students can 
simulate disease, drought, and other natural variables that might affect an ecosys-
tem. This lab also introduces major disturbances like the one students will see in the 
Minamata Bay Lab activity in Lesson 4. This lab gets students to think about how 
major phenomena can affect a large population and ecosystem.

Explain
Students read an article entitled The Eco Pyramid (Readworks, 2015). This article 
gives students the background knowledge they need of the varying trophic levels in 
an ecosystem. It identifies key vocabulary such as producer and consumer. It also 
introduces the idea of energy loss within an ecosystem. Students learn that a large 
amount of energy that organisms consume is “lost” to the environment due to body 
processes and heat loss.

Elaborate: Energy Through an Ecosystem (Cross-Disciplinary Math Lesson) 
(Teach Engineering, 2018)
Students calculate the energy passed through an ecosystem. Students calculate mat-
ter needed to sustain organisms at various trophic levels. Students explain how mat-
ter and energy are cycled through the system.

Evaluate: Pre-/Post-assessment
Students draw and label a model of a food web. The model must include arrows to 
show the direction of energy flow. Teachers explain how energy is transferred/trans-
formed in an ecosystem and how matter is transferred/transformed in an ecosystem. 
The assessment for this lesson is formative and takes place in interactive science 
notebooks (Young, 2002). Students trade notebooks and use a pen to draw and make 
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notes on other students’ food webs. They used their pens to make corrections or ask 
questions and provide feedback.

 Benchmark Lesson 4: Minamata Bay

Engage
To implement this lesson, an original set of Google Slides are used. To begin the 
lesson, students were asked questions and prompted as a group. These questions/
prompts included but were not limited to the following: What is the Law of 
Conservation of Energy? What is the main principle in the Law of Conservation of 
Mass? What is the difference between matter and energy? What is an ecosystem? 
Which of the following is not an example of an ecosystem? What is matter cycling? 
Give one example of how matter is dispersed in an ecosystem; give one example of 
how energy is conserved in an ecosystem. Students could answer these questions in 
a variety of ways (e.g., Google Forms, raising hands, etc.)

After using the quiz as a concept review, teachers review the unit rationale and 
sub-driving questions ((1) where do we (living organisms) get matter and energy 
needed to grow and function? and (2) how are matter and energy dispersed and 
conserved in an ecosystem?) for the PBI unit, and then they give a brief introduction 
for the lesson. Students then watch a video about Minamata Bay (Muizainal, 2009); 
this covers the history and results of the contamination there (Minamata Bay in 
Japan). This video contains visuals of individuals suffering from Minamata disease. 
The visuals can be disturbing and frightening to some students, and, for this reason, 
a warning may be given to them that they may put their heads down and just listen 
to the information instead of both listening and watching. Due to the shocking con-
tent of the video, and the severity of the consequences a chemical plant had on the 
surrounding inhabitants, students are definitely engaged.

Explore
Students use slides to read about Minamata Bay disease, highlight symptoms, circle 
elements on a periodic table that are contaminants, make inferences about contami-
nants to by comparing them to surrounding elements, and hypothesize about how 
mercury spread to the people.

Explain
Students then use a card sort to demonstrate basic food webs that exist in the eco-
system of Minamata Bay. Then they label producers, primary consumers, secondary 
consumers, etc. They expand their web to include arrows showing the flow of energy 
and mercury in the ecosystem.

Elaborate: Minamata Disease Lab
Students model energy transfer and biomagnification of mercury pollution in the 
ecosystem of Minamata Bay, Japan, and learn about environmental global 
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responsibility using information from the model, food web activities, and ecosys-
tem activities provided in a worksheet published by Science Take-Out (2012). 
Students also calculate the amounts of energy and mercury transfer in the bay eco-
system until they get to the part where humans eventually eat the fish. Students 
model energy flow using water to symbolize energy and cups of different sizes to 
symbolize trophic levels. When the model begins, there is a little bit of mercury, 
represented by a red bead. This energy is in a large cup with a lot of water (energy). 
As the energy is distributed through the trophic levels according to the 10% rule, 
students see the amount of energy decreasing, but the amount of mercury remaining 
the same. In the end, they have one bead of mercury and one drop of energy (water) 
in a very small cup (trophic level).

Evaluate
Students use the information to write a lab report which includes information from 
the lab; information from previous activities; connections to current events in Flint, 
Michigan, with lead poisoning; and comparisons of the locations of mercury and 
lead on the periodic table of elements. In addition, students may choose a question 
from the wonder wall to research and investigate as an extension.

Minamata Wonder Wall Research
If a student group elects to research a wonder wall question, then they research it 

thoroughly to form an answer (see Fig. 1 for student wonder wall question exam-
ples). Everyone in the group participates in the research. At the end of class, one 
teammate presents the findings to the rest of the class.

Fig. 1 Student question samples posted on the wonder wall throughout the school year
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See below for a student group example of a wonder wall question research 
project.

Student Work Sample

 1. Question

Has Minamata bounced back from the disease?

 2. Explanation (three to five sentences)

The Minamata disease caused a major drop in the population because there were 
over 1422 people contaminated but only 378 deaths by the end of 1980. This isn’t 
as bad as the Black Death, but the disease still dropped due to the amount of people 
that died due to not spreading the disease. The city of Minamata has bounced back 
gratefully because currently there is 27,900 people today! That’s what I call a 
comeback!

 3. Sources

Medindia (2015)

 4. Final thoughts

I think that when Minamata found this disease, they should have investigated 
everything in the bay instead of thinking to leave the problem aside and leave it for 
3 years later approx.!

 Benchmark Lesson 5: Digestion – Food to Feces

Engage
In this portion of the lesson, students learn about the process of digestion through a 
modeling activity that we completed using Google Classroom to help guide the 
instruction. This allows students to work at their own pace and ask questions as 
needed. Student groups are given the materials for the lab along with a computer 
and encouraged to investigate on their own. The topics covered introduce the stu-
dents to the basics of digestion and how the human body breaks down food for 
energy. First, students make observations as they chew a carrot. Students may 
develop questions from their observations (e.g., how am I able to chew this carrot?). 
The questions lead them to the discovery of the mechanical processes of digestion. 
With a small bit of reading, students are introduced to the parts of digestion they 
might not be able to see. Finally, each group is given a banana, crackers, water, food 
coloring, and a zippered plastic bag. Students work through “digesting” the banana 
in the bag and make inferences about each part of the process (see Fig. 2). This leads 
them to understanding that digestion is a complex system that has many parts.
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Explore
In the Digestion Gizmo (ExploreLearning, 2016), students investigate the complex 
process of digestion by identifying and observing the important jobs of organs and 
chemicals that work together to break down food, absorb nutrients and water, and 
eliminate waste. Students design their own virtual model of the digestive system 
and feed it to see the result. In our experience, students really get into this lab as the 
noises that it makes appeal to the middle school frame of mind. Many of the stu-
dents are not able to make an effective digestive system as they are not yet aware of 
all the parts of the complex system. This leads to a watery “poo.” Students are then 
led through the process of assembling an accurate digestive system. This system 
includes all the lymphatic vessels, capillaries, and other organs and tissues involved. 
As we work through this virtual lab, students generate a variety of questions that 
deal with the digestive system and the body. These questions are posted to the won-
der wall and may be used to inspire the students’ project (research, design, and 
model a human organ involved in the digestion process) for the end of this unit.

Explain
To make sure students understand the importance of the digestive system, as well as 
all the vocabulary, we read an article on the Human Biome and view a video on 
digestion. The reading discusses the importance of keeping the “ecosystem” bal-
anced. We are able to bring back the nutrition readings to remind students of how to 
maintain balance in the ecosystem. We also discuss how different factors can affect 
our ecosystem. This brings back the concept of limiting factors that students are 
introduced to in the photosynthesis lessons. The digestion video and quiz are a way 

Fig. 2 Students working through the digestion process in class
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to assess if students understand all the processes involved in digestion. This allows 
us to group students for the next activity based on how well they understand the 
individual steps in digestion.

Elaborate
Students used Google Expeditions to take a tour of the digestive system. This virtual 
reality experience walks them through the process of digestion from the teeth to the 
end.

In Food to Feces, students are individually assigned a part of the digestive sys-
tem. Students have one class period to read about the job of the assigned organ and 
create a plan to model that part of the digestive system using household items. 
Students compare their ideas in small groups composed of students who are all 
researching and modeling the same organ. Students then share their ideas in mixed 
groups (groups composed of students who are researching and modeling different 
organs).

For this unit, we also actually model the digestive system in the classroom. We 
order the necessary enzymes to simulate digestion in each stage (Flinn Scientific, 
2018). Having access to the digestive enzymes should assist students in understand-
ing the process on a larger scale. This should take place in groups of five, with all 
five of the students working on their own individual model. The groups should then 
split up, so there is one student with one model of each digestive organ in each of 
the new groups. The new groups should then work together to go through the entire 
digestive system using the modeled organs and the purchased enzymes.

Table 2 Student-generated wonder wall question samples pertaining to the human body and 
nutrition, respectively

Human body Nutrition

Why are tears salty? How many calories are in a value meal, and how does that 
fit into my daily calories?

Why don’t salty tears burn? What are food deserts? Where are they?
Are tears different when cried for 
different reasons?

Why do boys need more calories than girls?

What happens when we throw up? What makes chocolate and/or grapes poisonous to dogs?
Is there a link between genetics and 
obesity?
Why is poop different colors?
What is the job of the uvula?
Why does our stomach growl?
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Evaluate
Students then watch a Food to Feces video (Rhscience7minivids, 2013) on YouTube 
to compare their model to the ones used in a classroom and a lab setting where 
people made models of the digestive system. Each group completes a self- assessment 
on their portion of the model and are assessed by their peers as to how effective their 
model is. To bring in some of the engineering standards, students work through how 
they would improve their models based on their thoughts as well as their peers’ 
ideas. In addition, students can extend knowledge through research. Students can 
choose a question from the wonder wall (see Table 2 for examples) and research it 
to present to the class.
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