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Preface

We created this book with the educator in mind—specifically secondary mathematics
and science teachers (grades 6-12) looking for ways to integrate engineering practices
into classroom instruction. The writing team consisted of university faculty from both
engineering and education departments, as well as practicing science and mathematics
teachers. The teacher contributors have shared design challenge units they developed,
implemented, and revised over a two-year period as participants in the National Science
Foundation-funded (grant #DLR-1102990) Cincinnati Engineering Enhanced Math and
Science (CEEMS) program. These teachers worked in a wide range of schools (including
in rural, suburban, and urban settings) and in different grade levels and subjects, thus
demonstrating the broad relevance and applicability of the pedagogies promoted in this
book. Readers will be provided with detailed accounts of the teachers’ design challenge
units, as well as the lesson plans, handouts, and other teaching materials, which can be
used in or adapted for other classrooms. The design challenge units were developed using
a hybrid of two pedagogies: challenge-based learning and the engineering design process.

All the contributing authors were part of the CEEMS program. The university faculty
who worked on this program provided background information focused on the impor-
tance of the engineering practices, the challenge-based learning framework, the learning
theory guiding the work, and the structure and implementation of the larger CEEMS proj-
ect. This uniquely structured program has key components that can change the classroom
environment, empower students, and move toward a more student-centered classroom
culture in order to produce positive learning results. Our objective is to share the best prac-
tices that have resulted from CEEMS and provide strategies for how to incorporate these
into your own teaching practices.

The book is divided into two parts and an appendix containing helpful resources:

Part 1 encompasses Chapters 1-3, which provide background information and

introduce the particular engineering design process we used. We discuss how the
design challenge unit framework connects with current education standards and
reforms, including the Common Core State Standards for Mathematics and the Next
Generation Science Standards. This section also details educational research on
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Preface

learning and teaching, which supports the use of design challenges. In Chapter 3,
we define the terms you will see in the teachers’ stories and provide details and a
useful template for developing design challenge units.

Part 2 includes Chapters 4-8. Chapters 4-7 contain sections written by individual
secondary math and science teachers (grades 6-12), who focus on different
aspects of implementing design challenge units. These aspects include creating

an engaging hook, guiding students to provide input on an essential question

and suitable challenge, integrating the engineering design process, incorporating
formative and summative assessments, and developing 21st-century skills in
design challenge units. Chapter 8 demonstrates how to modify another teacher’s
design challenge for your own classroom and how to reflect on and improve

your own units after implementation. Chapter 8 also shares resources for finding
design challenge unit ideas and provides suggestions for building a community of
likeminded teachers who want to go on this journey with you.
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Chapter 1

Engineering
Design Challenges

The purpose of Creating Engineering Design Challenges is to highlight the stories and design
challenges of teachers who designed, implemented, revised, and finalized engineering chal-
lenges for their sixth- through twelfth-grade students as part of the Cincinnati Engineering
Enhanced Math and Science (CEEMS) program. We developed this book after seven years
of experience working as a team of engineers, teacher educators, and active and retired
secondary science and mathematics teachers. In order to provide models for the greatest
number of educators possible, we included stories from teachers who worked in a range of
school types, including those in suburban, rural, and urban settings; we also made sure to
work with teachers who taught different grade levels and subjects. Chapters 4-7 highlight
these stories and document how teachers worked through different stages of their design
challenge units. We have used engineering design challenge examples throughout the book
to (1) introduce and highlight important ideas, strategies, and points of discussion and
(2) keep the book both interesting and embedded in classrooms and teaching.

The first three chapters of this book provide background information and introduce
the particular engineering design process (EDP) we used in the CEEMS program. We dis-
cuss how the design challenge unit framework connects with current education standards
and reforms, including the Common Core State Standards for Mathematics (CCSS Mathemat-
ics) and the Next Generation Science Standards (NGSS). We also explain how design chal-
lenges link to educational research on learning and teaching. In Chapter 3, we define the
terms related to engineering design challenges and provide details about putting together
a design challenge unit. Chapters 4-7 feature the teachers’ stories and include portions of
their teaching plans, student work, and classroom handouts. Chapter 8 is a resource toolkit
for teachers interested in designing and implementing the provided design challenge units
or their own design challenge units. This final chapter includes ways to support teachers’
work and learning with resources for ideas and information that are publicly available to
access. The chapter also includes templates and documents that CEEMS teachers found
useful to organize their challenges.
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Chapter 1

Engineering Design Challenges

Model-Testing Day

The classroom is abuzz with activity as teams of eighth graders test and evaluate
their designs for replacing a low-head dam. Using the engineering design process,
they have conducted research, drafted and adjusted plans, and built a model for a
dam replacement. Now it's model-testing day, a time for students to assess their
replacement designs for the local low-head dam.

The dam replacement challenge is part of the students” Earth science semester, which
focuses on the role of water on our planet and human impacts on Earth systems. Their
teacher knew this challenge would be perfect because it connected with the larger
global issues of infrastructure and water resources. It was a great example of how
engineering and technologies need to change over time. Finally, a recent accident at
the low-head dam two blocks away meant dams were on everyone’s mind.

Most student teams built their designs using stacked clear containers, sand, and wood
to replicate water flowing over the dam and demonstrate how to disrupt it. However,
one team tested a stream reconstruction (Figure 1.1) using a borrowed stream table
to replicate what they had heard from the county’s conservation officer, who had
accompanied the class on a trip to the dam.

Figure 1.1. Student Drawing of Low-Head Dam and Initial Design Idea

Continued
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Engineering Design Challenges

Each team documented the amount of eroded sand and the degree of splash and
speed of the water before and after their design model. The design goal was to reduce
the speed of the water falling over the dam, reducing the back current while keeping
the degree of erosion to a minimum. In preparation for a class sharing, each team
posted their design plan, a picture of the test model, and their measurements.

The students’ teacher was delighted with the results of the design challenge. In
addition to students learning the disciplinary content required by the standards, the
challenge connected their local dam problem with water, energy, and resource issues
that are faced all over the world. It had provided an opportunity for the students to
connect with the local government, represented by the county conservation officer.
It also provided the students with agency to address a local problem, and they used
engineering practices in an authentic fashion.

This is what teaching and learning in an integrated STEM (science, technology, engi-
neering, and mathematics) classroom can look like. It incorporates two key pedagogi-
cal strategies we used to develop design challenges: challenge-based learning (CBL) and
the engineering design process (EDP). Apple, Inc. initially developed CBL and has since
extended the strategy to be part of The Challenge Institute. They describe CBL as a flexible
and adaptable pedagogy with a primary goal of fostering student ownership of real-world
problems contextualized with course content to enhance student motivation and learning
(Apple, Inc. 2010). Our addition of the EDP to CBL highlights a particular kind of problem
solving—how engineers solve problems. Student teams work to design engineering solu-
tions for problems arising from a larger global challenge. Figure 1.2 (p. 6) demonstrates
how we linked these two strategies.

Later in this chapter, we provide more details about how we integrated CBL and the
EDP into the unit design model used throughout this book. For clarity, we use the term
design challenges to describe the engineering design activity or task students undertake and
the term design challenge unit for the instructional plans and materials teachers develop to
establish the instructional environment for their students.

The Paradigm Shift Toward STEM Education

STEM education is often called a metadiscipline. Instead of learning isolated facts and
observing only pieces of phenomena, this “new whole” offers students the opportunity to
make sense of the world in a more authentic way. The components in an integrated STEM
framework often include an inquiry-based approach, the crossing of traditional curricu-
lum lines, usage of authentic learning situations, engineering and design processes, proj-
ect-based and problem-based learning activities, career exploration, and a collaborative
learning environment. The National Academies of Sciences, Engineering, and Medicine
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Chapter 1

Figure 1.2. Diagram of EDP as Part of the Larger CBL Process

(NASEM) report Science and Engineering for Grades 6-12 (NASEM 2019) supports a STEM
approach as an example of “inclusive pedagogies to improve education so all students in
all schools can fully participate in learning sciences and engineering through engaging
in high-quality experiences with ... engineering design to make sense of the natural and
designed world” (p. 13).

The use of a STEM approach emphasizing design pushes students to understand the
natural and designed world as a complex place where problems rarely result in solutions
with a single right answer; rather, students are engaged in a productive struggle through the
development of models leading to explanations and multiple solutions (NASEM 2019).
Although there is no single model for engineering and the design process, the engineering
design process incorporates a set of core ideas that guide the development of models for
use in practice. These core ideas of engineering design include the following (NGSS Lead
States 2013, p. 467):
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Engineering Design Challengéé

1. Defining and delimiting engineering problems involves stating the problem to be
solved as clearly as possible in terms of criteria for success and constraints or limits.

2. Designing solutions to engineering problems begins with generating a number of
different possible solutions, then evaluating potential solutions to see which best
meet the criteria and constraints of the problem.

3. Optimizing the design solution involves a process in which solutions are
systematically tested and refined and the final design is improved by trading off less
important features for those that are more important.

Another way to understand engineering is through Rodger Bybee’s (2011) comparison

of science and engineering practices, shown in Table 1.1.

Table 1.1. Bybee's Comparison of Science and Engineering Practices

Science Practices

Engineering Practices

Asking questions

Defining problems

Developing and using models

Developing and using models

Planning and carrying out investigations

Planning and carrying out investigations

Analyzing and interpreting data

Analyzing and interpreting data

Using mathematical and computational thinking

Using mathematical and computational thinking

Constructing explanations

Construction design solutions

Engaging in argument from evidence

Engaging in argument from evidence

Obtaining, evaluating, and communicating

Obtaining, evaluating, and communicating

information

information

Combining the core ideas discussed above with Bybee’s outline, we arrived at a model
to focus on how engineers apply science and math to design solutions for human prob-
lems; use a systematic approach to their work, including tests and iterations; and work in
collaborative teams to propose and defend the solutions they believe to be optimal within
given constraints. This resulted in a common diagram of the EDP, which we used with our
teachers and for this book. The teachers in this book and in our larger program used this
model to create their design challenge units and displayed the model as guideposts for
their students as they worked on their design challenges. Figure 1.3 (p. 8) is the model we
used for the EDP.

Although inclusion of engineering design is more explicit in science classrooms, mathe-
matics educators are also increasingly recognizing the value of engineering design in math
instruction. The National Council of Teachers of Mathematics process standards and CCSS
Mathematics do not directly refer to engineering; however, both sets of standards recog-
nize that mathematics involves more than learning content knowledge. Teaching students
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Chapter 1

Figure 1.3. CEEMS Model of the EDP

“habits of mind” is just as important (Hefty 2015). Engineering design is one vehicle for
developing these critical habits of mind. In a math classroom, engineering design chal-
lenges engage students in problem solving, critical thinking, sense making, reasoning,
collaboration, communication, precise measurement, and the collection and analysis of
data. Students learn to persist in finding solutions when their designs initially fail (Hefty
2015). The CCSS Mathematics (NGAC and CCSSO 2010) list the following eight Standards
for Mathematical Practice. Using engineering projects and the resulting habits of mind,
teachers can address each of these standards.

1. Make sense of problems and persevere in solving them.

Reason abstractly and quantitatively.

Construct viable arguments and critique the reasoning of others.
Model with mathematics.

Use appropriate tools strategically.

Attend to precision.

Look for and make use of structure.

© N o e Wb

Look for and express regularity in repeated reasoning.
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Engineering Design Challengéé

A strategic use of engineering design challenges has the potential to connect mathemat-
ics knowledge to real-world problems. Here are two examples of engineering design chal-
lenges inspired by actual issues that our teachers developed: (1) How can the Pythagorean
theorem create safer, more stable building designs? (2) How can one apply surface area
and volume to reduce packaging waste? Math teachers can skillfully integrate engineering
design into their classrooms in a fashion that develops students into STEM thinkers.

Table 1.2 shows the alignment of the NGSS core engineering ideas, the engineering
practices detailed in Table 1.1 (p. 7), the CCSS Mathematics practices, and the EDP frame-
work from Figure 1.3. Putting such complex ideas into a table oversimplifies them and
reduces the intersecting and iterative nature of the different practices; however, we have
included it to show how design challenge units can meet multiple goals simultaneously.

Table 1.2. Alignment of Engineering and Mathematics Practices With the CEEMS EDP Model

Core Engineering CCSS Mathematics
Idea NGSS Practice Practices CEEMS EDP Model
(1) 1. Defining problems 1. Sense making and e Identify and design
7. Argument from perseverance ¢ Gather information
o Define evidence 2. Reason abstractly and e Identify alternatives
¢ Delimit 8. Communicating quantitatively ¢ Communicate
information 6. Attend to precision solution

e (Criteria constraints
7. Make use of structure

(2) 2. Developing models 1. Persevere in problem e Identify alternatives
3. Investigations solving e Communicate
4. Analyzing and 2. Reason abstractly and e Select solution

interpreting data quantitatively

e Generate solutions e Implement solution

3. Construct and critique
arguments

5. Computational
thinking

e Testing e Evaluate solution

e Evaluating

6. Design solutions 4. Model mathematically

8. Communicating 5. Use tools strategically

information
(3) 2. Developing models 1. Sense making and e Communicate
5. Computational perseverance e Identify alternatives
thinking 3. Construct and critique | o Refine
e Optimize 7. Argument from arguments o Evaluate
e Refine evidence 6. Attend to precision .
e Communicate
e Redesign 6. Design solutions 7. Look for structures solution
8. Communicating 8. Express regularity in
information repeated reasoning
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Chapter 1

Challenge-Based Learning and Engineering Design

CBL is similar to both project-based learning and problem-based learning in many of its
instructional practices, and the way we use CBL combines practices from these other two
methods. A typical project-based learning activity begins with students working to meet a
result, with specifications for the end product presented to the students by the teacher at
the start of the activity. For instance, a teacher leading a project-based activity might tell
students to design and construct a water filter that removes a dangerous chemical, such
as lead. In problem-based learning, the problem—and thus the product—is ill-defined,
and students set the parameters themselves (Morrison 2006). Problem-based learning is
frequently used in medical education where medical students not only have to identify
the treatment for a health issue but also use multiple information sources to define the
health issue. CBL brings together both of these strategies by presenting students with an
ill-defined “big idea” tied to a global issue that the teacher and students work to narrow
into a related, actionable design product.

CBL provides students with the opportunity to define the questions they want to answer
and provide input on the challenge to be solved. Student choice has been shown to be
highly motivating and increase student learning (NASEM 2018). Pragmatically, however,
giving students control over the shape of the problem, the questions to be answered, and
the methods to be used can be frightening and impractical. Curt Blimline’s design chal-
lenge, described in the following story, shows how one teacher worked through the pro-
cesses of CBL and the EDP while still meeting his chemistry curriculum dictates. Figure 1.4
details Curt’s process of combining CBL with the EDP to develop a design challenge for his
students.

Figure 1.4. Challenge-Based Learning Leading to Engineering Design
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Curt’s Story

Curt, a chemistry teacher, wanted a creative way to teach the content of intermolecular
bonding and stoichiometry. He also needed to incorporate several key science and
engineering practices. Curt knew what his standards required and where he wanted
his students to end up, and he had a starting idea in mind; this was how he moved from
a big idea to a design challenge.

Curt taught in a rural school where snow days were a frequent occurrence due to icy
roads; this could make educational access an issue for his students. Equal access to
education, Curt’s big idea, is a global problem, although it looks different in different
places. Curt introduced the big idea of equitable educational access to his students.
He then showed YouTube videos of car accidents resulting from snowy or icy roads.
The class discussed how icy conditions affected their access to education.

To get to the next stage, Curt shared ideas about what makes a good essential
question to understand and solve problems. An essential question does not have
one correct answer; it can’t be answered by a simple “yes” or “no.” Rather, essential
questions are broad in scope, they involve information and actions to resolve, they
are not limited to factual answers, and they require students to make judgments and
use predictive skills (Global Digital Citizen Foundation 2016). Curt then had the class
work in teams to brainstorm essential questions related to their real-world problem
of icy roads affecting their educational access. At the end of brainstorming, Curt had
each student team share their essential questions, which he listed on a whiteboard.
He then skillfully led the class to settle on one essential question, a question that
approximated his original idea for a challenge: What transportation problems exist in
subfreezing weather?

Oncethe class had settled on their challenge question, Curt needed to help the students
shape it into an engineering design challenge. To do this, he was able to prompt the
students to focus on ice and deicing by asking, “How could we use chemistry to solve
transportation problems in subfreezing weather? Do you have similar issues at home?
Do you have icy walkways at home?”

In one day, Curt led his students from the global issue of equitable educational access
and transportation to road safety in freezing temperatures. From here, Curt and the
class negotiated a final challenge: to design a deicing product using available, cost-
effective chemicals and create a commercial to market the new product.

With the design challenge defined, Curt and the class brainstormed guiding questions,
which connected more directly to the required chemistry content and focused the
students on what they needed to learn to design the deicer. The guiding questions,

Continued

Creating Engineering Design Challenges: Success Stories From Teachers

Copyright © 2020 NSTA. All rights reserved. For more information, go to www.nsta.org/permissions.
TO PURCHASE THIS BOOK, please visit www.nsta.org/store/product_detail.aspx?id=10.2505/9781681406985



Chapter 1

the starting point of the EDP process, clarified the constraints of the challenge. Some
examples of guiding questions for this unit are as follows:

e Whatis a deicer?

e How do deicers meltice?

e What chemical compounds are used as deicers?

e What chemicals will we have access to when we design our deicers?
e What environmental risks are associated with the use of deicers?

e What impact will the product have on the surfaces it is placed on?

Curt used these questions to refine his chemistry instruction and establish the
resources the students needed to complete their design challenge and his design
challenge unit.

After identifying the essential question, students are able to provide input to shape the
design challenge in order to address the essential question. It should be the teacher’s goal
to promote as much student-centered learning and choice as possible; however, teachers
must also ensure that required academic content is incorporated. It is critical that teachers
take an active role to guide the process of moving from big idea to design challenge in a
way that allows for student input and choice but also sets goals and parameters to ensure
the challenge can be accomplished in a classroom setting. To do this, teachers need to have
a challenge in mind from the start. In other instances, teachers can have students submit
ideas in writing, read all the ideas after class, and select or modify a popular, doable option
that also satisfies the academic goals of the unit.

After the essential question is transformed into a design challenge, the class can form
guiding questions. Guiding questions for the design challenge detail the content students
will need in order to learn the necessary science behind the challenge; they also explain
the materials and resources students will need to design, test, revise, and redesign their
product ideas. Guiding questions start the EDP cycle and focus the content learning goals.

Working With Academic Standards

When asked to incorporate new pedagogical strategies, most teachers worry about how
they will still cover the necessary standards and prepare their students for the inevitable
high-stakes testing. Design challenge units may elicit the same concern as they appear time
consuming when first presented. However, in our experience with evaluating students’
content knowledge growth with pre- and post-assessments in the design challenge units,
the students performed similarly to those taught with traditional instructional approaches.
Our results are supported by robust educational research, which suggests that students
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learn best in engaging and empowering classrooms where learners are “supported in tak-
ing charge of their own learning” (NASEM 2019, p. 1438).

An important key to our success was carefully considering and choosing the right stan-
dards or blend of standards when developing a design challenge unit. To do this, some
teachers chose the standards first and then brainstormed potential design challenges that
would illustrate the standards. Because some standards are difficult for students to grasp
and due to student misconceptions regarding certain topics, teachers must seek ways to
make the phenomena more understandable through a hands-on project. For example, an
AP calculus teacher noted that related rates was a hard topic for students to grasp during
the first round of teaching. Typically, students did not fully understand related rates until
the end-of-semester review, just prior to the AP calculus exam. This teacher devised her
design challenge unit to highlight the real-world example of how related rates are used in
water flow, leading to the design of a specialized rain barrel.

Other teachers have a big idea or design challenge in mind and then work to incor-
porate the appropriate standards into that challenge. For example, a seventh-grade math
teacher worked in a school building where the lockers were outdated, small, and damaged.
The students constantly complained about them. The teacher started with this real-world
issue, developing a series of design challenge units based on the sorry state of the lockers.
She then worked to connect this to a global challenge and her geometry standards. In the
first unit, students applied the geometry standards of surface area, volume, and problem
solving with scale models to design replacement lockers for the school. In the next unit,
student teams explored the importance of accurate measurements and conversion of mea-
surements to build a scale model of the warehouse where the new lockers would be man-
ufactured. Finally, students applied ratios and proportional relationships to the industry
of logistics as they decided on the most efficient and cost-effective way to transport the
lockers to schools.

Another approach some teachers took with the design challenges involved “bundling”
a wide range of skills and standards into one unit (Heitin 2015). They viewed the units as
opportunities for students to apply skills and knowledge across multiple content standards,
modeling the real-world work of engineers who apply numerous concepts from a variety
of disciplines to solve a problem. As an example, an eighth-grade math teacher needed
to include all the eighth-grade math standards and get deeply into high school algebra.
Therefore, his design challenge units consisted of design challenges that required knowl-
edge from multiple standards. His “Barbie Bungee” unit utilized eighth-grade standards of
statistics and probability, plus linear functions from algebra. During the activity, students
designed a safe but thrilling bungee jump for a Barbie doll or other action figure. The chal-
lenge was not only engaging but also effective at covering the diverse set of standards.

Creating Engineering Design Challenges: Success Stories From Teachers

Copyright © 2020 NSTA. All rights reserved. For more information, go to www.nsta.org/permissions.
TO PURCHASE THIS BOOK, please visit www.nsta.org/store/product_detail.aspx?id=10.2505/9781681406985



Chapter 1

Establishing an Inclusive and Appropriate
Classroom Culture

In order for students to be successful with design challenge units, their teachers must have
already established a classroom culture that highlights working in teams, communicating
with peers, and feeling safe to share math and science ideas despite possibly lacking con-
fidence in those ideas. A classroom in which information typically flows from a teacher or
book directly to students is not ready to leap into a design challenge. Teachers with such
classrooms will need to provide opportunities for students to learn and gain confidence in
taking the lead of their own learning before utilizing design challenge units.

Furthermore, design challenge units are built for classrooms in which the teacher
embraces and prepares for an inclusive learning environment. Teachers need to develop
design challenge units that welcome the rich cultural, historical, and developmental diver-
sity students bring to a learning opportunity (NASEM 2018). A classroom in which learn-
ing is regimented and the same single outcome is expected for all students should hold off
on creating design challenges. First, the teacher will need to build a repertoire of strategies
to support all students and offer opportunities for them to select how they want to access
information and display their learning.

The ideal learning environment for a design challenge cannot be created with the
launch of the design challenge unit; it has to be developed and sustained as an established
feature of the classroom. Our suggested strategies draw heavily from the reports How People
Learn II and Science and Engineering for Grades 6—12, which were created in 2018 and 2019,
respectively, by the National Academies Press. (Both are available online from National
Academies Press.) What these two reports emphasize is that learning is a social activity
in which cultural and historical context and socialization establish the habits of mind
that students bring to class. Design challenge units can serve as bridges that allow diverse
students to use their particular ways of knowing to meet school curricular goals. The
CBL framework, with its use of complex global and real-world issues, has been shown to
increase equity in STEM classrooms. “Relevant, contextualized experiences connect under-
represented populations in STEM and English learners to the science community” (Tolbert
et al. 2014). In this way, well-developed design challenge units completed in classrooms by
students prepared to engage in complex, team-based work serve all students, independent
of background.

If teachers do not feel their classrooms are ready to jump in with a multiday design
challenge, it may be useful to incorporate some basic student-centered learning activities
early on during the academic year. Teachers should get to a point where they feel com-
fortable with students making choices and decisions about how to complete their work.
Meanwhile, students should come to feel safe communicating tentative ideas in small-
and large-group settings. All students in the class need to be able to work with a team on
a shared task. Finally, students need to be comfortable generating multiple solutions and
options and then defending their selection of a best answer rather than the only answer.
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To increase everyone’s comfort with making decisions and choices about learning, we
suggest a Universal Design for Learning (UDL) approach (Buxton et al. 2013; Center for
Universal Design 1997; Rose and Meyer 2002). The guiding principle of UDL is to pro-
vide students with multiple ways to access, communicate, and represent information and
learning. Basic technologies, including calculators, spreadsheets, or text readers provide
students with alternatives for how to gather or process needed information.

Increasing students’ comfort with sharing tentative ideas and defending their ideas
requires practice on the teachers’ part. Both teachers and students are used to the
question-response-assess structure of classrooms, also known as the Initiation-Response-
Evaluate/Follow-Up discourse pattern (Cazden and Beck 2003). This discourse pattern can
be boiled down to constant minitesting from the students’ point of view. To move beyond
this discourse pattern, teachers need to ask deeper initial questions. Then, when an indi-
vidual responds, teachers need to continue with questions that bring other students into
the conversation. For example, a teacher might ask the following:

e  What was good about that response?
e Can someone suggest a different way to express the answer?
e (Can you give an example that would give a different result?

Questions that explore the reasoning used to get to an answer and invite alternative
ways to express ideas shift the focus from the answer to the thinking. This demonstrates the
idea that there is not always a single answer or route to an answer.

Helping students to work in teams or small groups takes practice and ground rules.
Whether you call them student groups or teams is not important—the terms are frequently
used interchangeably. However, we believe the idea of a team is more appropriate for a
design challenge, since it indicates that a collective effort is needed to complete the chal-
lenge. Some teachers like to assign roles; others allow for a more free form of teamwork.
We suggest starting by giving each team member a role. In advance of assigning the roles,
be sure students know what each role means and what the person in the role is expected
to accomplish. Then give the students the opportunity to practice each role. Once students
are familiar with the roles and activities of each role in a design challenge, they can adapt
and distribute tasks as needed.

The goal of preparing your classroom environment for your design challenge unit is
to develop practices and processes so students can smoothly and confidently engage their
knowledge base and use it for collective success. A design challenge unit needs to push
students out of their typical classroom comfort zones but not push so far that success is out
of reach. Finding the point of productive struggle is a design challenge for each teacher!
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Summary and Takeaways

Design challenge units reflect the needs and demands of STEM education. They align with
and meet national science and mathematics standards and practices. They provide new
opportunities for students and teachers to connect school science and mathematics to
real-world issues. Challenge-based learning draws from several instructional practices that
hold student-centered learning as their central component. Integrating a CBL approach
to engineering design has the unique potential of making science and mathematics more
accessible for all students. Design challenges stimulate student interest and increase learn-
ing, and students who might not have considered a STEM career may change their minds.

Teachers play an important role in establishing an effective learning environment for
design challenges. Teachers need to draw on their knowledge of the curriculum and its
potential to connect to engaging design challenges. Whether teachers start with required
standards or bundle them in new ways around a design challenge, they need to take into
account their students’ ideas, curricular requirements, and available time and resources to
create design challenge units. Finally, teachers need to make sure they are ready to engage
in an inclusive student-centered classroom environment. Most students are not ready to
tackle a complex design challenge without practice in student-driven learning and confi-
dence in their ability to take charge. This chapter highlighted the following five takeaways
we believe teachers need to keep in mind as they start their journey into design challenge
units:

1. Engineering design activities incorporate science and mathematics practices and
habits of mind as laid out in the CCSS Mathematics and the NGSS.

2. Challenge-based learning draws on aspects of project-based learning and problem-
based learning. Using a global challenge to initiate the unit design challenge creates
an inclusive learning environment.

3. Teachers must take an active role in the process of narrowing the big idea into
a classroom design challenge. To do this, teachers need to come to the unit
development process with an idea in mind and work with students to shape and
refine the questions and challenge.

4. Science and mathematics standards and practices need to guide the design challenge
units, but teachers can use them flexibly depending on the learning needs of the
students and curriculum.

5. Design challenge units are an inclusive instructional strategy; however, classrooms
must be ready to take on a complex learning environment. Teachers should evaluate
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their classroom environments beforehand and use preparatory activities to develop
the needed skills and practices to allow for student success.

Table 1.3 features a short dos and don'ts list for developing design challenge units to

meet your classroom instructional requirements.

Table 1.3. Dos and Don'’ts for Introducing Design Challenge Units

Do

Don’t

Present students with a big idea tied to a global issue

Make your big idea too narrow

Have students brainstorm the essential question from
the big idea

Tell or define the essential questions without
student input

Shape student questions to align with required
standards and learning objectives

Allow students to wander from the learning objectives

Consolidate essential questions into one question that
can be restated as a design challenge

Leave the question or design challenge too
open-ended

Create guiding questions that focus on the content the
design challenge requires

Develop guiding questions that stray from the
academic content and processes required
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alignment of engineering and mathematics practices with, 9, 9
and assessment, 38
assessment and, 168
CEEMS model for, 7, 8
cell transport and disease unit, 82-87, 83, 85, 86, 87, 94-95
challenge-based learning and, 10, 10-12
“Concrete Decisions” unit, 88-94, 91, 92, 93
core ideas of, 7, 7
implementation diagram, 96
as part of larger CBL process, 5, 6
summary and takeaways, 95-97, 96
“Surviving Erosion” unit, 72-82, 73-81
in unit template, 37-38, 167
Engineering in K-12 Education: Understanding the Status and Improving the Prospects
(NASEM), 28-29
engineering-teaching websites, 163
erosion, 72-82, 73-81
essential questions
about, 12, 32, 34
“Balloon Slingshot” unit, 126
“Chemical Waste Identification” unit, 65, 66
“Costly Collisions” unit, 103, 104
“Eco-Friendly Products” unit, 59-60, 61
“Natural Water Filter” unit, 114
in unit template, 167
“Watersheds—Topography and Runoff Rates” unit, 51, 54
Excel, 132
executive function, 23-25, 36
extrinsic motivation, 28

F

fixed intelligence, 28

formative assessment, 100, 123, 178, 181

Foster, Brandi, xii, 88-94, 91, 92, 93, 95, 138-144, 140
Freeman, Rashanna, xii, 82-87, 83, 85, 86, 87, 94-95

G
“Geocaching and Transformations” unit, 53-57, 55, 56
Global Positioning System (GPS), 53, 54. See also “Geocaching and Transformations”
unit
GoAnimate (software), 146
Google Docs, 161
government agencies, 163
guiding questions, 12, 38
about, 32
“Balloon Slingshot” unit, 126, 127
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“Chemical Waste Identification” unit, 66

“Costly Collisions” unit, 103, 104

“Eco-Friendly Products” unit, 62

“Natural Water Filter” unit, 114, 114

in unit template, 167

“Watersheds—Topography and Runoff Rates” unit, 51

H
habits of mind, 8
header, template, 177
Hedge, Taylor, 20, 22, 23-24, 25-26, 27-28
hook, the
about, 32, 34, 35-36
“Balloon Slingshot” unit, 126
“Better Than Khan” unit, 144-145
“Chemical Waste Identification” unit, 63-68, 64, 66, 67
“Costly Collisions” unit, 102, 103
“Eco-Friendly Products” unit, 57-63, 58, 60-61, 62, 63
“Geocaching and Transformations,” 53-57, 55, 56
“Natural Water Filter” unit, 114
summary and takeaways, 69
in unit template, 167
“Watersheds—Topography and Runoff Rates,” 49-52, 50, 52

How People Learn: Brain, Mind, Experience, and School (NASEM), 19, 20-21, 26-27
How People Learn 1I: Learners, Contexts, and Cultures (NASEM), 14, 19, 20-21, 24

I

inclusive learning environments, 14-15
Initiation-Response-Evaluate/Follow-Up discourse pattern, 15
inquiry-based approach, 5

intentional learning, 28

intrinsic motivation, 28

intuitive knowledge, 22-23

J
Jameson, Amy, xii, 100-113
justification for selection of content, 34

K

knowledge, prior, 22-23
knowledge and reasoning, 20-21
knowledge transfer, 25-27
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L
learning environments, 15-16
learning research, and design challenge units
about, 19-20
knowledge, prior, 22-23
knowledge and reasoning, 20-21
knowledge transfer, 25-27
metacognition, executive function, and self-regulation, 23-25
motivation, 27-29
lessons and activities, unit, 41, 168, 177-178, 179-181
lesson title, template, 177, 179
linear equations unit. See “Better Than Khan” unit
Link Engineering, 163
Lyles, Leslie, xii, 144-150, 146, 148, 149

M

malleable intelligence, 28

materials, template, 178, 180

Materials Manager role, 139, 140, 141, 145, 146
memorized information, 21

metacognition, 23-25, 36, 100, 101

mindset, 28

minerals. See “Eco-Friendly Products” unit
misconceptions, 41, 168

model-testing day, 4, 4-5

momentum unit. See “Costly Collisions” unit
motivation, student, 10, 27-29

Moyo, Kimya, xiii

N
National Council for Teachers of Mathematics (NCTM), 161, 162
National Council for Teachers of Mathematics process standards, 7
National Science Teaching Association (NSTA), 161, 162
“Natural Water Filter” unit, 113-124, 114, 115, 117, 118, 119, 120, 122, 124
New Tech Network, 139
Next Generation Science Standards (NGSS)

about, 1, 3, 137

and CEEMS EDP model, 9, 9

“Chemical Waste Identification” unit, 64

“Concrete Decisions” unit, 88

“Natural Water Filter” unit, 114

in unit template, 42, 177, 180
norms, 142, 144
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P
parent involvement, 84, 86
peer-evaluation rubric, 148
permeability, 116-118, 117-118
perseverance, 151
plan-of-action guides, 24
Pollitt, Marie, xiii
“Eco-Friendly Products” unit, 57-63, 58, 60-61, 62, 63
“Natural Water Filter” unit, 113-124
porosity, 116-118, 117-118
preassessment, 127
Pre-College Engineering Education division of American Society for Engineering
Education, 161-162
prior knowledge, 22-23
problem-based learning activities, 5, 10. See also challenge-based learning (CBL)
procedural knowledge, 21
project-based learning activities, 5, 10. See also challenge-based learning (CBL)
Project Manager role, 139, 140, 141, 143, 145, 146

Q

questioning, 64

R

real-world applications, 40, 168

reasoning, knowledge and, 20-21

reflection, 178, 181

research on learning. See learning research, and design challenge units
revising a previously designed unit, 153-157, 155, 156, 182

rocks, minerals, and soils. See “Eco-Friendly Products” unit

rubric, peer-evaluation, 148

rubrics, design challenge, 110-111, 124, 149

rules, classroom, 142, 144

S
Science and Engineering for Grades 6-12 (NASEM), 6, 14
science practices, core ideas of, 7
self-regulation, 23-25, 36
setting the stage
about, 33-35, 33-36, 47, 48
“Chemical Waste Identification” unit, 63-68, 64, 66, 67
“Eco-Friendly Products” unit, 57-63, 58, 60-61, 62, 63
“Geocaching and Transformations,” 53-57, 55, 56
summary and takeaways, 69
“Watersheds—Topography and Runoff Rates,” 49-52, 50, 52
small groups, 15
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societal impacts, 40, 168
soil filters. See “Natural Water Filter” unit
soils. See “Eco-Friendly Products” unit
standards, academic, working with, 12-14
STEM education
paradigm shift toward, 5-9, 6, 7, 8, 9
STEM-teaching websites, 163
Stewart, Stephanie, xiii, 72-82, 73-81
student contracts, 90, 91, 138-144, 140
summative assessment, 178, 181
support networks, teacher
brown-bag lunch meetings, 159-161, 160
online, 161
professional organizations, 161-162
sustainable learning communities, 159
“Surviving Erosion” unit, 72-82, 73-81

T
Teach Engineering, 163
teacher preparation, advance, 178, 180
teacher support networks. See support networks, teacher
teams, 15, 90, 91, 138-144, 140
Technical Manager role, 139, 140, 141-142
template, design challenge unit. See design challenge unit template
terms, defined, 32
think-pair-share, 59
3Rs of collaboration, 147
Time Manager role, 145, 146
tinkering, 110
topography. See “Watersheds—Topography and Runoff Rates” unit
transfer of knowledge, 25-27
Tucker, Kevin, xiii, 125-134, 127, 129, 131, 132, 133, 134
tutorial videos. See “Better Than Khan” unit
21st-century skills
collaborative learning, 138
communication, 138
creativity and innovation, 138
critical thinking, 137-138

u

unit context, 34-35, 36, 167

unit lessons and activities, 41, 168, 177-178, 179-181

unit number, template, 177

unit summary, 33-34, 167

Universal Design for Learning (UDL), 15, 24, 36-39, 37-38
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“Watersheds—Topography and Runoff Rates” unit, 49-52, 50, 52
wikis, for support, 161
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“We created this book with the educator in
mind—specifically secondary mathematics
and science teachers looking for ways
to integrate engineering practices into

classroom instruction.”
—from the preface to Creating Engineering Design Challenges

If you've ever wished for advice you can trust on
how to make science and math more relevant to
your middle or high school students, Creating
Engineering Design Challenges is the book for

you. At its core are 13 units grounded in challenge-
based learning and the engineering design process.
You can be sure the units are classroom-ready
because they were contributed by teachers who
developed, used, and revised them during the
Cincinnati Engineering Enhanced Math and Science
(CEEMS) program, a project funded by the National
Science Foundation.

Detailed and practical, the book is divided into three
sections:

1. The rationale for making engineering an
effective part of math and science instruction.
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2. Thirteen engineering-
related units, including
the teacher-contributors’
detailed accounts, lesson plans,
and handouts. Content areas include biology,
chemistry, physical science, Earth science,
and environmental science. Topics range from
developing a recipe for cement to implementing
geocaching to calculating accurate aim with
slingshots and water balloons.

3. Guidance on how to develop, support, and grow
your engineering practice. This section offers
useful templates and frameworks for you as
well as professional development guidance for
your school.

The contributors” goal is to help you benefit from
their hard-won experience. They write, “During

our time with the CEEMS project, we learned a
great deal from our mistakes and our successes,
and we felt it would be important to share what we
learned with the hope that you can build on your
own success.” Working from their advice, you can
develop a more student-centered classroom culture
and nurture learners who are engaged in real-life
engineering challenges.
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