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Introduction

The Next Great Debate?

By elevating engineering design (practices) to the same level as scientific inquiry
(practices), the crafters of the Framework for K-12 Science Education (NRC 2012)
and the subsequent Next Generation Science Standards (NGSS 2013) have caused
some controversy and lively debate, some of which is captured in Clough and
Olsen’s final Commentary. represented what engineers do. Where do the true con-
nections between engineering and science practices reside. To what extent can and
should science and engineering practices co-exist in educational spaces?

In a recent issue of the Journal of Science Teacher Education, Cunningham and
Carlsen (2014) offer a rather critical review of the way the nature and methods of
engineering are portrayed in these reform documents (NGSS 2013; NRC 2012). As
the editors of this volume, we acknowledge and accept (even embrace) the fact that
the eight practices described in these reform documents look different across sci-
ence and engineering. We think these differences should be explicitly addressed
with students (as several of the contributing authors also suggest) but the mere exis-
tence of differences in these disciplines does not preclude their successful integra-
tion. We think these differences actually enrich and deepen their relationship. In this
book we do not really enter the debate over the relative value, importance, or proper
placement in the “standards™ of science and engineering as separate disciplines.
Rather we maintain that, while different in nature and methods, science and engi-
neering are intimately intertwined and their thoughtful integration is essential to the
development of a scientifically literate citizenry moving forward. This book aims to
help researchers and practitioners better leverage power of these shared practices to
promote science proficiency. This book is intended to help those looking for pro-
ductive ways to harmonize science and engineering practices to propel STEM
teaching and learning within a culture of innovation.

vii



viii Introduction
Building Bridges...

While the purposes of science and engineering may be different, their practices are
parallel and often quite complementary. In this book, we move beyond the proto-
typical “bridge building” activity that one might envision when they hear the words
“engineering design challenge”. Here the “bridges” being built are novel and inte-
grated approaches to teaching science and engineering practices that span diverse
and traditionally isolated research communities to foster dialogue and fruitful syn-
ergies. In Chap. 1, Nelson and Annetta help set the stage by defining “design think-
ing” and remind us of the power of “contextualization”. They underscore the value
of productive failures and paint a picture of how to develop “disruptive innovators”
to feed the next generation STEM workforce, a theme of this volume.

This volume also highlights the many ways in which the prudent integration of
science and engineering practices can be used to create new and exciting opportuni-
ties to learn in K-16 educational spaces (both formal and informal). From Cox’s and
colleagues’ (Chap. 14) forward-looking approach to curricular integration and cut-
ting edge work with serious educational games (SEGs) and robotics by Cheng
(Chap. 8) and Nunez (Chap. 7) to the foundational work by Goldman and Bullock
(Chap. 10), viewed alone or collectively these efforts represent thoughtful and
meaningful cross-cutting connections between research and practice within and
across diverse communities.

Facing the Challenges

We borrow Sneider’s Grand Challenges for Engineering Education (Chap. 2) to
help orient the reader to the content of this book. The early Grand Challenges
(Explaining Technology and Explaining What Engineers Do), while not the intended
focus of this book, are foundational to any work in this area. Dickerson and col-
leagues present an interesting approach to the treatment of this inherent disciplinar-
ity in their chapter about the Instrumental STEM (iSTEM) project. They put forward
a novel instructional model that includes attention to the “nature of the domains”
followed by “domain specific instruction”. This explicit attention to difference in
the domains is also highlighted in Tippett’s chapter (Chap. 12) titled Teaching
Engineering Design in Elementary Science Methods Classes where she examines
the consequences of embedding engineering design in elementary science methods
courses and the “trouble with terminology” she has experienced. Project Infuse,
discussed in Chap. 13 by Custer and colleagues, attacks this issue head on by involv-
ing teachers in concept-driven engineering, used in contrast to simply “doing”
engineering-type of activities without a significant understanding of what engineer-
ing is and of engineering practices and core concepts.

This book also addresses Grand Challenge #3 Developing New Curriculum
Materials as numerous exemplary projects are showcased. In their chapter
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(Chap. 4), Langman, Zawojewski, and Whitney describe the interdisciplinarity and
portability of model-eliciting activities (MEAs). They go on to use representative
MEAs to outline a set of Implementation Design Principals, the central focus of
which is to maintain students’ engagement in the foundational design process:
cycles of expressing, testing, and revising the object under design.

The Instrumental STEM (iISTEM) project shared by Dickerson and colleagues
(Chap. 6) serves as another example of new curricular materials being developed.
Here students design and build the tools and instruments they need to do authentic
scientific inquiry. They assert that this novel approach creates relevance for students
by requiring the successful design and fabrication of tools and instruments neces-
sary to answer questions that they have about things they care about.

In their chapter (Chap. 11) titled Elementary School Engineering for Fictional
Clients in Children’s Literature, Milto and team introduce us to the Integrating
Engineering and Literacy (IEL) project and chronicle how engineering that is situ-
ated within the literature that students are reading in their class helps them to frame
engineering problems and design solutions for the problems that the characters in
the book are experiencing.

The authors in this volume also offer some really keen insights into and practical
examples of ways to feach the design process to the K-12 students, their teachers,
and even teacher educators (Sneider’s Grand Challenge #4 and 6, respectively). Part
Il (Student-Centered Design...Exemplary Projects and Programs that Transfer
Theory to Practice) is full of examples that engage K-12 students in innovative
STEM programs that promote the development of science and engineering prac-
tices. Bennett, Monahan, and Honey’s showcasing of New York Hall of Science’s
(NYSCI) Design Lab (Chap. 3) helps set the stage for the rest of the programs fea-
tured. Their focus on the “what” and “how” of children’s experiences mirrors the
NRC’s new view of three-dimensional learning (NRC 2014) well, and their idea of
helping children find a “new way to be smart” captures the spirit of this part nicely.

Evans and his team present Studio-STEM (Chap. 5), an engineering-based out of
school program that engages learners in open-ended real-life problems around
energy and sustainability. Their work looks closely at motivation and career intent
but at its core maintains that learning is the result of social practices and communi-
cative acts.

This vision is shared by Weber and Sansone (Chap. 9) in their description of the
Language of Design. We placed this work at the front of Part I1I: Preparing Teachers
forthe Grand Challenges... Exemplary Professional Development Practices because
the problem-based transdisciplinary teacher professional development experience
they describe sets the tone for the rest of this part. Their efforts to “transform sci-
ence teaching by engaging teachers experientially in local, inquiry-based research
projects with the integration of science and engineering with the graphic design
processes” is the sort of thoughtful teacher (both preservice and inservice) profes-
sional development that we need as a field.

Goldman and Bullock from Stanford University (Chap. 10) take us even further
down a productive path forward with their sharing of the d.Loft STEM Learning
project. Their extraordinary work helping teachers develop their own “design thinking”
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(abilities to find answers to complex problems that have multiple viable solutions)
epitomizes the kinds of attitudes and “mindshifts” that are necessary for building of
solid traversable bridges between science and engineering practices.

Unmet Challenges

To be frank, this volume does not give Sneider’s Grand Challenge #7 Balancing
Technical and Academic Subjects and Grand Challenge #8 Engaging Technology
and CTE Teachers the attention they probably deserve. Sneider’s call for the
“nation’s technology teachers and CTE teachers to join with science teachers to
provide the kind of education that all students need to meet the global challenges”
needs to be heard, but as he suggests this call must also be heard (and answered) by
school administrators and community leaders...these bridges cannot be built by
teachers and teacher educators alone. That being said, we feel that (as a diverse but
integrated community of STEM teacher-scholars) perhaps the gravest challenge we
face lies in Grand Challenge #5 Developing Assessments.

In a recent National Research Council (NRC 2014) report titled “Developing
Assessments for the Next Generation Science Standards” the authors term the inte-
gration of content knowledge, crosscutting concepts, and science and engineering
practices “three-dimensional learning.” They go on to describe it as instruction that
engages students with the practices (of science and engineering) in the context of a
core idea and crosscutting concepts. They next suggest that practices (and crosscut-
ting ideas) are at once tools for addressing problems and the topics for learning in
and of themselves (NRC 2014). This notion of “three-dimensional learning” is
exciting and many of the projects and programs featured in this volume surely cap-
ture the essence of this vision of teaching and learning, but the accurate and robust
assessment of this sort of instruction simply does not exist as the committee notes
by rather bluntly stating that:

Developing new assessments to measure the kinds of learning the framework describes
presents a significant challenge and will require a major change to the status quo. The
framework calls for assessments that capture students’ competencies in performing the
practices of science and engineering by applying the knowledge and skills they have
learned. The assessments that are now in wide use were not designed to meet this vision of
science proficiency and cannot readily be retrofitted to do so. To address this disjuncture,
the Committee on Developing Assessments of Science Proficiency in K-12 was asked to
help guide the development of new science assessments. (NRC 2014, p. 12)

The situation seems even more dire when one reads that:

Most National Research Council committees rely primarily on syntheses of the research
literature in areas related to their charge as the basis for their conclusions and recommenda-
tions. However, the approach to instruction and assessment envisioned in the framework
and the NGSS is new: thus, there is little research on which to base our recommendations
for best strategies for assessment. (NRC 2014, p. 17)
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The fact that these new standards (NGSS 2013) are in the form of performance
expectations, specifying what students should know and be able to do, necessitates
that future assessment tasks be designed and built to capture evidence of students’
ability to use the practices in situ (as they apply their understanding of crosscutting
concepts and disciplinary ideas) to address specific problems (NRC 2014, p. 32).

A Culture of Innovation?

We end this introduction by looking a bit at what Sneider called the greatest chal-
lenge of all, that of Teaching the Teacher Educators. We feel good about the poten-
tial of this book to engage university professors who prepare tomorrow’s teachers in
supporting the NGSS and cultivating its thoughtful implementation. We asked all of
the contributing authors to consider the same question: Given the rapidly changing
landscape of science education, including the elevated status of engineering design,
what are the best approaches to the effective integration of the science and engi-
neering practices?

They answered with rich descriptions of pioneering approaches, critical insights,
and useful practical examples of how embodying a culture of interdisciplinarity and
innovation can fuel the development of a scientifically literate citizenry. We are
confident this collection of work builds traversable bridges across diverse research
communities and begins to break down long-standing disciplinary silos that have
historically often hamstrung well-meaning efforts to bring research and practice
from science and engineering together in meaningful and lasting ways.

George Mason University Leonard A. Annetta
Fairfax, VA, USA
North Carolina State University James Minogue

Raleigh, NC, USA
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and the Challenges



Chapter 1

Creating Disruptive Innovators: Serious
Educational Game Design on the Technology
and Engineering Spectrum

David Nelson and Leonard A. Annetta

By early 1892, the World’s Columbian Exposition in Chicago was months behind
schedule for its October dedication and official opening in May of 1893. After the
Manufacturer’s and Liberal Arts Building collapsed, the Exposition designers were
acutely aware of the need to move even more quickly than before in completing the
building structures as well as the aesthetics such as painting and landscaping. Daniel
Burnham, the architect of the Exposition, knew that the laborious painting of the
rebuilt Manufacturer’s building—then the centerpiece of the Exposition and pos-
sessing the largest footprint of any building in the world—would be the most likely
reason that the building would not be ready in time. As with any other design need,
Burnham recognized a problem, and he needed a designed solution in order to
achieve the anticipated October dedication.

The solution to Burnham’s problem was soon found through the same process of
design suggested by the Next Generation Science Standards in the United State,
which is discussed in the next section below. In essence, the problem was resolved
through a collaborative process among designers whereby alternative solutions
were considered, evaluated and revised, all while considering the limitations of time
and the constraints of available technology. For this vignette, the final solution was
the invention of spray painting, which decreased the labor, time, and expense for
Burnham and many others very soon after (Larson, 2003).

D. Nelson (<) * L.A. Annetta
George Mason University, Fairfax, VA, USA
e-mail: dnelsol6@masonlive.gmu.edu
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Design Thinking

Although the concept is not necessarily new, the notion of design as a ‘way of think-
ing’ is a creative action that has application across numerous disciplinary fields.
Design thinking is an approach to practical and creative solutions to problems or
issues framed as a design question. Human desires are therefore expressed in the
design question with the intent on creating solutions that ultimately impact humans.
Human needs provide insights that help the designer refine the design question and
form a goal to what is meant to be achieved. Instead of starting with a certain prob-
lem, design thinking begins with a question and the acknowledgement that we may
not understand the problem. Then, by focusing on process and human needs, the
parameters of the problem and the resolutions are concurrently explored.

Design thinking is a creative process that evolves as a building of ideas, where
the solution is often actually the starting point. There are no judgments early on in
design thinking. This eliminates the fear of failure and encourages maximum input
and participation in the ideation and prototype phases. One can characterize the
stages of the design thinking process as: define, research, ideate, prototype, choose,
implement, and learn. Within these seven steps, problems can be framed, productive
questions can be asked, more ideas can be created, and the best answers can be
chosen. This is neither a linear process nor a process that cannot be repeated or
occur simultaneously.

Design and the Next Generation Science Standards

Unlike previous science standards such as Science for All Americans, the Next
Generation Science Standards explicitly place the engineering practices (i.e.,
design) within the context of the science framework by positioning design alongside
the practice of science rather than positioned as solely an application of the science
content. Importantly, the NGSS characterize engineering as ““...[A]ny engagement
in a systematic practice of design to achieve solutions to particular human prob-
lems” (NGSS Lead States, 2013). As such, design is a process through which
discipline-specific theories, models, procedures and practices are used to create a
useable and tangible solution; today, design is no longer viewed simply an applied
science.

The progression of the sophistication in learning and using the design process in
the NGSS has been carefully well-defined for practitioners, as well. In applying the
NGSS to the classroom, curriculum will highlight the nature of design as defining
the needs and limits of a problem that needs to be addressed, designing alternative
solutions to a problem based on how well each meets the needs of a problem, and
optimizing the final selected design to include the most important features essential
to solving problems. Moreover, the expectations of design evaluation in the NGSS
increase along the K-12 continuum as students increase the level of evaluation of
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different designs (for example, design failure in grades K-2; effects on the environ-
ment in grades 9-12) and build toward leaving high school with an ability for
sophisticated examinations such as evaluating large-scale trade-offs for different
design solutions.

Design in the NGSS has several notable features, which are not found in more
generic frameworks focusing on design as a subtopic of science or as an applied
science; specifically, design:

» Starts with a goal as its conclusion, which is a solution to a problem;

* Will require understanding of and utilize broad principles and concepts of liter-
acy but will move toward narrow application of those principles and concepts;

* Emphasizes reevaluation and revision in an iterative process to develop an opti-
mized solution;

* Focuses on the collaborative nature of finding solutions; and

* Considers carefully the important constraints and limitations provided for the
problem for which a solution is sought.

The NRC (2012) report, ‘Education of Life and Work,’ addresses both main-
stream and pipeline issues of science, technology, engineering, and mathematics
(STEM) literacy under the general rubric of attempting to define ‘21* Century’ skill
sets, ‘deeper learning’, and ‘competencies’ needed to meet future challenges and
applied to various tasks—citizen, employee, entrepreneur, manager, parent, and
volunteer. The report identified three clusters of cognitive competencies—processes
and strategies, knowledge, and creativity that subsume critical thinking, information
literacy, reasoning and argument, and innovation; three clusters of intrapersonal
competencies—intellectual openness, work ethic and conscientiousness, and posi-
tive core evaluation that subsume flexibility, initiative, appreciation for diversity,
and metacognition; and two clusters of interpersonal competencies—teamwork and
collaboration and leadership that subsume communication, collaboration, responsi-
bility, and conflict resolution.

The semi-model (Fig. 1.1) of the NGSS describes the general inquiry teaching
strategies for scientists and engineers. NGSS refers to this as a semi-model because
it was built from the frameworks and converted into standards the model framework
was excluded. This decision resulted in an illustration of how the practices of scien-
tists and engineers are integrated with both inquiry and design.

Design in the Classroom

In implementing these elements alongside the science curriculum in the classroom,
teachers and students alike may struggle with the underlying foundation upon which
design is built: the systematic and collaborative nature of the process. Students will
approach new problem-based design scenarios with an untrained response in which
many variables are altered at once, the process of design begins before consider-
ations of constraints and limitations are considered, and the solution or outcome has
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Fig. 1.1 NGSS semi-model of activities for scientists and engineers

not been well-defined. As students develop a stronger understanding of the process
of design, they should be expected to exhibit deliberative, structured and justifiable
analyses of initial and alternative solutions to the problems they have been asked to
solve; trial-and-error, for example, will not support an iterative or evaluative
approach to design strategy.

Like engineers in the field, students will learn to utilize standards of design and
exhibit behaviors that lead to successfully arriving at desirable outcomes. The
NGSS reflect this in the progressive nature of the standards through the K-12
grade bands. When fully implemented and aligned with the NGSS’s framework,
classrooms will feature engagement in collaborative workgroups with discourse
and challenges among participants to justify and critique one’s own and others’
choices rather than working in isolation from peers in researching, designing, and
evaluating design solutions. Exposure to design and the encouragement of a cre-
ative and innovative setting in the classroom will allow students to engage early in
the practices and introduce careers and fields into which students might not have
otherwise found a path. Students will recognize the social and environmental
impacts of design options, and they will be able to consider how trade-offs in the
design affect the desired outcome and optimize a final design. Application of
design will occur alongside disciplinary-specific literacy and will not be subsumed
as simply an application of the scientific disciplines; it will also not be reserved
only for students in standalone engineering courses. Finally, students of diverse
backgrounds will be afforded opportunities to use design as a conduit to seeing the
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relevance of science and its related fields in their lives while at the same time
finding ways to explore areas that might have previously been less accessible to
certain populations.

Significant, positive changes related to the move toward focusing on innovation
as a collaborative team effort, encouraging broad student knowledge in the process
of design, and finding ways for students to take risks by not considering the need for
revision a failure can be realized with the NGSS. The NGSS provide a solid frame-
work around which curriculum rooted in engineering design can be developed to
foster the inquisitive nature of students in asking questions about why a particular
solution is better than another as easily as to reinforce the more abstract and hypo-
thetical capabilities of twelfth grade students.

Participatory Learning in NGSS Engineering Design

The processes of the engineering practices and the design aspect emphasized in the
NGSS draw upon the principles of participatory learning, which involves aspects of
learning fundamentally different than what are seen in many classrooms today. The
behaviors and pedagogies that form the tenets of participatory learning are integral
to the faithful implementation of the NGSS in the classroom. As design itself is a
process rather than a single event, participatory learning involves similar reflective,
critical and engaging social collaborations rather than a once-and-done activity or
lesson.

Today, effective and efficient participatory learning for engineering and design
education is often discussed in terms of three overarching ideas: using interactive
technologies and environments to communicate and allow for simulation, ensuring
real-world contextualization and situational frameworks, and providing settings in
which failures are viewed as challenges for innovation.

Technology in Participatory Learning As discussed earlier, engaging and collab-
orative experiences underlie the NGSS expectations for the standards related to the
engineering practices. Especially, the use of technology such as mobile devices,
virtual reality simulations and Internet-connected “hubs” where data, information
and ideas can be shared offer platforms upon which programs of participatory learn-
ing supporting the NGSS can be built.

Such technology-based experiences afford teachers and students several advan-
tages over traditional technology and direct instruction-based methods. Such advan-
tages are:

» Real-time data analysis and exchanges between students allow for quick changes
to a design—that is, students can respond immediately to observations to adjust
and fine-tune designs on-the-fly;

» Challenges to ideas can be easily communicated, evaluated and used to augment
design plans and subsequent trials; and
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» Concrete manifestations of abstract concepts can be made visible, and the effects
of manipulations to variables, conditions or interactions can be assessed and
revisited.

Contextualization in Participatory Learning Importantly, participatory learning
provides students real-world and meaningful contexts in which they can visualize
themselves as being important and relevant novice researchers who are creating as
well as consuming information.

The contextualization of science and engineering learning has developed along-
side the reform movements rather than in response to them. Rivet and Krajcik
(2008) described contextualization in terms of their seminal research surrounding
the method in middle schools as “[S]cience instruction [involving] utilizing stu-
dents’ prior knowledge and everyday experiences as a catalyst for understanding
challenging science concepts” (p. 79). Not too much earlier, the concept of contex-
tualization was described as “...a diverse family of instructional strategies...[that
focus] teaching and learning squarely on concrete applications in a specific context
that is of interest to the student” (Mazzeo, Rab & Alssid, 2003, p. 3). And, Stinner
(1989, 2006), who was a pioneer in the more specific large context problem aspect
of contextualized learning, has long defined the process in terms of “contexts of
inquiry,” (p. 19) which surrounds a five-pronged framework rooted in questions,
methods, problems, experiments, and histories.

Contextualization can be realized by providing students opportunities to explore
needs in their own communities or areas of interest, examples of which might be
investigating solutions to water quality or land use problems or finding alternative
energy sources where traditional delivery is unstable. At any rate, even as the essen-
tial processes of contextualization continue to be refined, well-developed descrip-
tions of the methods associated with the strategy have been articulated, and the
behaviors attendant with the strategies can be readily observed (e.g., Perin, 2011;
Singer, Marx, Krajcik, & Clay-Chambers, 2000) to support participatory learning
and its place in terms of engineering design education.

Innovation in Participatory Learning Participatory learning in the design class-
room has at its core the notion that a student-driven environment results from the
technology-enhanced interaction of actors in the classroom(s) resulting in an evalu-
ative, contextualized atmosphere where intellectual risks and plan modifications are
encouraged and supported. This leads to an innovative setting where students are
supported and more-freely able to negotiate their own learning through collabora-
tion, discussion, and engagement in finding answers to a common problem—even if
the tangible result is a different product or solution. In a successfully innovative
environment constructed around the principles of participatory learning (McLoughlin
& Lee, 2007), content is learner-generated, authentic, and allows for varying per-
spectives; curriculum is dynamic rather than static and is scaffolded by a large net-
work of players; and communication occurs thorough multiple media and is open
and peer-to-peer.
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Disruptive Classrooms

Most would argue that innovation is a disruptive process. A disruptive innovation is
not necessarily an earth shattering improvement but rather disrupts the trajectory of
the innovation to a social system. When this happens the innovation is often not as
good as what is currently available but for some reason the target audience cannot
consume the product. In education this is not uncommon, especially as it pertains to
technology. Often there are better products than what schools can afford, maintain
and/or network. Therefore, many schools and classrooms create disrupted innova-
tions that are simpler and more affordable but still an improvement to what they
currently have.

Infusing design into the science classroom will be a disruptive innovation in the
near future. Teachers and their respective administrators need to understand and
support disruptive innovation. Disruptive innovation can be confused with poor
classroom management or just chaos. Unless first establishing a set of classroom
rules, teachers will not find overall success in a disruptive environment. There could
be communication problems due to the difficulty of getting students’ attention;
communicating and navigating the learning environment will be a challenge unto
itself unless firm rules have already been established.

Large companies have research and development teams that understand and
embrace the design thinking process. Research and development consists of creat-
ing and not consuming. Thinking outside the box is a term often used in the research
and development process. It is a disruptive experience that often results in what can
only be described as failure. However, learning through failure is something suc-
cessful companies and individuals all possess, but failure in schools is a very bad
word. When children fail in school, their attitudes toward that subject and efficacy
drop considerably and sometimes to a point of diminishing return. Failure can be
positive: it allows the designers to reformulate their question and enact a different
path toward the end goal. Iteration is crucial to success. The more we fail, the more
we learn; and, ultimately the end solution is the pinnacle of design.

Schools are asked to do more with less. The NGSS addition of design to the
standards is a perfect example. With high stakes tests looming over teachers and
their schools, how could one possible spend time iterating a design procedure while
preparing for tests?

In his book “Creating Innovators: The Making of Young People Who Will
Change the World,” Wagner (2012) suggests five specific problems with our current
educational system when it comes to creating innovators (p. 288):

1. Individual achievement is the focus: Students spend a bulk of their time focusing
on improving their GPAs, but innovation is a team sport. Problems are too com-
plex to innovate or solve by oneself.

2. Specialization is celebrated and rewarded: You can neither understand nor solve
problems within the context and bright lines of subject content. Learning to be
an innovator is about learning to cross-disciplinary boundaries and exploring
problems and their solutions from multiple perspectives.
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3. Risk aversion is the norm: We penalize mistakes. Innovation is grounded in tak-
ing risks and learning via trial and error. Educators could take a note from design
firm IDEO with its mantra of “fail early, fail often.”

4. Learning is profoundly passive: For 12—16 years, we learn to consume informa-
tion while in school. Innovative learning cultures teach about creating, not
consuming.

5. Extrinsic incentives drive learning: Young innovators are intrinsically motivated,
he says. They aren’t interested in grading scales and petty reward systems.
Parents and teachers can encourage innovative thinking by nurturing the curios-
ity and inquisitiveness of young people. Parents of innovators encouraged their
children to play in more exploratory ways.

Creating Disruptive Innovators through Design, Curiosity,
and Creativity

If we are truly committed to creating the next generation STEM workforce, then it
is most critical to create design thinkers that possess an ability to create networks
between nodes that are seemingly unconnected. We need to teach students above
and beyond the curriculum both in school and out of school. Disruptive innovators
have the ability to probe deeply in their design thinking questions. For example, a
student might ask, “What if we were able to capture all of the sun’s energy each day
and distribute it across the world at the speed of light?”” Disruptive innovators build
a network of people from varying backgrounds and intellect to gain access to new
and different ways of thinking. We often envision some of the most famous innova-
tors as being socially inept. Truthfully, they are extremely competent when it comes
to their personal network established for the sake of their design passion. Finally,
disruptive innovators have a knack for observing the world around them and ques-
tioning new ways to achieve desired ends. They are leaders, thick-skinned, daring,
calculating, methodical, critical, observant, pattern recognizing, scenario planning,
committed, and goal oriented.

Too often, students have been conditioned to believe that there is only one path
to the right answer during their formal schooling. But we know that students learn
through play (Vygotsky, 1963, 1978; Piaget, 1951; Jackson et al., 2012) and even
more through design (Annetta et al., 2014). Creating a passion for science through
design thinking can encumber much of the curricular goals in one process. We argue
a model for:

Prevail =Play +Passion + Purpose +Persistence

Teachers must create a learning environment and interact with students in a man-
ner that promotes playing with purpose, persistence toward excellence, and design
questions that students find intrinsically compelling. We don’t do this by rote mem-
orizing facts for a standardized test but rather by cultivating the innate creativity in
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children. We often confuse creativity with trial-and-error learning, often counting
this lower-order reasoning as creative on the same level as what Mozart or Einstein
accomplished. The truth is, great innovations come from years of dedicated prac-
tice. Yes, trial-and-error can yield interesting and creative learning. But the remark-
able creative and innovative breakthroughs we point to typically came from a
disruptive innovator who understood how his/her breakthrough was important and
how to explain the significance.

Design by Modding the Mod

Over the last 12 years, we have been refining a design-thinking model for both stu-
dents and teachers through the National Science Foundation funded HI FIVES
(Highly Interactive Fun Internet Virtual Environments in Science) and GRADUATE
(Games Requiring Advanced Developmental Understanding and Achievement in
Technological Endeavors) projects. Teachers and students in grades 5—12 have been
exposed to Serious Educational Game (SEG) (Annetta, 2008) design and develop-
ment through a proprietary platform built on top of a commercial game engine. This
platform allows teachers and students to create SEGs that align with science and
mathematics content standards.

A mod is a modification of a game engine and is used by many gamers as a way
to create their own games through manipulating the source code of said engine.
Many popular commercial game engines that tend to be part of the modder com-
munity are: Unreal, Half Life Source, Unity, and Never Winter Nights. In our proj-
ects, we effectively created a mod of a commercial game engine by layering libraries
of model/objects, animations, and level environments with an object-oriented pro-
gramming interface. The mod effectively became an authoring tool that allowed the
user to create games of that engine and join the modder community without know-
ing or learning any of the myriad of technical skills most modders posses; skills
such as programming, 3D art, animation, level design, etc.

The SEG created from the original mod is essentially a mod of the mod. To suc-
cessfully mod a mod and create an SEG, one might first partake in the design pro-
cess. We’ve learned over the course of the last 12 years (see Annetta publications)
that SEG design and development is an effective learning tool in grades 5-16.
Although game design may seemingly be an unusual topic to bring up in relation to
education, it is not without reason. Games are very permissive, with the current
statistics of United States gamers revealing that 65 % play video games, and of that,
23 9% are youth under the age of 18.

Although the NGSS are driving today’s science instruction, it was the National
Science Education Standards (NSES) driving U.S. science education for the previ-
ous 17 years. The NSES posited, “children’s abilities in technological problem solv-
ing can be developed by firsthand experience in tackling tasks with a technological
purpose” (NRC, 1996, p. 135). Using technology without purpose does not provide
meaningful learning experiences. The “T” in STEM continues to be in question, but
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for us that “T” means technological endeavors centered and used for development
by students.

Design thinking can be situated within the context of authentic problems that
allow students to address personal and societal needs (Atman, Kilgore, & McKenna,
2008). In particular, design thinking offers students an opportunity to experience the
iterative nature of science as well as the meaning of testing alternative ideas in prob-
lem solving (Bers & Potsmore, 2005; Cunningham et al., 2005; Kahn & Bers,
2005), the soft failure that encourages deeper understanding and advanced discov-
ery (Vallett & Annetta, 2014), and affords students the opportunity to begin to
understand systems, a common theme in science education (Sullivan, 2008).

SEG Design and Development Strategy

We know the gamers have certain needs they generally are not getting in traditional
schooling. Gamers are creative, but creativity is not always being cultivated in
today’s schools. Gamers crave constant feedback and constructive assessment.
Teaching and learning in the K-12 is generally a process by which teachers are
forced to follow a pacing guide so to cover a very crowded curriculum in the aver-
age 180-day school year. If students have not yet learned a given content or mas-
tered given skills, they are generally left behind to catch up on their own. This
sometimes happens through tutoring or as in Taiwan, cram school. Conversely, in
games students get constant feedback and are assessed to the point of failure. If
students fail in a game they are demoted to the beginning of that level until they
master the skills necessary to be promoted to the next level. The game logic, and
sometimes artificial intelligence, scaffolds learning for players so they can be
“tutored” and learn the necessary and desired skills to gain promotion.

Our model promoted creativity and allows a safe soft failure environment. Most
importantly, teachers are involved in the learning process throughout the entire SEG
design mechanism but in a very different role from what they may have been trained
to serve. Figure 1.2 is an illustration of the SEG Design Mechanics we have refined
through the aforementioned National Science Foundation projects. This model is an
amalgam of game design and instructional design. We superimposed these two
strategies to help us create an environment in which we ask students to become the
teacher as they design and develop their SEG. Many of us know through experience
that one of the best ways to learn something is by being asked to teach it first, and
we have learned over the years that students learned the targeted science topics
more deeply when they have to design and develop and SEG. To this end we teach
students, albeit at a very basic level, to become teachers while they infuse game
design principles as well. What follows in a description of each step of the process
and what we have learned through students creating SEGS through each step. It is
important to note that all of the steps of the SEG design happen without technology
(although you could invite technology into each piece). However, we have mostly
used poster paper and white boards.
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Marrative/Game Seary.
board
Elements

Science :
: Construction
Learning

Backward Standards
Design Alignment

Play Test

Fig. 1.2 SEG design mechanics model

The first, and most the important step is for the student to learn content (science
in our cases). Like a good teacher, if you are not well versed in the content then it
will become incredibly difficult to teach it. We have used varying strategies to teach
students the content. Such strategies as:

1. Traditional classroom instruction where the student learns the content through a
teachers’ designed unit.

2. Through science research where the student conducts experiments not unlike
they would in a science fair but in a much deeper fashion

3. Through mentors where students work with university faculty and/or community
partners in the field that aligns most closely with the student SEG topic. For
example, students designing an SEG about wind energy might partner with an
employee from the local electric cooperative that is volunteering his/her time.

4. Some combination of the first three but invariably we see students going further
and deeper in each of the strategies.

Peer pressure often comes into play and students who want to make the best
game possible generally go online, read books, and ask experts questions so they
understand the content well enough to drive the rest of the design mechanisms.

After students have learned the content, we then ask them to learn to teach. By
using a backward design approach, we invite students to understand how teachers
use learning objectives to drive their units and lessons while game designers have
level objectives that drive the game play in said level. We also clue students to con-
tent standards and ask that they also align their SEG with state content standards
much like their teacher does within the classroom. We ask students first what they
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want the learner to know at the end of the game or the end of the level and then ask
them to think about what the learners/players would need to do to learn the content
in the SEG. How do teachers know if their students are learning? They assess them
of course. In SEG design, we instruct student designers to embed assessments in the
game but also know that we can collect click stream data on the back end server so
students are being assessed without knowing they are being assessed, something
(Annetta et al., 2007) called virtual observations. Therefore, the assessment in the
backward design will ultimately dictate the game logic.

Our SEGs are narrative driven, and we instruct student designers on how to cre-
ate a story by including fundamental game elements. We aim for a cross-disciplinary
approach to the design process by including the language arts to this model. We
have students develop the essential story elements such as characters, plot, setting,
theme, and conflict. This approach includes students who may not be scientifically
inclined or science phobic but excels at the creative and open writing components
of learning.

Concurrently, student designers embed common game elements into their narra-
tives. Obviously, this is a very time consuming step in the design process but a very
important step. Students need to generate interest, and more importantly, how to
make people want things innately rather than by external motivation. We believe
this adds something to traditional schooling that just isn’t occurring in today’s class-
rooms. Students seem to not be generally intrinsically motivated to learn, but when
learning is stealthy enough to be hidden behind the cloak of SEG design, students
assimilate content knowledge because they want to make a fun, accurate game.

Story needs to provide a sense of identity to the reader and subsequent game
player. The player needs to have a sensation of being immersed and part of a com-
munity while providing the aesthetics to attract players to come back for more. This
is often done through fantasy, which is the play of imagination and perspective of
environment, which feeds the addictive experience seen in good commercial games.
Much of our work has seen students take this element to a role-play scenario where
the player empathizes with game characters and the surroundings and takes the
perspectives of the main character-whether or not the player is the main character.

The narrative needs to be dramatic and emotionally progressive for the immer-
sion to occur. This is where the conflict element is played out. Allowing players to
have control of the environment is a big challenge to the student designers but they
begin to understand this challenge later in the process. Practicing the art of decision-
making has resulted in student designers being more engaged with critical thinking
and creative skills.

These games need to also have an economy. Whether it is a score or artifacts
collected, player engagement greatly hinges on this game element. Although com-
mercial games are won and lost by the economy, SEGs, and more specifically the
design and development of SEGs are won and lost by how well the economy is
articulated within the narrative.

Once the narrative and game elements are written and fleshed out, student design-
ers create a concept map/flow chart/decision tree. Call it what you will, but this
component of the model is simply a graphical representation of the path players
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may take through the narrative. What decisions the player must make and the game
logic that reacts to a player decision is mapped out here. It allows student designers
to rethink their narrative and enhances the learning cycle by giving a visual of what
was written.

The next step is the storyboard. Not unlike video/movie creation, the storyboard
takes a scene-by-scene approach to the narrative. It allows designers to draw what
objects need to be added to the game to make it aesthetically pleasing to the player
to keep immersion and engagement at its highest. From there, student designers
paper prototype their storyboard by creating a representation of the user interface. It
allows for usability testing before getting into the game creation software so the
narrative and game elements can be adjusted if needed. This is an important step so
the construction component isn’t wasted time.

The final step is the construction phase where student designers build out their
design in a proprietary software we developed that is object-oriented in nature so
students don’t need to learn programming per se, or 3D art and animation, which of
high order skills often not seen in K-12 students. Upon completing construction,
games are play tested with peers in the intended audience and feedback from play
tests allows student designers to go back to the narrative and game elements to make
necessary adjustments and the cycle plays out again until the final SEG is ready to
go live.

The most important piece to this model is the change in the teacher role. The
teacher now becomes the facilitator of content and pedagogy through the design
process. Since SEG are intended to be used to teach content and/or concepts, teach-
ers are the masters of how best to teach and assess learning-even if they don’t play
or understand video games. As previously mentioned, students generally learn more
content through this design model than do their peers who gets similar instruction
from their teachers. This allows teachers to challenges students to think on a much
higher order level than they normally get to do. Teachers seem to love being able to
make students think about content more deeply.

Conclusion

A fundamental challenge in the classroom in the era of the NGSS will be making the
necessary shift toward redefining the role of students as teacher-learners and training
teachers to become facilitators in environments that support such a shift. The itera-
tive approach of SEG design described here supports the scaffolding, feedback and
assessment foundation needed in any good lesson, and it acts to counter Wagner’s
(2012) suggested problems with our education system. Emphasizing the often
neglected but sophisticated ways of thinking that students bring to the classroom
based on experiences (NRC, 2007), design thinking motivates students to position
themselves as active participants in the learning process. Moreover, because it is a
process rather than a singular event, design thinking manifested as we describe here
encourages challenges, social interaction and peer feedback, all of which are power-
ful motivators to help students find intrinsic motivation in classroom (Psotka, 2013).
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Chapter 2
Grand Challenges for Engineering Education

Cary Sneider

In 2013 the National Research Council released A Framework for K-12 Science
Education: Practices, Core Ideas, and Crosscutting Concepts (NRC, 2012), which
laid the groundwork for revising state science standards. Unlike previous docu-
ments that presented long lists of concepts and skills, the Framework specified just
thirteen core ideas that all students should learn at increasing levels of sophistica-
tion from kindergarten through twelfth grade.

What is even more remarkable than agreement on a coherent set of core ideas
was the vision of practices of science and engineering that all students should learn.
It was a vision both inspirational and practical:

We anticipate that the insights gained and interests provoked from studying and engaging
in the practices of science and engineering during their K-12 schooling should help stu-
dents see how science and engineering are instrumental in addressing major challenges
that confront society today, such as generating sufficient energy, preventing and treating
diseases, maintaining supplies of clean water and food, and solving the problems of global
environmental change. In addition, although not all students will choose to pursue careers
in science, engineering, or technology, we hope that a science education based on the
framework will motivate and inspire a greater number of people—and a better representa-
tion of the broad diversity of the American population—to follow these paths than is the
case today. (NRC, 2012, p. 9)

The Framework included “engineering” alongside “science,” and declared that
students should study major global problems that require at least equal measures of
engineering know-how and scientific knowledge. The document also included
explicit instructions for presenting to students the engineering design process as
both core ideas (what students should know) and practice (what students should be
able to do.) Also included were important ideas about the two-way relationship
between science and engineering (that science helps engineering advance, and
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engineering drives science forward), and the influence of science, technology, and
engineering on society and the natural environment.

Development of the Framework was just the first step in the most recent effort to
remake our nation’s science education infrastructure. A coalition of 26 states, work-
ing with the independent organization Achieve, Inc., used the Framework as the
blueprint for Next Generation Science Standards (NGSS Lead States, 2013), which
spells out, grade by grade for K-5, and in grade bands for 6-8 and 9-12, statements
that translate the major ideas from the Framework into specific learning targets, or
“performance expectations.” Together, the Framework and NGSS project an entirely
new vision of science education to guide the development of new curricula, new
assessments, new methods of teacher education, and new goals for our students.

These documents have launched what is likely to be a long campaign to integrate
engineering and technology into our nation’s educational infrastructure. Although a
similar goal was put forward in Science for All Americans (AAAS, 1989), and the
National Science Education Standards (NRC, 1996), the immense inertia of our
educational system has so far resisted any significant integration of engineering and
technology into science education, let alone social studies, mathematics, or lan-
guage arts (although there are clear connections to all of those curriculum areas).

These global problems mentioned in the paragraph quoted above—such as gen-
erating sufficient energy, preventing and treating diseases, maintaining supplies of
clean water and food, and solving the problems of global environmental change—
are among the grand challenges that engineers will face with increasing urgency in
the decades ahead as the human population continues to grow. The thesis of this
chapter is that realizing this vision also poses grand challenges for science and engi-
neering teachers at the K-12 level, as well as for school principals, district and state
educational leaders, and those of us who work at universities charged with prepar-
ing tomorrow’s teachers. This chapter will describe the sources of that resistance
with the aim of alerting readers to the nature and depth of the challenge ahead, and
suggest new pathways forward.

Grand Challenge #1 Explaining Technology

According to the Framework and the NGSS, science, engineering, and technology
are interrelated but distinct terms:

In the K—12 context, “science” is generally taken to mean the traditional natural sciences:
physics, chemistry, biology, and (more recently) earth, space, and environmental sciences
... We use the term “engineering” in a very broad sense to mean any engagement in a sys-
tematic practice of design to achieve solutions to particular human problems. Likewise, we
broadly use the term “technology” to include all types of human-made systems and pro-
cesses—not in the limited sense often used in schools that equates technology with modern
computational and communications devices. Technologies result when engineers apply
their understanding of the natural world and of human behavior to design ways to satisfy
human needs and wants. (NRC, 2012, p. 11-12)
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According to this definition the earliest uses of rock, bone, and wood to make
implements for hunting and preparing food were technologies, as were the invention
of fire, woven fabrics, and the earliest forms of agriculture. Although the nameless
inventors who created these technologies did not have degrees in engineering, there
is no doubt that they created what they did to solve very real problems in their
environment.

Our early human ancestors carried technologies with them, but for the most part
they lived in a natural environment. Today we are surrounded by technologies and
we experience very little of the natural world. To appreciate the extent to which we
depend on them, imagine what would happen if all of our technologies disappeared.
First, this book would dissolve. Whether it’s electronic or made of paper, it’s a prod-
uct of human invention. Next the lights would go out, as would everything that runs
on electricity, oil or gas, since these all depend on technologies to utilize Earth’s
resources for energy and power. If you are indoors the furniture, rugs, and walls
would disappear, and soon the entire building would be gone. Say goodbye to your
glasses, cosmetics, and every stitch of clothing. Without the comfort and support of
the technological world, you would be standing naked in a field or forest.

Actually, the above scenario is optimistic. Chances are without technology very
few of us would survive long at all. In 1900 people could expect to live about 47
years. The vastly extended life expectancy that we enjoy today is only partly due to
advances in medicine and improved child mortality rates. The technologies involved
in processing fresh potable water is largely responsible for our increased lifespan,
just as the technologies involved in growing and processing food have greatly
increased the carrying capacity of our planet.

Despite the wide diversity of technologies that we encounter daily, and their
importance for our very existence, most people don’t even think about them. And
when they do, they use the term “technology” in a very limited sense. According to
a pair of Gallup polls, for the great majority of people the word technology is “tied
more to the modern apparatus, machines, and gadgets people have developed”
(Rose et al. 2004, p. 1). In 2001, most people who were asked: “When you hear the
word ‘technology’ what is the first thought that comes to mind?” the majority
responded “computers” (67 %), while a few responded “electronics” (4 %). Those
numbers were virtually unchanged in 2004 (68 % and 5 % respectively).

For the most part teachers of all subjects and grade levels also use the term “tech-
nology” in a limited sense, although in a way that is somewhat different from the
general population. When teachers claim that their students “don’t have access to
technology” they are not saying that their students have no pencils and paper.
Instead they usually mean that their school does not have sufficient computers or
tablets for their students to use. And a classroom “equipped with technology” usu-
ally means a Smart Board, which offers the functions of a computer and projector
rolled into one.

If we expect our students to understand what engineers do, an important step is
coming to understand the products of engineering—the technologies that engineers
design and modify to meet people’s needs and wants.
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To gain some insight into the nature of technology, pick up an object within
reach. If you’re sitting at a desk a pen will do, as will a piece of paper or more
complex technology such as a calendar or cell phone. If you’re reading in bed pick
up a tissue or alarm clock, and ask yourself these questions:

*  What was this technology designed to do?

e What did this particular piece of technology replace?

* How does this technology function better than what was used in the past?
How is it worse?

* Where did the materials used to make this technology come from?

*  What technologies were required to produce it, and transport it here?

* What will happen to this technology when I'm done with it?

e Could this technology be improved? If so, how?

Helping people realize that the vast number of products around them are
technologies would be a step in the right direction; but only a step. People who do
understand that technologies are all of the ways that people change the world
to meet human needs and wants tend to think of products. But technologies also
include processes and systems. A bus schedule is a technology. A recipe for baking
a cake is a technology. Life insurance is a technology. Our nation’s system of
government is a technology. All of these have been created by people, and modified
and improved over time. While the people who shaped these technologies may not
have been licensed engineers, they were nonetheless “doing engineering.” That is
they were solving problems in a way that is systematic and iterative.

Why is it important for everyone to learn about technology? Isn’t it enough for
the professionals to understand it, since most people seem to do just fine with their
limited understanding? A thoughtful answer to that question was provided by the
National Academy of Engineering and the National Research Council in a short
report entitled Technically Speaking: Why All Americans Need to Know More About
Technology.

As far into the future as our imaginations can take us, we will face challenges that depend
on the development and application of technology. Better health, more abundant food, more
humane living and working conditions, cleaner air and water, more effective education, and
scores of other improvements in the human condition are within our grasp. But none of
these improvements is guaranteed, and many problems will arise that we cannot predict.
To take full advantage of the benefits and to recognize, address, or even avoid the pitfalls
of technology, Americans must become better stewards of technological change.
(Pearson et al. 2002, p. 12)

Technically Speaking points out that it is not only our standard of living that is at
stake. As the world’s population grows, so does our impact on the environment.
While developing nations mechanize agriculture, produce more energy, goods, and
services, and turn more arable land into cities, the impact on the environment grows
at an ever faster rate. To counter these trends we need to be both leaders and collabo-
rators in finding new solutions to the unanticipated effects of yesterday’s technolo-
gies, such as our changing atmosphere due to the burning of fossil fuels, the impact
of pesticides on amphibians and other fragile species, and industrial wastes from
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thousands of sources. In other words, we need a strong, creative, and flexible
technical workforce and a technologically literate populace to solve these global
challenges. Given how little people’s understanding of technology has changed in
recent years, that is a grand challenge indeed.

A pathway forward proposed in Technologically Speaking consists of 11 recom-
mendations that include incorporating technology into state standards, curriculum,
and assessment, as well as the preparation of teachers. The recommendations call
upon the National Science Foundation and other federal agencies to support research
in how people learn about technology. Museums, private industry, and engineering
societies are asked to educate the public, and especially journalists about the nature
and importance of technology. The eleventh recommendation is for the White House
to add a Presidential Award for Excellence in Technology Teaching to those it
currently offers for mathematics and science teaching.

To some extent these recommendations foreshadowed the rise of STEM educa-
tion as a new national goal, and the Framework and Next Generation Science
Standards. Nonetheless, we have a long way to go before we begin to turn the tide,
so that a majority of people have a broad and deep understanding of the “T”” in STEM.

Grand Challenge #2: Explaining What Engineers Do

You’ve checked into a hotel room only to find that the toilet does not flush. You call
the front desk, and after apologizing for the inconvenience the clerk promises to
notify “Engineering” right away. Does that sound familiar? Perhaps you’ve also
noticed that many public buildings have a room where janitorial supplies are kept
that is labeled “Engineering.” A somewhat more elevated vision of engineering is
portrayed in Star Trek, where unsung heroes in “Engineering” often save the day by
fixing the warp drive just in time to fend off a Klingon attack.

The common conception of engineers as the people who repair and maintain
modern conveniences is widespread, and presents one of the greatest challenges to
implementing new educational standards related to engineering. Why, after all,
would a parent want their child to spend valuable hours in school learning the skills
needed for menial jobs? A reflection of this view has been a policy of the National
Collegiate Athletic Association (NCAA) that established a Clearinghouse for
reviewing every high school course in the country to ensure that college athletes
were prepared to meet the academic rigors of college. When Massachusetts adopted
engineering as a part of its science standards in 2001, a number of high schools
developed rigorous engineering courses. The NCAA Clearinghouse rejected all of
these courses as “vocational” subjects—that is, not a college preparatory course. A
letter from the Commissioner of Education in Massachusetts to the President of the
NCAA was required to reverse the policy—but only for schools in Massachusetts.

School guidance counselors, who presumably have their fingers on the pulse of
the nation’s job markets, have a more nuanced view of engineering. The Museum of
Science in Boston investigated conceptions of engineering among school guidance
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counselor and found two prevailing viewpoints: One view was that engineering
referred to trades such as plumbing, sanitation, or similar vocations. The other view
was that engineers were brilliant people to whom science and mathematics came
easily. Consequently, in some schools the only students who were counseled to
consider engineering were those who struggled with academic work, while at other
schools only the top students were counseled to apply to top engineering schools
such as MIT. To counter these narrow views the Museum of Science developed a
daylong program that brought guidance counselors together with engineers and
engineering graduate students. Many of the guidance counselors were surprised at
the wide variety of engineering specialties, and the number of educational institu-
tions that offered various levels of engineering degrees.

Increasing the public’s understanding of the engineering profession to the extent
that they encourage their children to consider engineering as a career is grand chal-
lenge #2. To meet the challenge it will be important to enlist the help of museum
educators, journalists, and other thought leaders to help public audiences under-
stand the essential role of engineers in modern society.

Grand Challenge #3 Developing New Curriculum Materials

Since Massachusetts was one of the first states to include a very strong engineering
thread in its science standards, the Museum of Science in Boston undertook a major
project to develop curriculum materials that teachers could use to teach children and
youth about the world of technology and engineering. The Museum developed cur-
ricula at the elementary, middle, and high school levels. The best known of these is
an elementary program called Engineering is Elementary (Cunningham & Hester,
2007).

Engineering is Elementary introduces children to engineering through a series of
stories about children who live in different countries. Each story features a technol-
ogy that is important in that country. Career awareness is built by including a differ-
ent type of professional engineer in each story—usually a parent, aunt, or uncle of
the story’s main character. The story sets the context for a design challenge that the
children will do in class, using simple materials. All EiE units emphasize connec-
tions among science, language arts, and social studies, so teachers will not see this
effort as “something else they have to add.” Instead, the EiE units illustrate the
connections among the different school subjects. For example:

Materials Engineering and the Great Wall of China tells the story of Yi Min.
Students learn how materials engineers investigate the properties of earth materi-
als like pebbles, soil, sand, and silt, and how different materials were combined
to create the Great Wall of China. They then investigate on their own to determine
which earth materials would make the strongest, sturdiest wall. For the design
challenge, students construct their own “mini Wall of China.”
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Environmental Engineering and Drinking Water for India centers on the story of
Salila, a girl in India whose family cannot just tap a faucet to get a drink of fresh
water. In this book students learn about the human requirement for clean and safe
drinking water and the consequential need for environmental engineers to ensure
water quality. This unit addresses the increasingly important issue of water qual-
ity through lessons that teach students about water contamination and the ways
that people ensure the quality of their drinking water. Students plan, construct,
test, and improve their own water filters.

Mechanical Engineering and Denmark’s Windmills explains how engineers design
machines to capture wind energy as told by a young boy named Leif. The story
includes the science concepts of air resistance, air pressure, and air as wind, and
a description of Denmark’s extensive wind turbines, which provide a renewable
energy source. Students explore different materials and shapes conducive to
catching the wind. For the design challenge, students create their own windmills
that can lift a small weight.

These instructional materials aim to do much more than explain what technology
is and what engineers do. The goal is to teach student to think like engineers. For
students at the elementary level, that means identifying a situation that they want to
change as a problem to be solved, and to approach the problem with a systematic
design process involving five phases—asking pertinent questions, brainstorming
ideas, planning, creating, and improving the design. A number of evaluation studies
have shown the curriculum to be highly effective (Lachapelle, Phadnis, Jocz, &
Cunningham, 2012).

The Museum of Science also developed a middle school mathematics curriculum
called Building Math, in which students learn mathematics concepts and skills in
the context of engineering design challenges, and a high school course entitled
Engineering the Future: Science, Technology, and the Design Process. The latest
curriculum, Engineering Today, provides enrichment units to complement existing
science materials. Although these materials were developed before the Framework
and NGSS, they can easily be adapted to align with the new standards.

At the high school level teachers need to decide if they will teach engineering
design in a course that focuses on engineering and uses science to support the
engineering concepts; or a course that primarily focuses on the science and uses
engineering to help students better learn the science. Both approaches are valid.
The science first perspective is that science concepts and processes are more funda-
mental than practical applications. The engineering first perspective is that students
are likely to be more motivated by applying science in the real world.

An Investigation of the Impact of Strengthening the “T” and “E” Components of
STEM in High School Biology and Chemistry Courses is an NSF project led by
Debra Brockway at Stevens Institute of Technology in New Jersey, to develop and
evaluate engineering units that would be integrated and taught in the context of high
school chemistry and biology courses. The rationale for that project is that today, if
engineering is taught at all, it is typically part of a physics course. However, only
about a third of all high school students take physics. That’s up from about 18 % in
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the 1970s and 1980s (Neuschatz, McFarling, & White, 2005; Tesfaye & White,
2010), but it means that most students would miss engineering entirely if it is just
taught in the context of physics. However, most students take biology or chemistry,
so if engineering is built into these courses most students will have an opportunity
to learn what engineering is all about.

Luckily, there are a substantial number of curriculum materials that combine sci-
ence and engineering. The Go-To Guide for Engineering Curricula is a three vol-
ume series that describes 40 curriculum programs, ranging from pre-school to high
school seniors (Sneider, 2015). The curricula employ a wide variety of different
methods. Although these materials are not fully “aligned” to the NGSS since they
were developed before the standards were released, they have nonetheless been
developed in the spirit of the new standards; and to some extent they helped to influ-
ence the standards since they provided an existence proof that curricula can be
developed that blend science and engineering.

In summary, we do have some instructional materials that blend science and
engineering; but none of these materials are a precise match for the NGSS. The
grand challenge of developing instructional materials for teaching engineering in
the context of science can be met—but as we show in subsequent sections, it’s not
an easy lift. Challenges include recognizing that designing and building things
alone is not necessarily engineering, learning about the various dimensions of
engineering design that students need to learn, and the common misconceptions and
difficulties that students encounter. In the next section we drill deeper, into what it
means to teach the design process.

Grand Challenge #4 Teaching the Design Process

Today many teachers claim that they already teach engineering because they occa-
sionally have their students build newspaper towers or bridges from cardboard or
popsicle sticks and test them to failure. Another popular “engineering” activity is
designing a holder for a raw egg that will keep the egg from breaking when it is
dropped. None of these are in fact engineering if students are not being taught
design principles. They also do not belong in the science curriculum if students are
not encouraged to apply scientific ideas and mathematics when doing these
activities.

Curriculum developers need to base their work on research showing which
instructional methods represent best practice. Unfortunately, the body of research
literature on how to accurately and effectively teach the design process is quite lim-
ited, particularly in contrast to the science-education research base.

Crismond and Adams (2012) found a way around the problem of too few studies
of engineering in K-12 schools by casting the net wider to include any studies on the
teaching of engineering design, including such related fields as industrial design
and teaching engineering at the college level, based on the reasonable assumption
that engineering design is a transferrable skill and that people of various ages in
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many different fields encounter similar problems when engaged in designing a
product, process, or system to solve a problem. Their work is based on an analysis
of more than 400 papers from 170 peer-reviewed journals concerning the cognitive
aspects of design. The results are organized in a table that summarizes expert and
novice strategies. Table 2.1 is an abbreviated version of the table published in The
Science Teacher (Crismond, 2013). The descriptions in the table of how beginners
vs. informed designers meet design challenges provide insight into what it means to
teach design principles to students.

In its extended form the table provides suggestions for how teachers can help
their students progress from “beginning” to “informed” designers. Let’s look at an
example. The first pattern—Problem Solving vs. Problem Framing—poses the
challenge of helping students move from treating a design task as a well-defined,
straightforward problem posed by the teacher, to a situation that needs further
exploration and definition in terms of criteria and constraints. Instructional strate-
gies that are recommended include having the students state the problem in their
own words, explain how they think a good solution would function, and to restate
the problem in a way that would allow them to begin investigating possible
solutions.

While Crismond and Adam’s (2012) contribution to engineering design educa-
tion is helpful, moving students from beginning to informed designers is complex
and a grand challenge for engineering education.

Grand Challenge #5 Developing Assessments

Grand Challenge number 5 has two parts: (1) to develop ways to assess large num-
bers of students in ways that tap their creative abilities to engineer solutions to
problems as called for in the NGSS; and (2) to develop assessments that teachers
can use to find out what their students have learned (or not) and how they think
about engineering and technology, so they can adjust instructional appropriately.

Starting with large-scale assessments, it’s important to keep in mind that the
NGSS is an assessment framework. That is, the performance expectations that make
up the heart of the NGSS are intended to be endpoints in instruction. They illustrate
what students are expected to be able to do to demonstrate their understanding after
instruction. In contrast, prior sets of standards were statements of facts. Consider,
for example what a fifth grader should be expected to know and be able to do about
the sun, according to the Next Generation Science Standards (NGSS Lead
States 2013) and the National Science Education Standards (NRC, 1996), the most
recent comparable document.

National Science Education Next Generation Science Standards (p. 49)
Standards (p. 43)
The sun, and average size star, is Support an argument that differences in the apparent

the central and largest body in the | brightness of the sun compared to other stars is due to
solar system their relative distances from Earth
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Table 2.1 Characteristics of Beginning vs. Informed Designers

Design strategies

Understand the
design challenge

Build knowledge,

do research

Generate ideas

Sketch and
represent ideas

Weigh options and
make decisions

Conduct tests and
experiments

Troubleshoot
prototypes

Revise and iterate

Reflect on process

Beginning vs. informed designer patterns
What beginning designers do
Pattern A. Problem solving vs. problem framing

What informed designers do

Treat design task as a well-
defined, straightforward problem
that they prematurely attempt to
solve

Delay making design decisions in
order to explore, comprehend and
frame the problem better

Pattern B. Skipping vs. doing research

Skip doing research and instead
pose or build solutions
immediately

Pattern C. Idea scarcity vs. idea fluency

Do investigations and research to
learn about the problem, and how the
system works

Work with few or just one idea, Practice idea fluency in order to work
which they can get fixated or with lots of ideas by doing divergent
stuck on, and may not want to thinking, brainstorming, etc

Pattern D. Surface vs. deep drawing and modeling

Propose superficial ideas that do
not support deep inquiry of a
system, and that would not work
if built

Pattern E. Ignore vs. balance benefits and tradeoffs
Make design decisions without
articulating reasoning, or attend
only to pros of favored ideas and
cons of lesser approaches

Pattern F. Confounded vs. valid tests and experiments

Use multiple representations to
explore and investigate design ideas
and support deeper inquiry into how
a system works

Use words and graphics to display
and weigh both benefits and tradeoffs
of all ideas before making a decision

Do few or no tests on prototypes,
or may run confounded
experiments that cannot provide
useful information

Conduct valid experiments to learn
about materials, key design variables
and how the system works

Pattern G. Unfocused vs. diagnostic troubleshooting
Use an unfocused, non-analytical
way to view prototypes during

testing and troubleshooting ideas

Focus attention on problematic areas
and subsystems when
troubleshooting devices and
proposing ways to fix them

Pattern H. Haphazard or linear vs. managed & iterative designing

Design in haphazard ways, or do
design steps once in linear order

Do design in a managed way, where
ideas are improved iteratively via
feedback, and strategies are used
ultiple times as needed, in any order
Pattern I. Tacit vs. reflective design thinking

Do tacit designing with little
self-reflective or monitoring of
actions taken

Practice reflective thinking by
keeping tabs on design strategies and
thinking while working and after
finished

Table from Crismond and Adams (2012), with permission from the authors
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Both of these statements include the idea that the sun is a star. However, they are
vastly different from an assessment point of view. To assess the older statement all
that is needed is a multiple-choice question or two, to find out if students know
about the sun’s position in the solar system, and how big it is compared with the
planets. To assess whether or not a student meets the performance expectation from
the NGSS, the student needs to have an opportunity to construct and articulate an
argument (verbally or in writing) about why he or she believes the sun to be a star,
even though it is much, much, brighter than the stars that can be seen in the sky.

The National Assessment of Educational Progress (NAEP), also known as “The
Nation’s Report Card” is not a high stakes test. Students do not receive individual
scores. Instead, assessments are given to large samples of students to gauge the
effectiveness of our nation’s educational system, and to compare how well different
states and 21 major cities prepare students in reading, writing, mathematics, social
studies, science, and most recently, technology and engineering literacy. Many of
the items ask students to perform challenging tasks like the one from the NGSS in
which students are asked to support an argument. Students’ papers are scanned and
sent to hundreds of scorers across the country (many of whom are retired teachers)
to score at home, using a rubric. The fact that hundreds of thousands of tests that
involve constructed responses can be scored within a reasonable time demonstrates
that it is possible to assess individual students’ achievement of these new
standards.

The second part of challenge number five concerns “formative” assessments—
what teachers do every day to find out what their students have learned so that can
better shape the learning experience. Some educators think of formative assessment
only in terms of instruments or quizzes, while others think of formative assessment
as a process that enables perceptive teachers to gain insight into student thinking. In
fact, both are important, as illustrated in a recent series of studies to develop a new
physics course (Osowiecki & Southwick, in press) that used several different meth-
ods of formative assessment keyed to traditional summative mid-term and final
exams (Sneider & Wojnowski, 2013).

Assessment has received a bad reputation in recent years because of high stakes
testing. Certainly we need to change the punishing tactics built into law concerning
high stakes tests. However, when those laws are reformed we don’t want to throw
out the baby with the bathwater. Assessment is essential for teachers and students to
measure progress and to plan instructional moves. We just need to replace the
“sticks” with “carrots” and integrate assessment smoothly into our instructional
programs. Without assessment there is no way to determine if our students are
achieving the standards; and if we don’t know what they know (or don’t know) there
is no way we can help them.

As curriculum developers and teachers begin using the NGSS both types of
assessments should improve, since the NGSS clearly specifies not just what students
should know, but also how they should demonstrate their abilities to use the knowl-
edge. While that may not be easy to assess with multiple-choice tests, assessments
like NAEP are demonstrating that it can be done, even with large numbers of
students.
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Grand Challenge #6 Teaching the Teachers

The greatest challenge is likely to be experienced by teachers. Preparing elementary
teachers to teach science has always been difficult; adding engineering just increases
the burden. At the high school level it will be challenging to figure out how to fit five
subjects into 3 years. Why five subjects? First, physical science includes both phys-
ics and chemistry. That’s two. Then there’s Earth and space science, which includes
more at the high school level than physics and chemistry combined. Life science
also includes a lot of really big ideas that take some time to teach; so that cannot
be done in less than two semesters. And finally there’s engineering. That’s five
subjects!

A report from the National Research Council (2015) recommends that educators
at all levels take some time to figure out how to implement the new standards, and
not rush to buy new curriculum materials that say “NGSS Aligned” on the cover.
Teachers at all levels will need experience, practice, and opportunities to collaborate
in developing new skills including, but not limited to:

» Integrating engineering design into science in ways that help their students
develop engineering design skills alongside science inquiry skills;

» Engaging their students in all eight practices of science and engineering and
helping them become more skilled at using the practices;

» Helping their students see the deep connections among the different fields of sci-
ence and engineering through crosscutting concepts;

» Using formative assessment to monitor student progress, and enabling their stu-
dents to gauge their own progress;

» Teaching fewer topics in greater depth;

» Teaching their students not only to use new technologies, but also how to acquire
new technical skills on their own; and

* Communicating not only the enjoyment of science and engineering as interesting
and challenging activities in themselves, but also the importance of all four
STEM fields in developing sustainable practices that will allow society to thrive
while maintaining healthy natural environments.

There is an especially bright ray of hope from informal educators, including
afterschool and summer programs as well as museums and science centers. For
example, 4-H is a huge informal education program in this country, with clubs and
summer camps and afterschool programs for six million children. In recent years
4-H has greatly expanded their science and technology offerings such as robotics
(Baker, Nugent, & Hampton, 2008). Science centers have also taken leadership in
engineering education, both through exhibits and programs on site, as well as out-
reach (Alpert, Isaacs, Barry, Miller, & Busmaina, 2005).

There is no silver bullet, no single approach to helping teachers acquire these
skills. Many approaches will be needed, and they will certainly need help from their
fellow teachers of all subject areas, principals and other administrators, parents,



2 Grand Challenges for Engineering Education 31

local businesses and industries. In short they will need the support of their entire
communities to meet these formidable challenges.

Grand Challenge #7 Balancing Technical and Academic
Subjects

The U.S. and Great Britain have had a long history of establishing educational
programs aimed at teaching technical skills, then eliminating them in favor of more
“academic” pursuits (Firth, 2005; Donnelly, 1989; Christiansen, 1975). For example,
at one time Boston Technical High School was a leading institution for preparing
students to enter technical fields. As late as the 1950s graduates would be admitted
to MIT if they maintained all A’s. However, during the 1960s many of the “shop”
teachers retired and were not replaced, and the space that had been occupied by
those shops were reallocated (Sneider & Moss, 2004). That story is being repeated
today in most states, as technology programs are closed and teachers laid off.
According to the California Industrial and Technology Education Association and
Foundation (2007) in the 1980s, nearly every public high school in California had a
technology education program. After years of budget shortfalls, today only 20 % of
California schools have such programs.

The grand challenge is to reconcile two conflicting educational philosophies.
One that values learning how to solve a problem and actually produce something
that meets a societal need, and the other that values learning for its own sake, and
disdains the time spent in “getting one’s hands dirty.”

In “A Turn to Engineering: The Continuing Struggle of Technology Education
for Legitimization as a School Subject,” Theodore Lewis presents his view that the
new emphasis on “engineering” rather than “technology” is a strategy to paint the
technical arts with a high status brush, making it more acceptable in the eyes of
society. He acknowledges the success that this approach seems to be enjoying, but
cautions that “we may take ourselves too seriously, throwing out those aspects of
engineering that remind us of our humble practical traditions, and keeping only
those aspects that resonate with the dominant academic ideology of schools”
(Lewis, 2004).

Grand Challenge #8 Engaging Technology and CTE Teachers

Grand challenge #8 is to persuade the nation’s technology teachers and CTE teach-
ers to join with science teachers to provide the kind of education that all students
need to meet the global challenges that will surely increase in their lifetimes. In
order for that to happen it will be important for school administrators and commu-
nity leaders to recognize the special skills of these educators and the value that they
bring to the school overall.
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Support for technical education in secondary schools dates from the 1917 Smith-
Hughes Act, which provided funds for vocational education in agriculture and home
economics, and had the effect of isolating vocational education from the other high
school subjects, a legacy which is evident even today. Federal support of vocational
education continued throughout the twentieth century and into the twenty-first, pri-
marily as a result of legislation beginning with the 1973 Perkins-Morse bill, most
recently revised as the Perkins Act of 2006, which provides approximately $1 bil-
lion per year for Career and Technology Education (CTE) in the United States
(Bennett, 2009).

The profession of technology teachers has evolved along with changes in national
educational goals and sources of funding. Happily, not all states have eliminated
their CTE programs, and in many states CTE is thriving. According to the
Association of Career and Technical Education (ACTE), the broad field of career
and technical education prepares youth and adults for a wide range of high-wage,
high-skill, high-demand careers, and 94 % of all high school students take advan-
tage of some CTE courses, which prepare students for hundreds of jobs organized
in 16 career clusters.

Some consider technology education (TE) to be a specialty within CTE. However,
others advocate technology education as a core subject for all students, not just
those who are focusing on course work for specific careers (Wright, Washer,
Watkins, & Scott, 2008). With the rise in support of STEM for all students, and
especially the inclusion of engineering in the NGSS, the argument today is clearly
in favor of engineering and technology for all students.

The educators who are most knowledgeable and capable of providing technology
and engineering education are today’s technology teachers, many of whom belong
to the International Technology and Engineering Education Association (ITEEA).
The initial response of the ITEEA to the Framework’s inclusion of engineering as a
core subject for all students was negative. A letter from the ITEEA to the NRC com-
mittee that drafted the framework argued that “science teachers might not have suf-
ficient background to teach the new material and, moreover, that there is currently
no agreement in the field about what the core ideas in engineering and technology
should be. The letter also pointed out that a corps of technology teachers at the sec-
ondary level already exists” (NRC, 2012, p. 337).

In Beverly, Massachusetts, where Engineering the Future was being piloted as a
ninth grade course, a science teacher was not confident that she would be able to
help her students build prototypes. So she talked with the technology teacher who
had a fully-equipped wood shop. He was more than pleased to work with her since
he liked to include relevant science content in his courses, and often had students
design and build projects such as hovercraft. The two planned the curriculum
together and worked out schedules that allowed the students to build their proto-
types in the wood shop, where they were able to receive training in how to use
power tools. The technology teacher was also actively involved in developing edu-
cational uses of a large photovoltaic array adjacent to the school, which would make
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an excellent enrichment to the course. Unfortunately, a year later the technology
teacher’s position was eliminated and a new school was planned and built without
wood shop facilities.

The point of this story is to emphasize the importance of supporting technology
teachers and CTE teachers as co-leaders with science, mathematics, and other “core
subject” teachers in order to realize the tremendous potential of engineering educa-
tion for all students. Given the emphasis in the NGSS on both engineering and sci-
ence, such collaboration would appear to be a winning strategy.

Grand Challenge #9 Teaching the Teacher Educators

Perhaps the greatest challenge is engaging university professors who prepare tomor-
row’s teachers in supporting the NGSS. A colleague interviewed a number of col-
lege and university professors in engineering to see what they thought of the new
plan for including engineering within the high school science curriculum. He was
dismayed to find that the few who knew about it were unenthusiastic, preferring
instead for their incoming students to have a rigorous background in traditional sci-
ence and mathematics. While there are legitimate concerns about infusing engineer-
ing into the K-12 science curriculum, and a need for conversations about issues such
as reducing attention to subjects long included in the curriculum to make room for
engineering, it makes little sense to consider only the knowledge and skills needed
to succeed in college engineering courses. Most students will not major in engineer-
ing. The purpose of K-12 engineering education is to educate all students about the
designed world, and to help them develop broad skills, such as defining and solving
problems, that will serve them well in whatever career they pursue.

The recognition that effective K-12 engineering education can be of service to
college engineering departments is recognized at a few universities, such as Tufts
and Olin College, in which professors place a high value on motivation, and engage
incoming students in interesting engineering activities from the start. Even more
important are the universities, such as Purdue, Texas A&M, and Virginia Tech, that
have departments of engineering education, where PhD candidates are learning
what it takes to develop curricula and assessments in support of the NGSS, and to
lead STEM education reform at the district and state level.

Grand challenge #9 is to find ways to engage an increasing number of university
professors responsible for educating teachers at the elementary, middle, and high
school levels to learn about the NGSS, recognize and support its purpose and goals,
and figure out what it means for their own practice. The pathway forward must be
led by college professors who understand the importance of engaging students in
interesting engineering activities early, and are willing to reach out to provide assis-
tance and encouragement to their colleagues who teach at the K-12 level.
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Conclusion

Education is a conservative endeavor. It has tremendous momentum, in part because
itis deeply embedded in society. The first two challenges, helping our entire popula-
tion understand technology and what engineers do, is vast in scope. Until these
challenges are at least partially met, it is difficult to see how teachers will receive
support from their students’ parents and community stakeholders. The next set of
challenges, involving curriculum, instruction, assessment, and professional devel-
opment of teachers, involves transformation of a profession. The history of educa-
tional reform that has swung back and forth between the scholarly and practical arts
suggest it may be difficult to find a balance. The last two challenges are equally
daunting, engaging technology educators who may be threatened by science teach-
ers “taking over” their profession, and college professors who may have a narrow
focus on the preparation of their incoming students. These grand challenges involve
everyone in our society—not just the science educators.

Creating the NGSS with a strong engineering component and getting states to
adopt it is just the first step. We will not succeed in transforming our educational
enterprise so that our students will have the tools they will need to meet the global
challenges of the future, if we don’t meet the grand challenges of engineering edu-
cation today.
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Part 11

Student-Centered Design...Exemplary
Projects and Programs that Transfer
Theory to Practice



Chapter 3
Museum Design Experiences That Recognize
New Ways to Be Smart

Dorothy Bennett, Peggy Monahan, and Margaret Honey

Introduction

Invite deep participation

Make sure everyone feels welcome
Agency

Whimsy

NO BORED KIDS!

Selected entries on the Design Lab office’s “Manifesto Wall” at NYSCI

In our office, we have an area called the “Manifesto Wall” where we tack up
phrases that we feel are central to our work. Phrases such as “Access to and confi-
dence in using tools,” sit side-by-side with “Whimsy (...and gravitas), and “See
design opportunities all around.” They serve to remind us of our aspirations and
ground us in the purpose and opportunity of the Design Lab project. NYSCI’s
Design Lab is an innovation laboratory for science, technology, engineering, and
math learning through design. It aims to deeply engage all types of science learners
in solving personally motivating problems via a creative design process. Through
our project work, both in the unique museum environment and through collabora-
tion with teachers, we’ve developed some principles to help us get ever closer to
meeting this ideal. With this chapter, we’d like to share these principles, and suggest
some ways that the insights borne of our project might help classroom teachers to
consider new engagement strategies to effectively reach a broader range of students.
Finally, we discuss directions for future work.

Developed for the general public, teachers, and schools, Design Lab includes a
9500 square foot museum exhibition with facilitated design activities (opened in
the spring of 2014), a series of digital resources and mobile tools for teachers and
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classrooms, and ongoing professional development for teachers. From transforming
a musical greeting card into an audio surprise for a friend, to designing working
solar ovens from recycled materials, Design Lab is creating new possibilities for
young people to identify design problems worth solving, notice design opportuni-
ties in the real world, and think creatively about the redesign and reuse of materials
to solve everyday problems involving STEM concepts and skills.

At the heart of Design Lab’s mission is to create museum experiences and
resources for teaching and learning that engage students in design as a problem-
solving process that motivates young people to explore and master these skills, and
at the same time find new pathways into science content. National trends in the
reform of science education recognize the strong link between learning and motiva-
tion. Stimulating students’ interests, engaging them in problem solving, and demon-
strating relevance are the recommended strategies for creating stronger attractions
to STEM for diverse groups of students.

Even before the release of the Next Generation Science Standards (NGSS),
NYSCI witnessed through its own programming focused on engineering that
design-based approaches to teaching and learning afford many opportunities for
young people to develop 21st Century skills such as critical thinking, creativity,
entrepreneurial thinking, collaboration, communication, and innovative use of
knowledge, information, and data to solve problems (Partnership for 21st Century
Skills, 2008). The NGSS are now strongly advocating for engaging students in
motivating, real world problems that blend these practices and the cross cutting
concepts of engineering and science in meaningful ways.

The Next Generation Science Standards provide a unique opportunity to build
strong partnerships between science museums and schools that take advantage of
the respective strengths of informal and formal education. While the inclusion of
engineering in the standards is not new, the new emphasis on the melding of con-
cepts and cross cutting ideas with practices is. NGSS strongly states that, “students
cannot fully understand scientific and engineering ideas without engaging in the
practices of inquiry and the discourses by which such ideas are developed and
refined. At the same time, they cannot learn or show competence in practices except
in the context of specific content (National Research Council, 2012, p. 218).

By melding core disciplinary ideas with the practices, the NGSS recognize that
it’s not just what is getting taught that matters, but it is also the how of the science
curriculum. Whether deliberate or incidental, content is always learned alongside
skills, even if those skills are memorization and recitation. With its focus on prac-
tices, the NGSS encourage deliberately having students practice the skills of science
and engineering while they learn the content, ensuring that the core ideas are learned
along with a sense of efficacy.

In Design Lab, we’ve adopted a phrase from an essay called “The Genius of the
Tinkerer” by Steven Johnson (2010) to help us focus on that sense of efficacy that
comes from melding content and practices: “the adjacent possible.”

The strange and beautiful truth about the adjacent possible is that its boundaries grow as

you explore them. Each new combination opens up the possibility of other new
combinations.
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The term originated in the field of biochemistry, where it referred to the ever-
expanding complexities of chemical compounds that are possible starting with just
the few simple organic compounds available in a primordial soup. Every new reac-
tion expands the set of compounds possible in the next. Steven Johnson adopted that
phrase to stand for the way innovation works to build the future from the present,
and we adopted it as part of our purpose: One of our goals is to give students an
ever-expanding sense of their own abilities and knowledge. The problem-solving
nature of design is well-suited to providing students with this kind of opportunity,
because it invites them to apply a wide variety of skills and knowledge to finding a
possible solution. These activities can not only welcome current knowledge, but
also prod students to build new knowledge through the creative application of their
combined skills and ingenuity.

Since our aim is to build not only content knowledge, but also efficacy, we try to
deliberately build bridges from kids’ current knowledge base to new content and
skills, and whenever possible, call students’ attention to these newly adjacent
possibilities.

Teaching content alongside practices, particularly in the area of engineering and
design, is a challenge for schools. Typically, schools have taught science content
and engineering process separately from the practices that lead to further under-
standing of how our world works. As a result, students often develop a static view
of these fields and fail to see science and engineering as the creative endeavors that
they are, and could fail to engage with these fields as a result.

Museums like NYSCI are in a great position to help educators take an inspired
approach to bringing the standards to life. Science centers are particularly adept at
meeting children where they are and at creating intrinsically motivating experiences
that build on curiosity, confidence, challenge, and play (Perry, 1994). Many studies
have shown that museums are uniquely successful in generating interest in science,
personalizing science learning, and in engaging people in activities that help them
realize and experience their own agency in activities associated with learning or
doing science and engineering (Holland, Lachicotte, Skinner, & Cain, 1998; Hull &
Greeno, 2006). Museums develop that expertise out of necessity, because engage-
ment is crucial: Exhibitions are a free-choice environment, and if visitors aren’t
truly engaged, they’ll vote with their feet. As organizations that are free of the
requirements that schools have to adhere to, we are able to experiment with devel-
oping design experiences that are genuinely motivating and support greater degrees
of self-guided learning.

For the past three years, our work on Design Lab has revealed ways that muse-
ums are in a unique position to help deliver on the promise of the NGSS by provid-
ing resources and expertise for supporting engineering practices that make content
more relevant and widely accessible to diverse groups of learners. Through design
activities that bridge the museum experience with the classroom, we have the
opportunity to celebrate previously unrecognized strengths of students who might
not otherwise participate deeply in science class. We are uncovering new ways to be
smart.
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Design at NYSCI: The Core Ingredients

NYSCI has been experimenting with ways our museum can serve as a lever for
teachers and schools to bring compelling engineering and design experiences that
meld content with practices into the classroom, bringing the NGSS to life. From the
outset we conceptualized Design Lab as a place that would serve multiple audi-
ences: family audiences, teachers who bring their classes to the museum, teachers
who turn to NYSCI for professional development experiences, and others who
could not engage in location-based activities, but might benefit from curricular and
digital resources. We wanted to build exhibit experiences that would be irresistible
for different audiences with different purposes, and we wanted to leverage these
experiences to extend design-based learning beyond the walls of the museum. Our
aim in all of this is to help maximize the science center’s role in the educational
ecosystem by creating experiences through which diverse groups of people could
fall in love with science and engineering.

While we knew from prior work that design is a powerful way to engage children
with a broad range of STEM content, we needed to define what design and engi-
neering could be for these different audiences in our museum and beyond the walls.
This would take a diverse team that could approach design from different vantage
points—a creative mash-up of exhibit developers, science experts and developers,
educational researchers, museum educators and facilitators, digital learning experts,
and a steady stream of Teacher Design Fellows, K-12 teachers who could co-
develop and test activities with us. We needed people who understood the museum
setting and the classroom setting, who brought a love and deep knowledge of sci-
ence and engineering alongside practical skills involving materials and classroom
management techniques.

This has resulted in a multilayered project. For the general public, the Design
Lab team has been prototyping physical spaces and hands-on activities that can
invite visitors to see design possibilities in their everyday lives and to have a sense
of agency to change their surroundings in small and big ways. For teachers, Design
Lab has been creating formal professional development experiences along with an
informal tinkering space where educators can find like-minded colleagues, stimulat-
ing conversation, and opportunities to be creative, playful, and inventive in coming
up with relevant, interdisciplinary teaching approaches for their students. To extend
our work beyond the walls, NYSCI Design Lab is developing a suite of digital
learning resources that include videos, mobile apps, and other virtual resources to
support design-based learning.

With this mix of people and experiences, we have gained important insights into
core ingredients that make design a transformative experience for STEM teaching
and learning. These core ingredients include: (1) problems worth solving to you (2)
interest-driven iteration (3) materials literacy, (4) divergent solutions, (5) sharing
and reflection.
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Problems Worth Solving: To You

We have come to think of design primarily as a problem-solving methodology by
which people create artifacts, systems, and tools intended to solve a broad range of
problems. Through design, you learn how to identify a problem or need, how to
consider design options and constraints, and how to plan, model, test, and iterate
solutions to vexing problems, making higher-order thinking skills tangible and vis-
ible. Important in that process is the task of finding, defining, and truly understand-
ing the problem itself. This process of problem definition and ideation is an
important part of design, but often exhibit experiences and school-based design
activities give students pre-defined problems with no opportunity to practice defin-
ing the problem themselves.

While children use all kinds of STEM content and skills when they solve design
problems, the part that makes it relevant to them is the problem itself. It needs to be
something that they are willing to invest themselves in. We knew early on that we
needed to care deeply about the qualities of the problems themselves and the think-
ing behind the solutions as much as the specific science content that would be
revealed.

Through extensive prototyping of design activities on the museum floor and with
teachers in professional development workshops, we have come to realize that truly
generative design-based activities are more open-ended and messier than standard
museum and classroom activities. We decided to create activities that encourage
students to work out solutions to design problems of their own choosing, enabling
them to find relevance and pursue interests that are completely their own, to engage
with “problems worth solving.” What makes it a “problem worth solving” isn’t
necessarily that it’s a large real-world problem. Instead, it needs to address a pur-
pose that has relevance to the individual problem solver. This kind of personaliza-
tion goes beyond embellishment or decoration, and is instead a personalization of
purpose. Students define at least part of the problem for themselves, practicing this
important part of the engineering process. Students frequently explore problems
that incorporate significant humanitarian or community issues, but they can also
choose to incorporate acts of whimsy, aesthetics or humor. In Design Lab, a prob-
lem worth solving is worth it to you. Case in point: the testing of our first exhibit
activity, an exploration of conductivity and circuits that we call Happy City:

The program of the day in the Design Lab prototyping space is “Happy City”—a circuits

activity that challenges visitors to build things with boxes, LEDs, and motors and then add

them to an ever-evolving cityscape in order to make it a happier place. Currently, the city
includes a playground, a science museum, and a profusion of pizza places, all built by pre-
vious visitors. A boy and a girl from a class on a field trip sit next to each other, freely
sharing advice to each other and those around them as they get busy building their indi-
vidual additions: the Happy City Police Station with red lights in front and on top, and a

sparkly “BFF house”. When museum staff come by, they share their creations, explaining
each feature in great detail, dwelling especially on how they managed to make the LEDs
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light up. The teacher pulls the museum staff aside, explaining that she’s excited by the activ-
ity and amazed at the work of the class, but of that little boy in particular. He’s autistic,
normally doesn’t sit still, rarely speaks to anyone, and almost never engages in the class-
work. In this setting, he’s focused, engaged, and even sharing with others about his own
unique addition to Happy City.

In this activity, the challenge invites idiosyncratic responses as each child is able
to choose what they think would make the city happier. But the carefully-chosen
materials promote the exploration of circuits and conductivity, and encourage stu-
dents to wrestle with how to use circuits to solve their problem (Fig. 3.1). We’ve
noticed that children often define problems for themselves that are harder than the
ones we might assign to them. For example, a young boy who reportedly often
struggled in his science class decided that he wanted to make a basketball hoop that
lit up when someone scored. Given his age, it would have been impressive enough
for him to simply create a circuit with conductive materials. But he set himself a
more complicated goal, and needed to find a way to control that circuit. He invented
his own pressure switch that turned on the light when a scoring basketball fell on it.

When creating design problems where everyone feels smart the problem context
and invitation matters. Through its focus on solving problems that are personally
relevant or purposeful, the design-based approach has been shown to be effective at

Fig. 3.1 Happy city design problems
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reaching underrepresented groups who are not always motivated by more traditional
STEM activities (Caleb, 2000; Davidson & Schofield, 2002; Margolis & Fisher,
2002; Rosser, 1990; Schofield, 1995; Turkle, 1984, 1988; Turkle & Papert, 1990,
1992). Since the definition of personally relevant varies from person to person, the
nature of our invitation must be broad enough so that each learner finds his own
skills and interests reflected in the activities. We opened up the design challenges
enough to let learners define their own problems so that especially reluctant learn-
ers, found things that motivated them, and began to explore content they might not
have encountered successfully before.

Involving children in activities like “Happy City,” where the activity does not
entail the traditional “rockets and robots” approach to science and engineering that
appeals more to boys than to girls, we have opened up the world of circuits, switches,
and conductivity to a new audience of young people who might otherwise shut
down. In the conventional model used in most classrooms, the learning topics are
pre-defined, and if they are not motivating, the students are out of luck. Opening up
opportunities for personalization of purpose celebrates the interests of individual
learners. It provides a space where anyone can learn.

Interest-Driven Iteration

One sign of a successful design experience is when children are motivated to keep
working on the problem long after it is introduced, sometimes coming back to the
activity area after wandering around the museum to add to the design they left
behind or continuing to work on school design projects outside of class time and
long after the project was intended to end.

A group of 20 elementary and middle school teachers gather together for our Thinkering
session, a night for our design fellows to share insights gained from trying out the class-
room design activities they developed with us in the summer design institute. One of
Nyema’s students had insisted on coming himself, and the 11 year-old young man in a suit
speaks eloquently about the problem they were invited to solve: to redesign the drop-off
experience at school which has led to big traffic jams with long-idling cars. He describes
how they came before school to analyze the problem by videotaping traffic flow with their
teacher, how they came up with a ticketing system for parents, and how they are pursuing a
new public information campaign to get people to stop car idling with support from the
district’s superintendent. As he speaks, he holds up newspaper articles: “Do you know the
amount of car emissions that results from car idling?” The student reports how he and
a few others are now forming a club after school to think of new ways to address the car
idling and traffic problem at the school. Nyema chimes in that the students don’t want the
project to end.

Maria, a special education middle school teacher who was part of the same
cohort, expressed some trepidation about implementing her design project in the
classroom, one involving students designing diving crafts that achieve neutral buoy-
ancy (a state of neither sinking nor rising in a liquid). She wasn’t really sure how her
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students would react since they often got easily discouraged and disengaged when
it came to challenging academic tasks. When we arrived in her class she bubbled
with excitement: “I was surprised that they did it and they kept trying. Some of the
students that struggle the most were the most successful, and that was really great;
to offer my students a chance to have success, where sometimes they struggle in
class.”

Many teachers in our design fellowship who implemented design activities in
their classrooms spoke about how their students researched problems before and
after school and how they did not want to stop until they arrived at a solution they
were satisfied with. Teachers were impressed at how often students would adopt
new strategies when addressing problems they may have been initially frustrated
with or felt they had done incorrectly. Students who often had the most difficulty
with problem solving in class were in many instances the ones who gained confi-
dence when applying design-learning principles.

This kind of iteration, the ability to persist in the face of failure, to recalibrate,
redesign, and reevaluate are some of the requisite skills for engineering and science.
It is the development of what is being referred to by many researchers as persever-
ance, tenacity, and grit (Duckworth, Grant, Loew, Oettingen, & Gollwitzer, 2011;
Duckworth, Peterson, Matthews, & Kelly, 2007; Dweck, Walton, & Cohen, 2011).
We believe this happens because children find these problems intrinsically motivat-
ing and sufficiently complex. Design projects that are not overly prescribed enable
children to find their own ways into the engineering process and allow teachers to
see new strengths of their students.

Materials Literacy

A big part of engineering involves seeing design opportunities in surprising places.
One way to promote this is by providing opportunities for children to use familiar
materials in unexpected applications. For example, when doing circuit-building
activities in the Happy City activity with kids, we use folded strips of aluminum foil
instead of wires. This use of the familiar has several qualities that help draw deliber-
ate connections back to the everyday.

* Knowable—Students start with something they already know about. They know
how to fold, tear, crumple, and smooth aluminum foil.

* Humble—Students can tell exactly what’s connecting one part of the circuit to
the next: just aluminum. There’s nothing unseen beneath a rubber coating.

* Get-able—Students and teachers probably already have aluminum foil at home
in the kitchen.

When children are able to find new uses for everyday materials they develop
what we refer to as materials literacy, a potent skill that enables children to see
possibilities in the world around them. In the Happy City activity, the deliberate
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use of familiar materials like aluminum foil facilitates this transformation of the
everyday for children and adults working with them. Children were comfortable
manipulating this decidedly non-precious material but were still surprised to see it
used in this way (Fig. 3.2).

This idea of materials literacy has become a cornerstone of our work with schools
and the exhibit. Through the use of everyday materials we are communicating the
notion that materials can be reused and repurposed depending on needs at hand.
When we work with teacher groups, they are especially surprised and appreciative
of our use of readily available materials. In our professional development work-
shops, one teacher transformed dramatically from heavy dependence on prepack-
aged science kits to being confident that he can assemble his own materials largely
by gathering things he already has.

Presenting familiar materials for use in new ways can also focus attention not
just on their potential uses, but on their properties as well. It wasn’t uncommon in
our sessions to see children testing the other materials (pipe cleaners, paper clips,
etc.) to see if they, too, would conduct electricity in the same way as the aluminum
foil. The surprise of seeing the aluminum foil strips conduct electricity led to explo-
rations of conductivity: What other materials are good for acting like wires? What
are they made of? How can I create my own crude conductivity tester so I know a
material can work in my circuit?

Science museums can be a great resource for teachers in particular to develop
materials literacy. From recipes for bubbles to inexpensive ways to create easy
circuit testers, there is a knowledge base that teachers can get from museums that is

Fig. 3.2 Materials literacy—using familiar materials in new ways
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extremely valuable yet rare to find elsewhere. Access to this expertise makes it
possible for teachers to see that they “don’t need kits” to teach science, a mindset
they can pass on to their students. In all of our institutes and design workshops,
exhibit developers and museum educators have been incredibly resourceful in
helping teachers see new possibilities in materials they have in their kitchen and
desk drawers.

Divergent Solutions

Contrary to inquiry-based science that aims for one elegant explanation to describe
a wide range of phenomena, engineering design deals in situational tradeoffs where
there are a number of right answers that depend on how you define the problem, the
materials and tools available, and the context in which you intend to use your solu-
tion. Science inquiry activities reach toward a singular efficient explanation of a
phenomenon, while the goal of engineering is to negotiate trade-offs to arrive at one
of many possible solutions. One solution might be more efficient, one might be
more exciting, and another still might be the easiest to use. Engineering design
activities must invite divergent solutions in order to encourage learners to grapple
with these trade-offs when solving problems and evaluating their designs.

Coming up with design activities that inspire divergent solutions involves a fine
interplay of factors. We have found the need to carefully consider the materials
provided, the problem definition, and the constraints given in order to open up an
activity enough so that each solution is as unique as its designer. At the end of an
activity, if all of the products of design look the same aside from some decorative
elements, we have learned that is a tell tale sign that we really haven’t developed a
design experience that allows for divergent solutions. We haven’t created a good
invitation into the problem at hand.

We promote divergent solutions by providing opportunities for learners to define
part of the problem they are solving and by giving them carefully curated materials
that afford certain ideas to be investigated. This problem ideation or definition often
increases investment, which in turn increases iteration, problem solving, and data
collection. We learned this through many trials with both tried-and-true engineering
activities and those of our own invention:

The prototyping activity on the exhibit floor, “Stranded,” had already been through a long
development process. It had started as “Tools for a Desert Island” where visitors were
charged with building a device to catch food, and faux fish and animals had been available
to encourage testing. But we weren’t getting the deep investment we were used to in the
prototyping space, and we saw little variation in the visitors’ creations. They were making
the same trivial traps and scoops again and again. Even when we varied materials, the
solutions tended to converge around a single type of contraption. Today, we had decided to
open the problem up. Way up. Today’s version of the problem minimized the importance of
catching food and even jettisoned the desert island setting, instead asking the students to
define the setting and even the problem themselves. In the first run through, students’
settings vary a great deal, from island to jungle, forest, the North Pole, and even an under-
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ground cave. But one of our materials in particular, a berry basket, is dominating children’s
creations, and all of their boats and shelters look alike. Encouraged by the variety of set-
tings and problems, we pull the berry baskets off the tables to see what happens. This time,
children build a wide variety of shelters, traps and tools, all with surprisingly detailed back
stories that define the constraints of the student’s chosen setting and the features of the
problem they aim to solve. Now we know that we have a winner.

Sometimes it is a small tweak that can foster divergent solutions. Often it is in the
problem framing itself. By opening up the problem and not prescribing what chil-
dren had to design, children had ownership over the problem, which led them to
think creatively about the kinds of simple machines that were most conducive to the
problem they wanted to solve.

This is somewhat challenging for educators at first when they are trying to incor-
porate design activities into a standard curriculum where specific content has to be
“covered”: If learners are going to have such divergent responses to a problem, it’s
difficult to ensure that they converge on the specific content to be conveyed. A com-
mon inclination is to focus the problem with contrived constraints which make the
problem feel like a riddle with a known answer rather than an engineering problem
inviting a creative solution. In settings where children are used to finding the one
right answer that the teacher is looking for, you have to work particularly hard to
open the problem up and encourage an authentic engagement with engineering trad-
eoffs. One potential strategy is to give the students time during the problem ideation
phase to identify for themselves the constraints that might come to bear on the
problem. The teacher leading this process can introduce her own constraints during
these class discussions, but they must be justifiable within the context of the
problem.

While it might not be the most expedient path to content, this strategy incorpo-
rates key practices of engineering such as considering constraints, testing, and back-
ground research. For instance, while designing something that would help you
survive on a desert island, you might need to investigate the kind climate you find
yourself in, identifying the available flora and fauna, investigating simple water fil-
tration methods, and the strength of materials to create structures that withstand
extreme weather. At the heart of every good design problem is the opportunity to
bump up against rich STEM content in the form of useful information, relevant
concepts, and technical skills that help move you further along in enacting or
improving your design.

Sharing and Reflection

A particular power of design activities is that they promote and enable sharing and
reflection particularly well. Children have a tangible product that they are eager to
describe and to demonstrate, and to relate their story of its creation. We actively
encourage young people and educators to borrow and build off of others’ ideas in
the exhibition. This kind of appropriation is not cheating, it’s an excellent way to
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learn how previous solutions work, what their limitations might be, and how they
might be adapted or improved. In sharing and building on other people’s ideas in an
exhibit space, new solutions are morphed and born. The integration of a well-chosen
good idea from elsewhere is not only a good avenue for learning, but it also defines
the enterprise of engineering and innovation.

Children have been building jointed shadow puppets in the Design Lab prototyping space,
and the wall is covered with their creations built from cardboard, chopsticks, brass fasten-
ers and tape. Visitors have been constructing linkages to make their puppets move in evoca-
tive ways, both simple and complex. The explainers who have been facilitating the activity
start to organize the kid-built puppets, exposing chains of influence and embellishment that
have emerged as visitors’ imaginations were inspired by the examples in the ever-evolving
display. At first was a face profile with a hinged jaw. That inspired a few direct copies and
then came an innovation: a big chomping fish head with pointed teeth. A few variations and
embellishments later came a fish with a jaw and an articulate tail. Soon after the display
was re-organized, a visitor starts working on an even more elaborate fish with several
hinged sections on the tail, spending a long time perfecting the perfect wiggling swim.

On the exhibit floor, we have been watching the way that visitors respond to the
examples on display. We proactively curate these visitor artifacts to more effectively
nurture visitor participation and inspire a deep engagement with the content we want
them to explore. The display also becomes an incentive for visitors to show off and
reflect on their solutions. We often ask visitors with a unique design to explain it to
us in detail so that we can better help future visitors learn from their work (Fig. 3.3).

Fig. 3.3 Shadow puppets fostering divergent solutions
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This power of example also holds true in the classroom. The teachers we worked
with who piloted design activities in their classrooms spoke of how important it was
for students to share their process and products of design through gallery walks,
presentations, and even sharing their work online. Teachers used these discussions
and demonstrations to draw out the ways that students had explored science and
engineering processes and ideas while creating their design solutions. Students
were eager to see how others solved problems their own groups were having, which
deepened their perseverance and interests.

Bringing Design to the Classroom: What Museums Can Offer

Looking forward, we believe there is great potential for museums to be partners
with formal education, providing new contexts for teachers to engage children in
design and NGSS practices being advocated for. Through our instructional activi-
ties, field trip experiences and digital tools, we are offering strategies and supports
for different ways for kids to be smart in STEM.

Museums are not bound by the same constraints that schools have when trying
out something new. Though we aim to be useful to teachers who are bound by stan-
dards, we are not held to account for teaching those standards in the same way that
teachers are. We have a degree of freedom to experiment and tinker with the ways
that students can engage with the content. The combination of being free from stan-
dards and yet dependent on engaging our free-choice visitors defines the unique and
pivotal role that museums play in the educational ecosystem, and the way that we
can be helpful in melding the cross-cutting concepts with the engineering practices
that NGSS calls for. Using the power of our setting for prototyping and experimen-
tation, we are building bridges beyond the museum walls to make some of what
informal learning environments do best: offering a place and resources for captivat-
ing and inspiring ways for children to be innovative and creative thinkers.

Power of Place: Museums as Tinkering Laboratory

Museums can serve as amazing prototyping spaces for teachers to iterate design
projects that work for them in a low stakes environment with the help of our creative
team of educators and developers. In this environment, teachers aren’t on the hook
for standards delivery, but they do need to engage visitors quickly or watch them
walk away. For teachers, this can be terrifying and at the same time transformative.
They are able to quickly learn where their project is going askew based on the reac-
tions they get from visitors. There aren’t any consequences—they aren’t responsible
for backtracking the next day for any mistakes they have made. They can quickly
iterate and try again.
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Alongside opportunities to test and iterate with visitors is the unique opportunity
to work with exhibit developers and museum facilitators who are in the business of
creating engaging experiences that captivate young people. The high school and
college students serving as facilitators and design lab residents for our exhibit activ-
ities develop wide and deep knowledge of how to engage children in science and the
kinds of questions and issues that children of different ages have. Museum educa-
tors and facilitators have a great deal to offer, as the following reflection from our
Summer Institute prototyping sessions suggests:

On the last day of the week-long Summer Design Institute, sixteen teachers are busily
engaging kids at tables prototyping their design projects on the floor. One teacher, Karen,
is piloting a design activity involving boats that could sink or float using a range of materi-
als. She explains the problem and the science in detail to the children that approach her.
They politely listen for a bit, answering questions correctly when prompted, but run off to
the next table before digging in to the problem. Carlos, one of our Design Lab facilitators,
sees that the children aren’t getting invested in the problem; they were just listening to a
lesson. He gently suggests that Karen tweak her introduction to the problem. With the next
group of children, he holds up the photos of a range of boats and asks the kids to share
whatever they see that is special about each, and what makes them float. After they’ve
shared some observations about these boats and thought for themselves about how boats
float, they are then presented with the challenge. Kids cluster around the table and begin
grasping for materials. As the next group rolls in, the teacher smiles and takes over.

At NYSCI, we have honed our instincts to let us know quickly which problems
are motivating and those that aren’t. In the example above, a different introduction
helped visitors invest in the problem sufficiently enough to get started. Other times,
we might have to introduce compelling examples, incorporate an intriguing mate-
rial, or even overhaul the problem itself.

Museums can also serve as powerful laboratories for creating and iterating
engaging problems sets because of the sheer number of visitors across the ages that
come to our setting. This opportunity to tweak activities and try them with all ages
of children makes science museums a wonderful place to generate problem sets that
captivate young people and at the same time foster learning of content.

Put Kids at the Center: Extending Design Problems
through Digital Tools

Design Lab has also been committed to growing a strategy that we call “beyond the
walls engagement.” Irrespective of whether you ever visit our museum, we want to
build on the methodology of design-based learning and everything we are learning
through building the physical design lab environment, and create a set of digital
tools that will bring the same kind of inspired learning to teachers and students in
classroom contexts.

With the growing adoption of tablets and apps in K-12 schools, we have been
developing new mobile tools that can play a supporting role in bringing STEM con-
cepts and compelling design projects into schools. We were intrigued by the number
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of apps that could be used to investigate interesting scientific phenomena during the
design process, either by gathering data during the iterative and testing phase of the
design process or by revealing interesting phenomena at work in their projects (e.g.,
iSeismometer allows you to track vibrations on X, Y, and Z axes, which could reveal
the magnitude and kind of vibrations their structures could withstand before fail-
ing). But many of these tools are decontextualized and unless you have a well-
developed framework and a honed sense for what you are looking for, using these
tools and interpreting the data can be difficult.

With support from the Bill and Melinda Gates Foundation, we have been creat-
ing Digital Design Lab, a suite of mobile apps, known as noticing tools, that enable
children to use the world as a laboratory, making meaningful science and mathemat-
ics discoveries in the context of highly engaging problems kids would find worth
solving. In collaboration with our media development partner, Local Projects, we
are developing Digital Design Lab to be a larger digital ecosystem that includes
orientation videos, instructional activities, and sharing and documentation functions
that would allow children to share the products of their design process with others
and to reflect on their work. To be useful to schools, these playful and compelling
design projects are being directly aligned with Common Core Math Standards and
the Next Generation Science Standards.

Case in point: SizeWise enables middle school students to use ratios and propor-
tions while creating forced perspective photography shots where things appear
wildly larger or smaller than they are in real life. Bundled with the app are a virtual
objects library (e.g. images to pose with such as a giant soda can) and a set of
computer-trackable objects, “stickpics,” that can be printed, taped to a stick, and
used as physical props. A suite of measurement tools including calipers for keeping
track of real-life and onscreen heights, a ratio tool, and a distance meter are acces-
sible in the app as you construct and set up your shots. Once students have taken a
series of pictures, they can make their own comic strips and write out the ratios and
math behind their photos so that others can recreate their shots. The strength of
these tools is that students are at the center—they are the data under investigation.

Students and teachers alike have been enthusiastic about the possibilities of mak-
ing mathematics and science content come alive through the use of tools that put
students right at the center of the design process. They are yet another way of help-
ing schools find exciting problem contexts and design projects outside the walls of
the museum.

Hidden Strengths: Documenting New Ways to Be Smart

Engaging students in the practices of science and engineering ... is not sufficient for science
literacy. It is also important for students to stand back and reflect on how these practices
have contributed to their own development, and to the accumulation of scientific knowledge
and engineering accomplishments over the ages. ... reflection is essential if students are to
become aware of themselves as competent and confident learners and doers in the realms
of science and engineering. NGSS (2012), Appendix F.
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As we look forward, we are thinking of powerful ways for the museum to
offer schools a chance to reflect on the kinds of strengths and skills we see being
exhibited by children every day in our museum setting and how they can take that
excitement and insight back into the classroom. A major finding from our profes-
sional development work with teachers and museum prototyping was teachers’
delight in uncovering previously hidden strengths in students who seemed unlikely
to engage in science. The teachers enjoyed seeing these students find success, and
were eager to build on that new enthusiasm and bring it to other areas of the curricu-
lum. We realized that we could use the field trip activities we were creating toward
a similar end. Our prototyping showed that the activities were engaging for a broad
audience and could allow visiting teachers to see their students in a new light.
We could deliver on the power of design to get teachers to take notice of students’
abilities and skills in new ways.

In response to this feedback, we have begun work on a method of process docu-
mentation that is simple to execute and yet should aid teachers both in collecting
evidence of student learning and in highlighting the ways that design activities can
speak to traditionally unengaged students. Responses from teachers to our initial
prototyping efforts have been very encouraging. We intend to emphasize process
documentation in all aspects of the work moving forward.

There are a number of objectives for this work. First, in the museum, it will
enable a teacher to focus on the ways in which her students are learning when she is
not responsible for the activities that are happening. Teachers will have the time and
impetus to visibly listen to their students, who will be occupied by their design
projects and supervised by the museum explainers. In this way, a teacher can gain
insights into her students (including their interests and preferred ways of STEM
learning) that she may have otherwise missed.

Second, the documentation will enable teachers to revisit the museum experi-
ence with their students back in the classroom. The teachers and students will be
able to easily label and annotate parts of the design process they photographed. The
photographs and labels could then be used to refresh their students’ memories of the
museum visit, prompting the students to talk about their motivations and thought
processes. This, in turn, could provide insights into the students and their learning
preferences that teachers can use to develop future lesson plans and units. By
enabling students to reflect on their own experiences, the process will also reinforce
STEM concepts, including those that are advocated by the NGSS.

A third objective is to enable teachers to use the documentation to rekindle ideas
and observations that they themselves gained from the process. These can also be
translated into improved classroom experiences for students. For instance, during an
initial prototyping session for the proposed project, a number of teachers discovered
that through the design process, their students were working together more coopera-
tively and closely than they had previously. One teacher said she was “blown away”
at how well a new girl in her class, a recent immigrant from Uzbekistan who spoke
no English, was working with the other students. Another frequent remark from
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teachers was “I didn’t know this student could do that.” Teachers will be able to use
information about an individual student’s interests, ideations, and successes in order
to increase that student’s self-knowledge, confidence, and motivation. Additionally,
they will be able to translate successful collaborative learning to the classroom.
“Remember the way you worked together in the museum,” a teacher might tell her
students. “Let’s work like that here.”

A fourth objective of the proposed project is to provide teachers with a greater
appreciation for design-based learning and specific ways in which they can translate
this appreciation into lesson planning back in the classroom. Over and above the
photographs and labels, which we hope will seed teachers’ own design-based class-
room activities, the project will provide access to a series of post-visit design activi-
ties that NYSCI is developing under another grant. By giving teachers a way to
observe and document museum-based design activities, the museum hopes to make
design “converts” of the teachers, providing them with the inspiration to incorporate
the same strategies into their ongoing instructional repertoires.

Future Directions

NYSCI’s Design Lab has been defining new ways for science centers to play a piv-
otal role in the educational ecosystem pushing for adoption of the standards in
authentic ways. Through our in-person and beyond the walls efforts, we believe that
helping schools embrace the core ingredients of design—problems worth solving,
student-driven iteration, materials literacy, divergent solutions, and sharing can
begin to bridge the content and practices gap in schools and broaden the ways in
which kids get to be smart in STEM. Looking forward, research and development is
needed to unpack how the core ingredients of design can be supported and sustained
inside and outside of school. Questions for each of these areas include:

Problems Worth Solving How does learning compare when children are invited to
work on problems they personally find worth solving versus more traditional
inquiry-based problems? What kinds of strategies in problem definition promote
authentic exploration of specific content? What kind of new examples are needed to
round out the field-wide library of activities that invite a broader range of students
to engage with science and engineering ideas?

Interest Driven Iteration How is it that educators in and out of the classroom can
allow for more prolonged periods of iteration and redesign? What are the supporting
strategies and structures that are needed to do this?

Materials Literacy What deliberate roles can science centers play in helping teach-
ers and students develop materials literacy? How does materials literacy impact
learners’ abilities to seek and persist in solving new problems?
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Divergent Solutions What kinds of problem frames invite divergent solutions from
students? What kinds of supports and strategies can teachers use to uncover and
leverage the content inherent in these potentially divergent design-based problems
while serving their specific curriculum goals?

Sharing and Reflection How can digital tools support the kind of sharing and
reflection that leads to prolonged engagement and iteration in informal and formal
settings?

Design Lab and Digital Design Lab are made possible with generous support from the Bill
and Melinda Gates Foundation, Phyllis and Ivan G. Seidenberg, Jim and Marilyn Simons,
the Office of Naval Research, Verizon Foundation, and Xerox Foundation
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Chapter 4
Five Principles for Supporting Design Activity

Catherine N. Langman, Judith S. Zawojewski, and Stephanie R. Whitney

Even when teachers use highly supported and field-tested materials, the act of plan-
ning for implementation is a creative design process. As others in curriculum design
research (see Chval, Wilson, Ziebarth, Heck & Weiss, 2012; see also, Ziebarth,
Hart, Marcus, Ritsema, Schoen, & Walker, 2009) have described, although a teacher
may be “delivering” a high quality lesson or activity to students, once that lesson is
in the hands of the teacher, the nature of that delivery changes depending on the
teacher, the needs of the students, the culture of the school, and other external fac-
tors. Assuming that the implementation of good curricular materials for teaching
design varies across teachers, this chapter presents a set of principles that can guide
planning in a way that supports and encourages students’ engagement in authentic
design activity.

Design and engineering have emerged as important areas of study and challenge
for middle, secondary, and college classrooms (National Research Council of the
National Academies, 2011). Engaging students in design and engineering is
intended to develop students’ capacity to adopt new thought processes and alterna-
tive ways of viewing the world, to establish methods of seeking and posing new
problems, to willingly grapple with the complexities of emerging problems, and to
apply and adapt tools for developing solutions to those problems. The goal is to
engage students in important characteristics of the design process. For example,
iterative cycles of expressing, testing and revising a design are a natural part of the
design process. During these cycles, designers constantly engage in evaluating
trade-offs, which are inevitable in complex settings. When making decisions about
trade-offs, designers make assumptions, and keeping track of assumptions
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underlying a design is critical for providing rationales when the final design is pre-
sented and justified for the given context. Further, both the design process and what-
ever is designed are inevitably improved when designers actively seek to generate
and understand external perspectives on each. These characteristics of design apply
to what students should learn, as well as teachers who are planning the implementa-
tion of good design activities.

The purpose of this chapter is to propose and illustrate principles for planning the
implementation of good design activities in a way that preserves opportunities for
students to experience important characteristics of design. The chapter begins by
introducing an activity that serves to illustrate the proposed principles. Then, the
principles are presented and illustrated using two of the activities described in the
first section. The chapter closes by showing how the authors have used the princi-
ples to implement a design activity drawn from a biomedical-engineering research
project. Faced with implementing the activity in different contexts and with varied
audiences, we share challenges faced, trade-offs made, and reasons for decisions.
Our hope is to convey a set of Implementation Design Principles as flexible and
elegant for use in planning for engaging students in design.

Part I: Getting to Know Model-Eliciting Activities

In this chapter, we use model-eliciting activities (MEAs) to illustrate the creative type
of experience that students engage in while designing something—in this case, math-
ematical models. MEAs were selected as a site for proposing and illustrating imple-
mentation principles for three main reasons. First, the creation of mathematical
models for non-routine science or engineering purposes is a powerful interdisciplin-
ary design experience. Second, the design of the problem statement that drives the
design experience of the MEA is already well established in the field, allowing the
authors to focus explicitly on implementation issues. Third, asking students to design
mathematical models captures important features of the Next Generation Science
Standards and Common Core State Standards for Mathematics. These two curriculum
reform initiatives contain overlapping and interlacing “engineering design standards”
and “standards for mathematical practice,” which strive to make the development of
student scientific or mathematical thinking central to the course of study.

Background of MEAs

MEAs are designed and heavily field-tested to ensure that when small groups of
students actively engage in the activities, they do indeed design mathematical mod-
els in response to the client-driven problem. MEAs have been productively used in
elementary, middle, secondary, and collegiate classrooms (Magiera, 2013;
Zawojewski, Diefes-Dux & Bowman, 2008; English & Watters, 2004; English,
2006), suggesting that designing mathematical models does not need to wait until
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students have learned some set of “basics”—rather, designing models is accessible
to a broad range of students at a variety of levels. Diefes-Dux, Hjalmarson, Miller
& Lesh (2008) describe how engineering education professors use these problems
to teach design to their engineering students. They describe how these types of
activities require students to work through iterative cycles of expressing or repre-
senting initial ideas for a mathematical model, testing the model, and revising it, and
then returning to the beginning of the design cycle until the client’s needs are met.
Productive and well-communicated models are accompanied by assumptions and
rationales that emerged during iterative design processes—just as in real-world
modeling. Diefes-Dux et al., also describe how small teams of students working
together on the problem and questions that arise during group presentations provide
alternative perspectives that help students reconsider and improve intermediate
models.

Description of MEAs

In MEAs, the problem statement, which specifically requests the creation of a math-
ematical model, is designed to elicit a range of reasonable mathematical models that
vary in sophistication, depending on what knowledge and capabilities the modelers
brings to bear. Therefore, most problem statements can be used across many different
grade levels and backgrounds. When teachers decide to use a specific MEA with their
students, what tends to change are the supporting materials and activities that facili-
tate students’ engagement in design cycles (express-test-revise) and in making and
articulating assumptions, evaluating trade-offs, and taking alternative perspectives.

The design of an MEA problem statement is driven by six long-established activ-
ity design principles (Lesh, Hoover, Hole, Kelly, & Post, 2000; Lesh & Doerr, 2003;
Diefes-Dux, Hjalmarson, Miller, & Lesh, 2008) (see Table 1). The design principles
ensure that the problem statement requires that students design mathematical mod-
els in response. While the principles ensure that the problems are open-ended design
opportunities, the range of potential reasonable models is not wide open because the
model must meet certain criteria—creating boundaries on what constitutes a “good”
response to the problem statement. Our summary of the MEA design principles,
adapted to engineering education contexts by Diefes-Dux, Hjalmarson, Miller &
Lesh (2008), are in Table 4.1.

Together, these six design principles also ensure that teachers have a powerful
educational tool, because when students engage productively in MEAs, the final
model that students produce and the small-group interactions leading to its production
serve as rich formative assessment sites for teachers. In particular, the designed model
itself explicitly documents the mathematical procedure and representations developed
by students, providing information about the mathematical elements, operations, and
relationships the students found to be important. And, the collaborative model design
process provides opportunities for the teacher to hear, see, and read what students are
thinking in real time as they grapple with the problem situation, express their thinking
to each other, and bring previously learned ideas to bear on the problem situation.
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Table 4.1 MEA design principles

Design principle

The “Model Construction”
principle

The “Reality” principle

The “Self-Assessment”
principle

The “Model Documentation”
principle

The “Share-Ability and
Re-Usability” principle

The “Effective Prototype”
principle

Qualities of the MEA

Students will be required to design a mathematical model in
response to the problem

Students will interpret the problem context as meaningful or
realistic, and that the model they are asked to design is a
compelling solution to the problem

Criteria exist within the MEA for students to assess the
effectiveness of the mathematical model they are in the process
of designing

Students will be required to create documentation that
explicitly reveals what the designed mathematical model is
Students will be required to produce solutions that others can
read, interpret and use on a new set of data for the same
problem (including rationales and assumptions)

Students will be required to design a mathematical model that
will be useful for interpreting other situations in which a

similar mathematical approach is relevant

Implementation of MEAs

Most MEA problem statements do not stand alone, due to the unusual contexts for
the K-12 classroom. Students’ initial experiences with designing a mathematical
model in response to a problem also need additional support. To respond to these
challenges, supporting materials and activities evolved over time and over teachers.
Some types of supporting materials have become almost standard. For example,
common supporting materials including an introduction to the problem context in
the form of a newspaper article or video, accompanied by a series of questions to
help students make sense of the context of the problem and identify critical prereq-
uisite skills. Another example includes explicitly planned activities that require stu-
dents to present their models and critique the models of others. This purposefully
engages students in encountering other perspectives, while learning to communi-
cate their models and underlying assumptions and rationales to each other.

The MEA Illustrations

Two MEAs are shared as illustrations and will be used to present the Implementation
Design Principles in the second section. Both MEAs were extensively field-tested
with a diversity of students to ensure the six MEA design principles from Table 1 were
met. Both MEAs have been widely used for over 15 years by teachers across various
educational levels (from middle school through college) and educational settings (e.g.
urban, suburban, rural). Both MEAs also have an extensive history of research and
publication (e.g., Magiera, 2013; Zawojewski, Diefes-Dux, & Bowman, 2008). We
recommend you get to know each MEA by reading and attempting a first draft solu-
tion to each problem.
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The “Choice of Aluminum Bats” MEA The Choice of Aluminum Bats MEA was
originally designed for and implemented in middle school field test sites and subse-
quently used with Purdue University’s first-year engineering course as part of a
curriculum reform project funded by the National Science Foundation (Zawojewski,
Diefes-Dux, Bowman, 2008). A shortened version of the MEA is shown in Fig. 4.1
below (and a version including supporting materials is attached as Appendix A).

The context for this MEA is the selection of aluminum softball bats that resist
denting. Given that larger crystal sizes are associated with more bendable metals,
the students are asked to design a mathematical way to determine typical crystal
size of some samples. They are given microscopic pictures of crystals taken at dif-
ferent scales.

The “Choice of Aluminum Bats” Problem Statement: Using the three
microscopic pictures of the samples of aluminum below, determine the typical
size of crystal in each sample for Coach Hart. Also, write a letter to Coach
Hart explaining how you found the typical crystal size so that he may share
your process with other softball players and coaches that plan to purchase
aluminum bats.

0.25mm I 0.15mm

Fig. 4.1 The “Choice of Aluminum Bats” problem statement and images
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A reasonable model for measuring crystal size, therefore, involves geometry
(spatial reasoning and measurement), proportions (dealing with different scales)
and sampling (deciding which crystals to measure). As part of the creative process,
students need to identify and mathematize the variables that they selected to use in
their design and respond in writing to the coach.

The “Paper Airplanes Contest” MEA The Paper Airplane Contest MEA was also
originally designed for and implemented in middle school field test sites. It also has
been used in Purdue University’s first-year engineering class on problem solving
and computer tools. A shortened version of the MEA is shown in Fig. 4.2 below (and
a version that includes supporting materials is attached as Appendix B). The context
for the MEA is the design of a fair scheme for awarding designations as “most accu-
rate” and “best floater” to paper airplanes in a contest. Given are data from three
trials for each of a number of paper airplanes: distance from start, distance from
target, time in air, and angle from target. From this data, the modelers are to design
and mathematize a procedure for determining “most accurate” (e.g., closest to the
target) and “best floater” (e.g., goes slowly for a long time).

The “Paper Airplanes Contest” problem statement: In past competitions,
the judges have had problems deciding how to select a winner for each award
(Most Accurate and Best Floater). They don’t know what to consider from
each path to determine who wins each award. Some sample data from a
practice competition and a description of how measurements were made have
been included. To make decisions about things like being the best floater, the
judges want to be as objective as possible. This is because there usually are
only small differences among the best paper airplanes—and it seems unfair if
different judges use different information or different formulas to calculate
scores. So, this year, when the planes are flown, the judges want to use the
same rules to calculate each score.

Write a brief 1- or 2-page letter to the judges of the paper airplane contest.
Give them a rule or a formula which will allow them to use the kind of mea-
surements that are given in table below to decide which airplane is: (a) the
most accurate flyer and (b) the best floater. table below shows a sample of data
that were collected from four planes last year. Three different pilots threw
each of the four planes. This is because paper airplanes often fly differently
when different pilots throw them. So, the judges want to “factor out” the
effects due to pilots. They want the awards to be given to the best airplanes—
regardless who flies them.

Use the data in table below to show exactly how your rule or formula
works—because the judges need to use your recommendation for planes that
will be flown during the actual competition this year
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Information about Four Paper Airplanes Flown by Three Different Pilots

Pilot F Pilot G Pilot H
Distance | Time | Distance | Angle [ Distance| Time | Distance| Angle | Distance | Time | Distance | Angle
Plane | Flight from in To from from To from from To from

in in
Start Flight | Target | Target Start Flight | Target | Target Start Flight Target | Target
1 22.4 1.7 | 152 16 30.6 1.6 14.5 23 39 1.8 7.5 -10

= 2 26.3 1.7 | 16.7 26 31.1 1.6 11.9 19 36.3 1.7 43 -6
3 31.6 1.7 7.1 10 267 | 2.2 8.9 -4 359 22 9 -14
1 321 1.9 7.6 -11 359 1.9 14.3 -23 43.7 2.0 9.5 6
. 2 422 | 2.0 9.2 -9 39 2.1 11.1 16 29 2.0 7.6 7
3 272 | 2.1 102 | -11 256 | 2.0 11.7 12 36.9 1.9 12.4 19
C 1 19.2 1.8 | 16.6 -8 429 | 2.0 9.8 9 35.1 1.6 2.8 4

28.7 1.9 9.3 11 446 | 2.0 9.3 -1 372 | 22 2 -1
23.6 | 2.1 17.3 -25 357 | 22 3.2 -5 42 2.1 9.8 10
D 1 28.1 1.5 8.9 9 372 | 2.1 202 | -32 | 41.7 22 10.1 11
31.6 1.6 | 148 =24 | 46.6 | 2.0 11.4 -2 48 1.9 14.1 -8
3 393 | 23 9.1 12 34.7 1.8 222 | -36 | 447 1.7 11.5 -9

w |

Fig. 4.2 The “Paper Airplanes Contest” problem statement and data table

A good solution to the Paper Airplane Contest MEA requires interpreting, sort-
ing and weighting variables (choosing to what each of the four variables are impor-
tant) and sampling (deciding whether to use all three data for each plane or to use
the best performance event for each plane). Modelers may also use averages (for
example, by averaging the three data points from each trial for each plane) and
synthesize data (for example, combining their selected variables). The rules for
making awards must be communicated to the judges to fulfill a sense of fairness.

Now that you, the reader, have produced a first draft solution to both MEAs, you
can imagine that a variety of reasonable models can be designed. For example, in
the Choice of Aluminum Bats MEA, two common models designed for determining
crystal size have included calculating number of crystals per square area or calculat-
ing the average area per crystal. While each model of these two types is self-
explanatory at a macro-level, at the micro-level a number of variations occur within
each of these two approaches. For example, students need to describe and justify
different ways to count the irregular crystal shapes and sizes, and students need to
deal with varied scales. These demands prompt students to produce different meth-
ods in response. In the Paper Airplane Contest MEA, typical models for “most accu-
rate” are pretty obvious (distance of plane from target). However, students also need
to decide which data to use and how to sort and weight it. In the “best floater”
designation, sometimes students use only the variable “time in air”—making the
model quite simple—but there exist many different interpretations of what it means
to be the “best floater” so students must define the construct “best floater” before
creating a mathematical model.
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Questions About Implementation Abound!

How can a teacher help students begin to comprehend the need to select and dese-
lect variables (when there is simultaneously too much data and too little data)? How
can a teacher help students to see that their initial designs are likely to be over-
simplified and even somewhat incorrect (when they are used to getting math prob-
lems either right or wrong)? How can a teacher help students to expect and accept
that express-test-revise cycles are part of a normal design process (when students
think that going back and revising is akin to “getting it wrong’’)? How can a teacher
help students understand that there are a variety of reasonable models, each based
on trade-offs made and accompanying assumptions and rationales? These are
among the issues faced by teachers designing implementation for individual MEAs.
To begin to address these questions, we have pondered a wide variety of supporting
material and activities that have been designed over the years to accompany and
support MEAs. As a result, we have developed some Implementation Design
Principles that are aligned with the goals of general design, and stated in general
terms to apply to implementation of all types of effective design activities.

Part II: Introducing the Implementation Design Principles

In our review of the literature, materials and activities supported each MEA prob-
lem statement. These materials and activities intended to help engage students in
design of mathematical models. While some supporting materials were usually
designed by the MEA designer (e.g., newspaper articles, videos or other ways to
introduce the context), most supporting materials have been created on an ad hoc
basis by different teachers, instructors, or researchers working in different educa-
tional environments (see, for example, the University of Minnesota’s database of
MEAs at https://moodle2.umn.edu/mod/url/view.php?id=501011 and the Florida
State Board of Education’s teacher professional development initiative on MEAs at
http://www.cpalms.org/cpalms/mea.aspx).

Based on the many types of support materials and activities, we developed a set
of Implementation Design Principles for supporting students’ engaged in design.
We found these principles highly useful, not only in describing the materials and
activities that have been developed for MEAs, but also for helping us design imple-
mentation materials. Our experience is that the core characteristic of each of the
principles applies to a broad array of design activities, including bridge-building
design projects and a program to help high school students design exercise and
nutrition plans to teach to third graders. The five Implementation Design Principles
are presented, and described, in Table 4.2. The table also includes some helpful veri-
fication questions and statements of usefulness for each principle.


https://moodle2.umn.edu/mod/url/view.php?id=501011
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Table 4.2 Five implementation design principles

The “Familiarity”
principle

The “Prerequisites”
principle

The “Accessing
Complexity” principle

This principle ensures that the designed implementation supports help
a particular group of students relate to, and care about, the context of
the problem

Verification Questions:

Do the designed supports:

* help bring the context of the problem to life for these particular
students?

« provide references to the real lives of these targeted students?

* help generate student interest in the problem?

Usefulness:

The implementation of these supports helps bring the context of the
problem to the doorstep of the students

This principle ensures that designed implementation supports target
critical vocabulary, concepts and context information appropriate for
the particular students and educational context

Verification Questions:

Do the designed supports:

« help students (and teachers) identify the prerequisite knowledge
needed to understand the problem statement?

« provide sufficient vocabulary?

« reveal to students the relationships between key ideas?

« give students opportunities to practice this new knowledge or these
prerequisite skills?

Usefulness:

The implementation of these supports helps students (as well as their
teachers) to identify strengths and weaknesses in their prerequisite
knowledge

This principle ensures students can productively engage in designing
a model (or other object) for a complex, intellectually challenging
situation that might otherwise be outside students zone of proximal
development

Verification Questions:

Do the designed supports:

* contain information about the meaning of the variables that are
likely to be needed in the students’ model?

« help students identify which variables to use when there are
simultaneously too many and too few variables, and they have
varying levels of relevance to the model being designed?

« help students access the complexity of the problem at a level
appropriate for their capabilities?

Usefulness:

The implementation of these supports helps students identify
important variables, recognize the relationships between variables
that are likely to be captured in the model (or other object), and select
variables that are useful to them when considering their own skills
and capabilities

(continued)
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Table 4.2 (continued)

The “End-in-View” This principle ensures that the designed implementation supports help
principle the students to keep present in their thinking what their final product
might be

Verification Question:
Do the designed supports:
« help students think about what their final product might be?
« help students keep track of their end product as they engage in the
design process?
Usefulness:
The implementation of these supports help students keep in mind
what the characteristics of their final product will be. (For MEAs, it is
a mathematical model that needs to be clearly communicated to a
client for the client’s specific need.)

The “Alternative This principle ensures that the designed implementation supports

Perspective” principle provide opportunities to put the students in the position of taking an
alternative perspective on their model (or other designed object)
Verification Questions:
Do the designed supports:
« provide opportunities for students to hear and interpret other points
of view?
« reward students for changing their mind when they hear what they
consider a new and better idea?
« reward students who actively seek other perspectives?
Usefulness:
The implementation of these supports help students enter the
express-test-revise cycle initially through small group interactions,
then large all-class discussion, and with maturity gain the ability to
actively generate different points of view independently during the
design process

The “Familiarity” Principle

When classroom activities are designed to appeal to the interests of students, aca-
demic engagement in the activity can be enhanced. While the compelling nature of
the context and problem will vary with individual students, this principle ensures
that the supporting materials and activities are designed to help make connections
between the students’ experiences and the context.

Consider the Paper Airplane Contest MEA. While only a few students may have
made and flown paper airplanes, the context of paper airplanes is reasonably famil-
iar. Some teachers who have designed implementation have collaborated with sci-
ence teachers to have students make and fly paper airplanes prior to implementing
the MEA in order to increase students’ familiarity of the context, whereas other
teachers have made judgments that the context is familiar enough as described in the
newspaper article (see Appendix B). Notice that the designer-created newspaper
article works hard to introduce the students to this particular paper airplane con-
test—making explicit connections between what students are likely to know (i.e.,
flying paper airplanes) and what they will be asked to do (mathematize features of
different types of airplane performance in this contest). Similarly, for the Choice of
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Aluminum Bats MEA, the context of softball and aluminum bats is familiar to most
students. In this case, the newspaper article (“Batter, Batter Swing”—see Appendix
A) brings the unfamiliar notion of the dentability of aluminum bats to the forefront,
and then works hard to engage students in a context that will help bring meaning to
the idea that there can be a mathematical relationship between crystal size and the
performance of metal. In some cases, such as the newspaper article that accompa-
nies the Paper Airplane Contest MEA (see Appendix B), the setting can be modified
sothatitis local to the students who are doing the MEA. The point of the “Familiarity”
Principle is to allow students to begin in a context that has personal relevance to
them as a point of entry to the context of the problem.

The “Prerequisites” Principle

When classroom activity involves true integration of content, as is often the case in
design activities, high levels of engagement depend on students’ understanding of
prerequisite material that may or may not be in their prior schooling. Some of the
most popular MEAs deal with science or engineering content that is unfamiliar to
the students, and the accompanying implementation support materials and activities
are designed to make the needed prior scientific and engineering knowledge avail-
able to provide students with access to the context and problem statement. Further,
when students are immersed in the richness and complexity of such design activi-
ties, students may not activate their relevant “math class” capabilities. Thus, the
purpose of this principle is also to activate prior knowledge that is likely to be useful
in the modeling process.

Consider the Choice of Aluminum Bats MEA, which draws on concepts from
materials science uncommon in school science. The facts that all metals are made
up of crystals and that, while the crystals “tend” to be of a certain size, they are not
uniform in shape or size are unknown to most students. To address this bit of pre-
requisite science knowledge, the designers of the Choice of Aluminum Bats MEA
included a newspaper article to introduce the context, followed by what might be
called a “science supplement” in the form of a report on Coach Hart’s conversation
of Professor Louisa Rodriguez (see Appendix A accompanying “Batter Batter
Swing” article, followed by a narrative—in italics—reporting on Coach Hart’s con-
versation with the professor). At the end of that report, the reader is formally intro-
duced to a photograph of a traffic pole that shows the crystals that most of us have
seen every day and a close up of the crystals (see Fig. 4.3 below). Further, the close-
up superimposes an outline of three crystals to enhance students’ conceptual images.
Both images provide scale marking, which position the “science supplement” piece
to serve as a focal point for classroom discussion about the fundamental concepts of
metallic crystals.

As a follow up to the combined “Batter, Batter Swing”” newspaper article and the
science supplement (narrative of Coach Hart’s and Prof. Rodriguez’s conversation),
the designer of the MEA wrote a variety of “Readiness Questions” (common to
most MEA pre-reading material, and also in Appendix A, following the article and
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g

Fig. 4.3 Traffic light pole crystals and the “Prerequisites” principle

1.0m

science supplement). Two of the questions included were intended to activate spe-
cific pre-requisite mathematical knowledge. In particular, Question #3 asks, “How
is the size of an aluminum crystal related to the bat’s resistance to denting?”” The
purpose of this question is to bring to the surface students’ recognition and articula-
tion of the relationship between two quantitative notions: crystal size and bendabil-
ity. The first is a straightforward quantitative feature (crystal size), whereas the
second—bendability—is one a student may need to think about, to realize that per-
haps bendability can be quantified. However, this question only asks for a general
statement of the relationship between the attributes: that the larger the crystal, the
more bendable the metal; or the smaller the crystal, the less bendable the metal.
Question #6, “Given the scale marker below the picture of the traffic light pole, how
wide is the pole?” addresses prerequisite knowledge about using scales to interpret
images, and is more standard to school mathematics curriculum.

The “Accessing Complexity” Principle

The challenges of designing a model for a real context involves the need to notice,
attend to, and mathematize critical features of the problem situation. The recent cur-
riculum reform Common Core State Standards states that in mathematical
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modeling, “. . . real-world situations are not organized and labeled for analysis;
formulating tractable models, representing such models, and analyzing them is
appropriately a creative process. Like every such process, this depends on acquired
expertise as well as creativity” (CCSS.Math.Modeling, retrieved from http://www.
corestandards.org/Math/Content/HSM). Thus, the goal of this implementation prin-
ciple is not to decrease the cognitive demand of the problem, but to ensure that
students encounter information that makes it clear that certain variables and features
are especially important to their design of a mathematical model (or the need to
explicitly make a case not use a variable in one’s model). In other words, the goal is
to afford students with opportunities to intellectually engage in challenging situa-
tions that might otherwise be outside the students’ zone of proximal development.

The targeting of critical variables is explicit in the Paper Airplane Contest MEA
Readiness Question #2, “What types of measurements do you believe should be
taken for each throw to fairly judge the contest?” (see Appendix B following the
newspaper article). Given that Readiness Questions are discussed in small groups or
as a class prior to engagement in the MEA problem statement, in this question stu-
dents are alerted to a need for identifying critical variables that contribute to the
mathematical complexity of the problem. Another example is in the discussion of
Readiness Question #3, “How would you decide which airplane is the best floater?”
The intent of this question is to begin to grapple with a construct that does not have
a standard meaning. This question can be used in a discussion in which students are
asked to think about real world contexts in which people use the word “float.” For
example, people seldom say that birds “float” but they will use it to describe how a
feather travels in the air. The question provides an opportunity to consider a variety
of variables that may be used to determine a “best floater,” providing students with
access to the complexity of the model to be designed. Some teachers have asked
modelers to compare jet aircraft to blimps as “floaters,” and students usually agree
that the blimp is a more compelling image of “best floater”—because it moves
slowly for long periods of time. Designing a model that mathematizes “moving
slowly for a long time” is much more complex and much more compelling. On the
other hand, a small group of students may make the case that everyone is using
paper airplanes (i.e., no mechanically propelled air planes are in the contest), and
thus time in air captures floating perfectly well.

The “End-in-View” Principle

The term “end-in-view” is adopted from the work of English and Lesh (2003). They,
in turn, adopted the term from the work of John Dewey (Archambault, 1964) who
addressed the importance of evaluating the means for accomplishing a task:

It is simply impossible to have an end-in-view or to anticipate the consequences of any
proposed line of action save upon the basis of some consideration of the means by which it
can be brought into existence. Propositions in which things (acts and materials) are
appraised as means enter necessarily into desires and interests that determine end-values.
Hence the importance of inquiries that result in the appraisal of things as means (pp. 91-92)
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According to English and Lesh (2003), “Although solvers do not know the exact
nature of the product that is required of an ends-in-view problem, they know when
they have developed one. This is because the given criteria or design specifications
serve not only as a guide for product development but also as a means of product
assessment” (p. 300). This is also true in MEAs.

MEAs are deliciously complex, and that very richness can result in students los-
ing sight of what they need to produce in the end—a mathematical model that
responds to the problem statement. Prior school experiences often prime students to
expect to answer a question, rather than to design a model. For example, in one of
the author’s experience with the Choice of Aluminum Bats MEA, students often
think that they are to simply tell you which sample to use and stop at that point—
thinking they have answered the question. Similarly, in the Paper Airplane Contest
MEA, students often think they are supposed to answer the question: Who won the
contest? Even though the MEA problem statement requires a model be designed as
an answer to the problem, this type of “answer” is so foreign to students that they
tend to misinterpret it. Therefore, supplementary implementation materials and
activities are often created to help the students keep the end in view.

To illustrate, one team of implementation designers (Diefes-Dux & Imbrie,
2008) of the Choice of Aluminum Bats MEA wrote a set questions to explicitly call
students’ attention to the end-in-view. After reading the newspaper article and sci-
ence supplement, answering “Readiness Questions”, and then reading the problem
statement together, students answered a set of three “Team Readiness” questions:
“Who are you working for? What do you need to create for them? How will you
provide them this information?” These questions are certainly implied and embedded
in the problem statement, so one might think that the Team Readiness questions are
redundant and not needed. But for this population, based on the professors’ prior
experience, the implementation designers decided that these questions were needed
to help the students stay in front of the goals of their work.

Another example of an end-in-view implementation strategy is based on
Schoenfeld’s (1992) work, where he taught college students in a mathematical
problem-solving course. Schoenfeld found a way to support students without trying
to give hints or clues about what he thought would make a good solution to the stu-
dents. By asking, “What are you doing? Why are you doing it? Is it helping?”
Schoenfeld found that, over multiple problem-solving experiences, students began
to ask these questions of themselves and began to learn how to struggle, produc-
tively, in solving problems. One of the authors has used this mechanism in MEA
implementation at many levels and with many audiences. Similar to the Purdue
professors’ “Team Readiness Questions”, this questioning strategy was found to
help students keep the end in view—while avoiding the urge to replace students’
initial ideas for designing a model with the instructor’s ideas.
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The “Alternative Perspectives” Principle

The use of small groups in modeling activity has inherent in it the “Alternative
Perspectives” Principle. While one could assign MEAs to individuals, there is much
greater opportunity to design a better model by engaging in the negotiation process
that can happen naturally in collaborative work—essentially engaging in numerous
cycles of expressing-testing-and-revising initial ideas, and eventually honing a
common model. Team members verbally express their individual ideas, testing
these ideas out on each other. This provides opportunities to give and receive critical
feedback. Further, when critiquing someone else’s publicly expressed model, the
critique-er has an opportunity to gain new perspectives about other types of models
that may in turn inform improvement in his or her own model. At the very least, the
critique-er has an opportunity to develop a deeper understanding about why one’s
own model does addresses “this”” and not “that.”

Other implementation activities that exhibit this principle include selecting mod-
els to be presented and defended to the class as a whole, and putting small groups
together to make presentations to each other. The challenge in this latter type of
activity is eliciting the “revised” version after entertaining alternative perspec-
tives—as students are unaccustomed to revising work in mathematics and science
classes.

Blind peer review—as done in many language arts classes—is another way to
motivate the revise phase of the design cycles while meeting the “Alternative
Perspectives” Principle. For example, at Purdue, an online, blind peer-review pro-
cess requires students to engage in giving and receiving alternative perspectives on
models in various stages of design. While details are described in various publica-
tions (e.g., Zawojewski, Hjalmarson, & Diefes-Dux, 2013; Diefes-Dux, Zawojewski,
Hjalmarson, & Cardella, 2012), the critical feature of this implementation activity
is that each student is engaged in giving feedback on another group’s model via a
blind peer review, receiving feedback from peers to use in revision of their own
model, receiving feedback from their instructor on the revised model, and revising
it once again prior to formal evaluation. The Purdue experience has institutionalized
the “Alternative Perspective” Principle.

Integrating the Implementation Design Principles

While the proposed implementation principles for teaching design are illustrated
above with separate instances, in reality, the work of planning for implementation
can be, and should be, more integrated. For example, the “Readiness Questions” that
typically follow the newspaper article frequently address a number of principles
simultaneously. In the case of the Paper Airplane Contest MEA, one cluster of ques-
tions, when asked as a sequence, provides more powerful support for entering a
design activity than each question would provide on its own. As described in the
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“Accessing Complexity” Principle above, Readiness Question 2 (“What types of
measurements do you believe should be taken for each throw to fairly judge the
contest?”’) and Readiness Question 3 (“How would you decide which plane is the
best floater?”) are intended to help students bring to the fore the important variables
and characteristics that will be needed in their model. Question 4 follows immedi-
ately, similarly asking students to consider “How would you decide which plane is
the most accurate?” Together, these three questions engage students in considering
both the variables (i.e., different types of measurement) and requires a metacognitive
reflection that doesn’t ask for a design to be produced, but instead asks students to
begin formulating ideas about what their modeling process will be and what their
model might look like. Students typically respond with primitive versions of the
models that they will later produce in response to the problem statement. In a sense,
these questions as a group also function to address the “End-in-View” Principle—
prior to reading the problem statement. In concert, these three questions together
provide a powerful implementation mechanism for students to establish an image of
what their design activity will involve.

Thus, in this section, we have described the Implementation Design Principles
using illustrations. In the next section, the actual process of designing support mate-
rials and activities is shown to be more a complex and intellectually stimulating
design process.

Part III: Applying the Implementation Design Principles

This section illustrates how to design materials and activities to support students’
engagement in the MEA problem statement, using the Implementation Design
Principles. We describe our experience with a MEA that was created from the work
of an interdisciplinary team on an angiogenesis simulation project. Natural iterative
cycles of expressing, testing, and revising implementation support materials and
activities are illustrated in the description of our analysis of what was needed by
students in a particular context compared to what supports were already available
from earlier implementations. Based on our actual implementation, we make rec-
ommendations for how to revise the supports for future audiences in a similar edu-
cational setting.

During these implementation design cycles, we were constantly engaged in eval-
uating trade-offs, such as grappling with the time factors versus lengthy engagement
with different components of the implementation, as well as making decisions about
what content to emphasize given that there are a variety of reasonable options. By
working as a team, we continually encountered alternative perspectives, and when
sharing the plans with the students’ instructor, we gained insights from an external
perspective. In other words, we were engaging in the design process of producing
implementation supports that would enhance students’ development of their design
capabilities.
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The model-eliciting activity we use to illustrate this section focuses on simulating
blood vessel growth, which was analogous to the core activity of the research project.
Figure 4.4 presents the MEA problem statement that we used to engage students in
design and to elicit their mathematical models. For students who have not previously
learned about the process of blood vessel growth, supplementary implementation mate-
rials and activities are important to help the students enter into this design activity.

The ““Blood Vessel Growth MEA” problem statement:

To: Engineering Team
From: Dr. Cinar, Director of the Center for Tissue Engineering
RE: Method for estimating healthiness of a blood vessel network in

porous scaffolds

To advance our research in tissue engineering, we are trying to determine a
procedure for measuring the amount of blood vessel growth and healthiness of
blood vessel networks in porous bioscaffolds.

We are asking you to help us by creating a mathematical procedure for
scoring these samples based on the amount of blood vessel growth and the
overall healthiness of the blood vessel network. The procedure will be used to
score future samples, when we run lab experiments using other pore sizes, and
different types of material for scaffolds.

To assist in your work, we are providing you with sample images of blood
vessel growth in bioscaffolds. These images are the fourth week of blood vessel
growth for scaffolds with pore sizes 270 microns, 160 microns, 135 microns, and
45 microns. The images represent 800 x 800 micrometer regions of porous
bioscaffolds. This size will be standard in all future experiments, as will the place-
ment of the host blood vessels at the top and the bottom of the region, and the
VEGEF source in the center of the region.

Deliverable: A memo that includes:

e A written description of your mathematical procedure or series of steps
that will be used to determine the amount of new blood vessel growth and
score the overall healthiness of the blood vessel network for all future sam-
ples produced in our lab.

* A demonstration of you procedure by applying it to one of the samples
provided to you. Please attach the sample you use to the memo.

Thank you in advance for your attention to this matter.
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Fig. 4.4 The Blood Vessel Growth MEA problem statement and images

Designing Implementation Supports to Meet the Five Principles

The Blood Vessel Growth MEA is based on active research in tissue engineering (NSF
Award Number IIS-1125412, “CDI-Type II: Optimization of Engineered Tissue
Growth by Active Learning”). Part of the challenge of implementing this MEA lies
in the fact that the context of the problem, which is grounded in a complex research
setting, needs to be communicated in a way that is relatable to students, while captur-
ing essential features of blood vessel formation and biodegradable porous scaffolds,
which are complex systems in their own right. To address these needs, we chose to
focus on a famous image and story from the field to help relate the concept of seeding
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a porous scaffold to something that is within the realm of public knowledge, in the
newspaper article titled “Growing Ears!” (See Appendix C).

To flesh out the content of the “Growing Ears!” article and to focus in on the
“Prerequisites” Principle, a science supplement was written to explains more about
technical aspects of tissue engineering and to provide details that relate to specific
aspects of blood vessel growth—the basis of the MEA. Given that blood vessel
growth is very complex, we had to make decisions about what will be of critical
importance for students to engage in a meaningful design process, while staying
within most students’ reach. While students would be working in groups—that usu-
ally amplifies individual’s capability to work with complexity—the entry into
understanding blood vessel growth was daunting.

To begin the process of designing implementation supports, two supports were
pursued. One was the identification of educational videos about angiogenesis (recom-
mended by the project scientists and engineers) to address science prerequisites. The
other was to design a game that simulates angiogenesis growth, which would further
solidify their understanding of the science and also highlight variables they might
focus on in their design of a mathematical model. Like the Choice of Aluminum Bats
MEMA, this is content that is not typically in students’ prior school science experience.
To reinforce students attention to critical variables needed for the MEA problem state-
ment, a variety of “Readiness Questions” were written, which we knew would likely
change depending on the audience and educational setting for any implementation.

The videos selected from the popular video media site YouTube.com introduced
the concept of angiogenesis, or blood vessel growth from existing vessels. The first
video reveals how a host blood vessel has special cells on it that responds to chemi-
cal signals from cells in need—of oxygen, for example. These special cells sprout
into newly growing blood vessels that grow toward the direction of the source of the
chemical, branching along the way, and finally making connections through the cell.
The second video shows actual footage of the sprouting process, blood vessel
fusion, and blood beginning to circulate when two blood vessels connect.

Field tests indicate that students are drawn into these videos, but that the infor-
mation is compact, comes very quickly, and has a very high level of complexity. The
game that simulates blood vessel growth—which provides more access to the
complexity by simplifying the variables in the process—is welcomed by and engag-
ing for students. The concept of the game was initially drawn from the scientists and
engineers on the project. In it, students pair up to simulate the process of blood ves-
sel growth through a set of rules provided to them (See Appendix C following the
article and science supplement.). The game asks students to roll a die a set number
of times and make moves according to a rule sheet. Sample student results are in
Fig. 4.5 below, which shows how these students took turns drawing in paths of
blood vessel growth in the direction of the chemical signal, when seeking points for
greatest length, most branches and most connections.

The MEA problem statement asks students to design a procedure that will mea-
sure and score the amount of blood vessel growth and healthiness of blood vessel
networks. The game helps students unpack the complexity of the desired model into
the three critical variables of blood vessel networks: (1) length (longest blood vessel),
(2) density (most blood vessels), and (3) anastomosis (connections between distinctly
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Fig. 4.5 Sample student results from full circuit game

growing blood vessels). The game also helps students relate the concept of new blood
vessels growing from existing ones, the patterns that blood vessels form and the role
of randomness as a way of representing things that might be in the way of the path of
blood vessel growth or the blood vessels’ response to multiple sources of chemical
stimulant. The game is won by accumulating the highest points, which are assigned
for making the most connections between distinctly-growing blood vessels, growing
the longest blood vessels, and growing the most blood vessels. In this way, the game
also provides an “end-in-view’—an early example of quantifying blood vessel
growth, albeit under different circumstances than the problem statement. As a result,
students gain a glimpse into the type of model that might be generated in response to
the problem statement before actually receiving the MEA problem statement.

With each of the field tests, including an all-girls private school in a major city, a
STEM-oriented summer program for high school juniors and seniors, a conference
for mathematics teachers, a class of community college students in a pharmacy tech-
nician program, and a class of community college students in a business program,
both of these mechanisms were useful and well-received, making them each a likely
candidate as a permanent part of any implementation package. The videos provide
opportunities to meet the “Familiarity” Principle due to participants’ instant interest
in the science, and the game provides opportunities to meet the “Prerequisites”
Principle in providing engagement in relevant science (concept of angiogenesis) and
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mathematics (quantifying variables), as well as “End-In-View” Principle through
their engagement in a simulation (i.e., using a relevant mathematical model).

Finally, after students receive the problem statement, students work indepen-
dently to list which features from the images that they think could be used to indi-
cate a healthy blood vessel network then compare lists. This mini-task follows the
“Alternative Perspectives” Principle and the “End-in-View” Principle—it asks
students not only to consider what their final product might be, but it also prompts
them to begin small group interactions to kick-start the design process.

A Tool for Designing MEA Implementation

The questions we use for our own implementation design process prior to, during, and
after any field tests are: Do students have access to the MEA problem statement? and
How do we know? Earlier researchers (Chamberlin, 2004) have used an analogous
emphasis in professional development with teachers who are using MEAs with their
students. Chamberlin emphasizes teachers’ externalization and documentation of
their interpretations of their students’ thinking for the purpose of making future
implementation decisions. She finds that when teachers reflect upon and revise their
interpretations of their students thinking, they are more likely to engage the express-
test-revise design cycles in planning for students’ engagement in MEA problem state-
ments. Applying Chamberlin’s emphasis to our work, we produced an “Implementation
Design Sheet” (template attached as Appendix D) to produce a trail of documentation
about what changes are made to MEA implementation supports, relative to the prior
available implementation materials. The Implementation Design Sheet is organized
around the implementation design principles so that we can systematically analyze
whether we are encouraging important aspects of design with students.

Figure 4.6 is a summary of our analysis of needed implementation supports for taking
the Blood Vessel Growth MEA into a new educational context with a different audi-
ence. It also includes our forward-looking thoughts about further revisions to make to
the implementation for a similar audience and setting. We had previously implemented
the Blood Vessel Growth MEA with high school anatomy students and with high school
mathematics teachers during a professional development session. Working closely
with the regular instructor for the new field test site, we were preparing to bring the
MEA into a collegiate setting, where the students are described as “non-traditional,”
and take courses as cohorts—thus, students are familiar with each other and have often
worked collaboratively with peers. The instructor explained that one course was a
problem-solving course for business majors that had used three MEAs previously, and
the other was a course for pharmacy tech students who had never used MEAs.

We shared the MEA and the existing implementation materials with the regular
instructor and, based on her feedback and our own professional judgment, began the
process of analyzing the existing implementation materials and activities using the
Implementation Design Sheet. Given that this tool is organized around the
Implementation Design Principles, we were able to consider the existing implemen-
tation supports with respect to the audience and educational setting of the upcoming
field test.
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Class Profile: About 40 students in an early college course at a university
that offers associates, bachelors, and masters degree programs to traditional
and non-traditional students. This particular group has done three model-
eliciting activities earlier in their coursework.

Constraints specific to this group of students: Each class would meet for only
1 h and 50 min. To manage the time constraints, students are assigned to watch
the video and read the newspaper article and science supplement as homework
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Fig. 4.6 Implementation Design Sheet for Blood Vessel Growth MEA
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The “Familiarity” Principle Given the expected population of students, especially
the business focus of one of the classes, we did not expect the science supplement
to bring the needed science ideas to the doorstep of most students. We were confi-
dent that the “Growing Ears!” newspaper article would entice students into the gen-
eral context due to the famous photo of the mouse with an ear growing on its back.
We also thought that the science explanations in the “Growing Ears!” article would
help students understand what that photo was really about. On the other hand, the
science supplement—while satisfying other principles (e.g., “Prerequisites”
Principle, “Accessing Complexity” Principle, etc.)—needed revision to better meet
the “Familiarity” Principle. It was then revised to include more specific information
to make it appear to be a report from tissue engineers that would connect the infor-
mation more tightly to people engaged in research and to the contexts and presenta-
tions in the newspaper article. After implementation, we decided to continue work
on the supplement by more specifically describing the research team in all of its
diversity—making it easier for students to relate to the researchers, hopefully find-
ing that personal connections will make the technical aspects more motivating to the
students.

The “Prerequisites” Principle Our analysis of the available implementation sup-
ports and the students’ background suggested that the term and concept “microme-
ter” as a unit of measure was something most of these students would not have
encountered previously. While they may have heard the word, we did not have
confidence that they could deal with the scale factor effectively. For the implemen-
tation with the non-traditional college students, then, we decided to include in our
verbal introduction to the MEA problem statement the definition of micrometer (as
a unit of length and its relationship to microns), and pointed out the relationship
between a micrometer and a real life example. We referred to the diameter of a
human hair as about 25.4 um, while a capillary—the smallest type of blood vessel
in the human body—is only 1 pm in diameter. While this treatment of prerequisite
knowledge helped, after observing and listening to students, the decision was made
that in the implementation next semester, the goal would be to broaden accessibility
of this idea by incorporating an image of a human hair, in order to create a vivid
scale reference—similar to the aluminum pole in the Aluminum Bats MEA. In addi-
tion, we would plan to have students practice measuring and converting between
meters and microns in the Readiness Questions.

The “Accessing Complexity” Principle Animportant aspect of blood vessel growth
is that the vessels connect within a reasonable amount of time (before dying off) to
create a circulatory system in which blood will travel. The game, which was
designed to help students to simulate three variables of healthy blood vessel growth
(length, number of branches, number of connections), was previously called the
“Angiogenesis Game”. To better highlight the critical variable of connections, we
wondered about changing the name of the game: Would it better scaffold students’
understanding of the science? For the field test we changed the name of the game to
the “Full Circuit Game.” When implemented, the “Full Circuit Game” had the
intended effect of focusing the students on the connections between the blood ves-
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sels—this showed up later in the activity, when many groups prioritized connections
over all other feature of a blood vessel network. The name of the game is still under
consideration, as the name seems to affect how students attend to the complexity of
the game.

The “End-In-View” Principle We needed to help students, especially those who
had not done any MEAs previously, think ahead about how they might go about
designing a mathematical model. In the previous implementation support package,
students were asked the questions, “Who is the client?”” and “What does the client
want you to produce?” We discovered that these questions were helpful in getting
students to understand that they needed to write a memo to describe a series of
steps, or a procedure. On the other hand, the questions did not prompt students to
think about how they might go about this, so Readiness Question #3 was written:
Name three qualities of blood vessel growth that could be used to indicate a healthy
network of blood vessels. The goal was to prime students to think about the features
of the model they would be designing in the MEA problem statement, providing a
way to highlight the end-in-view.

The “Alternative Perspectives” Principle Although students are expected to work
in collaborative groups, naturally putting individuals in the position of encountering
other points of view, we decided that students needed a structured approach to
ensure encountering further external perspectives. After reading the newspaper arti-
cle, individuals were asked to write a list of features they believe were important to
their model. Then they shared their lists with others in their small group. We found
that this helped provide every member of the group an opportunity to bring their
thoughts to the process. But, we decided that this individual listing and sharing
would be more powerful if placed immediately after reading the MEA problem
statement as a class. This way, the ideas about designing a model would be very
recent as students embark on a design process.

Part IV: Planning Implementation of Design Is Design

General design themes permeate the experience of teachers planning for the imple-
mentation of design activities. Adapting, implementing and revising implementa-
tion supports for the various groups of students and for various educational settings
requires working through express-test-revise cycles, identifying and stating assump-
tions, evaluating trade-offs, and seeking other perspectives when producing effec-
tive implementation support packages.

Teachers, as designers, engage in iterative cycles of expressing, testing and revis-
ing components (support materials and activities), and the overall organization of
the implementation package. The design cycles are embedded in the Implementation
Design Sheet when looking across columns. The first column is where the designer
identifies needs that are not met in currently available supports. The second column
requires the teacher to explicitly describe the proposed support. After designing the
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new support material or activity, the designer tests it in the new implementation,
reflects on the results, and makes a recommendation for future implementations in
the third column—Ilaunching a new express-test-revise cycle.

Teachers, as designers, are engaged in identifying and stating assumptions, eval-
uating trade-offs and making decisions. “Throughout the design cycle, the designers
should return to an examination of the problematic situation in order to identify
whether the product is meeting an objective, if the new products need to be devel-
oped, if the problematic situation was changed by the design process, and to docu-
ment how the needs of the situation has been addressed” (Hjalmarson & Lesh, 2008,
p. 102). The Implementation Design Sheet facilitates these aspects of design. The
first column requires the designer to state assumptions about the needs that should
be addressed. In order to decide what new or revised component will be reported in
the second column, trade-offs must be considered and then decisions made. Entering
recommendations into the third column requires that the designer evaluate the
results of the implementation and propose what will be tested in the next implemen-
tation. Careful tracking of designer reflections after each implementation, alongside
careful documentation of the nature of the audience and educational situation, can
be useful data for more effective and efficient planning of implementation for dif-
ferent audiences and educational contexts.

Part of the challenge of acting as a designer for implementing MEAs is in know-
ing a particular group of students without underestimating them. Students bring
surprising and interesting ideas with them to the classroom and are often capable of
more than one might expect. In many of our implementation sessions, we initially
accompany the MEA and co-implement the MEA with the regular instructor. When
teachers have not taught design activities to students before, they find it difficult to
believe their students will be capable of designing mathematical models for com-
plex situations. But, they also express trepidation about their own lack of experience
in supporting students’ designing solutions, compared to teaching them various
concepts and skills for mastery. The purpose of the Implementation Design
Principles is to help teachers make decisions about how to implement design activi-
ties effectively with their students, by structuring the supporting materials with
respect to what students need in order to gain traction on the problem statements,
rather than giving them ways to solve the problem.

No implementation component or package of materials and activities can fully
anticipate all the problems, issues and needs that come up when students are engaged
in design. The Implementation Design Principles can also be used in real time for
teachers to respond to and react to students’ questions and anxieties during the
designing episode. They can help the teacher select what to attend to and what to let
go. Just as the Next Generation Science Standards specifically seek to help students
learn to “design a solution to a complex real-world problem, based on scientific
knowledge, students generated sources of evidence, prioritized criteria, and tradeoff
considerations” (NGSS, HS-ETS 1-2), so, too, are teachers required to nurture
design based on knowledge of design, responding to evidence of students thinking,
and prioritizing the types of scaffolds to be provided without taking away the design
experience for students.
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Finally, the teacher, as designer, actively engages in perspective taking. One type
of perspective-taking, for the teacher, is observing and listening to students, identi-
fying the ideas at the heart of the students’ reasoning, perceiving and interpreting
the interactions between students in a group and within the whole class, and devis-
ing strategies to attend to these different views. Another type of perspective taking
occurs when teachers work together in planning and implementing design activities,
as a personal professional development strategy. To teach design teachers, them-
selves, engage in cycles of design. To have students successfully engage in the mod-
eling practices outlined in Next-Generation Science Standards and Common Core
State Standards, teachers also act as designers and acknowledge implementation of
design activities evolves and changes with the teacher and the context in which they
are teaching.
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Appendix A: The Choice of Aluminum Bats MEA

Original Source: Keith A. Bowman, 2002.
Copyright by Keith A. Bowman, Permission to reproduce for classroom use
granted.

Background Information
Batter, Batter....SWING!!

Stillwater, MN — The Lady Ponies are ready to charge! Coach Hart verified today
that a new summer league softball team will be forming and joining the league.

“We have begun signing up players, and we still have two positions open — third
base and center field. So, if you know of anyone that might be interested in playing
these positions or even other positions, please have them contact me,” said Hart.
“We are also beginning to make decisions about our uniforms and the pieces of
equipment that we need to purchase.”

The Lady Ponies will wear uniforms of red and black after their team colors. The
Heritage Embroidery on Market Street is designing the uniforms, and the uniforms
will be available for purchase by next Friday. Players will be responsible for pur-
chasing their own uniforms, cleats, and mitts.

Since deciding on the team’s colors and uniforms, Coach Hart has been investi-
gating the purchase of the necessary equipment for practice and games. Plenty of
softballs have been purchased and batting helmets are being priced. Gart Brothers
Sports has helmets available for $34.99 and Outpost Sports has them available for
$32.95. “I’ll probably purchase the helmets from Gart Brothers because they are bet-
ter quality than the helmets at Outpost,” said Coach Hart. “Besides, I can pick up the
helmets when I also purchase the catcher’s mitt and the catcher’s mask from Garts.”

The only remaining equipment for the coach to purchase will be the softball bats.
The coach is considering three styles of aluminum bats, each of which costs about the
same amount. “Since bats are so expensive and last year the bats dented too easily, I
want to purchase bats that are more resistant to denting,” commented Coach Hart.

The first game for the Lady Ponies will occur on June 6 at home. They will be
playing the Oakdale Lady Stingers at Varsity Field. “I’m looking forward to helping
the women get ready for our first game. I’ve heard the Oakdale Stingers have some
good players, so we’ll need to be ready to go!” explained Coach Hart.

Coach Hart knew that Eva, who plays first base for the Lady Ponies, has an older sister who
works as a materials engineer. Her name is Louisa Rodriguez, Ph.D. When he contacted Dr.
Rodriguez, she explained that the size of the crystals in the aluminum is often a good indica-
tor of the relative resistance to denting or strength of the material. She said that aluminum
consisting of smaller crystals was stronger than aluminum consisting of larger crystals. Dr.
Rodriguez volunteered to provide microscopic photographs of the crystal size called
‘micrographs’ because they were the standard way to compare the size of crystals. Materials
engineers can chemically treat polished pieces of aluminum to make the boundaries
between the crystals more visible. Using a camera attached to a microscope, a picture of the
boundaries between the crystals can be estimated.



86 C.N. Langman et al.

Coach Hart was fascinated and asked if it is ever possible to see metal crystals without a
microscope. Dr. Rodriguez suggested that Coach Hart check out the new metal poles sup-
porting the traffic lights on a nearby corner. These steel poles are coated with a thin layer
of zinc metal that helps prevent rust formation. The zinc metal forms very large crystals that
can be seen by the naked eye. The pictures below show the metal pole and a close-up picture
of the crystals on the surface of the pole. The letters a, b, and c indicate three crystals that
have had a line drawn along the boundaries between the crystals. The arrow on the draw-
ing is the scale marker for this picture.

Fig. 1 Traffic light pole

Fig. 2 Close-up of
crystals
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(A) Individual work — questions:

e

Readiness Questions

. Why is Coach Hart purchasing the batting helmets from Gart Brothers when they

are cheaper at Outpost Sports?
How is Coach Hart going to decide which bat to purchase?

. How is the size of an aluminum crystal related to the bat’s resistance to

denting?

How can material engineers view crystals when they are too small to be seen by
the naked eye?

Can some crystals be seen with the naked eye? Where?

Given the scale marker below the picture of the traffic light pole, how wide is the
pole?

(B) Team work — questions:

First:

In your team, read the “problem statement”.
Second:

In your team, answer these questions:

1. Who are your working for?
2. What do you need to create for them?
3. How will you provide them this information?

Third:

Work together in your team on the problem presented in the “problem
statement”.

The Choice of Aluminum Bat

Your Mission Using the three microscopic pictures of the samples of aluminum
below, determine the typical size of crystal in each sample for Coach Hart. Also,
write a letter to Coach Hart explaining how you found the typical crystal size so that
he may share your process with other softball players and coaches that plan to pur-
chase aluminum bats.
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Appendix B: The Paper Airplane Contest MEA

Original Source: Richard A. Lesh

This activity development was supported by the Twenty First Century Conceptual
Tools (TCCT) Center, Purdue University, West Lafayette, IN, under the direction of
Richard Lesh. Copyright by Richard A. Lesh. Permission to reproduce for class-
room use granted.

This activity was subsequently modified through the University of Minnesota.

Students to Fly Away with Paper Airplane Contest
in the Twin Cities

St. Paul, MN — If you stop by Amy Frank’s eighth grade science classes this week,
you are likely to find a very busy group of kids. Ms. Frank’s students will follow in
the footsteps of the Wright Brothers, engineers, and pilots as they design and fly
paper airplanes in the Twin Cities Annual Paper Airplane Rodeo held in the
Metrodome.
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Frank’s students will be designing, creating, and flying paper airplanes through-
out the week. The students are learning how engineers work as they plan, create,
test, and redesign their paper airplanes. They won’t be using aluminum parts or jet
engines for these planes. All they will need are pieces of paper — and a whole lot of
imagination.

Students will need to design planes that are able to fly long distances as well as
stay in the air for a long period of time. Each contestant will design a plane to try to
win prizes in one of two categories: Best Floater and Most Accurate. Said Frank,
“The contest is designed to require the students to be very thoughtful about making
their planes, so students who want to enter the paper airplane contest must follow a
few rules.” The rules are as follows: each plane must be made using a single sheet
of 8.5”x 11" paper. No cuts can be made in the paper, and no tape, staples, glue, or
paper clips can be used to hold the plane together or to change the plane’s weight or
balance. Also, each entry must qualify as being able to fly. For example, last year, a
spitball and a dart were disqualified because they didn’t really fly — even though it
was possible to throw them so that they stayed in the air for a long time. Parachutes
and helicopters also were disqualified because they didn’t go anywhere. For each
throw, the judges will measure the time spent in the air, the distance the plane lands
from the starting point, the distance the plane lands from the target, and the angle
the plane lands from the target.

Because all paper airplanes are minutely different, it is difficult to make deci-
sions about which plane is the best. In order to make the competition as fair as pos-
sible, the judges are implementing two new processes for the contest. First, to
minimize thrower advantages, the contest will have three neutral pilots to throw all
planes in the contest. Second, the judges are designing a new scoring system to
fairly judge the two winners.

< é#

“Some students are really getting into this contest — I’'ve heard a couple who said
they’re bringing in-flight refreshments, crash helmets, and parachutes,” said Frank.
“It will be lots of fun and very interesting.”
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Questions to Get You Started
1. What are the categories for which the airplanes will be judged?

2. What types of measurements do you believe should be taken for each throw to
fairly judge the contest?

3. How would you decide which airplane is the best floater?

4. How would you decide which airplane is the most accurate?

5. What are the judges doing differently this year than in years past? Why are they
doing it?
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Problem

In past competitions, the judges have had problems deciding how to select a
winner for each award (Most Accurate and Best Floater). They don’t know
what to consider from each path to determine who wins each award. Some
sample data from a practice competition and a description of how measure-
ments were made have been included. To make decisions about things like
being the best floater, the judges want to be as objective as possible. This is
because there usually are only small differences among the best paper air-
planes — and it seems unfair if different judges use different information or
different formulas to calculate scores. So, this year, when the planes are flown,
the judges want to use the same rules to calculate each score.

Write a brief 1- or 2-page letter to the judges of the paper airplane contest.
Give them a rule or a formula which will allow them to use the kind of measure-
ments that are given in Table 1 to decide which airplane is: (a) the most accurate
flyer and (b) the best floater. Table 1 shows a sample of data that were collected
from four planes last year. Three different pilots threw each of the four planes.
This is because paper airplanes often fly differently when different pilots throw
them. So, the judges want to “factor out” the effects due to pilots. They want the
awards to be given to the best airplanes — regardless who flies them.

Use the data in Table 1 to show exactly how your rule or formula works —
because the judges need to use your recommendation for planes that will be
flown during the actual competition this year.

Note The paper airplanes were thrown in a large 40-ft by 40-ft area in the
arena. Each paper plane was thrown by a pilot who was standing at the point
that is marked with the letter S in the lower left-hand side of each graph in
Fig. 1. So, this starting point is located at the point (0,0) on the graph.
Similarly, the target is near the center of each graph, and it is marked with the
letter X. So, the target is located at the point (25,25) on the graph (Fig. 2).

In Table 1, the angles are measured in degrees. Positive angles are mea-
sured in a counter-clockwise direction — starting from a line drawn from the
lower left-hand corner of the graphs to the upper right-hand corner of the
graphs (or starting from the point S and passing through the point X). Negative
angles are measured in a clockwise direction starting from this same line.

(continued)
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Appendix C: The Blood Vessel Growth MEA

Activity development supported by NSF Award Number IIS-1125412, Illinois
Institute of Technology, Chicago, IL, under the direction of Dr. Ali Cinar. Copyright
held by Catherine Langman, Judith Zawojewski, Ali Cinar, and Hamidreza
Mehdizadeh. Permission to photocopy granted for classroom use and research.

Growing Ears!

Does this sound like science fiction? It’s not. In 1997, newspapers across the coun-
try introduced Americans to the groundbreaking work of Dr. Charles Vacanti and his
brothers, Drs. Jay and Marty Vacanti. Charles had seeded cartilage cells on a biode-
gradable mold in the shape of an ear. The cells grew into cartilage (the tissue that
holds the skeleton together) to cover the shape, and Vacanti implanted the whole
structure under the skin of a mouse. The result—an (artificial, non-hearing) human
ear growing on a mouse!

How did this happen? In the 1980s, scientists had already found ways to grow
skin in a lab. Dr. Vacanti and his brothers asked, why not grow larger, more complex
organs in the lab? Drs. Vacanti worked with a chemical engineer from MIT named
Dr. Langer and together they hit on the idea of using biodegradable polymers—
chemical structures that, when placed in the body, slowly degrade in the presence of
water into harmless substances. The scientists realized that they could mold a poly-
mer into a three-dimensional shape, seed it with living cells that would then grow
into tissue, and implant the new tissue including the scaffold in a living animal.
Over time, they reasoned, the polymer should dissolve like medical sutures, and the
implanted tissue would attract blood vessels and grow. It worked, but there was, and
still is, a limit to how big—and how complex—a hunk of tissue they can grow.

One challenge is that the tissue needs an ongoing, very close source of oxygen
and nutrients to survive, as well as a system to take away waste products. Blood
vessels deliver oxygen to cells and take away waste, so it is important for a healthy
blood vessel network to rapidly form in the new tissue. This is why tissue engineers
study angiogenesis—the formation of new blood vessels from existing blood ves-
sels. Angiogenesis occurs when cells need oxygen and send out a chemical signal,
which stimulates the nearest blood vessel to grow toward the distressed cell.
Scientists are addressing other practical problems in tissue engineering. Which
material makes the best scaffold? How fast will the scaffold degrade in the body
once it is implanted? How should the scaffold be constructed to support blood ves-
sel growth?

Lab-grown tissue has seen some success in medical applications. As early as
1998, Charles and Marty Vacanti used lab-grown bone to replace the thumb of a
man who had lost his in an accident. The idea of whole organs grown in labs for
transplant, using a patient’s own cells, is now in the realm of possibility. Even closer
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on the horizon is the ability to repair tissue damaged by diseases like diabetes and
atherosclerosis. Diabetes, in particular, is approaching an epidemic among the
American population. This disease afflicts thousands of people, with complications
like wounds that do not heal. The hope is that tissue grown externally on a scaffold,
and derived from the individual’s own living cells, can be implanted into the wounds
to help the wounds heal.

Source: Foreman, J. (2003, December 30). Scientists at work—Joseph, Charles,
Martin and Francis Vacanti; From old cars to cartilage, brothers like to tinker.
The New York Times. Retrieved from http://www.nytimes.com/2003/12/30/health/
scientists-work-joseph-charles-martin-francis-vacanti-old-cars-cartilage.
html?pagewanted=all&src=pm (October 15, 2013).

Growing Ears! The Science Supplement

Recent research in growing healthy tissue has been motivated by the need to repair
damaged and diseased tissue in human bodies, such as wounds that will not heal for
many diabetics. A hoped-for treatment is to harvest a person’s healthy cells and use
those cells to seed a scaffold that will grow healthy tissue. The new tissue and its
scaffold would be implanted into the wound area, enhancing the wound’s ability to
heal.

One major challenge of creating tissue is helping the new tissue get oxygen and
remove waste products. In healthy tissue, this work is done by blood vessels, which
transport oxygen-rich blood to the tissue and carry waste products away from the
tissue. Therefore, it is important to study how new blood vessels form and connect
with each other. Angiogenesis is the scientific term for the growth of new blood ves-
sels from existing blood vessels.

In angiogenesis, an existing blood vessel is lined with endothelial cells, each of
which can be stimulated to sprout a new blood vessel when it detects a chemical
distress signal from a cell. When the cell does not have a source of oxygen nearby,
the cell secretes a chemical called vascular endothelial growth factor (or VEGF).
The VEGF stimulates endothelial cells to start growing.

Another important part of angiogenesis happens when two blood vessels cross
pathways and fuse. The connection between those two blood vessels is called anas-
tomosis. Looking under a microscope, scientists report that when tissue is healthy,
they can see that the blood vessels grow throughout the tissue and have connections
to each other.

Scientists and engineers are trying to find ways to use computer simulations to
predict how blood vessels will grow. This is an image from a computer simulation
of blood vessel growth.


http://www.nytimes.com/2003/12/30/health/scientists-work-joseph-charles-martin-francis-vacanti-old-cars-cartilage.html?pagewanted=all&src=pm
http://www.nytimes.com/2003/12/30/health/scientists-work-joseph-charles-martin-francis-vacanti-old-cars-cartilage.html?pagewanted=all&src=pm
http://www.nytimes.com/2003/12/30/health/scientists-work-joseph-charles-martin-francis-vacanti-old-cars-cartilage.html?pagewanted=all&src=pm
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The image represents a cross-section of a porous scaffold—the white regions
between the circles are the polymer material of the scaffold and the gray circles are
the cross-sections of the pores, in which blood vessels can grow. Two existing blood
vessels are located at the top and at the bottom of the scaffold. The dotted line in the
center represents a source of VEGF, which radiates chemical signals in all direc-
tions. The scientists use this computer simulation to estimate the amount of new
blood vessel growth in different scaffolds week by week. Using this approach, they
are able to compare the effect of different types of scaffolds and different pore sizes
on healthy blood vessel growth.

existing blood vessel

pore
scaffold
- VEGF source
new blood vessels
sprouting blood
vessels
existing blood vessel

800 x 800 micrometer porous scaffold simulation results

Today, research in tissue engineering involves teams of bioengineers and scien-
tists who set up experiments that involve implanting animals with scaffolds of dif-
ferent pore sizes or polymer material, gather data concerning the changes in blood
vessel growth from week to week, and analyze the data to determine which condi-
tion produces the best quality of the blood vessel growth. Computer scientists also
contribute to the work by creating simulations of blood vessel growth. They model
how blood vessels grow in porous scaffolds. The data from the simulations help
inform decisions for later laboratory experiments.

Source: Artel, A., Mehdizadeh, H., Chiu, Y. C., Brey, E. M., & Cinar, A. (2011).
An agent-based model for the investigation of neovascularization within porous
scaffolds. TISSUE ENGINEERING: Part A, 17(17 and 18), 2133-2141.
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Questions on Growing Ears! Newspaper Article and Science
Supplement

Part I: Blood Vessel Growth

1. Explain the role of each of the following terms during angiogenesis:

(a) endothelial cells
(b) vascular endothelial growth factor (abbreviated VEGF)

2. How would you describe or show healthy blood vessel growth to someone who
has not seen this video?

Part II: Connections Between Blood Vessels

3. What happens when two distinctly-growing blood vessels connect to each other?
4. Why is it important for distinctly-growing blood vessels to connect?

The Full Circuit Game

This game is designed to help you simulate the growth of new blood vessels from
existing blood vessels.

Objective The purpose of this two-player game is to form as many connections
between distinct blood vessels as possible, to create a longer blood vessel than your
opponent, and to create as many new blood vessels as possible in a given amount of
time.

Setup Each player gets one die and one colored pencil or marker in a different
color from the other player. Each game is played on one shared game board. Each
player starts with his or her own existing blood vessel. Each existing blood vessel is
lined with starting cells. The center of the board has invisible molecules of a chemi-
cal that stimulates blood vessel growth, which diffuses over the whole game board
at the same rate.
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Play the Game

1. To start, each player selects and circles a starting cell on his or her main blood
vessel.

2. To play, each player rolls his or her own die. For each roll of the die, the player
makes a move according to the chart below. Each player rolls one die a total of
twenty times.

3. When a player’s turn results in two blood vessels connecting, circle the point of

intersection using the player’s colored pencil.

Roll of 1 or 2 Extend one segment of short distance (leg of right triangle) (e.g., 1)

Roll of 3 or 4 Extend one segment of long distance (one hypotenuse of right triangle)
Roll of 5 Branch using two segments of either kind (one leg and one hypotenuse of a

right triangle or two hypotenuses)

Roll of 6 Mark a new starter endothelial cell on the existing blood vessel. Do not

extend or branch in any direction on this turn

Legal moves During any roll of the die, the player CAN move:

from their selected starting cell on their main blood vessel to a neighboring
point that is forward or diagonal to the right or left;

from the tip of a new blood vessel to a neighboring point that is forward or
diagonal to the right or left;

from the tip of a new blood vessel to connect to the opposing player’s blood
vessel at a dot on the game board or on the opposing player’s main blood
vessel, and the player who connected the blood vessels together draws a circle
around the connection

Illegal moves During any roll of the die, the player CANNOT move:

backwards (towards your own main blood vessel);
sideways (parallel to your main blood vessel);
circling blood vessel connections that do not occur on a game board dot

The game ends when each player has rolled their die 20 times.

How to Win the Game Assign 10 points to the player that has:

the greatest number of circled connections between distinctly growing blood
vessels

the blood vessel with the greatest number of contiguously connected dots

the greatest number of blood vessels that begin at different starting cells

The player with the most points wins the game. (Scoring sheet attached.)
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Scoring sheet
Category Name Player 1: Name Player 2:
Game 1 |Game?2 Game3 |Gamel |Game?2 |Game3
10 points: player with the
greatest number of circled
connections
10 points:
player with the blood vessel
that has the greatest number of
contiguously connected dots
10 points:
player with the greatest
number of blood vessels that
begin at different starting cells
GAME TOTAL
Winner of Game 1: with points
Winner of Game 2: with points
Winner of Game 3: with points
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After You’ve Played the Full Circuit Game at Least Three
Times...

1. (a) What percent of the time can you expect to lose a turn? How do you know?

(b) What percent of the time can you expect the move to be an extend move?
How do you know?

2. (a) How is time represented in the game?

(b) In the body, sometimes blood vessels have to grow around bone and other
obstacles in the tissue. How is this represented in the game?

(c) In the body, cells give off a chemical distress signal called vascular endo-
thelial growth factor (VEGF, for short) and blood vessels respond to the
chemical signal by growing towards the source of the signal. How is this
represented in the game?

3. Name three qualities of blood vessel growth that could be used to indicate a
healthy network of blood vessels.

Full circuit game board
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Model Creation Activity

Individually

1. Individually, read the attached memo.

INTEROFFICE MEMORANDUM

To: Engineering Team

From: Dr. Cinar, Director of the Center for Tissue Engineering

Date: November 24, 2013

RE:  Method for estimating healthiness of a blood vessel network in porous scaffolds

To advance our research in tissue engineering, we are trying to determine a procedure for measuring the
amount of blood vessel growth and healthiness of blood vessel networks in porous bioscaffolds.

We are asking you to help us by creating a mathematical procedure for scoring these samples based on
the amount of blood vessel growth and the overall healthiness of the blood vessel network. The procedure
will be used to score future samples, when we run lab experiments using other pore sizes, and different
types of material for scaffolds.

To assist in your work, we are providing you with sample images of blood vessel growth in bioscaffolds
from a computer simulation. These images are the fourth week of blood vessel growth for scaffolds with
pore sizes 270 microns, 160 microns, 135 microns, and 45 microns. The images represent 800 x 800
micrometer regions of porous bioscaffolds. This size will be standard in all future experiments, as will the
placement of the host blood vessels at the top and the bottom of the region, and the VEGF source in the
center of the region.

Deliverable: A memo that includes:

e A written description of your mathematical procedure or series of steps that will be used to
determine the amount of new blood vessel growth and score the overall healthiness of the blood
vessel network for all future samples produced in our lab.

e A demonstration of you procedure by applying it to one of the samples provided to you. Please
attach the sample you use to the memo.

Thank you in advance for your attention to this matter.

Getting Started

As a team, answer the following questions:

1. Who is asking you for help?

2. What do they want you to produce?

3. Why does the client want a procedure or a series of steps, rather than a determi-
nation of which sample has the healthiest blood vessel growth?

After answering the above questions as a team and before beginning on your col-
laborative work, spend 3—5 min in silence during which each team member indepen-
dently lists features from the images that could be used to indicate a healthy blood
vessel network. Then, as a team, decide: which features you will include in your
scoring procedure, how you will quantify each feature, and how you will synthesize
those quantities into a single score.
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Sample images of blood vessel growth in porous bioscaffolds
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Appendix D

Template of Implementation Design Sheet

Class Profile:
Constraints specific to this group of students:

Identified
needs for Implementation revisions for
Implementation intended Implementation future similar audience in the
Principle audience support. same context
“Familiarity”
Principle
“Prerequisites”
Principle
“Accessing
Complexity”
Principle
“End-In-View”
Principle
“Alternative
Perspectives”
Principle
Before Implementation.... After Implementation....

1. What do you think will go well? | 1. What went well?

2. What challenges do you think 2. What challenges did you face?

you will face? 3. Based on your observations and data collected during
the implementation, what changes could you make to
the MEA for the next revision of the MEA for a similar
population and educational setting?

Note The National Science Foundation supported the research reported and
described in this chapter. The National Science Foundation (NSF) funds research
and education in most fields of science and engineering. Grantees are wholly
responsible for conducting their project activities and preparing the results for pub-
lication. Thus, the Foundation does not assume responsibility for such findings and
their interpretation. Any opinions, findings, and conclusions or recommendations
expressed in this material are those of the authors and do not necessarily reflect the
views of the National Science Foundation
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Chapter 5

Studio STEM: A Model to Enhance
Integrative STEM Literacy Through
Engineering Design
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Studio STEM: A Model to Enhance Integrative STEM
Literacy through Engineering Design

Interest in science, technology, engineering and mathematics (STEM) during the
middle school years is a predictor of future involvement in those fields (Maltese and
Tai 2010). Science-rich out-of-school programs have the potential to sustain interest
during this formative period. Informal learning programs offer youth opportunities
to engage in meaningful hands-on, minds-on science, often resulting in conceptual
change and more positive attitudes toward science (Schnittka and Bell 2011; Gerber
et al. 2001). Learning activities in out-of-school programs are often designed to be
collaborative in nature, lending to both social and cognitive development while
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providing a safe space to engage with peers and adults other than their teachers
(Durlak et al. 2010). Although out-of-school learning experiences can promote
interest in STEM, there remains much to be learned about how youth engage in out-
of-school programs and the role that more knowledgeable others and technology
play in the process (Evans 2009). A greater contribution could be made if out-school
programs focused on engineering design, an approach increasingly promoted yet
insufficiently investigated.

The value of introducing STEM education programs in middle school curricula
for youth has become an increasingly important issue (Katehi et al. 2009). There is
an ongoing national US agenda to reform science and mathematics education and to
increase youth interest in STEM. Leaders in areas of government, business, and
educational policy have expressed a need for this reform (National Academy of
Engineering and National Research Council 2012). Multiple problems related to
STEM education have been identified, including: US students score lower in stan-
dardized mathematics and science tests compared to students in many other coun-
tries, an insufficient number of students pursuing STEM careers, and a lack of
diversity within STEM fields (Moore and Richards 2012).

Attracting youth to STEM fields is necessary long before they apply to college
because many youth formulate ideas about possible careers by adolescence (Riegle-
Crumb et al. 2011). By high school, many students’ opinions about science have
been formed and remain somewhat fixed (Archer et al. 2010). Sadler et al. (2012)
found that an important predictor of STEM career interest at the end of high school
was youth’s interest in STEM at the beginning of high school. In another study,
many advanced science students in high school reported that their interest in science
developed in middle school (Maltese and Tai 2010). Further, enrolling in science
and mathematics courses in high school has been shown to predict the pursuit of a
science or mathematics college major in college (Trusty 2002). These findings high-
light the importance of getting students interested in STEM early in their education
and have served as a driving force for targeting this age group for Studio STEM.

This chapter describes Studio STEM, a engineering design-based out-of-school
program with an interdisciplinary curriculum that utilizes a technology-rich con-
text. The goal of Studio STEM is to assist youth in learning about energy conserva-
tion while motivating girls and boys to one day pursue careers in STEM. First, we
describe the role of integrating STEM into out-of-school curricula and the ways in
which research on adolescent youth in the middle grades (ages 11-15) has influ-
enced the development of Studio STEM. Next, we describe the Studio STEM model
and the theoretical underpinnings that guided our program development. Having
completed two years of our program funded by the National Science Foundation
(DRL 1029756), we share preliminary findings of successful implementation of
Studio STEM in rural communities in southwestern Virginia. Finally, we discuss
the ways that Studio STEM has been translated across other contexts and the impli-
cations for the Studio STEM model as a way to re-conceptualize STEM education
inside and out of schools.
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The Challenges of Adopting Integrative STEM Curricula
for Middle School-Aged Youth

By adolescence, many youth have begun to formulate ideas about future career pos-
sibilities, likely making educational choices that correspond with these ideas about
their futures (Reigl-Crumb et al. 2010). Decisions about career futures are based in
part on the values that students place on the topics (Does it seem interesting, impor-
tant, or rewarding?) (Eccles 2005; Osborne and Jones 2011) and the degree to which
students believe that they can be successful in activities related to that topic (Eccles
2005). These values and expectancies can be influenced by teacher feedback and
encouragement (Chouinard et al. 2007), interactions with peers (Fraser and Kahle
2007), and experiences outside of the school setting. Studio STEM was developed
around the notion of providing designed opportunities for positively influencing
values and expectancies to foster identification with science and engineering
(Schnittka et al. 2012).

During this period in which career aspirations are formed, interest in science,
engineering, and mathematics often wanes (Kanter and Konstantopoulos 2010). In
fact, Maltese and Tai’s (2010) work suggests that students who report a strong inter-
estin science by grade eight are significantly more likely to go on to a science career
than those students who do not report similar strong interests. As interest decreases,
so does enrollment in high school science and mathematics classes. Those course
decisions in high school often limit access to STEM majors in college (Tai et al.
2006). Success in middle school and high school mathematics may, in particular, act
as a filter that limits access to other STEM fields (Evans and Biedler 2012; Shapka
et al. 2006).

For youth from rural, low-income communities, positive experiences with sci-
ence outside the classroom are often limited. As an example, parents might not be
able to offer advice about career options, and youth might draw their understanding
of science careers from television shows, social media, or textbooks. Consequently,
out-of-school programs have the potential to narrow this gap by offering middle
school students opportunities to engage in STEM curriculum in ways that extend, or
provide different types of experiences than, classroom curricula. These program
choices show promise in creating experiences in which youth can make personal
connections to scientific language, ideas, and methods (Barton and Tan 2010; Rahm
2008). Studies of out-of-school science and engineering programs suggest that
hands-on, inquiry-driven experiences potentially increase enthusiasm about science
(Rahm et al. 2005), expand youth’s understanding of career options (Markowitz
2004), and help youth to understand the role that science plays in their everyday
lives (Barton et al. 2008). These experiences are enhanced and extended when more
knowledgeable peers serve as mentors, and youth have unfettered access to social
network forums and mobile technologies to deepen meaningful, academically ori-
ented discourse (Evans et al. 2014a, d).
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Cognitive, Social, and Affective Justifications
for Integrative STEM

Integrative STEM is by nature fundamentally associated with context-bound, rele-
vant problems connected to the everyday life of youth. When developing STEM
programming, we take into consideration problems to which youth can relate. By
focusing on open-ended real life problems, Studio STEM examines energy sustain-
ability, a pressing issue in the coal country of southern Appalachia. Similarly,
Diefes-Dux et al. (2004) have argued that for students to benefit from STEM design-
based instruction they need more experience in working with real-life problems
through Model Eliciting Activities (MEAs). This approach in engineering provides
students with real-world, context driven problems and supports the development of
higher-thinking skills. MEAs use open-ended problem solving that foster concep-
tual development through creative design, model testing, and re-design, which con-
sequently extends the learner’s thinking. Moore et al. (2013) also describe how
modeling through MEAs is a social practice that requires students to externalize
their thinking and to adequately communicate their emerging ideas about their
design. Thus, we argue that integrative STEM should take into account the affective
domains — the ways that youth relate to a problem that is meaningful in their lives,
as well as how youth work together to externalize and communicate their emerging
ideas and conceptual knowledge with others (Deater-Deckard et al. 2013).

Integrative STEM education is based on the idea that real-world issues require
multiple perspectives, skills, and knowledge to be productively addressed (Wang
et al. 2011). Integrative STEM can have positive effects on youth achievement,
especially at the K-12 level. The largest effects are seen when all four components
of STEM are integrated, though the relative weight of those components could vary
depending on context and intent (Becker and Park 2011). Although there is still
some debate about what defines true STEM integration, Morrison (2006) empha-
sizes a combination of problem solving, innovation, invention, and logical thinking.
A dominant theme in the literature is that integrative STEM involves problem solv-
ing and inquiry (Wang et al. 2011), two key aspects of all curricula developed for
the Studio STEM project.

Using a social constructivist approach, Studio STEM utilizes in-service teachers
(site leaders), and engineering and science undergraduates (who act as facilitators),
to work with Studio STEM youth using a curriculum with real-life problems in
energy sustainability. Our program emphasizes: (a) a content-rich curriculum that
links students to their environment; (b) support and scaffolded discussions with
mentors; and (c) an online network that supports the creation and maintenance of
relationships. The informal character of this program allows students the freedom to
explore and self-identify with topics.

Studio STEM is designed to introduce rural, at-risk youth from low socioeco-
nomic level communities to topics in science and engineering through engineering
design-based activities facilitated by undergraduate mentors from related disci-
plines (Evans et al. 2014a, d; Schnittka et al. 2012). Youth are introduced to
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background information about an energy issue and its effect on an animal or eco-
system. Information is presented through information and communication technol-
ogies (ICTs) with video clips, audio, and images that can be presented in lecture or,
in more recent iterations, via a webquest format that allows for self-directed inquiry
on a need-to-know basis. Youth are encouraged to contemplate the impact that
humans and human-made technologies might have on the planet and ecological sub-
systems comprised of humans and other living creatures. This approach is designed
to relate the academic material more strongly to youth on a personal level, which
has demonstrated to influence their engagement with the project (Evans et al.
2014a). Science concepts are presented in the form of hands-on experiments and
demonstrations. Youth are challenged to design and construct an artifact of some
sort, depending on the curriculum. For example, in the case of the Save the Penguins
curriculum a dwelling is constructed from materials that include wood, cotton, and
Mylar. Groups are given a limited “budget” that participants may use to purchase
such materials to construct these artifacts. Through an iterative design process,
attentive youth correct errors to improve earlier prototypes. Design is the iterative
selection and arrangement of elements to form a whole by which individuals create
artifacts, systems, and tools intended to solve a range of problems.

Teaching STEM content using engineering design is a potentially powerful
instructional method appropriate for out-of-school, informal settings. When youth
identify a problem, consider options and constraints, and then plan, model, and test
multiple iterations, they are engaged in higher-order thinking skills. Design-based
learning engages youth as critical thinkers and problem solvers and aides in produc-
tively and purposely using science and technology as means to greater ends (Honey
and Kanter 2013). Added to this curricular mix is the scaffolding provided by site
leaders (teachers and experts recruited from the base school or local community)
and facilitators (STEM undergraduates from a nearby university). The role of site
leaders is to serve as “conduits” for the content and pedagogy developed by STEM
educators, educational psychologists, and learning scientists who lead Studio
STEM. The role of facilitators is to probe and guide youth without lecturing or
merely providing answers (Evans et al. 2013). A social networking forum (SNF),
Edmodo, provides a platform where individuals can communicate with teams on-
site or elsewhere to ask self-generated questions, share design prototypes, and serve
as emergent experts of topics or tools associated with a particular curriculum. The
design of Studio STEM has benefitted from prior investigations into knowledge
building communities and intentional learning environments (Evans et al. 2014d).

In Studio STEM, meaningful activities, social practices, discussion, and collab-
orative meaning making are inextricably linked and are fundamental to the learning
of science and engineering, on-site and online. As site leaders, facilitators, and
youth engage in attempts to identify and resolve design problems within the space
of the studio, they develop social norms, participate in discussions, and use techno-
logical tools while making sense of the design problems that are presented to them
(Evans et al. 2013). The goal of Studio STEM is to encourage a community of learn-
ers in science and engineering who use technological tools and social media in the
design process. Technological tools are also important as youth learn to effectively
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communicate their emerging design ideas and conceptual understanding as they
begin to self-identify with science and engineering. We contend that these kinds of
out-of-school experiences assist youth in seeing themselves as capable of doing sci-
ence and engineering, and thus, more likely to pursue STEM careers as they prog-
ress in formal schooling (Schnittka et al. 2012).

Scientific, Technological, and Engineering Literacy
in Studio STEM

Students’ ideas about energy begin at a young age and are transformed through
experience and education. The term energy is used informally in everyday language
so often, that the scientific meaning is often obscured. Youth may think about hav-
ing enough energy to get through a school day or think that energy is a fluid that
flows from one place to another to make things work, like juice or electricity or
gasoline. They may think energy sources are unlimited, and not even think about
what happens for their lights to work. Without a basic understanding of energy, a
more complex understanding of energy transformations, energy security, and energy
sustainability is untenable. Studio STEM includes explicit interventions that are
designed to target misconceptions that youth might have about the science of energy,
which can help them become more literate in science, technology, and engineering
along the way. Though one aim of Studio STEM is to encourage more youth into the
STEM workforce pipeline, another aim is to improve STEM literacy in general
because it is a more broadly achievable goal for many youth. Youth from poor, rural
communities that do not have a tradition for movement to postsecondary education
or professional degrees and occupations cannot be expected to change within the
scope of this project. Nevertheless, there is a higher probability that these youth,
their parents, and the surrounding communities will be open to becoming more lit-
erate about STEM that could have immediate impact in two-year college settings
and satisfy local employment needs.

Energy Sustainability and Concepts of Energy Conservation Energy literacy
encompasses understanding what energy is and where energy comes from. Energy
literacy is vital because it leads to informed decisions about energy use at home,
consumer choices, and to national and international energy policies. “Current
national and global issues such as the fossil fuel supply and climate change high-
light the need for energy education” (ED 2012, p. 4). Energy literacy takes three
forms, and involves cognitive constructs (knowledge about the science and technol-
ogy), affective constructs (attitudes), and behavioral constructs; all three help citi-
zens make informed decisions about energy use (Dewaters and Powers 2011).
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Recently STEM educators have issued the call for more curricula and teaching
that emphasizes a critical “place consciousness” in which youth’s attachments to
location are examined in terms of economic, environmental, and cultural sustain-
ability (Aikenhead et al. 2006; Gruenewald 2003). In what ways can youth partici-
pate and imagine themselves as being connected to issues surrounding energy
sustainability that seem remote and distant from their own experiences? Moreover,
how can out-of-school programs encourage youth to link local practices to a global
perspective of environmental sustainability? Yet, the dilemma of how to connect
rural youth who have rarely ventured far from their local context to consider global
environmental concerns has typically gone unaddressed in educational research.
Although science educators advocate an approach that emphasizes placed-base edu-
cation (Sobel 2004), through Studio STEM we offer one demonstrable approach to
expand the awareness of rural youth to understand the global environmental issues
far beyond their immediate experience, leveraging social media and mobile tech-
nologies as one example toward of this goal.

“Save the Animals” Theme The Save the Animals curriculum used in Studio
STEM was designed to encourage youth to recognize how their energy behaviors at
home might affect animals all over the world. Most youth do not realize that elec-
tricity is primarily produced by burning coal and that transportation primarily relies
on fossil fuels, a matter of deep importance in rural Appalachia where Studio STEM
is currently offered. The fossil fuel energy used in power plants and transportation
has been linked to increased levels of carbon dioxide in the atmosphere, which, in
turn, is having widespread effects on life on Earth (Gross 2005; Jenouvrier et al.
2009). When engineers design better building materials to conserve energy, and
when builders use these materials, it has the potential for positive impacts on the
environment. When engineers consider alternative sources of energy for transporta-
tion or electrification, the environment benefits. With a finite supply of fossil fuel
energy, energy security represents the ability we have as a society to be more self-
reliant on energy sources that are clean and readily available, such as sunlight, wind,
and things that naturally fall; such as rain and water. This is the problem presented
to youth: given requisite knowledge of science and engineering, how we can think
about alternative sources of energy at home, and conserve energy to reduce the
impact of CO, emissions on the environment? The theme of saving animals was
chosen after the first curriculum module was used in Studio STEM, Save the
Penguins. Afterwards, students reported that they wanted to save more animals, so
subsequent curriculum modules were modeled on that theme, including saving
snails and slimy creatures, seabirds, and the black-footed ferret. We have found that
affection for animals, and empathy for caring for them, brought out an aspect of
human emotion that motivated the youth to learn the concepts and complete required
designs.
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The Studio STEM Model

Theoretical and Research-Based Foundations

Studio STEM is grounded on the premise that learning is the result of social produc-
tion and communicative acts. Learning requires youth to engage in dialogue and
involves being assimilated into a new discourse community that includes new con-
ceptual objects, signs, terms, technology, and phrases for which the learner has no,
or little previous experience. As youth and their instructors undertake STEM inquiry
in the design studio, their discussions introduce youth to the implicit and explicit
rules of science practice and engineering design that are accepted by the wider
STEM community. These social practices — for instance, conducting a fair test —
involve fostering new mental habits and ways of thinking that are connected to the
learner’s sense of self, motivation, and identity as a participant in the learning com-
munity. Similarly, science discourse communities are found beyond the classroom
walls: afterschool science clubs, science centers and museums, or interactions at
home conducting a hobby are contexts where learners become assimilated into sci-
ence discourse communities (Brandt et al. 2011). Consequently, Studio STEM
draws upon theory and research from science education, technology, and educa-
tional psychology that offer socially situated, positive and motivating activities for
learning.

Scientific Inquiry and Conceptual Change The curriculum designed for Studio
STEM is founded not only on the principles of engineering design, but also on the
principles of scientific inquiry and conceptual change in science. Scientific inquiry
involves answering a scientific question through data analysis (Bell et al. 2005).
Throughout each curriculum module, youth are engaged in inquiry activities: they
measure voltage to determine which solar panel to use, they mass cubes to see
which motor pulls the strongest, they measure temperature to see which insulator
blocks heat transfer the best, and they measure time to see how their gear train slows
down the descent of a water bottle. The data they collect is analyzed to answer sci-
entific questions that inform the engineering design. Called “predictive analysis” by
Merrill et al. (2009) because the scientific results of inquiry questions predict the
success of a design, it is often the first component to be left out of the design process
in K12 curriculum (Gattie and Wicklein 2007; Katehi et al. 2009).

Although scientific inquiry has been linked to gains in science understandings
(Anderson 2002), the ways in which inquiry is implemented are crucial to its effec-
tiveness. The ultimate goal, other than having students learn and practice process
skills, is to promote deep science learning through conceptual change. Conceptual
change is the process by which students’ naive or preconceived notions about how
the world operates are identified, targeted, and re-formed. Conceptual change the-
ory has been an active area of discussion in the science education literature for
decades (Driver et al. 1985; Osborne and Freyberg 1985; Driver et al. 1994; Duit
and Treagust 2003). Before a person’s naive conceptions are modified to be more in
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line with current scientific thought, the person must consciously become dissatisfied
with their current ability to explain or act. Once this awareness of dissatisfaction is
present, the person is ready to accept an alternative, scientifically rigorous explana-
tion for natural phenomena. The new explanation must make sense, and fit within
the network of scientific ideas already accepted by the person (Strike and Posner
1982). One successful method for identifying and targeting youth’s naive concep-
tions is to present discrepant events: events that were predicted one way, but turned
out another way. For example, youth may believe that aluminum foil wrapped
around a cold can of soda helps keep the can cold or believe that aluminum foil
wrapped around a hot baked potato keeps it hot. When a “more knowledgeable
other” presents data that conflict with preconceived ideas, the cognitive dissonance
can lead to a desire to understand and a willingness to discard former ideas (Hewson
and Hewson 1984; Piaget 1980). In the curriculum used in Studio STEM, inquiry
activities and discrepant events are embedded to provide the conditions necessary
for conceptual change. However, the model for Studio STEM provides the other
vital piece thought necessary for conceptual change- motivation (Dreyfus et al.
1990; Lee and Anderson 1993; Pintrich et al. 1993). The atmosphere of the studio,
the support of the facilitators and site leaders, and the social collaboration with
peers provide the motivation to accept new scientific concepts. These new concepts
are then used to truly use predictive analysis and design more robust artifacts
(Schnittka and Bell 2011).

Technological Literacy and New Media Youth are increasingly accessing the
Internet (Madden et al. 2013) and social networking forums (SNFs) in their per-
sonal lives, making it an attractive area of research for the purposes of education and
specifically, integrative STEM. The incorporation of SNFs into the Studio STEM
curriculum previously examined, is one way in which we have attempted to inte-
grate the technology part of the STEM equation more effectively. The platform,
Edmodo, which serves much like an age-appropriate version of Facebook for
middle-school youth, allows participants a forum to explore the social and cognitive
space of the curriculum and studio, seeking assistance, sharing ideas and iterations,
and offering solutions with peers in the service of collective effort. Most recent
iterations of Studio STEM have incorporated mobile technology by giving students
access to iPads, providing quicker access to SNFs and other online resources, and
providing the ability to photograph and video record designs and processes.

The reasons that youth access SNFs are diverse. However, Ito et al. (2010) have
described three different methods of engagement related to SNFs and other forms of
social media and digital technologies. Collectively, these genres of participation are
referred to as the “hanging out, messing around, geeking out,” or HOMAGO, model.
Hanging out refers to engagement with technology for the purposes of social inter-
action and casual exchange of information. Messing around refers to engagement
for the purposes of experimentation and investigation of topics that youth find inter-
esting. Finally, geeking out refers to engagement for the purposes of discussing
topics of interest in greater depth. It is at this point that youth may contribute as
cyber “experts” in their topic area (Ito et al. 2010). Previous work investigating
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Studio STEM utilizes the HOMAGO model in coding and characterizing the dis-
course of middle school youth through a social networking website (Evans et al.
2014d). Joseph et al. (2010) also utilized the HOMAGO model in examining the
inclusion of SNFs in a library based learning program. The opportunity to interact
with SNFs encouraged students to move from the hanging out form of engagement
to the messing around form of engagement requiring deeper commitment to learn-
ing the material.

While the HOMAGO framework is still relevant and applicable to the examina-
tion of how youth interact through and with SNFs, the “connected learning” frame-
work is perhaps a more recently evolved and appropriate framework for current
research for out-of-school STEM learning (Ito et al. 2013). Connected learning
describes the collaborative nature of learning in digital environments. Social inter-
action paired with interest can result in the increased opportunity for youth to
engage in supported STEM learning. Digital media are promoted as a way to con-
nect the learning environments of school, home, and the community in order to
create more meaningful insight and connections (Ito et al. 2013). This process is
facilitated by the inherent interest that youth appear to have for exploring and engag-
ing with SNFs. The collaborative nature of the connected learning framework is
consistent with the problem-based learning focus of Studio STEM curricula in
which knowledge is shared by a group and applied towards reaching a defined goal
or solving a defined problem. Environments designed for the purposes of problem-
based learning lend well to the integration of technologies including SNFs and tab-
let computers. Collaboration among youth can be important for learning in a
physical learning environment such as the design studio as well as virtual environ-
ment that allows for enhancement and expansion of these experiences.

Through interaction with SNFs, youth may also establish a sense of identity,
which is important overall to engaging youth with STEM and promoting STEM
literacy. Parker et al. conducted a study in which middle school youth were encour-
aged to critically analyze the messages found in advertisements for food. During the
course of the analyses, youth were found to express attitudes consistently and fre-
quently indicating stability and identification with certain healthy eating concepts.
The identification of youth by username and avatar were also contributors to the
establishment of identity. Specifically, the number of comments was logged for
each user resulting in a sort of status hierarchy for those youth who interacted fre-
quently with the system. Our research efforts have produced similar results that
encourage continued use and refinement of the social media and digital tool features
of Studio STEM (Evans et al. 2014d).

Motivation in and Identification with STEM Two key purposes of the Studio
STEM model are: (a) to motivate students to participate in STEM activities and, (b)
to provide foundational experiences that can lead to longer-term identification with
STEM. To motivate students to participate in STEM activities, both the curriculum
and teaching approach are consistent with current motivation research and theory.
To explain how studio STEM activities are motivating, it is useful to compare the
studio STEM design principles with the MUSIC™ Model of Motivation (Jones
2009, 2015) because the MUSIC model summarizes five key research-based
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principles that instructors can use to increase student motivation. The MUSIC model
states that students are more motivated when they perceive that: (1) they are eMpow-
ered, (2) the content is Useful, (3) they can be Successful, (4) they are Interested, and
(5) they feel Cared for by others in the learning environment (MUSIC is an acronym
based on these five principles; see Jones 2009, 2015 for further explanation).

The empowerment component of the MUSIC model refers to the amount of per-
ceived control and decision making that students have over their learning. Students
are more motivated when they feel empowered and have control over their learning
environment. The curricula and teaching approaches used in studio STEM are con-
sistent with the Next Generation Science Standards (NGSS Lead States 2013) that
emphasize student-centered learning environments where active inquiry is a pri-
mary vehicle for learning. When students are active learners, they are empowered
because they are making choices and decisions related to their learning. In the stu-
dio STEM model, instructors and facilitators serve as guides to support youth in
their decision-making processes. As they engage in solving the problems, learning
is self-directed to a significant degree and students learn skills and facts as they
progress through the process of solving the problems (Boud and Feletti 1997). The
informal nature of the studio STEM model can also contribute to students’ feelings
of empowerment. In the informal learning environment of studio STEM, students
are not in a formal schooling environment where they are provided with grades and
subjected to high-stakes tests that can lead students to feel external pressures and
reduced autonomy (Jones et al. 2003). In contrast, they are able to have more choices
and feel less constrained by external pressures.

The usefulness component of the MUSIC model involves the extent to which
students believe that the coursework (e.g., assignments, activities, readings) is use-
ful to their short- or long-term goals. The studio STEM curriculum presents prob-
lems that are relevant (i.e., valuable, important, and useful) in today’s world; and
thus, students should perceive the curriculum to be useful to their own goals.
Through the studio STEM curriculum, students learn science and engineering con-
cepts that may be useful to their current schoolwork and/or their future career plans.
Moreover, the use of real-life problems allows students who have been historically
underrepresented in STEM to apply learning to their lived experience. Basu and
Barton (2007) have argued that students from low-SES communities develop a sus-
tained interest in science when learning experiences are connected with their own
futures and when students can envision their role in solving real-life problems.
These authors and others (e.g., Fusco and Barton 2001; Seiler et al. 2001) note that
a sense of one’s ability to act on real-life problems and their perceptions being use-
ful in the problem-solving process were centrally connected to the ways that stu-
dents began to see a future in STEM careers. A report on informal science learning
by the National Academy of Science (Bell et al. 2009) concluded that learners thrive
in informal settings where their needs and experiences are valued and where adult
mentors and facilitators play a critical role in supporting science learning. In a
sense, Studio STEM provides a “practice field” (Barab and Duffy 2000; Senge
1994) where learners can engage in activities that simulate the ones they would find
in the real world.
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The success component of the MUSIC model is based on the idea that students
need to believe that they can succeed if they put forth the appropriate effort. Studio
STEM is designed to support student success in a variety of ways. The curriculum
was designed specifically for middle school students by including activities that
could be reasonably completed by this population. This is important because stu-
dents feel successful when they complete challenging activities. To help ensure that
students feel successful, the Studio STEM model allows students to work together
and with facilitators who can guide their experiences and help them navigate chal-
lenges as they solve problems. Further, the engineering design model used in Studio
STEM allows students to try things, test them, redesign them, and try them again.
Thus, this process serves as a safe place for students to explore and try new ideas.
Being unsuccessful is okay because it is part of the design process. As an example,
in the Save the Penguins curriculum, students solve the problem of how to keep
penguins from becoming warm by designing a home for them that reduces heat
transfer. After the youth complete their initial design of the house and test it under
the heat lamps, the youth discuss which design features worked well and poorly and
they are provided with feedback from peers, facilitators, and the instructor to use in
the redesign of their home. After the redesign, they test it again, share their results,
reflect on what they learned, and document their findings (in text and image) in
online blog.

The interest component of the MUSIC model includes situational interest, which
refers to the immediate, short-term enjoyment of or interest in instructional activi-
ties. To interest students, Studio STEM uses a curriculum that involves solving
problems related to saving animals. Results from research studies (e.g., Baram-
Tsabari and Yarden 2009; Schnittka et al. 2012) indicate that many middle school
students are interested in topics related to animals and environmental issues affect-
ing animals and humans. An important component of interest is emotional engage-
ment (Hidi and Renninger 2006) and the Studio STEM model is designed to
stimulate emotional engagement by eliciting concern from students about wanting
to save and protect the animals. Further, the curriculum is designed to elicit emo-
tions such as excitement and empathy through the types of activities presented. Part
of this excitement can be attributed to the novelty of the activities used in Studio
STEM. Many of these activities and technologies are ones that students will not
have encountered previously. For example, students use information and communi-
cation technologies (ICTs) similar to popular social media sites.

The caring component of the MUSIC model includes the degree to which stu-
dents believe that the instructor cares about their well-being and whether they suc-
ceed in the coursework. Student interaction is highlighted in the Studio STEM
model through the groups in which students work and the design studio that is used
as a model for introduction. Ideally, these pedagogical elements allow for positive
student interactions where students can help one another in a manner that allows
youth to feel cared for by not only the instructor and facilitators, but also by their
peers. In addition, the ICTs allow youth to communicate with their peers and more
knowledgeable others on a regular basis. Such communications should also lead
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students to feel cared for and supported in their learning. Finally, the facilitators are
trained to work with the youth in a manner that fosters academic caring.

In addition to motivating students to participate in STEM activities, Studio
STEM is designed to provide foundational experiences that can lead to identifica-
tion with STEM fields. Identification with a domain, such as science or engineering,
has been defined as the degree to which an individual values the domain as an
important part of the self (Osborne and Jones 2011). Being identified with a domain
is important because higher domain identification has been linked to outcomes such
as higher GPAs (Osborne and Walker 2006), amount of deep cognitive processing
of course material and self-regulation (Osborne and Rausch 2001), grade point
average and academic honors (Osborne 1997), and behavioral referrals and absen-
teeism (Osborne and Rausch 2001; Osborne and Walker 2006). Conversely, a lack
of academic identification has been shown to be related to a variety of negative
outcomes, such as problem behavior (Gold and Mann 1984), lower GPAs (Osborne
1997), school absenteeism (Reid 1981), and dropping out (Elliot and Voss 1974;
Osborne 1997). The process through which students become identified in STEM
fields involves many factors and includes those that are part of the formal educa-
tional curriculum and those that are outside of formal schooling contexts. For exam-
ple, Osborne and Jones (201 1) discussed several factors that can influence a student’s
identification with an academic domain, including group membership (race, gender,
social class); family, peers, and community environment; school climate; and for-
mal and informal educational experiences.

We contend that Studio STEM can affect youths’ identification with STEM
fields in a manner similar to that proposed by Osborne and Jones (2011) and pre-
sented in Fig. 5.1 as a simplified version of that model. Researchers have documented
that the five components of the MUSIC Model of Motivation not only motivate and
engage students in activities, but also can lead to increased identification with a
domain (see Jones et al. 2014, for evidence in engineering; see Jones et al. 2015a,
for evidence in science; see Osborne and Jones 2011, for a general discussion). That
is, youth can begin to identify with a domain when they (a) believe that they are
empowered to act with some autonomy within it, (b) believe that the domain is use-
ful to their goals, (c) believe that they can succeed in it, (d) are interested in it, and
(e) believe that they are cared for in a supportive environment (Jones 2009).
Figure 5.1 shows that the pedagogical approach used in Studio STEM can affect
students’ identification with STEM fields and their goals and beliefs (about their
abilities, interests, and utility value in STEM fields). These factors can then affect
students’ choice of activities and future class selection (e.g., physics, calculus), level
of engagement in STEM activities, and academic outcomes, such as their level of
success in STEM activities. In Fig. 5.1, the arrow from academic outcomes back to
the other factors indicates that these outcomes also affect students’ domain identifi-
cation, goals, beliefs, choices, and effort. As an example, students who are success-
ful in science activities will likely believe that they have a higher level of science
ability than students who are unsuccessful. In sum, this figure provides a conceptual
model of how the Studio STEM curriculum and pedagogy can affect youths’ STEM
identification. Because of the many factors that can affect a youths’ domain
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Fig. 5.1 Model of how Studio STEM can affect students’ identification with STEM fields
(Modified from Osborne and Jones 2011)

identification, it is unrealistic to expect all of the youth who participate in studio
STEM to be highly identified with a STEM field. However, we believe that even the
students who do not become highly identified with the STEM field can take away
several positive outcomes from participating in Studio STEM, such as: enrolling in
future STEM-related courses, considering the possibility of a STEM career, feeling
more confident in their STEM-related abilities, having an increased value and
appreciation for STEM-related activities and fields, becoming a more informed citi-
zen who is involved in and cares about STEM-related issues that affect their com-
munity and world.

Facilitation and Discussion In a previously published account (Motto et al. 2011),
an informal science educator, who was a doctoral student, acted as site leader for an
iteration of Studio STEM. She guided the weekly sessions, serving primarily to
ensure that milestones in the curriculum were reached according to the prescribed
timeline. Small group activities were facilitated by undergraduate science and engi-
neering students from a nearby large public research university. Each undergraduate
mentor worked with two or three youth participants. Specific interactions that took
place within these small groups were the focus of that study.

One goal of the Studio STEM program was to provide youth with support and
mentoring from undergraduate students from the local university. In this rural, low-
income community, youth had inadequate exposure to higher education; thus, the
university students acted as positive role models, perhaps, making college seem a
tangible possibility. According to Rhodes (2004), “Faced with fewer curricular
demands than teachers, afterschool staff are often afforded unique opportunities to
engage in the sorts of informal conversations and enjoyable activities that can give
rise to close bonds with youth” (p. 146). Intentionally, this feature was designed into
Studio STEM.

Influenced by Rogoff’s (1990) concept of guided participation, Studio STEM
provides opportunities for youth to be guided by older, more experienced, and more
knowledgeable others, to positively influence their academic and social skills. The
undergraduate students provided one-on-one and small group guidance, kept youth
focused on the goals of the project, and supported conceptual understanding. Youth
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also benefited from exposure to and interactions with mentors who acted as role
models from STEM-related fields (Schnittka et al. 2012).

The resource constraints imposed on recruitment for Studio STEM, nevertheless,
meant that mentors might have had minimal experience as teachers or coaches,
receiving only requisite training in small group facilitation as a condition of partici-
pating in the program. As such, the approaches used to guide and support youth can
vary, which is of interest analytically and practically to the investigators. As antici-
pated, the elicitation strategies used by each mentor influenced the ways that youth
made meaning and engaged in the design process. Thus, investigators determined
that a micro-level analysis of those elicitation strategies could assist in understand-
ing the role of mentors in youth engagement and serve to inform mentor training in
subsequent iterations of the project. This in turn, may provide insights for similar
afterschool STEM learning programs.

Curricular Principles and Examples A pilot version of Studio STEM, using
Save the Penguins was reported as an 8-week unit designed to guide youth to under-
stand environmental issues through an exploration of heat transfer, thermodynam-
ics, and engineering design in an afterschool studio setting (Schnittka et al. 2012).
Youth worked with undergraduate mentors from a nearby large research university
to construct, test, re-assess, and re-construct miniature “dwellings” designed to
insulate penguin-shaped ice cubes from a radiant heat source. Through collabora-
tive, problem-based learning, enhanced by personal blogs and team wikis, students
participated in weekly activities that allowed them to identify with STEM topics
and disciplines. In doing so, they developed an understanding of the ways in which
energy consumption at home may impact the global climate, and created strategies
for improving energy efficiency in their own homes. By exploring materials and
processes related to energy transfer, environmental issues, and impact on other liv-
ing organisms, the curriculum encouraged students to:

* Make connections between the natural and designed worlds;

* Interact with students and professionals in science and engineering fields;

» Understand the influence actions can have on the local and global climate; and

* Understand the role that science, information and communication technologies,
and engineering play in the improvement of local and global conditions.

During the first sessions of the club, youth were introduced to current living
conditions of Antarctic wildlife, and how their own lives are connected to the global
environment. In the second and third sessions, youth observed discrepant events
involving the transfer of heat through various media (plastic, metal, fabric), and
made connections between the physical properties of those materials and energy
conservation in their homes. Youth were then tasked with designing a “dwelling”
that could prevent a penguin-shaped ice cube from melting under extreme heat. In
the next several sessions, youth worked in small groups with undergraduate mentors
to research online their topics, design and test multiple iterations of penguin houses,
and reflect on the results. The final two sessions were devoted to reporting their
findings through storyboards, self-directed videos, and multimedia presentations.
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Throughout the 8-week unit, participants were encouraged to document and
exchange their experiences via wiki entries and blog posts hosted on the project-
dedicated learning management system. The online platform served as a data repos-
itory for participant work and data source for investigators.

Assessment and Evaluation Protocols We have employed both formative and
summative evaluations to assess the success of Studio STEM. The formative evalu-
ation has focused on the implementation of Studio STEM and has included a mixed
methods approach (Cresswell and Plano-Clark 2007), combining surveys of stu-
dents, site leaders, and facilitators; observations of program activities; student focus
groups; and interviews with facilitators. Specific formative evaluation questions
have focused on students and site leaders, including: (1) To what degree does the
professional development of facilitators and mentors prepare them for teaching the
curriculum? (2) Are learning objectives clear and guiding for facilitators? (3) Which
activities do facilitators find easy or challenging to implement, and what adaptations
do they make? (4) What supports and resources are available to implement the pro-
gram effectively and are there additional needs? (5) Does ICT become a fluid com-
ponent of the design and inquiry processes for students? (6) Do the activities address
students’ prior conceptions constructively? The formative evaluation describes the
implementation of Studio STEM, generates hypotheses about the mechanisms by
which Studio STEM generates effects, and outlines the contextual constraints within
which the program operates and must address. In addition, the evaluation describes
the role of site leaders in Studio STEM, and evaluates the preparation they require
to effectively support students’ participation in program activities.

The summative evaluation has addressed the short-term outcomes that are within
the scope of the program’s period of implementation:

1. To what extend did Studio STEM participants develop an understanding of key
concepts in energy and the environmental impact of energy production and use?

One of the most important aspects of the Studio STEM curriculum was the ways
in which the conceptual content was folded into the design activities. Students either
had to think about the science ideas and use them as they developed and improved
their design solutions, or science ideas became evident in their engagement with the
designs. Students grappled with the content in their work on the designs. They had
to think about the science content to solve problems. They grappled with conflicting
ideas and misconceptions. While we currently don’t have content learning outcomes
to report on, we can nevertheless infer that students had vivid experiences with the
concepts, had their misconceptions challenged, and presumably have real experi-
ences to fall back on as they encounter similar conceptual content in other settings
to solidify their learning. For example, in the Penguins unit, students explored dif-
ferent types of materials to insulate their penguin dwellings and had to take into
consideration conceptual ideas around heat transfer.

2. To what extend did Studio STEM participants develop skills, such as engineering
design, experimental design, applied math, and technological fluency with digi-
tal tools?
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The qualitative data strongly show, however, that Studio STEM provided con-
vincing opportunities for students to learn engineering skills. Students spent consid-
erable time problem solving, iterating on their design, and having discussions with
each other about the process. Site leaders and facilitators consistently reported that
students improved their skills with the design process. Students also described what
they were doing as engineering, according to staff. Staff said that students used
information about content and what they were learning through the process to
improve their designs as well. Interview data also showed that many students viewed
the idea of failing as a productive part of the process, and that they were willing to
work beyond mistakes and failures in spite of often feeling frustrated. In other
words, the qualitative data suggest that students learned persistence — or at the very
least had ample opportunities to experience the positive results of persisting — which
is an important part of the engineering design process as well as learning in
general.

3. To what extend did Studio STEM participants, including girls, gain greater inter-
est in and identification with STEM-related subjects or careers?

Our findings indicate that the program did positively impact students’ choice of
STEM careers. McNemar tests conducted indicated a significantly larger number of
students chose STEM careers in the post-test than they did in the pre-tests (y*=7.117,
p<.05). And these changes were more prominent among girls (y*=6.4, p<.05) than
boys (y*=1.284, n.s.). In conclusion, thus, the Studio STEM program positively
impacted girls, who are historically underrepresented in STEM fields, to show more
interest and identify with STEM-related careers. Some of these jobs they listed
include the following: ecologist, accountant, veterinarian, video game designer,
computer programmer and scientist. Clearly, these were girls that previously did not
identify with STEM before, opting for becoming a writer, ranch owner, fashion
designer and police officer. Furthermore, boys were not more likely to choose
STEM careers over girls either at pre-test (n=37 for girls and n=53 for boys at
pretest, y*=2.159, n.s.) or at post-test (n=45 for girls and n=56 for boys at pretest
x*=.111, n.s.), thus indicating that there was no gender difference among students
choosing STEM careers at pre or post-test.

4. To what extend did site leaders and facilitator become more knowledgeable of
the concepts targeted by Studio STEM and more confident of their ability to sup-
port student learning of these concepts?

When considered across all five implementations of the Studio STEM curricu-
lum, the feedback and interview data overwhelmingly show that site leaders and
facilitators across all three sites reported high levels of satisfaction with and confi-
dence in implementing the curriculum as a result from participating in the profes-
sional development trainings. At the same time, in terms of content knowledge and
adequate preparation for facilitating the designing the activities, the PD did not
always suffice to provide site leaders and facilitators what they needed. These issues
will be discussed in more detail below. The role of the curriculum coordinator was
very important for staff as they frequently turned to her for advise on implementation
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and instructional problem solving, which has some implications for possible efforts
to scale a curriculum like this to more sites and students. We also found that site
leaders’ and facilitators’ backgrounds and different types of expertise made an
important difference.

Assessing students’ motivation in an informal, afterschool, inquiry environment
can be challenging. To address this challenge, we used a version of the MUSIC
Model of Academic Motivation Inventory (Jones and Skaggs in press) that was
designed to assess youths’ motivation-related beliefs for the five key components of
the MUSIC Model of Motivation (Jones 2009) using the following constructs:
autonomy for the empowerment component, utility value for the usefulness compo-
nent, expectancy for success component, situational interest for the interest compo-
nent, and caring for the caring component (the inventory and other assessments are
available at www.theMUSICmodel.com). Jones and Wilkins (2013b) examined the
use of this inventory with over 300 fifth-, sixth-, and seventh-grade youth and found
that the inventory produced valid scores. The inventory consists of 18-items that are
rated on a 6-point Likert-type scale and includes three or four items for each MUSIC
component. We have administered the inventory at the end of each Studio STEM
curriculum unit and asked the youth to report their perceptions with respect to the
Studio STEM activities in that unit. An example item for the interest component of
the MUSIC model is: I enjoyed completing the Studio STEM activities (rated from
strongly disagree to strongly agree). By querying youth about their perceptions
across five important motivation-related constructs for specific curriculum units, we
have documented youths’ motivation in a manner that provides useful data without
taking a lot of time away from the program curriculum. The data is easily analyzed
by computing averages for each MUSIC component.

To complement the quantitative data obtained from the inventory, we collected
qualitative data by interviewing students on a range of motivation-related beliefs.
Some semi-structured interview questions were designed specifically to address stu-
dents’ beliefs related to each of the MUSIC model components about certain cur-
riculum units and others were more open-ended to assess students’ beliefs about
science and engineering more generally.

Projects Similar to Studio STEM Studio STEM is but one project out of many
recent concerted efforts to leverage afterschool and other out-of-school settings to
enhance STEM learning and literacy. Afterschool learning environments offer many
advantages over formal classrooms for engaging students in STEM material. For
example, afterschool instructors may not be compelled to cover topics mandated by
state or national educational standards. The time allotted and pacing is generally
more flexible, allowing youth to explore and develop new ideas at an individualized
pace. Also, afterschool environments are non-evaluative, meaning that students are
able to experiment with STEM ideas without the pressure of grades or following a
regimented procedure (Bevan et al. 2010). The collaborative nature of informal
environments broadens participation by allowing youth to share ideas and prior
knowledge, as opposed to instruction delivered primarily through lectures and indi-
vidual assignments (Bell et al. 2009).
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To shift students’ thinking from fact memorization to thinking like scientists and
engineers, youth can benefit from participating in programs that allow them to
explore, ask questions, solve problems, and think critically (Asghar et al. 2012).
This is important because engineers apply content knowledge and cognitive skills to
an ill-structured problem through the process of designing, analyzing, and trouble-
shooting (Brophy et al. 2008). In fact, numerous STEM programs already explicitly
or implicitly use this engineering design process to create the opportunity for self-
guided inquiry and application of science knowledge to a real-world problem
(Bevan et al. 2010; Bouvier and Connors 2011; Brophy et al. 2008). Because it is
consistent with the engineering design process, problem-based learning (PBL) is an
instructional strategy that fits well into the goals of STEM education. PBL involves
experiential learning through the investigation, explanation, and resolution of mean-
ingful problems (Barrows 1998; Torp and Sage 1998). The design, test, and rebuild
process that engineers use parallels PBL. In PBL, youth work collaboratively in
groups, while a teacher acts as a facilitator to guide learning. Youth learn what is
needed to solve the problem, analyze the problem, and subsequently consider pos-
sible solutions. Then they identify what it is they do not know, gather new knowl-
edge, and apply this new knowledge to reform the hypothesis (Hmelo-Silver 2004).
Studio STEM uses the method of PBL in an afterschool, informal learning environ-
ment by having youth work to solve an open-ended engineering problem by apply-
ing science and mathematics content knowledge.

Evidence of Successful Implementation in Informal Settings

Gains in Understanding in STEM Concepts

Guided by a mixed methodological framework (Creswell 2013) we have attempted
to identify the different ways in which the SNFs, collaborative teams, the curricular
activities, the design challenge, and teachers’ and facilitators’ words and actions
helped youth with problem-solving and conceptual understanding of science.
Additionally, pre- and post-tests on the science content were administered at the
beginning and end of the curriculum units. The instruments used were designed to
target common alternative conceptions that youth have about physical science con-
cepts. Analysis of pre- and post-test results indicates significant gains at most sites
on most curriculum modules. The Penguins and Sea Birds instruments were 12-item
multiple-choice instruments that had gone through a series of evaluations to demon-
strate reliability and validity. The Snails instrument was an open-ended writing
prompt with a 10-point rubric. For the Save the Penguins curriculum, we saw sig-
nificant gains at two of the three sites. The small sample size at the South Middle
School site was problematic because the results are not necessarily representative of
the students who participated in the project at that school. See Table 5.1.
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Table 5.1 Pre- and post-test science scores at three sites for three modules

n Pre-test Post-test
Save the penguins East Middle School 20 4.75 7.3%%%
South Middle School 3 4.33 4.66
North Middle School 25 4.64 6.88#7%*
Save the sea birds East Middle School Teacher J 13 2.69 5.00%*%*
East Middle School Teacher M 14 3.50 6.07%%%*
North Middle School 11 5.00 7.36%%*
Save the snails East Middle School 14 0.71 1.64%*
North Middle School 15 1.00 5.00%%%*

Note: *=p<.05, ***=p<.001

While raw scores on the post-tests were low compared to what one would typi-
cally see on a teacher-made unit test administered in a school setting, the results
were aligned with what has actually been observed in classroom settings (Schnittka
and Bell 2011). Also, these tests were designed with an upper limit not typically
achieved by college students or even veteran teachers. For example, Schnittka
(2009) reported that mechanical engineering seniors taking the Heat Transfer
Evaluation typically scored between 10 and 11 out of 12 points. Schnittka et al.
(2014) reported that middle school science teachers taking the Force Motion
Evaluation also typically scored between 10 and 11 out of 12 points. Schnittka
(2012) also reported that mechanical engineering students typically scored between
5 and 6 on the Coal Assessment. The assessments can be found at the following
links: (1) Heat transfer (http://www.auburn.edu/~cgs0013/ETK/Heat_Transfer_
Evaluation.doc); (2) Force and Motions (http://www.auburn.edu/~cgs0013/ETK/
Force_Motion_Evaluation.doc) and; (3) Coal (http://www.auburn.edu/%7Ecgs0013/
ETK/coal_assessment.pdf).

Integration of Technology and New Media

One way in which instructors attempt to incorporate STEM into the school systems
is through the development of out-of-school programs and informal learning set-
tings. The Studio STEM curriculum, Save the Penguins developed by Schnittka
(2009) is an example of a curriculum that is geared towards teaching middle school
aged students about the concepts of heat transfer and engineering. Students partici-
pating in Save the Penguins are also given information on the different types of
projects that engineers work on in the real world. Informal learning settings cannot
only involve spending time after the typical school day, but also interaction with
STEM concepts at home through the use of technology.

Social media are extremely popular among youth for personal use. As such, there
is great potential for the use of social media in connecting formal classroom learning
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with informal learning and inquiry (Chen and Bryer 2012). Since social media are
already attractive to students, and since students are already engaged with social
media for personal use, being able to integrate STEM learning has the potential to
be very effective. Social media provide a way for students to self-regulate their
learning and their learning environment. Through their interactions with peers, the
instructor, and the technology, they are able to customize their learning experience
allowing them a sense of control that they may not have in the formal classroom
setting (Kitsantas and Dabbagh 2011). The difficulty appears to lie in that the
instructor lacks the necessary skills and confidence in their ability to integrate tech-
nologies such as social media into their curriculum successfully (Campbell and
Ellingson 2010). This issue is true of many technologies that are being incorporated
into classrooms today. However, the potential for increasing student participation
and interest in STEM topics may outweigh the extra support systems and training
that may be required for instructors to implement these strategies.

A strong advantage of social media in instruction is that there is a preserved
record of discourse between students, other students, and instructors. This makes it
an attractive area for qualitative research. Discourse analysis involves the study of
how people communicate, and how that communication leads to action (Potter
2003). The communication analyzed can be either dialogue in person, or back and
forth through text-based methods such as instant messenger or Facebook. Discursive
psychology is a field that utilizes discourse analysis in order to examine language
and how people ascribe meaning to that language. Language is situational (appears
within a context), action oriented (utilized to achieve an objective), and construc-
tive, as if is made up of much smaller components (Roth 2008). Discourse between
students and instructors about STEM concepts could therefore provide clues about
the way that a subject is perceived, and how much the student understands the mate-
rial. A student’s identity, for example, whether he perceives himself as being capa-
ble or incapable of learning difficult scientific concepts, can affect the way that he
will perform in the classroom. This can be researched through the use of discursive
psychology methods (Hsu and Roth 2010).

The Studio STEM curriculum developed by Schnittka (2009) incorporates inter-
action of students through social media (Edmodo). This allows researchers the
chance to examine changes in student discourse related to STEM, and specifically
to heat transfer and engineering concepts. The objective of a recent study was to see
whether participation in Studio STEM increased student understanding of science
concepts through the use of discursive psychology (Evans et al. 2014d). This was
then related to a model describing engagement of students with technology. The
HOMAGO model developed by Ito et al. (2010) describes three distinct levels of
youth engagement: hanging out, messing around, and geeking out. The hanging out
portion of the model describes interactions with technology that are geared towards
developing social relationships with peers. Messing around is the term used to
describe interactions with technology for the purpose of informally seeking infor-
mation of interest to the individual. Finally, geeking out describes interactions with
technology that are specifically directed towards increasing individual expertise and
knowledge of a particular subject area of interest. Since the model specifically



128 M.A. Evans et al.

applies to youth and technology, HOMAGO is a good resource for analyzing text-
based discourse through Edmodo.

Students were expected to engage in discourse across all three major categories,
but to gravitate more frequently towards the geeking out side of the spectrum with
the progression of Studio STEM, and increasing exposure to experimentation meth-
ods and heat transfer concepts. This shift would be facilitated by the input and
encouragement of site leaders and other facilitators including undergraduate and
graduate students involved with the project.

Youth Motivation in and Identification with STEM

Evidence from Studio STEM indicates that youth are motivated to engage in the
project and that some youth have developed or maintained identification for one or
more STEM fields. We discuss some of the motivation-related outcomes in this sec-
tion and in the order of the MUSIC Model of Motivation: empowerment, useful-
ness, success, interest, and caring. Although we present the results separately for
each MUSIC component, these components are related and increases in one compo-
nent may lead to increases in another component (Jones and Wilkins 2013a). Also,
the percentages provided in this section refer to responses on open-ended interview
questions; therefore, the actual percentages may have been higher if students had
been asked directly about the topic with a closed-ended question.

Overall, students have reported that they feel empowered during Studio STEM
(the mean rating for empowerment was 5.2 on a scale from 1 [strongly disagree] to
6 [strongly agree]; Jones et al. 2015b). Students reported that they had choices dur-
ing many of the activities, ranging from specific tasks within activities (e.g., choice
of how to build a motor to pull up the basket with cubes; 56 % of students) to more
general choices (e.g., choice of how to build the solar cars; 89 % of students; Jones
et al. 2015b). Students have also reported that they have a better understanding of
the usefulness of science and engineering as a result of participating in studio STEM
(Schnittka et al. 2012). Some of the students specifically noted that the project was
useful for figuring out what to study in college (18 % of students), for succeeding in
college (27 % of students), or for becoming a scientist or engineer (45 % of stu-
dents; Jones et al. 2015b). Students have also reported that the Studio STEM activi-
ties are useful for their present lives. For example, some students said that it was
useful to learn about motors, electricity, or solar cells or cars (73 % of students;
Jones et al. 2015b).

Support from the facilitators and instructors help the youth to feel successful
(Schnittka et al. 2012). One of the ways that instructors provided this support was
by questioning youth about their designs and activities (Evans et al. 2014d). Further,
youth noted that the specific tasks with clear goals provided them with feedback as
to whether they were successful or not. When they did not meet their goals, they
were often motivated to improve on their designs and achieve success in their rede-
sign (Schnittka et al. 2012).
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Students also reported enjoying their participation in Studio STEM (Schnittka
et al. 2012) and found specific aspects of the activities interesting (the mean rating
for interest was 5.4 on a scale from 1 [strongly disagree] to 6 [strongly agree]; Jones
et al. 2015b). For example, students were interested in building the solar car (67 %
of students) and working with motors to lift up a basket (45 % of students; Jones
et al. 2015b). However, some of the pedagogical approaches were found to be less
interesting, such as when the instructor presented information (73 % of students
reported some aspect of the presentations uninteresting; Jones et al. 2015b). These
findings indicate that students’ interest can vary from activity to activity and that
instructors must be cognizant of these differences and how they are affecting
students.

With respect to the caring component of the MUSIC model, students generally
reported that they felt supported by the instructors and facilitators and enjoyed the
attention they received from them (the mean rating for caring was 5.7 on a scale
from 1 [strongly disagree] to 6 [strongly agree]; Jones et al. 2015b). Overall, stu-
dents felt less cared for by their peers (Schnittka et al. 2012). Theory predicts that
students should be more motivated when they feel cared for, so it might be the case
that the caring students feel from their instructors and facilitators is sufficient and
that they do not need to feel a lot of support from their peers. Further research is
needed to understand the importance of peer caring in motivating students in studio
STEM.

As predicted by the MUSIC model, students who reported high levels of the five
MUSIC model components were also motivated to engage in the studio STEM
activities. For example, students self-reported that they put forth a high level of
effort during Studio STEM (the mean rating for effort was 5.5 on a scale from 1
[strongly disagree] to 6 [strongly agree]; Jones et al. 2015b) and observations of
students’ behaviors have substantiated this finding (Evans et al. 2014d). We do not
claim that all of the students are always motivated and engaged. Some students
reported that they were bored at some points and other students were less engaged
when one of the students in their group dominated the decision-making processes
(Evans et al. 2014d). It may be the case, however, that the lack of motivation for
some students it is not related to the design of Studio STEM, but rather to how the
Studio STEM model was implemented. For example, it might be possible for facili-
tators to help ensure that one student does not dominate a group, which in turn may
lead to higher levels of engagement by all students.

Finally, there is some evidence that students who participate in Studio STEM are
more likely to become identified with STEM fields. For instance, as a result of par-
ticipating in Studio STEM, students believed that learning science and engineering
was more important and interesting than before participating in Studio STEM
(Schnittka et al. 2012). In addition, because students believed that their science and
engineering abilities increased as a result of participating in studio STEM (Schnittka
et al. 2012), they should be more likely to engage in related science and engineering
activities in the future (Bandura 1986; Wigfield and Eccles 2000). In fact, students
reported that they were more interested in taking a course in science and engineer-
ing, even if it wasn’t required was more than before participating in Studio STEM
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(Schnittka et al. 2012). These types of findings are encouraging, but it would be
useful in the future for researchers to follow youth longitudinally over a longer
period of time to assesses how Studio STEM can contribute to youths’ identification
with STEM fields.

Productive Questioning in Small Group Discussion

In our work, we are concerned with describing and characterizing learning through
interactions between youth participants and their undergraduate mentors. We have
been interested not only in student learning outcomes, but also how the approaches
used by undergraduate mentors influenced the ways in which youth made meaning
of the project and engaged in the design process. To understand the role that mentor
talk plays in guiding student learning, we have employed a discursive psychology
(DP) approach. DP shifts the focus of psychological analysis away from cognitive
processes toward social interactions situated in everyday activities (Wiggins and
Hepburn 2005). DP is valuable in this instance as it assists to understand how the
elicitation strategies of mentors influence the ways that youth discursively construct
science understandings within a pre-engineering design process.

Using Engineering Design-Based Approaches toward STEM
Literacy through Professional Development

Through the biannual professional development, site leaders new to Studio STEM
are introduced to the programming model and curricula. In addition, professional
development provides veteran site leaders an opportunity to deepen their under-
standing of the core science concepts behind each curricular unit. Instructors and
undergraduate facilitators meet for a one-day workshop every September and
January to review the curricula, practice the design problems themselves, and to
discuss potential obstacles they foresee in the implementation of the unit. These
conversations with site leaders have not only been important in expanding their
knowledge, but have also led to modifications of the curriculum that improved the
delivery of Studio STEM. Most of the instructors had never taught an integrative
STEM lesson that used an open-ended problem driven approach. Yet, they quickly
adopted the engineering design process and were excited about the possibilities to
improve their teaching in the school classroom as well. One site leader, a sixth grade
math teacher was especially appreciative of the professional development that
allowed her to expand her science content knowledge. She and other site leaders
noted that in the school classroom where time is tightly managed, teachers had little
time to conduct investigations that were open-ended.
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Conclusion

To understand youth engagement in an out-of-school program, we must recognize
that a variety of social and environmental considerations contribute to the sustain-
ment of engagement in every moment of interaction. Studio STEM proposes an
integrative approach to engaging youth by implementing inquiry-driven experi-
ences supported by facilitators and information and communication technologies.
The save the animals theme of all Studio STEM curricula challenge youths’ mis-
conceptions regarding the science of energy while providing opportunities to engage
in the engineering design process to enhance technological literacy. Targeting mid-
dle school audiences leverages evidence that youth are most receptive to STEM
concepts and careers, increasing the probability that they will continue to pursue
STEM-related courses and careers. Of course, not all youth will enter the workforce
as scientists and engineers.

Nevertheless, Studio STEM is positioned to broaden the scientific and techno-
logical literacy of students not only in rural communities, but in urban and suburban
ones as well. Several years of Save the Animals implementation in cities, towns and
rural areas across country have produced encouraging results as we continue to test
and refine the current curricula, assessments, and training (Schnittka et al. 2014;
Schnittka and Ewald 2013; Griffin et al. 2015).
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Chapter 6
Instrumental STEM (iISTEM): An Integrated
STEM Instructional Model

Daniel L. Dickerson, Diana V. Cantu, Stephanie J. Hathcock,
William J. McConnell, and Doug R. Levin

Instrumental STEM (iSTEM) is a novel instructional model for science teachers
that assists in the incorporation of technology, engineering, and mathematics in
ways that are organic, understandable, and replicable. The general premise is that
students design, build, and maintain the tools and instruments they need to do
authentic scientific inquiry. This model produces relevance for students by requiring
the successful design, fabrication, and maintenance of tools and instruments neces-
sary to answer questions they may have during the inquiry process. It also helps
build creativity, critical thinking skills, and teamwork as students engage in design
process, identify options and provide rationales for materials selection, and work
collaboratively with others (e.g. students, teachers, industry, the public, etc.). This
process is an organic and authentic one, in that, many practicing scientists must
understand, build, modify, and maintain tools and instruments in order to do their
jobs. This means that if a science teacher intends to teach a student how to do sci-
ence like practicing scientists, then the instruction would include building, modify-
ing, and maintaining tools and instruments. Additionally, to help students construct
appropriate understandings, the teacher needs to make explicit the technology, engi-
neering, and mathematics concepts involved, not just the scientific concepts. All
science disciplines use tools and instruments, so iSTEM is applicable across all
science disciplines. This model has been successfully implemented on a small-scale
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during a NOAA-funded effort, Project SEARCH. The model and its application are
described in this chapter.

The Standards Connection

There is a national push to promote STEM education for K-12 students. In the
report, National Action Plan for Addressing the Critical Needs of the U.S. Science,
Technology, Engineering, and Mathematics Education System, the National Science
Board (2007) has advocated for STEM education reform as they believe current and
future generations will need basic STEM literacy in order to function in our global
society. This concern was echoed in Rising Above the Gathering Storm, Revisited:
Rapidly Approaching Category 5 (NRC 2010), which found that many of the origi-
nal recommendations made in the initial Rising Above the Gathering Storm (NRC
2007), have not been acted upon. Examples include increasing science and techno-
logical literacy, and changing education so we are producing more scientists, tech-
nologists, engineers, and mathematicians (NRC 2010). President Obama and many
states throughout the country have also championed the creation of a STEM literate
society and have endorsed legislation and funding (U.S. D.O.E. 2010; NSTCC
2011; CRS 2012) toward meeting this goal. During a speech to endorse the Educate
to Innovate Campaign, a national push for STEM education initiatives on November
23, 2009, President Obama’s dedication to STEM education was made clear, “I’'m
committed to moving our country from the middle to the top of the pack in science
and math education over the next decade,” (The White House 2009). Committees
within the federal government (PCAST 2010; NSTCC 2011) and at the state level
(National Governors Association NGA 2011; Governor’s STEM Task Force 2009)
have delved further into what can be done to achieve this goal. Building a STEM
literate society has left many to wonder how we are going to change education to
cultivate domestic talent in order to remain globally competitive. Some believe
reworking standards documents and frameworks may help in achieving this goal.
Individual STEM standard documents have come to suggest a more integrative
approach within their standards. For example, A Framework for K-12 Science
Education (NRC 2012) and the Next Generation Science Standards (NGSS Lead
States 2013) describe integration of mathematics, technology and engineering
within science teaching, and the Standards for Technological Literacy (ITEA 2007)
provide guidance in the development of content knowledge and skills that bridge
standards in other STEM disciplines. However, these integrative STEM approaches
and standards present certain challenges as it may not be common practice to create
purposeful integrative lessons. Another concern is whether various standards are
fully understood in order to create alignment during the creation of an integrative
lesson. Standards can continue to be written, however if they are written in such a
way that teachers cannot understand or use them, then they will not provide the
desired results for which they were written (PCAST 2010). The President’s Council
of Advisors on Science and Technology (PCAST) (2010) believes that for STEM
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education to flourish, teacher preparation, school leadership, and high-quality
instructional materials are necessary to facilitate the successful use of standards.
Krajcik and Merritt (2012) assert that past science curricula have “present[ed] too
many ideas too superficially, often leaving students with disconnected ideas that can-
not be used to solve problems and explain phenomena they encounter in their every-
day world” (p. 10). They believe the new framework may empower science educators
to teach concepts in a deeper and more meaningful way. For science educators, the
new science framework helped establish the challenge to include science, technol-
ogy, and engineering practices in their classrooms and instruction. The committee of
A Framework for K-12 Science Education believed the addition of technology and
engineering into the framework would enhance science education. They state,

Science, engineering, and technology permeate nearly every facet of modern life, and they
also hold the key to meeting many of humanity’s most pressing current and future chal-
lenges. Yet too few U.S. workers have strong backgrounds in these fields, and many people
lack even fundamental knowledge of them. This national trend has created a widespread
call for a new approach to K-12 science education in the United States. (NRC 2011, p. 1)

The NGSS (2013) authors suggest that the learning of science can be more coher-
ent if there is emphasis on the integration of scientific explanations and practices
needed to engage in scientific inquiry and engineering. These documents also look
at how knowledge and practice must be intertwined in designing learning experi-
ences in K-12 science education (National Research Council 2012). According to
Bybee (2011), the message is not that scientific inquiry is being replaced, however
science teaching and learning is being enriched by the expansion of how science
will be now be taught. He states, “When students engage in scientific practices,
activities become the basis for learning about experiments, data, and evidence,
social discourse, models and tools, and mathematics and for developing the ability
to evaluate knowledge claims, conduct empirical investigations, and develop expla-
nations” (Bybee 2011, p. 10).

Technology educators have had science and engineering content in their stan-
dards document, Standards for Technological Literacy (2007), for over a decade.
The International Technology and Engineering Educators Association state that the
study of technological literacy is important to our everyday lives as technology
impacts almost every aspect of our daily living (ITEA 2007). For students to achieve
their full potential, it is important that students understand all the components of
STEM and gain the necessary knowledge and skills to become global leaders
(ITEEA 2009). Cajas (2001) believes there is an emerging relationship between sci-
ence and technology in which students will be able to learn valuable ideas that
enable them to function in a technological world. He states, “the intersection of
science literacy and technological literacy is relevant for science education” (p. 727).
According to Cajas (2001), both science and technology share common themes
such as tools, systems, models, and scale. Roth (2001) believes science and technol-
ogy also share fundamental themes, which include the production and transforma-
tion of representations and the action-oriented language, which describes both the
science and technology domain. Both of these themes have been supported in previ-
ous attempts of bringing science and technology together (AAAS 1993).
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The response to the NGSS (2013) has come with mixed reviews from technology
and engineering educators. According to Keller and Pearson (2012), “in addition to
providing the vision for a coherent education in science, the framework has great
potential to serve as a rallying point for all groups promoting better student learn-
ing” (p. 18). However, they caution there may be some issues that should be consid-
ered. The first issue is concerned with whether science education teachers will be
able to deliver technology and engineering content sufficiently. The second issue
addresses the type of support technology and engineering educators may have to
provide science educators delivering the new content. The final issue is concerned
with how technology and engineering content is practiced within science education
for the enhancement of the new science framework (Keller and Pearson 2012).
These three concerns speak to the overarching concern of whether educators can
create learning environments conducive for learning within their domain and
through an integrative STEM instructional approach. These concerns are leading
science educators to seek models of effective instructional strategies that can bridge
STEM content and standards for effective science instruction.

Instructional Approaches and Strategies

Science, technology, and mathematics disciplines each have their own K-12 stan-
dards and framework documents (NGSS 2013; NRC 2011; ITEA 2007; NCMT
2000; NGAC 2010), which impact what educators do in the classroom. Some of
these documents are beginning to reflect integrative STEM education initiatives and
more specifically are including heavier doses of technology and engineering con-
cepts. These changes have left many educators to wonder how they can approach
science instruction and STEM content in their classrooms in ways that will ade-
quately address such standards. Many teachers feel ill-prepared to address standards
that traditionally fall outside of the range of most biology, chemistry, physics, earth
science, and science education related programs (Weiss et al. 1994). Furthermore,
integration of math and science, a long-standing push, has been and continues to be
a struggle for many science teachers. The prospect of adding to that technology and
engineering may leave many scratching their heads. Comments such as, ‘I’m a biol-
ogy teacher. I majored in biology not engineering. How can I be expected to know
and teach all of this stuff too?’ are regularly heard in many school divisions. This
frustration comes in part from a lack of instructional models expressly designed to
address integrative STEM content.

Current Efforts

Research exists to support the integration of science, technology, and engineering
through design, which helps support student understanding of scientific concepts
and promotes both scientific and technological literacy in children (Crismond 2001;
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Kolodner 2002). For example, Crismond (2001) presented findings that engaged
novice and expert students in design activities coupled with inquiry. The students
who had more experience with design, or the expert students, were better able to
make connections with science concepts than those who were novices in the design
process. Kolodner (2002) engaged students in a program called Learning by
Design™ where students learned science content by engaging in design activities
much like authentic scientific inquiry. Kolodner (2002) states,

Science education that is truly aimed towards scientific literacy focuses as well on learning
the practices of scientists-designing and carrying out investigations in a replicable way,
accurate observation and measurement, informed use of evidence to make arguments,
explanation using scientific principles, working in a team, communicating ideas, and so on.
In fact, scientists and designers practice many of the same skills. (p. 9)

Kolodner (2002) asserts learning design during science instruction allows stu-
dents to make valuable content connections. These findings have also shown that by
integrating science, technology, and engineering concepts and standards, student
learning can be increased. In addition, they illustrate the need for further research
and teacher support for creating conducive learning environments that create stu-
dent literacy in both science and technology, and ultimately STEM literacy. Issues
exist for many science teachers and administrators regarding such curricula, how-
ever. Often the curricula are expensive, require considerable teacher training, and do
not easily fit into the current enacted science curriculum.

While some administrators and science teachers attempt to address STEM teach-
ing and learning through commercially available, engineering-focused curricula
most employ discrete activities that engage students in design and construction.
There are numerous examples of such activities that have been used for years,
including building thermometers (Sorey et al. 2010), designing and building boats
(Schomburg 2008), designing and building bridges (Roth 1995), etc. Issues also
exist for many teachers and students regarding such activities, however. Often the
activities are implemented in ways that are not explicitly connected to the science
and mathematics content. Such activities may take on the nature of crafts rather than
a meaningful, integrated STEM learning experience. Additionally, the products that
are produced may not be used in an authentic way, such as to answer a student-
generated research question or solve a problem in the student’s life. Thus, techno-
logical artifact design and construction becomes an act of just doing versus an act of
bridging STEM concepts and building STEM conceptual understanding.

To help in the achievement of STEM literacy, science educators are going to
need instructional models and strategies that can illustrate how to integrate mathe-
matics, technology, and engineering while conducting effective science instruction.
They need to understand how science can be enriched by infusing technology and
engineering content, which is now required in their classrooms by the NGSS (2013).
Roth (2001) has found that students who engaged in the creation of technological
artifacts learned science. He suggested that students who engage in technological
activities “are deeply involved in creating and transforming representations in the
directions of science and technology, arenas traditionally noted as separate” (p. 786).
He goes on to state, “technological activities are therefore prime contenders for an
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integrated approach to teaching” (Roth 2001, p. 787). The revised Blooms Taxonomy
now puts creation at the top of the cognitive process dimension (Anderson et al.
2001). Thus artifact-building helps students not only create and design, but also
learn science. However, Sidawi (2009) asserts developing a technological artifact
requires more than the knowledge of scientific concepts, but rather the appropriate-
ness of using technology and design in a specific context. Consideration of the cre-
ation of more meaningful learning activities where integrative STEM can be used is
also important. Novak (2002) believes that for students to achieve learning that is
meaningful to them, “the construction of new meanings requires that an individual
seeks to integrate new knowledge with existing relevant concepts and propositions
in their cognitive structure” (p. 557) which he states is “not easy to move science
and mathematics instruction from the traditional approaches emphasizing rote
memorization to patterns where meaningful learning predominates” (p. 561). When
designing technology in a science classroom, careful consideration must be given to
the context through which students can apply scientific knowledge and processes. It
then becomes important for science teachers to have instructional strategies and
models to follow in order to achieve STEM integration.

Roberts and Cantu (2012) proposed three instructional models that can be used
in teaching STEM: silo, embedding, and integration. Silo is the traditional model in
which each of the STEM domains is taught in isolation. This model runs counter to
the recommendations incorporated in the NGSS (2013) and other STEM education
standards and frameworks documents. Embedding is characterized as teaching and
emphasizing science content while bringing in engineering and technology con-
cepts which are not assessed (Roberts and Cantu 2012). Integration refers to
addressing the content of each STEM domain (as described in the NGSS (2013)) in
a common context with lesson objectives and related assessments tied to each disci-
pline. This enables a student to see a purposeful connection between each of the
STEM disciplines, thus making the learning experience more intrinsic to the learner.
Therefore, we advocate for an integrated approach to STEM instruction. Many sci-
ence teachers feel the same. However finding an instructional model that explicitly
addresses content from four different domains in a single context within a single
lesson has been frustrating. In response, we sought to design a model that would
adequately address pedagogical, content, and logistical considerations — the result
was Instrumental STEM (iISTEM).

iISTEM Model

We consider Instrumental STEM (iISTEM) to be an instructional model that can be
implemented in formal, non-formal, and informal contexts (Ainsworth and Eaton
2010) for the purpose of enhancing understandings of STEM-related content and
processes. The nature of the STEM-related content is integrated and occurs in an
authentic scientific inquiry context. Consequently, we acknowledge that the philo-
sophical perspectives that form the underlying assumptions in the model originate
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from a scientific position consistent with the basic elements of nature of science and
inquiry process skills as articulated in guiding standards documents and frame-
works, such as the Next Generation Science Standards (NGSS Lead States 2013).

We do not suggest that this is the only or even the best model for integrated
STEM instruction for every instance because many variables exist that impact opti-
mal pedagogy for particular content in a given context. That is, pedagogical content
knowledge (PCK) (Shulman 1994) may dictate a different instructional model
based on the context. For example, effectively teaching students skills may require
a more direct teaching approach that does not incorporate high levels of inquiry. We
do consider iSTEM, however, to be a powerful tool for curriculum developers,
classroom teachers, and students to engage in effective STEM teaching and learn-
ing. Much of the strength of the iISTEM model comes from leveraging other empiri-
cally supported, best-practice strategies in science education. For example, iSTEM
should be implemented using practices that are inquiry-based (e.g. SE Learning
Cycles and Project-Based Learning) (NRC 1996; Llewellyn 2011; NRC 2000;
Carin et al. 2005; Fraser-Abder 2011; Koch 2010; Buxton and Provenzo 2007), use
appropriate instructional technologies (e.g. implementation of authentic tools of the
discipline such as data loggers) (NRC 1996; Llewellyn 2011; Settlage and
Southerland 2007; Sherman and Sherman 2004), involve place-based learning (e.g.
learning is placed in the context of the students’ community) (Tippins et al. 2010;
Bodzin et al. 2010), and use authentic, alternative assessments (e.g. formative and
performance-based assessments) (NRC 1996; Keeley 2008; Enger and Yager 2001;
Liu 2010; NRC 2000).

The iSTEM model is one that can be superimposed over almost any inquiry-
based instructional model that engages students in the collection of data. iSTEM
does require inclusion of some elements that are not always made explicit or
student-centered, such as identifying the tools to be used in a given scientific study.
It also requires explicitly addressing additional content, namely technology and
engineering concepts. In general, the iSTEM model is operationalized as such:

1. Determine the scientific study in which you will engage

2. As part of developing your study and its methods, identify the tools and instru-
ments commonly used in such studies

3. Learn how the tools and instruments are made, how they work, how they are
typically applied, and how they are maintained

4. Based on the nature of the study and instruments to be used, have students
design, build, and/or maintain the instrument or apparatus

5. Conduct the study

6. Students provide self-assessment and indicate what they would change about
their instrumentation and why and how it impacts their findings

7. Teacher makes explicit content connections regarding the nature of the domains

(i.e. science, technology, engineering, and mathematics)

Teacher explicitly addresses the content for each domain’s standard

9. Have students present their findings, explicitly commenting on the tools used

*®
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10. Conduct a new, related study, that incorporates the new knowledge they
constructed

A more detailed explanation of teacher and student roles is included in Table 6.1.

It is important for the steps to be taken as indicated (i.e. 1-10). Deletion or rear-
rangement of the steps tends to weaken the model’s impact. For example, if one
were to rearrange a SE learning cycle by switching the ‘explain’ and ‘explore’ por-
tions, then the innate inquiry-based nature of the lesson is diminished, if not lost.
The content included in this model falls under two categories: (1) natures of the
domains (i.e. nature of science, nature of technology, nature of engineering, and
nature of mathematics) and (2) domain specific content (e.g. forces and motion, use
of prototypes, etc.). Lessons are typically derived from state and national standards
documents and frameworks (e.g. Next Generation Science Standards (2013)) and
incorporate one or both of the two categories of content always addressed in the
iSTEM model. The teacher or school division determines the primary and related
standards to be addressed. From these primary and related standards, the teacher
often develops objectives for the lesson. Each iSTEM lesson typically has 4 primary
and 4 related standards (i.e. 4 x4 system) and associated objectives. Each one of the
primary and related standards is focused on each of the STEM domains in each of
the two content categories. An example is provided in Table 6.2. If the primary
standards address the Natures of Domains (NOD), then the related standards would
address domain specific content. Conversely, if the primary standards address
domain specific content, then the related standards would address NOD. The main
point is that standards regarding NOD need to be addressed each time an iSTEM
lesson is taught. While this may seem like a lot of standards for a single lesson, it is
important to note the lesson duration, which is considerably longer than a single
lesson on a single standard. According to our experience, the number of standards
addressed in a given time period using iSTEM is not out of the ordinary, particularly
when interdisciplinary lessons are taught. Typically one objective is developed from
each standard, although at times two or even three may be appropriate. Multiple
objectives within the iSTEM model are the exception rather than the rule however
due to the many moving parts of the lesson to which the teacher needs to attend.
Additionally, a single standard may be used multiple times to address the different
domains (see Table 6.2 for example). Using the 4 x4 system of primary and related
standards, content from each of the STEM domains can be incorporated into a sin-
gle lesson using an authentic context that allows students an opportunity to experi-
ence, in a supported setting, how the different domains of STEM are often
incorporated into scientific practice.

The teacher should explicitly and directly address the content (Steps 8 and 9) in
ways that explicitly and directly connects to the experiences the students had while
conducting their studies. Connecting back to the students’ shared experiences is an
important element of the iSTEM model. It promotes student interest in the content
by providing them context and reason to care about the material. Typically student
groups conduct the studies. These groups generally consist of four or fewer students
per group. It is critical that if student groups are used, that each member of the group
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Table 6.1

iSTEM component

1. Determine the
scientific study

2. Identify the tools
and instruments
needed

3. Learn how the
tools and instruments
work

4. Design and build
the instrument or
apparatus

5. Conduct the
scientific study

iSTEM teacher and student roles

Teacher actions

Provide a topic that should be
derived from the standards or
program goals

Next provide a research question,
hypothesis, and methods or instruct
the students to develop their own
research question, hypothesis, and
methods, if using complete
student-centered inquiry

Only answer questions directly if
necessary, otherwise use
appropriate inquiry-based
questioning strategies

Based on the students’ age and
level of student-centeredness of the
lesson, either tell the students what
tools and instruments are to be
used or have them identify those
that are most appropriate

Provide the students with direct
instruction regarding the tools and
instruments you told them would
be used or have them explore the
literature to learn about the tools
and instruments they identified

Based on the students’ age, level of
student-centeredness of the lesson,
and understanding of design
process, provide the students with
an activity that guides them
through the construction of a tool
or instrument or have them engage
in design process to design and
fabricate an instrument or
apparatus

Only answer questions directly if
necessary, otherwise use
appropriate inquiry-based
questioning strategies

Monitor for student safety
Facilitate student completion of
scientific studies

Facilitate student maintenance of
the instrument or apparatus to be
used in the study

Monitor for student safety

147

Student actions

Review age appropriate literature
regarding the research topic to
better understand how the teacher
developed the research question,
hypothesis, and methods or to
inform their own development of
the research question, hypothesis,
and methods

Ask questions about conducting
literature reviews and identifying
authoritative sources

Ask questions about the study
design

Be creative

Record important information
Record what tools and instruments
are needed for their study

Record how the tools and
instruments are made, how they
operate, how they are typically
applied, and how they are
maintained

Follow the instructions to build
the tool or instrument and
determine how it should be used
in the study or engage in design
process and design and fabricate
the instrument or apparatus

Use materials and tools to build
an instrument or apparatus that
they will actually use to collect
data

Be creative

Ask questions

Conduct their study including
recording their methods, results,
and conclusions

Maintain an instrument or
apparatus to be used in the study
Ask questions

(continued)
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Table 6.1 (continued)

iSTEM component

6. Student self-
assessment of their
study

7. Natures of the
domains (NOD) (i.e.
science, technology,
engineering, and
mathematics)

8. Domain specific
instruction

9. Presentation of the
scientific studies

10. Conduct a new,
related study

Teacher actions

Provide prompt for student
self-assessment

Visit individual students or groups
to ask probing questions

Provide explicit instruction
regarding elements and processes
involved in science, technology,
engineering, and mathematics
Provide prompt that requires
students to reflect on their studies
Review student responses for
appropriateness

Provide explicit instruction
regarding the content standards
dictated by the standards
documents in each of the four
domains

Provide a prompt that requires
students to reflect on their studies
Review student responses for
appropriateness

Provide instructions for the
presentations

Facilitate discussions and ask
probing questions during the
presentations

Facilitate student completion of
scientific studies

Monitor for the application of their
newly developed content
understandings

Monitor for student safety

D.L. Dickerson et al.

Student actions

Work individually or in groups to
determine how successful their
study was and what role their
instrument played in that success
Identify what they would change
next time regarding instrument
design and implementation to
improve their study

Attend to the explicit instruction
regarding the nature of science,
technology, engineering, and
mathematics

Ask questions

Work individually or in groups to
reflect on how the tenet and/or
processes presented by the teacher
were exemplified during the
course of their studies

Attend to the explicit instruction
regarding the content standards
Ask questions

Work individually or in groups to
reflect on how the content
presented by the teacher was
exemplified during the course of
their studies

Develop and deliver presentations
on their studies

Include all elements typically
present in professional scientific
presentations

Answer audience questions
Conduct their new, related study
including recording their methods,
results, and conclusions

Use the new language and content
they learned from earlier in the
lesson

Ask questions



6 Instrumental STEM ((STEM): An Integrated STEM Instructional Model

149

Table 6.2 iSTEM 4 x4 standards matrix: example lesson for middle school students (NGSS — MS

6-8, PS2A: Forces and motion — MS. Forces and interactions)

Science

STEM
content

Newton’s
third law.
(NGSS PS2.A
2013, p. 59)

Science
knowledge is
based upon
logical and
conceptual
connections
between
evidence and
explanations
(NGSS 2013,
NGSS
webpage for
forces and
interactions,
grades 6-8)

Technology Engineering
Use tools, Defining and
materials, and | delimiting
machines engineering
safely to problems.
diagnose, (NGSS
adjust, and ETSI1.A
repair systems. | 2013, p. 86)
(Standards for

technological

literacy, ITEA

2007, p. 130)

The uses of Men and
technologies women from
and any different
limitations on social,

their use are cultural, and
driven by ethnic
individual or backgrounds
societal needs, | work as
desires, and scientists and
values; by the | engineers.
findings of (NGSS 2013,
scientific Appendix H,
research; and p.- 6)

by differences

in such factors

as climate,

natural

resources, and

economic

conditions.

(NGSS 2013,

NGSS

webpage for

forces and

interactions,

grades 6-8)

Mathematics

Write, read, and
evaluate
expressions in
which letters stand
for numbers.
(Common core,
NGAC 2010, 6.
EE.A.2, NGSS
webpage for
forces and
interactions,
grades 6-8)
Mathematicians
reason abstractly
and quantitatively.
(Common Core
(NGAC 2010,
MP.2, NGSS
webpage for
forces and
interactions,
grades 6-8)

Nature of
discipline

has work to do that is essential to the success of the project and that over the course
of the year, all students have equal access to all components of the study design and
implementation. In other words, if it does not take a group to complete the study,
then do not use one. Normally, it should however, particularly when using the
iSTEM model. This is one way to decrease the amount of time it takes to complete
the lesson. There are multiple instances where division of labor will provide each
student with an essential task while requiring a shared understanding of the study.
However, a student is unlikely to be able to engage with all the various tasks of a
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given study in isolation, particularly in a realistic timeframe. This is one rationale
for the need to implement the iSTEM model multiple times over the course of the
school year. Additionally, students need to be able to engage in the model’s ele-
ments multiple times so students can apply what they have learned. This is one
reason that Step 10 is so important. This new, related study does not have to occur
on Wednesday if Step 9 was completed on Tuesday. We suggest, however, that the
new study occur before the class has moved on to a unit that is not directly related
to the content addressed in Steps 1-9. This allows for continuity between the studies
and additional opportunities for assessment within the unit.

We purposefully have not included appropriate grade levels because we consider
this model to be one that can be implemented across a wide range of ages and abili-
ties. This flexibility comes from the teacher’s choice regarding the spectrum of (1)
student-centered scientific inquiry and the (2) design and fabrication of the instru-
ment. Younger students and those new to scientific inquiry or design process typi-
cally need instruction that falls on the teacher-directed end of the spectrum. As
students learn more, they are capable of increased autonomy regarding both spec-
trums. Dependent on the opportunities the students received to learn and use scien-
tific process skills and engage in designing and building things, they will likely be
able to progress across the spectrums at different rates. The iSTEM model requires
special attention on the part of the teacher regarding both the science and the design-
based spectrums. For example, it is common for students in an AP Chemistry class
to be proficient at setting up and conducting a scientific study, but be relatively
unfamiliar with design process and even more so with fabrication tools and tech-
niques. Unlike most settings, where differentiation occurs infrequently, superfi-
cially, and unsustainably across grade levels, the iSTEM model offers the potential
for students to excel in areas where they are already proficient and become profi-
cient in areas where they need significant improvement regarding each of the
spectrums.

iSTEM Applied

The iISTEM model was further developed and applied during a 3-year project funded
by the National Oceanic and Atmospheric Administration (NOAA) Bay Watershed
Education and Training Program (B-WET). The project entitled, S cience E duca-
tion A dvancing R esearch of the C hesapeake Bay and Its H abitats (SEARCH)
(NAOINMF4570008), provided urban, rising sixth graders with Meaningful
Watershed Experiences (MEWEs) and supported the teachers of those students in
implementing the MEWEs by providing materials, in class support, and profes-
sional development opportunities. The MEWESs and teacher experiences involved
building observation buoys in order to explore their own research questions, field
sampling aboard a research vessel, interacting with scientists and environmental



6 Instrumental STEM ((STEM): An Integrated STEM Instructional Model 151

lawyers from underrepresented populations, and learning about current local scien-
tific issues from nationally recognized experts and from the data they collected and
analyzed. More specifically, the project objectives included: (a) Enhance urban
teachers’ and students’ STEM literacy with an emphasis on their relationship with
the Chesapeake Bay system; (b) Increase interest of underrepresented populations
in earth/environmental science fields; (c) Need to enhance American competitive-
ness by increasing students’ abilities to conduct authentic scientific inquiry using
appropriate technologies; and (d) Increase teachers’ knowledge and use of
technology-enhanced, inquiry-based instructional strategies.

Development of iSTEM

Initially, the inquiry-based instructional model and strategies we included in our
work with teachers and students revolved around the 5E Learning Cycle (Bybee
1997), inquiry-based questioning strategies (Llewellyn 2002), and assessment of
and for conceptual understanding (Baker and Piburn 1997). Shortly after the start of
Project SEARCH, I (Dr. Dickerson) participated in the Basic Observation Buoy
(BOB) I Workshop that was executed at the University of North Carolina —
Wilmington Center for Marine Science by SECOORA, COSEE SE, and NC Sea
Grant. At the workshop I connected with other science educators, scientists, class-
room teachers, and students who were using BOBs, including the original developer
Dr. Doug Levin. Additionally, industry representatives (e.g. YSI) provided demon-
strations of various instruments. Participants discussed their experiences with vari-
ous sensors (e.g. Pasco and Vernier), describing the pros and cons of each. Design
issues were extensively discussed, including data retrieval and use. We had an
opportunity to handle and use various sensors and instruments from multiple ven-
dors. The lessons learned from that workshop and subsequent conversations with
Dr. Levin served as the seeds to the development of iSTEM.

Implementation of iSTEM

The primary implementation of iSTEM occurred in the context of the SEARCH
Summer Academies. Each year for 4 years (the first 3 years were funded by NOAA
and the forth year was funded by Dominion Power), students from Portsmouth
Public Schools were engage from 9 am-3 pm in intensive hands-on, inquiry-based
STEM activities that challenged them to think about socio-scientific issues related
to their local environment (i.e. the Chesapeake Bay). Guest speakers, included: (a)
personnel from a local NGO, Elizabeth River Project (ERP), who informed students
about ERP and about how ERP could use the data the students collect from their
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buoy in conjunction with their ongoing programs; (b) a faculty member specializing
in industrial technology from ODU’s STEM Education Department helped students
learn about design process; and (c) an attorney with the Southern Coalition for
Social Justice, presented information regarding environmental law, environmental
justice, and integrated STEM careers. Students worked together to learn about
observation buoys and their roles in helping answer questions about our environ-
ment by initially building small-scale buoys. As the week progressed, the teachers
and students constructed a full-scale observation buoy outfitted with educational
and scientific quality instruments. Additionally, students deployed passive sampler
buoys to collect toxicological data. While there were slight changes made from year
to year across the iterations of implementation, the general experience occurred as
follows.

iSTEM Step 1: Determine the Scientific Study

On the first day of the Summer Academies we introduced students to the environ-
mental challenges the Elizabeth River and their community faced. We provided the
topic and overarching research question, “What is the condition of water of quality
in the Elizabeth River?” From this prompt and a requirement to use an observation
buoy, student groups sought information about what others have found regarding
the health of the Elizabeth River. This included visiting many different websites,
asking questions of the program leaders, and listening to and asking questions of the
invited speakers. Once they felt they had enough information to move forward, they
decided what element of water quality they wanted to examine. Common parame-
ters selected included temperature, salinity, dissolved oxygen, and turbidity. Other
students also wanted to examine the area for the presence of micro and/or macro
organisms. Based on the research question the program leaders posed, we did not
require students to attempt to design experiments because we considered other sci-
entific methods more appropriate for the research question and for the students’
ages and abilities. Instead students employed case study and naturalistic observa-
tion. We stressed that in order for the research question to be viable, it needed to add
to the body of knowledge in the field. We explained that one way to do this was to
identify a new study context. For example, while dissolved oxygen studies had been
performed on the Elizabeth River and those were available, the sample sites did not
include locations near the students’ homes. By focusing on these locations, the stu-
dents would be adding to the body of knowledge. They used other studies they read
or were told about to inform the development of their own studies. Some used the
exact same methods described in the published studies, while others modified the
methods for various reasons (e.g. access to research equipment was limited, time
was limited, they believed their idea was more creative, etc.).
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iSTEM Step 2: Identify the Tools and Instruments Needed

After the students decided on their general methods, they began making a list of the
all the instruments and tools they would need in order to conduct their study. They
generated the list primarily from the resources they found to complete Step 1. Many
students learned that ships, satellites, and buoys are used to collect water quality
data. Some discovered that sensors are used and other found out that some scientists
use nets to collect organisms.

iSTEM Step 3: Learn How the Tools and Instruments Work

Students used multiple instruments to address a broad range of research subques-
tions relating to the program leader-provided overarching research question. All of
these subquestions and their related instruments cannot be described in this chapter.
As such, we will focus on one of the more common instruments used, a thermom-
eter. While many different research subquestions were asked that involved the use
of the thermometer they often required different applications of the instrument. For
example, some thermometers needed to be above the water line, while others needed
to be just below the surface, while others needed to be multiple meters down in the
water column. None of this information was explicitly communicated to the stu-
dents during this Step however. Instead, we provided students with an opportunity
to build their own thermometer (California Energy Commission 2006). They also
read online about other types of thermometers that exist (e.g. bi-metal, digital, infra-
red) and how they work.

iSTEM Step 4: Design and Build the Instrument or Apparatus

Students engaged in an open-ended, trail and error design lesson where they com-
peted against their fellow students to build a buoy out of PVC pipe that would hold
the most golf balls (Dickerson et al. 2012). After the students completed the activity,
in a scaffolded fashion, we provided the students with questions that asked them
about placement and rationale of use for different types of thermometers. The first
worksheet asked about the thermometer they built in class. The second asked about
a commercial glass bulb thermometer and the third asked about a digital thermom-
eter with a data recorder. After completing the worksheets and discussing their
responses with their group, students learned that the type of instrument and its
placement determines the type of data you will get. This begins the portion of lesson
where most groups began an iterative process between Steps 1, 2, and 3 in terms of
altering their selection of instruments and apparatus to better address their research
subquestion or they altered their subquestion.



154 D.L. Dickerson et al.

An initial and unstable A more stable design supporting many
buoy design golf balls

iSTEM Step 5: Conduct the Scientific Study

During this Step, the students are applying what they have learned from the other
Steps to implement an authentic scientific research study that uses a researcher
designed and fabricated, instrument or apparatus. During this Step, we told the stu-
dents what materials we had and asked them what additional materials were needed.
Then we went and bought them if available. For the students in Project SEARCH,
this meant using larger pieces of PVC (up to 4” diameter) to create buoys that held
educational sensors such as Vernier probeware to professional YSI sondes with
telemetry. The buoys outfitted with Vernier probeware had to be checked manually
on a regular basis but were sufficient for the research subquestions asked. Other
subquestions that required long periods of frequent data collection in remote areas
required the YSI instrumentation and telemetry, which sent data via cell signal to a
server that housed a web portal at the University of North Carolina at Wilmington.
Other subquestions required digital cameras (e.g. GoPro) or sonar (e.g. electronic
fish finder).
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iSTEM Step 6: Student Self-Assessment of Their Study

Students were required to reflect on their findings and how their choices regarding
instrumentation impacted their studies. Every buoy design was different even when
the subquestions were very similar. This was an interesting element that allowed
students to discuss how they thought their designs and builds impacted their find-
ings as well as their fellow students’. Often during this Step students expressed their
desire to do another round of data collection or another study because there were
elements of their instruments they wanted to change.

iSTEM Step 7: Natures of the Domains (NOD)

During this portion of the lesson, we explicitly addressed a number of NOS miscon-
ceptions including the misconception of the single, rigid scientific method. Students
worked in groups to map their experiences while conducting authentic scientific
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inquiry onto a list of NOS and NOD ideas we provided. For example, students cor-
rectly identified that they conducted case studies and naturalistic observation and
they were, in fact, engaged in authentic scientific practice. Additionally, we asked
students how is what they did today like what scientists, technicians, engineers, or
mathematicians do? (Akerson et al. 2014)

iSTEM Step 8: Domain Specific Instruction

Domain specific instruction occurred throughout the lesson, although it was student-
led and supported by inquiry-based questioning strategies. In this Step, however, we
provided a lecture regarding the content in each domain. Specifically, we provided
content instruction regarding habitats and point and non-point source pollution. We
also provided instruction regarding design process. Students again mapped their
experiences of building their small golf ball challenge buoys and their larger obser-
vation buoys onto a design process figure. Technology issues related to stainless
steel construction as opposed to galvanized or zinc-plated were addressed in rela-
tion to their buoy deployments and oxidation. Additionally, we discussed the use of
copper and other technologies used to address biofouling. Mathematics concepts
addressed explicitly during the lecture portion included issues related to measure-
ment such as use of measuring devices and unit conversion. Precision and accuracy
was also addressed. Several algebra and geometry concepts were addressed too,
including solving for an unknown and finding the areas and volumes of objects.

iSTEM Step 9: Presentation of the Scientific Studies

Students developed presentations that they delivered to each other and in some case
to other students and adults within the community. They incorporated the language
and concepts learned throughout the lesson in their presentations. They also included
limitations, particularly with regard to their instrumentation, and suggestions for
future study.

iSTEM Step 10: Conduct a New, Related Study

Since Project SEARCH was a grant funded effort and the development and refine-
ment of iISTEM took multiple years, sustained experiences including conducting
additional studies beyond those completed during the Summer Academy occurred
primarily in an after-school capacity. For example, an after school club, SEARCH
Club, was started and members from each Summer Academy attended as able. The
SEARCH Club offered an opportunity for the students to continue their participa-
tion in the studies they had begun as well as beginning new studies in which they
were interested. The students continued to follow the iISTEM model but at a much
slower pace as the SEARCH Club met only once a month. For example, specific
activities included experiences aboard the RV Slover where they were introduced to
marine science tools and instruments and how they work (i.e. iSTEM Step 3).
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Students learning about marine science instrumentation aboard the RV Slover

Students began to broaden their communication of findings by providing profes-
sional presentations regarding their work to other students and adults. For example,
through NOAA funding, we were able to provide a stipend for former Summer
Academy students to present to subsequent Summer Academy students. Through
funding for another separate initiative, (e.g. RiverQuest), that addressed environ-
mental education and environmental science education topics, Project SEARCH
students received a stipend to present their work and were included in the movies
produced as part of that project. In these ways, students were engaged in iSTEM
Step 9 of both the original and subsequent studies.

Bringing iSTEM to Preservice Teachers

We have also very recently implemented the iISTEM model with preservice teachers
in the context of a secondary science education methods course and university stu-
dent chapter of the National Science Teachers Association (NSTA). We followed the
same model and similar activities to those presented with the Project SEARCH
students. The two primary differences involved the context, which was solely aimed
at the use of passive samplers and the direct and explicit incorporation of pedagogi-
cal instruction. These students used passive sampler technology to engage in Policy-
Ready Citizen Science (Dickerson and Hathcock 2011). That is, through a grant
from the Virginia Department of Environmental Quality (VA DEQ), the program
leaders completed paperwork that paved the way for the data collected by the stu-
dents to be used directly in state and federal reports. There is no middleman. The
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citizen IS the scientist and is actually partnering with a state agency in that capacity
to collect water quality data regarding environmental toxicants. So rather than build-
ing larger buoys that house very expensive instrumentation, the preservice teachers
used small quan