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CHAPTER 1

INTRODUCTION

The Growing Demand for Innovators

In our world today, technology is changing at an unprecedented pace.
Computers and other personal electronic devices continue to get smaller in size while
increasing in capacity. Advances in energy efficient materials and processes influence
the way buildi ngs, neighborhoods, and vehicles are designed and updated. Discoveries
in nanotechnology are leading to the development of new products and devices in
many sectors, including healthcare and consumer products. And certainly, the
maturation of the internet h as ushered in a new wave of collaborative and
communicative tools that foster and support global networks and interaction
(Friedman, 2005).

Seemingly every day, new technologies are introduced to the global marketplace,
touting more power, better features, and more efficient design. The wealth of options
Il EUWOEE] wOEOQa woOi wUOEEaAazUWEOOUUOTI UUwWI YT UwOOUIT w
them to have increasingly high standards for new technologies. A simple Google search
can produce hundreds (if not thousan ds) of options for a single product, allowing
buyers to compare several different options, read through other customer reviews, and
be discerning in their choices. Many companies are capitalizing on this emergent power
and identity of the individual consum er, allowing shoppers and clients to customize
orders and products to their personalized specifications (National Academy of
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efficient solutions, ease of use, and at least sme degree of customizability. Products
and companies that understand these conditions and are able to adapt in order to meet
them are much more likely to be competitive and successful in the world economy.

Of course, staying on the leading edge of any given industry requires an ongoing
commitment to research and development. In order to remain ahead of or gain ground
on competitors, companies seek science, technology, engineering, and math (STEM)
professionals that are capable of more than simply maintaining production processes
and solving routine problems. They want to hire people who can solve novel problems
thoughtfully and resourcefully, collaborate successfully with colleagues, listen to and
understand what clients and users want, and deliver effecti ve results. In other words,
companies are looking for technology professionals who know and understand how to
innovate within the constraints and systems of the global and technologically -based

economy of the 22t century.

The New Suppliers of Engineerifyofessionals

As the international marketplace continues to grow and evolve, countries look
for different ways to remain, or become, competitive and relevant. Recognizing that the
demand for well -trained technology professionals will only continue to rise , many
nations ¢ such as India and Chinat have chosen to invest heavily in science and
engineering education over the past two decades. These nations have made education
in these fields a top priority, and their efforts have produced significant results. India
OOPWEPEUEUWUOUT T QawUil | wUEOT wOUOBET UwOI wEEET T 00
science, and information technology on a yearly basis as does the United States, while
China now produces almost three timeas many (Duke University Master of Engineer ing
Management Program, 2005; Friedman, 2005). Moreover, it often costs significantly

more to hire an American engineer than it does to hire an international counterpart.



With such a large amount of engineering talent readily available at a lower cost, many
companiest including Microsoft, 3M, and IBM ¢ have established research and
development sites in these countries, and a great many others have outsourced various
types of technical work there. As such, these countries have now become the new
suppliers of fresh engineering capital for the world.

This is concerning for our nation in several ways. First, with such an influx of
international engineering professionals entering the global job market, American
engineers will need to identify specific ways to r emain competitive and attractive to
employers. Second, when the rise in international engineering professionals is
combined with the steady decline of undergraduates earning degrees in engineering in
the U.S., our capacity as a nation to compete globally n technology development may
quickly diminish. Finally, a decrease in our ability to compete in the world economy
OEawEl wi YI OwOOUl wxUOEOI OEUPEwWI YT OwUT 1 wOEUDPOO
several experts have said it is only through American innov ation and ingenuity that we
will be able to recover from the current economic downturn and return to high levels of
prosperity. Given these objectionable consequences if we continue to lose ground in
engineering, it seems necessary to explorg and potentially refine ¢+ how engineers are

developed in our nation.

The Role of Engineering Education

In response to the mounting challenges associated with outsourcing and the
declining interest in pursuing engineering careers in our country, the National
Academy of Engineering (NAE) published a series of reports that have outlined both a
vision for engineering in America by the year 2020 (National Academy of Engineering,
2004) as well as several recommendations for how to educate young people in order to

realize that vision (National Academy of Engineering, 2005, 2009). The main messages



of these reports are that a) we as a nation need to train highperforming engineers who
can balance a series of qualities, such as robust analytical and communication skills,
ingenuity, creativity, professionalism, and leadership, and b) we need to improve,
develop, and implement effective engineering education across all levels of schooling in
order to realize these goals. With the first of these two points, the NAE seems to argue
that strong technical ability ¢+ for so long the most recognizable hallmark of successful
engineerst is no longer enough for ongoing success in the global economy of the 2%
century. In addition to having the skills and knowledge to develop optimized desig ns,
the engineers of tomorrow must also be able to connect their technical prowess to other
concepts, abilities, values, and ways of thinking that allow them to understand and
navigate the challenges of an international marketplace.

The second point articulated by the NAE, identifying the need for improved
engineering education across all levels of schooling, is further addressed by two
separate reports, Educating the Engineer of 20ZNational Academy of Engineering, 2005)
and Engineering in k12 Educatio (National Academy of Engineering, 2009). The first of
these reports presents a series of fourteen recommendations, primarily focused at the
undergraduate level, for achieving the vision of engineering outlined above. The
subsequent report strongly suggests an increased effort in engineering education at the
K-12 level, outlining several potential benefits of engaging young people in engineering
activity, such as improving science and math learning, increasing awareness of the
profession, introducing young people to engineering design, fostering interest in young
people to pursue engineering as a career, and increasing technological literacy. Given
the many potential and cascading advantages including those noted above, engaging K-

12 students in meaningful engineering activity is the focus of this dissertation.



Engineering at the KL2 Level

Over the past two decades, several studies have explored the use of the design,
the fundamental activity of engineering, as a pathway for studying concepts and
mechanisms in middle and high school science and math classrooms since the 1990s.
Several studies (Middleton & Corbett, 1998; Penner, Giles, Lehrer, & Schauble, 1997,
Sadler, Coyle, & Schwartz, 2000 examined how students in middle and elementary
school were able to explore concepts in statics, kinematics, and biomechanics by
building and testing models in the context of a science class. A comprehensive approach
is taken by the Learning By Design (Kolodner, Crismond, Gray, Holbrook, &
Puntambekar, 1998; Kolodner, Gray, & Fasse, 2003) curriculum, which consists of
several units that explore different scientific concepts including force and motion
through the use of design. Within each of these units, students engage in a series of
develop different ideas throughout the project. After participating in a Learning By
Design unit, students show significant learning gains in th e emphasized science content
as well as in collaborative and metacognitive skills (Kolodner et al., 1998; Kolodner et
al., 2003).

While these programs use general design practices primarily as a means to
fostering science learning, others seek to engage gung people in more authentic forms
Of wi 01 POI 1 UPOT WET UPT OwUOwi EEPOPUEUT wUUUET OUUz
in engineering as a potential career path. Notable examples of these types of programs
include Project Lead the Way and the Infinit y Project, both of which offer full
engineering curriculum packages for middle and high school students. Project Lead the
Way is implemented in over 1,300 schools across the nation, while the Infinity project

has been used by over 285 schools (Brophy, Klai, Portsmore, & Rogers, 2008). In these



programs, students engage in a series of introductory engineering courses, which in

some cases can be counted for college credit. Both Project Lead the Way and the Infinity

Project have been shown to improve studentsgt wOE Ul wEOEwWUEDI OEl wUOET UU
students have reported increased interest in pursuing engineering careers as a result of

participating in the courses (Brophy et al., 2008; Douglas, Iversen, & Kalyandurg, 2004;

Klein & Geist, 2006).

Beyond Engineerig Skills and Knowledge

Certainly, the results of these design-based programs are quite promising and
encouraging, demonstrating the effectiveness of using design as an engaging and
effective means to develop understanding in science and math as well as other
important skills such as collaboration and metacognition (Kolodner et al., 2003).
Moreover, the two programs that provide more authentic engineering experiences also
cultivated interest in young people to potentially explore engineering careers. As such ,
these programs constitute important steps towards addressing the potential shortage of
engineering talent in our nation.

However, many of these programs focus heavily on product design and
construction, which may present a limited view of the profession to young people. In
their report on Engineering in k12 Education(National Academy of Engineering, 2009),
the NAE outlines three principles that should be included in pre -college engineering
experiences. Specifically, the NAE argues that precollege engineering experiences
should a) emphasize engineering design, b) incorporate the development of appropriate
math, science, and technology skills; and c) promote engineering habits of mind. While
the programs described above do address the first two NAE princ iples by including
engineering design activity in the classroom and promoting the development of math

and science understanding, these interventions do not directly address the third



principle, which advocates for the development of engineering ways of thi nking in
aoUOT wxl OxOl w31 PUWEEOQWOI EEWUOWUT T wETI YI OOx 01 O
understanding of the engineering profession in young people, which not only leaves
them unprepared to enter engineering majors in college, but can also disenfranchise
particular underrepresented groups such as women and minorities from pursuing
engineering careers Eccles, Barber, & Josefowicz, 1999
For example, many of the extant engineering programs, activities, and curricula
for pre-college students focus heavily on the creation of a specific product, strongly
emphasizing the development of basic design skills and scientific knowledge (American
Association of University Women Educational Foundation, 2004, National Academy of
Engineering, 2009). While these goals may bewell aligned with the objectives of a
middle or high school science course, the impression of engineering these activities
leave with students can often be limited and incomplete because other facets of rea}
world professional engineering practice are not equally prioritized. This lack of context
EEOQWOEOI wi O1 POI 1 UPOT wUI 1 OwagUPUI wUOExx]1 EODOT wU
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2005). Moreover, the limited view of engineering presented in these programs can
inadvertently reinforce the unfavorable stereotypes ( Ambady, Paik, Steele, Owen
Smith, & Mitchell, 2004, Eccleset al., 1999Knight & Cunningham, 2004).
Given the persistent underrepresentation of women in engineering (Etzkowitz ,
Kemelgor, & Uzzi, 2001 Sonnert, Fox, & Adkins, 2007; Hewlitt et al., 2008; Thom, 200},
it seems useful to explore the development of K-12 programs that are interesting to pre-
college girls and provide a more accurate and complete view of the profession to young
women. Providing positive engineering experiences for K -12 girls can potentially

increase the female talent in the engineering pipeline (Berryman, 1983; Ecclet al.,



1999) and ultimately increase the number of women in engineering (Nauta, Epperson,
& Mallinckrodt, 2003). Moreover, engaging in meaningful engineering activity that

links the skills and knowledge associated with engineering design to other elements of
professional practice + as recommended by the three principles of the National
Academy of Engineering ¢ can reduce negative stereotypes about the profession and
make engineering a more favorable choice as an undergraduate major (Ambady et al.,
2004). As such, creating a K12 engineering program that targets young gir Is and helps
them develop complex, professional ways of thinking is a central focus of the work

presented here.

Characterizingengineering with an Epistemic Frame

Part of the impetus for the NAE to outline the three principles listed above was
the realization that to date, an operational definition of engineering as a profession did
not exist for the K-12 arena. Indeed, in some programs examined by the Academy, parts
Of wOT 1T woOl EUODPOT wi BxT UPI OEl whbEI OUPI Pl EWEUWEIT DO
incongruent with the actual definitions and practices accepted and held by the
profession. Like other communities of practice (Lave & Wenger, 1991; Wenger, 1998),
the engineering profession has, over time, created and defined a particular culture all to
its own. Engineers act like engineers, engage in design like an engineer, understand
what is important to an engineer, and know about engineering. These ways of knowing,
doing, and acting are made possible by a looking at the world in a particular way ¢ by
thinking like an engineer. One way to think about and define this culture is through the
three principles outlined by the NAE. However, another way to describe the structure
of a particular profession such as engineering is anepistemic framéShaffer, 2006a): the
particular skills, knowledge, identity, values, and epistemology that comprise the

grammar of a particular professional culture and organize the ways in which the



profession is practiced in the world. As new professionals become more expert in the
practices of the profession, these individual frame elements are increasingly connected

and bound together into a more coherent epistemic frame.

Connecting the Different Elements of Engineering Practice

Thus, developing an epistemic frame requires not only the d evelopment of
specific frame elements but, more importantly, the connections between the elements.
The principles and recommendations of the NAE echo this connection of skills and
knowledge to ways of thinking by suggesting the three principles should be b alanced in
order for a K-12 engineering environment to be most effective. In engineering and many
other design professions, the connections between different elements of professional
practice are made in the practicumsetting, where novices work on authentic real-world
problems within a simulated professional environment (Schon, 1987). For engineers,
practicum experiences are typically seen (commonly occur) in the senior-level capstone
design course, where college studentstypically work on realistic design problems
under the guidance of a professor or mentor. Unlike abstract content courses
encountered early on in engineering degree programs, capstone coursesmmerse
undergraduates in an authentic professional setting, where they work on authentic
problems from the field and face authentic constraints and challenges such as designing
under a budget and meeting project deadlines. Through their realistic design work,
students come to know key engineering terms, how to carry out an engineering design
process, and what issues engineers need to care about in their work. They also begin to
understand what it means to be an engineer, how engineers communicate to colleagues
and clients, why engineers act in particular ways, and most importantly, how to think

like an engineer. In this way, within the meaningful context of the practicum, new
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professionals begin to link different elements of practice together and form an epistemic
frame (Shaffer, 2005; Shaffer et al., 2009).

Several engineering programs have recognizedthe pedagogical effectiveness of
capstone courses in helping students make key connections between different
components of the profession and, as such, have begun to incorporate authentic design
activiies | UUUT T Uw? Ux U0 UI E Oin ond2Qautiglp firsudnd dédomifydal U O
undergraduates develop a more meaningful and accurate foundation for engineering
(Cox, Diefes-Dux, & Lee, 2006; Montgomery, Follman, & Diefes-Dux, 2003; Sheppard,
Macatangay, Colby, & Sullivan, 2008). In a similar manner, introdu cing authentic and
situated engineering activities like those seen in the practicum at the K-12 level may
help young people not only develop engineering skills and knowledge, but also
engineering habits, views, and ways of thinking.

Because there is much to be gained in exploring authentic, practicum-like
engineering experiences for pre-college students that connect different elements of the
engineering profession, this dissertation focuses on such a study. Specifically, the work
presented here explores whether a group of middle school students engaging in
authentic engineering activity within a program called Digital Zoo can develop not only
engineering skills and knowledge, but also engineering ways of thinking. In addition,
this study begins to examine how the learning processes unfolded in Digital Zoo by
exploring whether particular activities in the learning environment elicit ed reflection
about engineering values and epistemology ¢ and the linkages between these elements
and other frame components ¢ within the participants . By exploring both the learning
outcomes and learning processes involved in an authentic pre-college engineering

1 OYPUOOOI OUOwWUT BDUwb OU O uhte® FHiripl€slofikull éhginadtingl w -
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can be addressed in one learning experience, and as such can make a significant

contribution to the engineering education community.

Educational Research, Engineering Style

This study follows in the tradition of educa tional design experiments (Brown,
1992; Collins, 1992), which are used in the field of learning sciences (Kolodner, 2004) as
vehicles for iteratively developing, evaluating, and refining theories of learning (Barab,
2004; Cobb, Confrey, diSessa, Lehrer, &chauble, 2003; diSessa & Cobb, 2004).
Borrowing from the practices and procedures of design -based professions like
engineering, design researchers build learning environments and test them in the real
POUOEOwxUUUDPOT wUT I PUWPEIT E2008pidider torekh®inetheb Ea 2 wop"
applicability and resonance of their conjectures. Results from one cycle or stage of a
design experiment inform the next, leading to the progressive refinement (Collins,
Joseph, & Bielaczyc, 2004) of both pedagogical practies andt more importantly ¢
learning theories. Although most design experiments are cyclical and ongoing, each
iteration of a design experiment commonly involves three phases, similar to those in the
design-build -test cycle from the profession of engineering (Burghardt, 1999; Dym &
Little, 2000): the design phasevhere a learning environment is crafted to test a particular
theory of learning; the implementation phasevhere learners are carefully observed as
they engage in the designed environment; and the analysis phasavhich examines the
learning outcomes and processes of the environment in order to potentially refine both
the theory being tested as well as the next instantiation of the learning environment.

One of the most challenging pieces of educatonal design research is the capture,
measurement, and investigation of intricate learning processes and mechanisms within
a naturalistic setting. Unlike highly controlled laboratory experiments that remove

context in order to isolate specific variables, design experiments seek to understand and
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uncover the essential role(s) of context within the learning environment (Collins et al.,
2004) Moreover, design research typically explores complex and sophisticated forms of
learning, and how that learning develo ps over time. Not only is it more difficult to

order to capture its temporal trajectory, repeated observations and measurements are
necessary throughout the duration of the experiment.

Given the many challenges associated with design research, it is not surprising
that there has been much discussion about the appropriate methods and techniques to
employ when engaging in (and evaluating) a design experiment (Barab, Hay, &
Yamagata-Lynch, 2001; Cobb et al., 2003; Collins et al., 2004; diSessa & Cobb, 2004;
Hoadley, 2004; Joseph, 2004)On the one hand, the need to understand the role of
context in the learning process suggests that qualitative methods+ which yield highly
descriptive data and results + would be appropriate for use in design research. On the
other hand, the need to evaluate and assess complex forms of learning over time
suggests that the quantification of data and the use of quantitative analytical techniques
¢ which necessarily remove some layers of context in order to facilitate the
identification and characterization of key factors, patterns, and relationships ¢ would
also be informative and fruitful. Indeed, design experiments tend to be situated
between purely descriptive ethnography work and purely generalizable large scale
studies (Collins et al., 2004) thus making them quite well suited to a mixed methods
approach (Brown, 1992; Collins et al., 2004; Teddlie & Tashakkori, 2003)

In this work, an example of how qualitative and quantitative techniques (Chi,
1997; Shaffer et al., 200%an be integrated within a mixed methods approach in order
to uncover and analyze the learning mechanisms found within a design experiment is

presented. While the | earning outcomes for Digital Zoo were measured and explored
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with traditional pre -, post-, and follow up clinical interviews, the analysis of the

learning processes within the program required a more novel approach, and as such is a
key feature of this study. In short, the mechanisms of learning throughout Digital Zoo
were uncovered through the examination of in situ data repeatedly and systematically
collected during the intervention. A new technique, Epistemic Network AnalysiéShaffer
et al., 2009), was used to cheacterize and explore the emergent patterns of complex
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revealing trends within the data that led to the identification of essential activities that
specifically elicited player reflection on engineering values and epistemology during
Digital Zoo. Finally, these trends were examined with fixed effects logistic regression
(Allison, 1996; Cox, 1972) as part of an intrasample statistical analysis (Shaffer & Serlin,
2004) togenerate statistical findings on the repeated measures (n situ) data. Thus, by
providing an integrated, mixed methods approach for the careful examination of

student learning during particular events within a design experiment learning

environment, this work also makes a contribution to the learning sciences community.

Dissertation Overview

While the remainder of this dissertation will describe and explain the design,
implementation, and analysis phases for Digital Zoo in much greater detail, a brief
summary of each of the chapters may provide a helpful overview for the reader. In
Chapter 2, the theoretical framework for the study is presented. Digital Zoo is a
technology-supported learning environment in which middle school girls role play as
engineers and engage in authentic engineering activity under the guidance of a design
advisor. It is based on a particular theory of learning, the Epistemic Frame Hypothesis
(Shaffer, 2004a; Shaffer et al., 2009), which builds on the theoretical constructs of

communties of practicéLave & Wenger, 1991), andthe reflective practicur{Schon, 1987) in
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order to posit both a definition and a mechanism for the development of professional
abilities, understanding, and expertise. During the design phase of the experiment,
activities for Digital Zoo were informed by two preliminary studies (Svarovsky &
Shaffer, 2006a, 2006b, 2007) and developed in such a way as to allow for the
examination of the epistemic frame hypothesis in an actual K-12 learning environment.
During the de sign phase of the experiment, activities for Digital Zoo were developed
and orchestrated in such a way as to allow for the examination of the epistemic frame
hypothesis in an actual K-12 learning environment. During the implementation phase,
which is described in Chapter 3, ten middle school girls participated in the study, and
each participant was assessed and observed before, during, and after the experience.
These observationst collected in various forms of qualitative data ¢ were the
transcribed and organized in preparation for the analysis phase of the study.

The analysis of the learning environment, conducted in the third and final phase
of the study, examined both the learning outcomes and learning processes within
Digital Zoo. A description of all analysis techniques is presented in Chapter 3. Results
from these analyses are presented in Chapter 4 and demonstrate that the students were
able to not only develop engineering skills and knowledge but also engineering ways of
thinking. Additional results also identify key activities within the environment that
elicited reflection within players about specific elements of the epistemic frame . Chapter
kKwxUl Ul OOUUWEWEPUEUUUDPOOWOI wlOT T wUUOUEazUwi POEDO
and provides closure to the study by outlining a trajectory of future research that builds
on the current work. Finally, complete publications from the two preliminary studies
that initially informed the design phase of Digital Zoo can be found in Appendix A, and
the game gquides used during the implementation of the game can be found in

Appendix B.
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The overall goals of this work are to investigate the learning gains and
mechanisms+t particularly for engineering ways of thinking ¢ that occur for particular
group of middle s chool girls engaging in authentic engineering activity within a
particular learning environment. It is important to note that this study does nointend to
position Digital Zoo as the most appropriate or effective method for engaging young
people in authentic engineering activity; indeed, it is but one among many potentially
fruitful approaches to meaningful and engaging engineering experiences at the pre -
college level. However, the specific value of this work can be found in the contributions
it makes to the learning sciences and engineering education communities. In presenting
how an integrated methodological approach can be applied to assess complexthinking
and learning in context, this study provides an example of qualitative and quantitative
techniques can be combined in order to uncover and analyze the learning mechanisms
found within a design experiment. Furthermore, in identifying potentially powerful
activities that elicit reflection about engineering values and epistemology ¢ and linkages
between these frame elements and others in the engineering epistemic framet in young
people, this work provides key insights on how to improve other K -12 engineering
experiences and thus better prepare the next generation of innovative and globally

competitive engineering professionals.
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CHAPTER 2

THEORETICAL FRAMEWORK

The Looming Shortage of American Engineers

Given the rapid technological growth abroad, it becomes increasingly important
for our nation to cultivate talented science and engineering professionals in order to
remain technologically competitive in the global economy. Nations such as India and
China are not only increasing their production of engineers, but a much higher
percentage of their undergraduate populations are choosing to enter engineering
disciplines (Friedman, 2005). While a recent study (Duke University Master of
Engineering Management Program, 2005) suggests that qualitative differences exist in
the training of American versus international engineers that help the United States
maintain a specific advantage in the international engineering job market, other
resourceful nations are likely to adapt and implement current American pedagogical
approaches in technical fields (Friedman, 2005). Once this occurs, the qualitative
differences that currently separate American engineers from the rest of the international
engineering talent pool will be come greatly diminished, and our capacity to compete in
the technology sector will as well.

Unfortunately, in contrast to the international trend of increasing engineering
professionals, our nation is currently undergoing a period of negative growth in  the
production of talented engineering candidates. After reaching a peak in 2002, the
number of first year college students choosing to enter engineering programs has
steadily declined in recent years (National Science Foundation, 2009) Women and

minoriti es continue to be underrepresented in these programs, representing
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approximately 18% and 30% of the students enrolled in engineering majors,
respectively (National Science Foundation, 2009). Of particular concern is the decreased
interest of young women in pursuing engineering careers after completing high school.
While there has been an influx of women entering the biological and social sciences
over the past decade, the number of first year undergraduate women entering
engineering programs is at its lowest point in fifteen years (National Science
Foundation, 2009). With fewer young people embarking on engineering career
UUENI ECOUDPT UOwWUT T wxOUI OUPEOQWET xO01 UPOOwWOI wOUUw
quickly become a stark reality.
Given the many unfavorable consequences of falling behind international peers
in engineering and technological prowess, several agencies and organizations are have
issued an urgent challenge to the engineering community, advocating for intensified
efforts in the recruitment, retention, and training of innovative engineering and
technology professionals in our nation. At the center of this call to action lies the need to
refine current practices in engineering education, as well as to develop and implement
new and effective engineering programs across the entire K-20+ educational spectrum.
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non-trivial degree, tied to the ability of the engineering education community to
addresst and if at all possible, avoid ¢ the impending shortage of highly qualified

engineering and technology professionals in near future.

The Potential of KL2 Engineering

While many efforts are being undertaken to improve engineering education at
the undergraduate level (National Academy of Engineering, 2004; Sheppard et al.,
2008), there is a growing focus on developing effective K-12 engineering programs.

Providing pre -college students with meaningful and engaging engineering programs
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Specifically, these experiences have been shown to help young people become more
interested in engineering as a career path (Eccles et al., 1999) and develop a stronger
foundation in both math and science courses (Douglas et al., 2004).

Several studies have suggested that engaging K12 students in engineering
programs may be the most effective way to expose and educate young people about the
profession (Blickenstaff, 2005; Denner, Werner, Bean, & @mpe, 2005; Margolis &
Fisher, 2002). By providing opportunities for K -12 students to explore engineering
through activity, young people come to have a better understanding of both the scope
of the engineering profession as well as what engineers actually do (Hutchinson, 2002;
Ogle, 2004). Evaluations of engineering programs at the high school level reinforce
these theories, showing significant increases in student interest towards entering
engineering and technology careers after participating in an extended engineering

experience (Brophy et al., 2008; Douglas et al., 2004).

Designing for Math and Science Understanding

Beyond reducing the effects of negative stereotypes and cultivating interest in
engineering as a profession, several studies (Eccles et a).1999; Nauta et al., 2003)
suggest that engaging young people in engineering activity can provide a motivating
and engaging context for them to develop math and science understanding. Indeed,
children tend to have an inherent curiosity about the physical world, (Petroski, 2003)
and it can be quite powerful to use the design and construction of objects to capitalize
on this interest and promote meaningful science learning. Activities such as building a
bridge that can hold the most weight, building a catapu It that can launch the furthest
projectile, or building a car that can go the fastest have been shown to stimulate both

learning and excitement for K-12 students, and in many cases these design challenges
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can lead to a richer understanding of concepts in math and science Bernsten, 1995;
Borja, 2001; Hurley, 1996; Ogle, 2004; Tucker, 1998) For example, one study (Middleton
& Corbett, 1998) found that students were motivated and curious when exploring
different aspects related to the concept of stability by building toothpick and gumdrop
structures within a geometry unit. In another study (Penner et al., 1997), elementary
students investigated the biomechanics of an elbow joint by building various models
out of clay, straw, and cardboard. When compared to students who studied the
structure and function of an elbow without designing models, the students who
engaged in design demonstrated a more robust understanding of the scientific concepts.
Building on the demonstrated effectiveness of design challenges in fostering
scientific understanding, comprehensive design -oriented science curricula have been
developed in recent years. For example, the DesignBased Science curriculum was
developed by a team of researchers at the University of Michigan and included a series
of multi -week units that engaged high school students in iterative design for the
purposes of inquiry -based scientific learning (Fortus, Reddy, & Dershimer, 2003;
Mamlok, Dershimer, Fortus, Krajcik, & Marx, 2001). In the Safer Cell Phones unit,
students are asked to design a cell phone that minimizes various potential hazards such
as radiation, battery leakage, and damaging sound levels without sacrificing usability.
Students are introduced to the problem, conduct background research, develop ideas,
design and build models, express ideas through drawings and essays, and obtain
feedback through pin -up critique sessions and tests (if possible). Students discuss
feedback with peers and teachers and then engage in another cycle of design. Results of
the study suggest that students were able to learn about scientific principles such as

battery chemistry, electromagnetic waves, and energy (Mamlok et al., 2001).
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Another example of a design-oriented science curriculum for middle school
classrooms is Learning By Design, developed by a team of researchers at Georgia Tech,
which consists of five different multi -week units where students also engage in product
design in order to explore and cultivate science learning. For example, in the Vehicles in
Motion unit, stu dents learn about the concepts of force and motion by iteratively
designing vehicles and exploring different methods of propulsion (Kolodner et al.,
1998). Students work through three mini-challenges before attempting the grand
challenge of designing a vehicle that can travel a certain distance and over a hill at the
end of the unit. Within each of the units, students engage in a set of ritualized practices,
or activities, that iteratively oscillate between one cycle of investigation and exploration
and another cycle of design and redesign (Kolodner et al., 1998). Learning By Design
rituals include both small -group and full -class activities. Small group rituals include
EEUPYDPUDPI UwUUET wEUW? 01 UUPOT WEEOUU? OwpkT 1T Ul wUOU
scenarios in order to uncover key characteristics and qualities that can impact design
later, and running experiments to test different elements of a designed object. Large
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guestions, and answers in a communal space to share with others, and pinup sessions
and gallery walks where students share work with peers and teachers in order to get
feedback. Students who engage in Learning By Design units demonstrate significant
gains in sdence understanding, collaborative skills, and metacognitive skills (Kolodner

et al., 1998).

Programs Focused on Specifically on Engineering in #i€ iKrena

The design activities and curricular programs described above, though certainly
not an exhaustive list, illustrate the considerable pedagogical effectiveness of using

design-based activities to foster learning within K -12 classrooms. By providing students
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with an exciting learning environment that incorporated elements of real world design,
students engaged in meaningful and purposeful activity, which led to significant
learning gains in science. However, the primary goals of programs such as these are to
foster content learning in math and science, not necessarily to generate interest in
engineering or expose students to authentic engineering practices. As such, curriculum
designers were free to include elements of design from other professions, such as the
pin up sessions from the architecture design studio.

Other curriculum packages for pre -college students, such as the Infinity Project
(Douglas et al., 2004) and the Project Lead the Way (Brophy et al., 2008), are more
specifically focused on exposing young people to engineering practices and cultivating
engineering interest. The Infinity Project, which has been implemented in 230 high
schools in 34 states, engages students in exploring how engineers design and optimize
relevant real-world technologies such as the Internet, cell phones, and digital music. In
addition to a course textbook, the Infinity Project curriculum includes over 350
integrated laboratory exercises that use reattime signal processing hardware,
developed in collaboration with Texas Inst ruments. Students who participate in the
program have demonstrated learning gains in math and science understanding, as well
as an increased interested in pursuing engineering careers.

The Project Lead the Way curriculum has been implemented in over 1,300
schools in over 45 states, with over 175,000 students enrolled in the program (Brophy et
al., 2008). High school students take part in the Pathway to Engineering sequence,
which consists of eight courses that focus on the development of problem-solving skills
while designing solutions to real -world engineering problems. The sequence exposes
students to different disciplines of engineering and culminates in a capstone

Engineering Design and Development course, in which student design teams work with
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a community mentor on open -ended design problems. Students who participate in the
high school component of Project Lead the Way demonstrate significant gains in both
math and science understanding and also report an increased interest in pursuing
engineering as acareer path. Project Lead the Way also has a middle school component,
Gateway to Technology, which consists of five multi -week units that can be
implemented within math, science, or technology courses in a similar manner to the

Learning By Design curricul um.

The Tip of the Iceberg

Many of the programs described in the previous two sections have proven to be
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mathematical concepts, which is certainly important and essential to t he development
of a talented and globally competitive group of engineering professionals in our nation.
Moreover, those programs specifically authentic to engineering such as Project Lead the
Way and the Infinity Project provide K -12 students with a basicintroduction to
engineering practice and generate interest in young people to pursue engineering
careers. However, as promising as these programs are, the heavy concentration on
developing a product for the sake of learning about math and science found wit hin each
of these interventions can result in a limited view of the engineering profession. While
math and science learning goals are well aligned with the objectives of a middle or high
school STEM classrooms, the impression of engineering these activities leave with
students can often be incomplete because other facets of realorld professional
engineering practice are not equally prioritized (American Association of University
Women Educational Foundation, 2004).

Recognizing the growing interest in K -12 engineering education over the past 15

years, the National Academy of Engineering recently released a report (National
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Academy of Engineering, 2009) which presented findings and recommendations based

on a comprehensive survey of pre-college engineering experiences. One of the major

findings of the study echoes the point above regarding the potential overemphasis of
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treatment of ideas from the engineering profession, with perha ps too intense a focus

placed on the iterative design cycle. More serious, however, was the way in which other

concepts from engineering practice, such as optimization, modeling, and analysis, were

absent, incomplete, or not representative of their actual roles in real-world engineering

within many of the surveyed programs. The NAE suggested that the inconsistency and

unevenness demonstrated by the programs included in the study were due in large part
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principles for K -12 engineering education programs, suggesting that these learning

environments should a) emphasize engineering design, b) incorporate the development

of appropriate math, science, and technology skills; and c) promote engineering habits

of mind. In light of the overemphasis of the first two principles and the lack of attention

on the third principle, the NAE goes on to strongly r ecommended continued and

ongoing research into the learning goals and learning processes of precollege

engineering environments.

K-12 Engineering and the Leaky Pipeline of Women Engineers

Developing effective K-12 engineering programs that address all three of the
- $7UwxUDPOEDxOI UwbhUwOOUwWwOOOawbOxOUUEQUWUOWUT |
globally competitive engineering professionals in our country, but also to the ways in
which young people perceive engineering as a profession and potential career path.

Programs that overemphasize engineering design and content learning in math and
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science present a limited view of the profession and make engineering seem quite
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engineering experiences can, in turn, lead to the reification of negative engineering
stereotypes already held by young people + and in particular, girls ¢ about engineering
being a profession much more focused on machines instead of helping and working
with people (Knight & Cunningham, 2004 ).
While the decision to major in engineering can be heavily influenced for young
women by inaccurate perceptions about the profession (Eccles et al., 1999Nauta et al.,
2003), gender stereotypes and socialization also contribute the underrepresentation of
women in engineering. Girls as young as third grade have been shown rate their math
competency lower than boys do, despite showing no differences in achievement
(Herbert & Stipek, 2005; Lloyd, Walsh, & Yailagh, 2005). Girls also tend to attribute task
failure in STEM classrooms to a lack of ability, where as boys are more likely to
attribute failure to the difficulty of the task (Voyles & Williams, 2004). These ability
beliefs and attributions persist into the college years, when some young women who
leave engineering majors have been shownto be seltdefeating and attribute their
failures to their own lack of ability ( Nauta et al., 2003).
Obviously, girls do not develop these self-perceptions about their abilities in a
vacuum, and several studies have examined different ways girls can be socialized into
these patterns and beliefs. For example, parents have been shown to rate the math
competency of elementary aged girls lower than for boys, despite no actual difference in
ability (Herbert & Stipek, 2005. By the time girls reach middle school, parents have
been shown to rate their math competency as equivalent to that of boys, despite g U OU z w

higher performance on math assessments Frome, Eccles,& Barber, 2006. Teachers
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while not explicitly discouraging girls, have also been shown to encourage boys more in
STEM areas and allow them more access to classroom resource®lickenstaff, 2005).
Peers and social networks also play a role, with girls showing less interest in STEM
activities when other friends seem uninterested (Lee, 2005). Negativeinteractions with
male peers can be discouraging for girls as well, such as when they purposetilly
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and skills (Margolis & Fisher, 2004).
Influenced by these social and cultural norms, girls tend to value different
subject areas and show interest in different career options than boys from an early age.
Studies have shown that girls tend to enjoy language-related courses more than math-
related courses Eccles et al.,, 1998 WE OE wUT EQwUOODPOI wi PUOUZz wOEUT wl
skills are more accurately rated by both parents and the girls themselves (Herbert &
Stipek, 2005). Specifically in the STEM areas, girls are significantly mae interested in
the biological and social sciences, due in part to their concern for helping people and
their interest in understand ing human social interaction ( Eccles et al., 199p Established
and reinforced throughout the pre -college years, these preferences strongly influence
a0UlOT wp OOl Oz UwWET OPET wOi wETTUI T wxUOT UEOOwWPBUT w
migrating towards the biolog ical, medical, and social science majors because of the
belief that these professions can help people more directly (Eccles et al., 1999
However, while engineering programs with a narrow focus can negatively
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meaningful engineering experiences at the K-12 level may help girls remain interested
in engineering as a potential career path (Catsambis, 1995; Eccles et al., 1999; Lee, 2002;
Nauta et al., 2003. Programsthatmi 1T OwUOT 1T w- $zU0wU0l Ul T wxUDOEDxOI |
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helping them focus on the specific and accurate features of engineers and thus helping
them develop a more favorable and accurate understanding of the profession (Ambady
et al., 2004). By situating engineering activity within a broader context and linking the
skills and knowledge associated with engineering design to other aspects of the
profession, well-rounded K -12 engneering programs can not only help prepare the next
generation of engineers, but also potentially attract additional talented candidates from

underrepresented groups into the engineering pipeline.

Engineering as a Community of Practice

By articulating th e three principles essential for pre-college engineering
programs, the National Academy of Engineering was working to provide K -12
educators with an operational set of ideas that defined and characterized engineering in
a way that was aligned with the disc ipline and practice of engineering (National
Academy of Engineering, 2009). TheEngineering in k12 Educatiorreport provides
additional explanation around each principle, clarifying what engineering -specific
skills, knowledge, and habits are associated with each. In stating and describing these
ideas, the NAE provided an articulation of the shared repertoir@Venger, 1998) of
1 01T PO1 1 UDPOT Owpi PET wbOEOUET UwUT 1 w?UOUUDOI UOwb O
gestures, symbols, genres, actions, orconc x UU~>» wEOOOOOOa wl OxO0Oal EwbOu
engineering practice.
Like other canmunitiesof practie (Lave & Wenger, 1991; Wenger, 1998), engineers
constitute a group of people who have defined a vast set of collective knowledge while
¢ and as a result oft working together over time. The shared repertoire of knowledge is
continuously developed and refined through the engagement of multiple community
members in ajoint enterprise,such as working together to solve complex societal

problem or to find answers a difficult and intricate cultural question. The shared
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repertoire of one community of practice may extensively overlap with that of another,
but given the way in which the collective understanding of the group is built through
shared experience, no two repetoires would be completely identical. However,
individuals can, and naturally do, belong to many different communities of practice at
once, such as those associated with families, special interest clubs, and neighborhoods
in addition to those constructed in the workplace.

Given its definition, learning within a community of practice is, not surprisingly,

a social and cultural process (Lave & Wenger, 1991; Wenger, 1998). New members to
the practice, possessing (and creating) little of the shared repertoire begin at the
outskirts of the community, participating at the margins. In order for them to move into
Ew?1 UOOI U> wUI OUT woOi wxEUUPEDXxEUDOOOwWPIT T Ul wi UOO
an expert and contributor in the shared repertoire of the comm unity, new members
must be allowed to engage in legitimate peripheral participatiorsuch as in a trade
apprenticeship. Participation is legitimatebecause it is meaningful and purposeful, and
yet peripherabecause the new member is only tasked with a marageable portion of the
larger practice. As new members develop in their learning, their participation becomes
more legitimate, and less peripheral, as they assume more responsibility during practice
and move closer towards full participation in the communi ty.

The construct of a community of practice further suggests that no single aspect of
the shared repertoire can fully encompass the community. Rather, it is the collection of
the different components that create the shared understanding of the group. For
example, while scientific knowledge and design skills are essential to engineering
practice, they do not fully characterize the entire engineering profession. Engineers
need to know about much more than physics and mathematics to be proficient at their

jobs, and they need to be able to do much more than generate design ideas in order to
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be successful. They need to know the ways in which engineers gather information, why

it is important to develop to multiple design alternatives, and how to do so. They also

need to know what a client is talking about, how to communicate with a client, and why
understanding what the client really needs is essential. Engineers also need to know

when to evaluate a given solution, how to interpret the results of that evaluation, and

PTEVOWEI Ul UOBOT UwkPT T UTT UwOUwWOOUWEwWUOOUUPOOwWPUW
about how to move forward with the design process. Certainly, this list is not an

exhaustive catalog of everything an engineer needs to know and be able to do in order

to do her job; rather, this list simply begins to demonstrate how an engineering activity

solely focused on product design leaves out many other key facets of the engineering

profession.

Epistemic Frames

Conceptualizing engineering as a community of pra ctice has certain advantages,
such as being able to talk about different features of the shared and collective
understanding of engineers that have been developed throughout the history of the
profession. However, in educational contexts where the identifi cation of specific
learning outcomes is necessary in order to measure progress and understanding, the
notion of a shared repertoire of knowledge is not especially helpful. Instead, a
purposeful description or grouping of the different characteristics of th e shared
repertoire would be more functional for educators who are attempting to create
effective learning environments. By more clearly defining and outlining the shared
repertoire of the engineering community of practice for K -12 engineering education, the
NAE provides one example of how to translate the structure of a particular community

of practice into a more practical format.
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In the same vein, the epistemic frambypothesis (Shaffer, 2004a, 2006a) builds on
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community of practice ¢ such as a professiont is organized by a particular epistemic
frame, which includes the following elements:

1 Skills: the abilities and competencies that community members are able to
perform and demonstrate

1 Knowledgethe facts and information shared by community members

1 Identity: the social and cultural roles that community members view
themselves as having

1 Values the opinions and beliefs held by community members that define what
is important (and conversely, not important)

1 Epistemologythe justifications and methods of proof that legitimize actions
and claims within the community

In specifying and defining the frame elements for a given professional culture, an
epistemic frame cohesively articulates the ways of doing, knowing, being, caring, and
warranting of a particular profession. Different professions have different cultures, a nd
as a result, have different epistemic frames. For example, journalists act like journalists,
ask guestions like a journalist, understand what is important to a journalist, and know
about journalism. These ways of knowing, doing, and acting are made possible by a
looking at the world particular way ¢ by thinking like a journalist. In an analogous
manner, engineers have a set of practices, understandings, roles, opinions, and warrants
all bound together by the engineering epistemic frame.

Part of a larger theory of learning known as the epistemic frame hypotheg¢haffer,
2004a, 2006a; Shaffer et al., 20Q3he epistemic frame also defines a metric for
professional expertise within a particular profession. Similar to the way the entire

shared repertoire of a community of practice cannot be fully represented by one or two
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frame elements. Rather, it is the collection of frame elements, and more importantly, the
connections between those elements, that more fully illustrate the grammar and
structure of a given profession. Put another way, professional expertise is not fully
characterized by procedural knowledgevhich involves knowing how to do particular
tasks, or by dechrative knowledgewvhich involves understanding a body of information.
Instead, professional expertise involves the connection of procedural and declarative
knowledge to other components of a professional culture, where actions and
understandings have a particular meaning and importance within a particular context
as determined by the professional community (Broudy, 1977; Shaffer, 2006a).

By forging linkages between the individual frame elements over time,
professionals develop more expertise in their field and become more efficient and
effective in their overall practice. When new members enter a profession, it is unlikely
that they have a full grasp of each of the different frame elements or, for that matter, the
connections between the frame elements. Havever, as the new members grow and
learn in the ways of the profession, their understanding of the individual frame
elementst and the relationships between them ¢ will increase, resulting in an
increasingly more sophisticated epistemic frame. To connecti PUwUOw+ EY] wEOE w6 |
work (1991), new members who are at the periphery of a community of practice would
have undeveloped and loosely-linked frame elements in their epistemic frame, while
expert members of the community in full participation would have well -defined
epistemic frames with dense connections between and among the different frame

elements.
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In addition to defining the construct of an epistemic frame, the epistemic frame
hypothesigjoes on to suggest a reflective pacticum setting, where novice members of a
professional community engage in authentic activity in the presence of a mentor, as a
mechanism for the development of epistemic frames (Shaffer, 2005) Examples of
common practicum experiences include moot court f or lawyers, clinical rotations for
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professional context (Waks, 2001). Particularly relevant to the domain of design
education is the work of Schon (1987), which examines a particular type of practicum ¢
a reflectivepracticum, where novice professionals engage in authentic, messy, and ill-
structured problems under the supervision of more experienced mentors, or as Schon
EEOOUWUT | OOW?EOEET T U6~2w UWEwWUI UUOUwWOI wUBET UT O
novice professionals generally mature in their ways of thinking, doing, and acting,
making significant progress towards becoming reflective practiti oners who exhibit
artistry within their field. Schon identifies this type of expertise as reflection -in-action:
the ability to shift from standard, skilled performance to a more analytical and
experimental mode when an unexpected complication arises during practice. As the
expert designer reflects-in-action, she engages in onthe-spot thought and action
experiments, positing a potential action and considering its consequences on her design,
and how those repercussions might affect future moves.

As in other learning environments, the different facets and aspectsf a practicum
can contribute in different ways to the learning processes of new professionals. Some
contextual components of the practicum can help build and sustain the authenticity of

thevirtual ? x UEEUDET wb O U Odontrilnuirdy Folth® O<bage feabifing
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of real-world scenarios. For example, students in adesign-based practicum might be
given fictitious documents from an employer that outlines the authentic problem they
will address (Todd, 1993), while pre-service teachers in enrolled in a practicum course
might be asked to role play as middle school students as a peer engages in a micre
teaching lesson Gurvitch & Metzler, 2009) . These aspects of the practicumhelp
legitimize the experience for novice professionals, facilitating their immersion in the
norms, rituals, discourse, and culture of practice (Schon, 1987)
In addition to the role of context, certain activities will undoubtedly be essential
to professional learning within the practicum setting. Amongst the various pedagogical
pieces of a practicum, reflective participant structuregShaffer, 2005) have been shown to
specifically focus on helping novice professionals learn how to reflect-in-action. A
common reflective participant structure is a meeting between novice and mentor where
Ul 1T wOOYDPEITI zUwxUOT Ul UUWOOWEOWEUUT 1 OUDbEdeskUOEOI O
crit in the field of design (Shaffer, 2005), this reflective participant structure provides an
opportunity for a coach to consult with a student on her progress, often reflecting on
her actions and helping her reframe the situation to point out misalignments with the
EEUPOOOwPT T UI wOT T wdl OUOUwI REOPOI UwUT 1T wUUUET OU
why they might not have been the best choices, thus providing the student with insights
into artistDE wx UOT I UUPOOEOwWXxUEEUPEI dw 1 Ul UwUl YPI PDOI
advice, the coach can also reflectin-action and discuss with the student different ways
of moving forward with the problem: positing a set of potential moves, playing them
out by considering their repercussions, and perhaps presenting different ways to

reframe the problem so that the student approaches it in a new way. This ongoing
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dialogue that occurs during the desk crit between coach and student is essential in
making the way s of thinking and knowing of a profession visible, understandable, and
accessible to the novice professional. Over time, engaging in reflective participant
structures such as the desk crit can not only help new members of a professional
community learn how to reflect-in-action (Schon, 1987), but as epistemic frame
hypothesis (Shaffer 2005, 2006) suggests, these activities can also help them develop the

epistemic frame of a particular profession.

Island Culture: Tying the Hypothesis All Together

Thus far, the epistemic frame hypothesis extends the work on communities of
practice in two ways. First, it provides a way to characterize the shared repertoire of a
profession using the construct of the epistemic frame. Second, by arguing that the
development of an epistemic frame occurs in a particular context and through
particular activities with the practicum and the reflective participant structures, the
epistemic frame hypothesis describes a type of environment in which a new member of
a community could move fro m legitimate peripheral practice to a fuller sense of
participation. The final component of the epistemic frame hypothesis draws on a theory
of learning developed in informal learning environments such as museums, known as
Islands of ExpertiséCrowley & Jacobs, 2002)

Crowley and Jacobs (2002) suggest that young children develop scientific
understanding by creating islands of expertis®) Ox DPEUw? DOwbi PET wET DOEUI O
become interested and in which they develop relatively deep and rich knowledge 2 Baw
example, many young children that visit museums find themselves quite attracted and
interested in the dinosaur exhibits. While examining a particular fossil, they may
engage in conversation with a parent about the dinosaur, and through the explanations

of the parent, the child begins to understand more about the particular specimen. This
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new understanding can lead to additional questions and interest in other dinosaurs,
which can lead to further conversations with a parent, checking out books on dinosaurs
from the library, talking about dinosaurs with friends, having a dinosaur discussion

with a teacher, and perhaps even hosting a dinosaur-themed birthday party. This
cumulative effect of all these interactions around dinosaurs help the child develop a
diver se interest and understanding about dinosaurs, resulting in an island of expertise
on the subject.

Thus, islands of expertise develop through small, seemingly insignificant | yet
collectively transformative | conversations between parent and child: short fragments
of explanatory talk where the parent provides information to the child on a topic of
interest which Crowley and Jacobs refer to asexplanatoidsAs the child comes to
understand more about the topic from each interaction, she becomes more interesed it.
This can lead to a series of subsequent events in which the child interacts with others
around the topic. Each of these explanatoids contributes to the cumulative
understanding of the child on the topic, and over time, these explanatoids develop an
island of expertise.

In a similar way, instances of reflection in the practicum can help a new
professional understand specific pieces of knowledge, develop competency in a
particular skill, cultivate a professional image, embrace what is important to her work,
and reason through problems and scenarios in increasingly sophisticated ways. Over
time, these instances of reflection accumulate, and ultimately help the novice transition
to a more expert practitioner by developing a robust and densely connected epistemic

frame.
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The epistemic frame hypothesis (Shaffer, 2005; Shaffer et al., 2009), is a theory of
learning that defines an outcome, the epistemic frame, and a mechanism for learning,
which consists of a process by which frame elements are progressively linked together
over time as a professional develops expertise. New members to a professional
community will be likely to have loosely connected epistemic frames, because they have
not yet forged key connections between frame elements that occur in the practicum
experience. As new members become more expert, more linkages are made, and the
frame elements become more tightly bound together.
"OOXxEUDOT wEwWxUOI 1 UUPOOE Oz Uwl ixémeoduldtBwi UEOI
useful way to assess the development of expertise over a trajectory of experience. For
I REOx Ol OWEUWEwWI YT OwOOO0l OUwPOwWwUDPOI OwEwxUOIi 1 UU
particular state, with a discrete amount of connections between the different frame
elements. In this instance, some elements will be more connected to others, some will be
less, and perhaps some will not be connected at all. After several months of training, the
UEOT wxUOI 1 UUPOOE Oz Uwi UE Ol hadng been figtReddgvwa®pd®duE WE DI |
as a result of additional experience, mentoring, and practice. One way to measure this
Uaxl wOi wel YI OOx Ol OUwPOUOEWET wOOwWOI EVUUT wOT 1T w?
after the training period and then examine the differenc es.
A novel assessment technique, Epistemic Network Analysis provides a method
for conducting this type of exploration, employing techniques analogous to those
frequently used in Social Network Analysis (SNA) that look at complex relationships
within dyna mic systems. The methods of Social Network Analysis allow sociologists
(and other researchers) to examine, characterize, and often quantify the relationships

between groups of people within an interactive space, such as a cocktail party,
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multinational corp oration, or social networking site such as Facebook (Newman, 2003).

Instead of examining the connections and relationships between people, Epistemic

Network Analysis (Shaffer et al., 2009) examines the connections and relationships

between different elements of the epistemic frame. Of course, frame elements are not

independent actors like guests at a social event, but using SNA techniques to model the
development of the relationships between them can still be a helpful way to understand

how different frame elements are connected over time. Thus, by positioning the five

major epistemic frame elements of skill, knowledge, identity, values, and epistemology

EUwUOT T w?2T Ul U0U?> wEOBWUT T wl xBDUUI OPEW?UOGEPEOWI YI O
Ol Ubp OUO? A netiorkRathlydis Prbviles a theoretically grounded method for

assessing epistemic frames and their development over time.

Connecting the Epistemic Frame Hypothesis artPKENngineering Education

At the beginning of this chapter, a set of K-12 engineering programs were
described which all included some form of engineering design (Brophy et al., 2008;
Douglas et al., 2004; Fortus et al., 2003; Kolodner et al., 2003). While these learning
environments demonstrated the ability to foster design -based science ad math
learning in pre -college students, they tended to overemphasize the first two principles
that the NAE believes should be addressed in effective K-12 engineering programs. The
Ul PUEwWx UDPOEDxOI OwUI OEUI EwUOwI O bOsofUDOT w?1 EED
thinking, is often addressed in an incomplete manner in these programs and leads to an
uneven understanding of engineering as a profession. This can have unintended
negative consequences, such as reinforcing negative stereotypes already held by young
people + and especially girls ¢ about engineering.

The epistemic frame hypothesis provides both a different way to characterize the

engineering profession as well as a mechanism for how it might be developed. The
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structure of a particular profession can be articulated in its epistemic frame, which
consists of the skills, knowledge, identity, values, and epistemology that comprise the
grammar of a particular culture. Moreover, the epistemic frame can be developed
incrementally through repeated moments and instances of reflection within a practicum
setting. As a result of developing an epistemic frame, new members of a profession
develop professional competencies, expertise, and ways of thinking, and this
development can be measured through Epistemic Network Analysis.

Given the call of the NAE to help young people develop engineering habits of
mind in K -12 engineering programs and the professional ways of thinking fostered by
the epistemic frame hypothesis, it seems worthwhile to investigate a learning
environment designed for pre-college students that is based on an engineering
practicum setting in order to facilitate the development of an engineering epistemic
frame. Thus, the overarching focus of this dissertation is the development,

implementation, and exp loration of such an environment.

Design, Build, Test: Not Just For Engineers Anymore

As mentioned in the previous chapter, this work follows in the tradition of
educational design experiments (Brown, 1992; Collins, 1992), which involve the iterative
development, evaluation, and refinement of learning theories (Barab, 2004; Cobb,
Confrey, diSessa, Lehrer, & Schauble, 2003; diSessa & Cobb, 2004). Learning
environments that are specifically developed to test variations or components of the
epistemic frame hypothesis are calledepistemic gamgShaffer, 2006a, 2006b). These
learning environments allow researchers to explore whether, and how,young people
might be able to develop an epistemic frame by role-playing as novice professionals.
Using both social and computational simulation, epistemic games recreate a particular

practicum experience for players, engaging them in cycles of actionand reflectioron-
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actionin an effort to facilitate the development of a particular epistemic frame. Results
from one iterati on of a game inform the design phasef the next, leading to the
progressive refinement (Collins, Joseph, & Bielaczyc, 2004) of different aspects of the
game environment and, if appropriate, specific parts of the epistemic frame hypothesis.
Smilar to the design-build -test cyclein engineering (Burghardt, 1999), after a game is
fully designed, it moves into the implementation phase be tested with players, and then
finally transitions to the analysis phaseavhich examines both the learning outcomes and
processes of thegame.

In order to instantiate the epistemic frame hypothesis within a particular game,
epistemic game designers begin by conducting preliminary studies that serve as
foundation upon which a game will be built and shaped. A common formative study
performed by game designers, known as an epistemographyinvolves the close
examination of reflective participant structures within a particular practicum setting in
an effort to uncover the learning processes that help novice professionals develop a
particular epistemic frame (Shaffer, 2005). Using the results of the epistemography (and
OUT T UwExxUOxUPEUI Owi OUOEUDPYI wUUUEDI Uwil YT OQwWEwW
guestions), epistemic game designers can initiate thedesign phasef a particular game
iteration and begin to recreate the practicum setting for players, weaving together
elements of social and computational simulation in a coherent way. Once an epistemic
game is designed and the structure and order of activities is set, logistical details are
addressed, a research team is trained, and the game is implemented. Data is collected
before, during, and after gameplay, allowing for the analysis of both learning outcomes
and processes. Results from epistemic game design experiments (see, for exampl
(Bagley & Shaffer, 2009; Hatfield & Shaffer, 2006; Nash & Shaffer, 2008have informed

later game iterations (Bagley & Shaffer, 2009) in addition to technological (Hatfield &
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Shaffer, 2008)and methodological (Shaffer et al., 2009 Shaffer & Serlin, 2004)

innovations.

Reflection in the Engineering Practicum

Thus, creating an engineering epistemic game requires an intimate
understanding of the reflective participant structures within an engineering practicum.
Engineering practicum settings are commonly seen in undergraduate engineering
capstone or cornerstone courses that provide students with a realistic engineering
design experience (Dym, Agogino, Eris, Frey, & Leifer, 2005) Originally included in the
curriculum as a response to industry requests for more robustly prepared engineering
graduates, students in these coursegdypically work in teams to solve real-world design
problems specific to their engineering discipline und er the guidance of a professor
(Dym & Little, 2000; Miller & Olds, 1994; Todd, 1993; Tompkins et al., 2002) Students
brainstorm ideas, identify constraints, research existing products, build prototypes, and
evaluate their designs in order to understand the nuances of the engineering design
process. They meet regularly with their teammates and professors to provide updates,
share suggestions, and get feedback, thus experiencing the collaborative nature of the
profession. They write reports, give oral presentations, and participate in formal design
reviews to develop the communication skills essential for success. They keep a detailed
design notebook to become familiar with the rigorous demands of engineering
documentation for legal and patent purposes (Burghardt, 1999; Dym & Little, 2000).
These activities, as well as others modeled after the actual professional practices of
engineers, come together to form a powerful and authentic experience for
undergraduates through which they begin to develop a deeper unde rstanding of what

it means to be an engineer.
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In order to identify key reflective participant structures to be replicated within an
engineering epistemic game, an epistemography of a particular undergraduate
engineering design course was conducted (Svarowsky & Shaffer, 2006a, 2006b). The
published version of this work can be seen in Chapter 4 of this dissertation. The study
explored whether design meetings and design notebooks supported and fostered
reflection within the engineering practicum ¢ and if so, whether and how they helped
undergraduates develop engineering skills, knowledge, values, and epistemology.
Ethnographic techniques were used to follow a student design team as they worked
with an actual client to design a biomedical device, including the observation of team
meetings, the generation of field notes, and the acquisition of course artifacts such as
reports, presentations, and design notebooks. Interviews and focus groups were also
conducted with team members, professors, and other students from the course in order
to gain a broader understanding of the practicum experience. Based on an initial coding
scheme developed from descriptions of practice in the literature (Burghardt, 1999; Dym
& Little, 2000) and the definition of an epistemic frame (Shaffer, 2006a), the qualitative
data from the design meetings and student design notebooks were analyzed for
instances of engineering skill, knowledge, values, and epistemology. Codes were
refined throughout the process of analysis, as is typical in ground ed theory (Glaser &
Strauss, 1967; Strauss & Corbin, 1998) research.

The results of this study suggested that both design meetings and design
notebooks were effective tools for reflection in the engineering practicum that
emphasized engineering skills, knowledge, and values in different amounts. More
importantly, in both the design meetings and the design notebook, epistemic statements
about engineering were highly correlated with references to engineering skills,

knowledge, and values, thus suggesting at least someinitial development of a coherent
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and structured epistemic frame happened within the these two activities(Svarovsky &

Shaffer, 2006a, 2006b)& DY T Qw2 ET OO0z UwbP OUOQwmphNWA AWEOQE W21 EI |
journalism practicum, one might expe ct the design meetingst which involved novices

in reflective discussion with more seasoned mentors ¢ to function as a reflective

participant structure that foster ed epistemic frame development. Identifying the design

notebook as a reflective participant structure require d the application of the theory of

distributed mind(Shaffer & Clinton, 2006), which allowed the construct of a reflective

participant structure to be extended toinclude not only person -person, but also persor+

tool, interactions.

Anecdotal evidence from student focus groups and interviews revealed that
working with the client contributed heavily to the authenticity of the course and the
development of engineering ways of thin king within the undergraduates(Svarovsky &
Shaffer, 2006a2006b) While not a reflective participant structure, this contextual
component appeared to not only legitimize the practicum experience, but it appeared to
serve a compelling pedagogical role as well. Thus, three key activities from the
practicum ¢ meeting with design advisors, maintaining a detailed design notebook, and
working with clients ¢ each showed great promise for fostering the development of
engineering ways of thinking for players within an epistemic game.

Finally, the qualitative coding proce sses used in this study led to a series of
working definitions for each of the five engineering epistemic frame elements, as
follows:

1 Engineering Skillsbrainstorming, comparing alternatives, interpreting
feedback, communicating with teammates, keeping a design notebook.

1 Engineering KnowledgeAppropriate use of professional terms of art (such as
?xUO0OUaxI 2 Ow?EI UPT OWOEUUDR? OwOUwW?EI UBT Quw
vocabulary specific to design problem.
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1 Engineeringldentity: Engineer as innovator, engineeras inventor, engineer as
interpreter (of client need), engineer as presenter and communicator, engineer
as someone who tinkers with devices.

1 Engineering Valuesthe importance of creating an optimized and reliable
design, the importance of adhering to client need, the importance of
developing several design alternatives.

1 Engineering Epistemologyuling out a design because it is too costly, evaluating
and choosing design alternatives based on the design matrix; evaluating
tradeoffs in making a design decision or prototype recommendation.

These working definitions could then be repurposed into an initial coding scheme for

data collected within an engineering epistemic game.

Learning through Engineering Design

In addition to having a thorough understanding of how a particular reflective
practicum helps novice professionals develop an epistemic frame, epistemic game
designers must identify or develop a computational simulation, or epistemic game engine
(Hatfield & Shaffer, 2006), that can make authentic professional practices accessible to
young people. Simulations are a form of computational microworld, w hich can be
definedas? 1 OYPDUOOOI OUUwPT T Ul wxl OxOl wEEOQwI BRxOOUI wE
EEEOQwi UOOwWUT T wEOOXx UUIT U wb O(tudyle 4) NossOguAddndan,UT 1 DU wl B
2002) Microworlds contain an embedded set of relationships from a particular domain,
and as a student interacts with the microworld, she is able to investigate these
relationships by repeatedly articulating her ideas in the microworld and interpreting
Ul 1l wOPEUOPOUOEZUwUI UxOOUI 6w UwWUUUET O0UwUIT U0 wE
they also test and revise their understanding of the embedded domain. Previous studies

(Bertz, 1997; Resnick, 1997; Wilensky, 200Have shown open-ended projects using such
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tools can be a rich and motivating way for students to develop mathematical and
scientific understanding.

The computational tool to be used in an engineering epistemic game should
allow pre -college students to engage in iterative and authentic components of the
engineering design process. In actual practice, professional engineers often use
computer simulations in the early stages of the design process to engage inmultiple (or
rapid) iterations of the design-build -test (DBT) cycle:the process by which engineers
incrementally plan, construct, evaluate, and redesign elements of an emerging design
(Elger, Beyerlein, & Budwig, 2000). As engineers start to work on a new problem with
unfamiliar parameters, the DBT cycle is one of the ways in which they come to
understand the physical systems with which they are working (Dym & Little, 2000 ).
Therefore, the game engine for an engineeringepistemic game would ideally be a
computational simulation that allowed young people to engage in multipl e iterations of
the DBT cycle while facilitating the development of their scientific understanding about
the physical world around them.

The learning mechanisms involved in using a high number of iterations of the
DBT cycle to develop scientific understanding may potentially be explained by the
theory of islands of expertisg€Crowley & Jacobs, 2002)which, described above in the
discussion of the epistemic frame hypothesis, are built cumulatively as a result of short
conversations of explanatory talk known as explanatoids. Smilar to explanatoids, the
iterations of the DBT cycle that students would carry out in the game engine may
potentially function in an analogous manner to explanatoids, providing opportunities
for the incremental development of scientif ic knowledge.

In order to evaluate the effectiveness of a particular computational tool as an

epistemic game engine for a game based on engineering, d0-hour pilot of the game
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was developed in which players engaged in a series of design challenges using
SodaConstructor, an online spring-mass modeling system available at sodaplay.com
(Svarovsky & Shaffer, 2007) The goals of this study were to examine whether middle -
school-aged students could learn concepts in physics as a result of working on
engineering design problems using a particular computational tool ¢ and if so, how that
learning took place. During the experiment, fifth and sixth grade students attempted to
solve increasingly difficult engineering design challenges using SodaConstructor.
Students worked both individually and collaboratively, reflecting on and sharing

designs through activities similar to those from the Learning by Design curriculum
(Kolodner, 1997; Kolodner et al., 1998; Kolodner et al., 2008 Pre- and post-interviews
were conducted with each participant and then transcribed for data analysis. Video
segments taken during the workshop were also transcribed and used for data analysis.
Results from the study suggested that students did develop their understanding of the
2ETI OUI WwQIEWAED x Owbi DOT whpOUODOT wOOwWET UPT OwET EC
More importantly, the analysis of the in -game qualitative data suggested that rapid
iterations of the design-build -test cyclet in a manner similar to informative
conversational segmentswithin informal learning enviro nments (Crowley & Jacobs,
2002) pUOT UT UUDYI OawODPOOI EwUUUETI OUUzwbhbOUI Ul U0wPO
understanding o f the concept of center of mass. Thus, in the same way professional
engineers use simulations in practice to develop their understanding of the real world,
students were able to useSodaConstructor to cultivate their understanding of a key

concept in physics.

Digital Zoo

Based on the preliminary studies described above, the engineering epistemic

game Digital Zoo was created. During gameplay, middle school students role -play as
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biomechanical engineers, using SodaConstructor to develop character prototypes for an
upcoming animated film. Following the epistemic frame hypothesis (Shaffer, 2006a;
Shaffer et al., 2M@9), the game was designed to engage players iran authentic
engineering learning environment which included a set of participant structures seen in
the undergraduate engineering practicum . The objective of the game was to help
middle school girls develop their understanding of the different engineering epistemic
frame elements as well as to begin to explore how and when engineering ways of
thinking may be emphasized during the game. In particular, the design experiment
aimed to identify specific activities in the game that evoked player reflection about
engineering values and epistemology, and the linkages between those frame elements
and other components of the engineering epistemic frame. This analysis is a necessary
first step in examining the mechanisms of learning within Digital Zoo, which will be
followed in later studies by a more in depth analysis of the qualitative data in order to
more fully explore how players potentially developed and internalized the different
epistemic frame elements during the game.
Thus, this study of Digital Zoo was intended to answer the following specific
research questions:
1. Do middle school girls develop their understanding of the engineering
epistemic frame as a result of playing Digital Zoo?
2. If so, are there specific participant structures within the game that evoke
reflection about specific epistemic frame elementsand the linkages between
them? If so, which participant structures evoke reflection about engineering

values and epistemology?
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By addressing these research questions, this design experiment can make potential
contributions to two different academic communities. This work can have implications
for the learning sciences community by providing an example of how to integrate
gualitative and quantitative analysis techniques t+ and Epistemic Network Analysis in
particular ¢ in order analyze complex learning over time. In addition, this study can
have implications for the broader engineering education community by providing an
example of a K-12 engineering environment that not only addresses the first two
principles outlined by the National Academy of Engineering, but also the third (and
potentially most important) principle focused on the development of engineering
thinking within pre -college students. Moreover, through the use of Epistemic Network
Analysis, this work can identify potentially useful participant structures that evoke
reflection on engineering values and epistemology for young people, and as such shed
light on specific activities that may be useful to include in other K -12 engineering

programs.

The next chapter outlines the methods for the study, describing the specific
techniques used during the designimplementationand analysisphases of Digital Zoo. In
particular, th e mixed methods approach to the analysis ofin situ data is explained in
careful detail. Through the integrated use qualitative and quantitative techniques, key
relationships between the context of the game and player reflection on engineering
values and epistemology were explored, thus leading to the results of this work as seen

in Chapter 4.
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CHAPTER 3

METHODS

As mentioned in the previous chapters, this study of Digital Zoo follows in the
tradition of educational design experiments (Brown, 1992; Collins, 1992), which involve
the iterative development, evaluation, and refinement of learning theories (Barab, 2004;
Cobb, Confrey, diSessa, Lehrer, & Schauble, 2003; diSessa & Cobb, 2004). Learning
environments that are specifically designed to test variations or components of the
epistemic frame hypothesis are called epistemic gamgShaffer, 2006a, 2006b), which
allow researchers to explore whether,and howyoung people might be able to develop
an epistemic frame by role playing as novice professionals. Using both social and
computational simulation, epistemic games recreate a particular practicum experience
for play ers, engaging them in cycles ofactionand reflectioron-actionin an effort to
facilitate the development of particular skills, knowledge, identity, values, and
epistemology of a particular profession. Results from one iteration of a game inform the
design phaseof the next, leading to the progressive refinement (Collins, Joseph, &
Bielaczyc, 2004) of different aspects of the game environmentand if appropriate,
specific parts of the epistemic frame hypothesis. Smilar to the design -build -test cyclein
engineering (Elger et al., 2000), after a game is fully designed, it moves into the
implementation phage be tested with players, and then finally transitions to the analysis

phasewhich examines both the learning outcomes and processes of thegame.

TheDesign Experiment History of Digital Zoo

Digital Zoo was designed to be an epistemic game based on the profession of

engineering intended for a middle school audience. During the game, players role play
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as biomechanical engineers who are developing character prototypes for an upcoming
animated film. Working under the guidance of a design advisor, players work in teams
on client-based problems, using a computer simulation to design and test prototypes to

m 1 OwUOl T wgOobl OUzUwdI 1 EUB w
First Preliminary Study: SodaConstructor as Epistemic Game Engine

The development of Digital Zoo was a mult i-stage process that included two
formative studies, which are presented in the Appendix . In the first study (Svarovsky &
Shaffer, 2007), a 1ehour pilot of the game was developed in which players engaged in a
series of design challenges using SodaConstructor, an online springmass modeling
system available at sodaplay.com. The goalof this study was to examine the
effectiveness of SodaConstructor as an epistemic game engine (Hatfield & Shaffer, 2006)
that made the engineering design process accessible to middle school students. The
appropriateness of the tool was investigated by exploring whether middle school aged
students could learn concepts in physics as a result of working on engineering design
problemst and if so, how that learning took place.
Results from the study suggested that students did develop their understanding
Of w&l I0w? Uwdi wOEUU~ wE OO E sign thallerigdd @ithtub OU OB OT wOOWE
SodaConstructor. More importantly, the analysis of the in -game qualitative data
suggested that rapid iterations of the design-build -test cyclet in a manner similar to
informative conversational segments within informal learning envi ronments (Crowley
& Jacobs, 20023 pUOT Ul UUDYI QawoODPOOI EwUUUET OUUzwbOUI UI U
understanding o f the concept of center of mass. Thus, in the same way professional
engineers use simulations in practice to develop their understanding of the real world,

students were able to useSodaConstructor to cultivate their understanding of a key
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concept in physics. As such, the tool was selected as the epistemic game engine for
Digital Zoo.

The results of this study showed that students were able to demonstrate the
development of a specific engineering skill, engaging in the DBT cycle, as well as an
understanding of a specific piece of engineering knowledge, the concept of center of
mass. However, they showed little evidence of developing other p arts of the
engineering epistemic frame. These results are consistent with the findings of several
other studies, in particular those reviewed by the National Academy of Engineering in
their report on K -12 engineering education, which suggest that while design can indeed
be used to develop scientific knowledge, narrowly focused interventions do not
adequately help young people develop engineering ways of thinking. As such, more
investigation of how this type of complex learning happened for real -world engin eers

(or rather, real-world engineers in training) was needed to inform game design.

Second Preliminary Study: Epistemography of the Engineering Practicum

While the 10-hour pilot game was helpful in the evaluation of SodaConstructor
as a computational tool that made engineering design accessible to young people,
additional formative work was required in order to more authentically recreate and
represent the ways in which novice engineers developed epistemic frames. Therefore,
an epistemography of a sophomore-level engineering design course (Svarovsky, in
submission) was conducted. Ethnographic techniques were used to follow a student
design team as they worked with an actual client to design a biomedical device,
including the observation of team meetings, the generation of field notes, and the
acquisition of course artifacts such as reports, presentations, and design notebooks.
Interviews and focus groups were also conducted with team members, professors, and

other students from the course in order to get a broader understanding of the practicum
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experience.Based on an initial coding scheme developed from descriptions of practice
in the literature (Burghardt, 1999; Dym & Little, 2000) and the definition of an epistemic
frame (Shaffer, 2006a; Shaffer et al2009), the qualitative data from the design meetings
and student design notebooks were analyzed for instances of engineering skill,
knowledge, values, and epistemology. Codes were refined throughout the process of
analysis, as is typical in grounded theory (Glaser & Strauss, 1967; Strauss & Corbin,
1998) research.

The results of the epistemography suggested that both design meetings and
design notebooks were effective tools for reflection in the engineering practicum that
emphasized engineering skills, know ledge, and values in different amounts. More
importantly, in both the design meetings and the design notebook, epistemic statements
about engineering were highly correlated with references to engineering skills,
knowledge, and values, thus suggesting the initial development of a coherent and
structured epistemic frame within the two activities (Svarovsky, in submis sion). Given
2ET OO0z UrupNoUAUAOWE® E w2 T ET I T Uz Uwepl YYKAwWDOYIT UUDPT EUDC
might expect the design meetings within the pr acticum to function as a reflective
participant structure that fosters epistemic frame development. However, identifying
the design notebook as a reflective participant structure requires the application of the
theory of distributed mind (Shaffer & Clinton , 2006), extending the construct of a
reflective participant structure to include not only person -person, but also person-tool,
interactions. Anecdotal evidence from student focus groups and interviews indicated
that working with the client contributed hea vily to the authenticity of the course and
the development of engineering ways of thinking within the undergraduates
(Svarovsky & Shaffer, 2006; 2006h). As such, these three participant structurest

meeting with design advisors, maintaining a detailed des ign notebook, and working
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with clients ¢ each showed great promise for fostering the development of engineering
ways of thinking within an epistemic game.

Finally, the qualitative coding processes used in this study led to a series of
working definitions for each of the five engineering epistemic frame elements, as
described in the previous chapter. These working definitions could then be repurposed

into an initial coding scheme for data collected within an engineering epistemic game.

Design Phase of Ditil Zoo

Digital Zoo was designed to test the epistemic frame hypothesis for a specific
group of young people, middle school girls, engaging in the learning practices of a
specific profession, engineering. In addition to understanding the learning outcomes of
gameplay, there was a particular emphasis onidentifying which activities in the game
elicited reflection on engineering values and epistemology. Therefore, the research
guestions associated with the study were:
1. Do middle school girls develop their understanding of the engineering
epistemic frame as a result of playing Digital Zoo?
2. If so, are there specific participant structures within the game that evoke
reflection about specific epistemic frame elements? If so, which participant

structures evoke reflection about engineering values and epistemology?

A 60-hour version of Digital Zoo was developed based on the findings of the two
preliminary studies . Results from the epistemography influenced the decision to
include two key reflective participant structures, design meetings and design
notebooks, within an authentic engineering setting that included client -based problems
and interaction. Results from the 10-hour study influenced the decision to use

SodaConstructor as the epistemic game engine. Findly, although not empirically
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explored through a preliminary study, the design decision to make the environment
I BREOUUDYI OQawi OUwWwl PUOUWPEUVUWOEET WEEUI EwOOwWUT 1 wE
negative perceptions of engineering and technology-focused activity.
These decisions shaped the context for the game environment, which was
intended to simulate that of an engineering firm housing four different design teams.
Each team consisted of a group of junior engineering associates working under a more
senioUwil O1T DOIT 1 Uwi UOGEUPOODPOT wEUWEWET UPT OWEEYDUOUG
studio, asked the engineers to develop wire frame character prototypes for an
upcoming animated film featuring a range of ambulatory bug -like creatures such as
those seenn w! U1 zThewlebt$ reeded the project completed in three weeks and
EOUPEDPXxEUI EwUI T UOEUWUXxEEUI UwOOwUT T wi 61 pOI 1 UUZ
The action sequence for the game engaged players in three cycles of design, one
cycle each week. This decision was made inorder to be able to conduct repeated
measures on players at different moments of the design process.Each week, the players
POUOEwWUI EIl PYI wEOwWDOEUI EUPOT QawEDIi Il PEUOUW? xUOE
leading up to the final request of designi ng a series of ambulatory wire-frame structures
that demonstrated emotion through particular types of movement. During the first two
design problems, the girls would begin each week exploring different concepts in
physics through a series ofdesign challenges that concentrated onthe exploration of a
particular character feature, such as the torso or leg The latter part of the week would
El wEl EPEEUIl EwUOwWPUI UEUDYI OQawElI UDT OPOT OWEUDPOED
weekly problem statement. Finally, at the end of each projectweek, they would
interface with the clients and present their work.
Throughout the game, players reflected on their design activities within a digital

design notebook (created and maintained with Power Point). The notebook did not
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contain specific questions for students to answer during the game. Instead, there were
two template pages ¢ one for recording ideas from brainstorming, as seen in Figure 1,

and one for recording design work from SodaConstructor, as seen in Figure 2.

\ “ \ digitalzoo

¥

|
descriptionof design problem:

ideas from team brainstorming session:

design ideas i will develop:

| digital 200 enginesring design donament SR0E |

Figure 1. Template page for recording brainstorming ideas.

activity: I digitalzoo
date andtime: L LI
image: description of work:
next steps:
| igttal 200 ergineering design doosment SO0 | page 3

Figure 2. Template page for recording design work from SodaConstructor.
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Working in teams of three under the guidance of a design advisor, the players
participated in at least two design meetings a day to brainstorm ideas, receive feedback,
compare ideas, and engage in prototype design and testing on SodaConstructor.The
guestions asked during design meetings were structured after the design meetings in
the practicum, which engaged undergraduates in reflection on the work. For example,
design advisers often asked what players were having trouble with in their designs or if
they had any advice to share with their teammates about their design work. The game
guide used by design advisers during Digital Zoo, which includes specific questions
and concepts to focus on during specific activities, can be found in Appendix B.

During a typical day in the game, all players and design advisers would gather
together at the beginning of the day for a design briefing with the entire firm. Then, a
brief exploration activity would commence, where players would investigate a specific
concept which would be one of the primary ideas for the day. Players would then be
issued design work, brainstorm ideas with the team, and then create their designs on
SodaConstructor. After working on designs for a period of time, players would gather
in their teams for a design meeting, where they discussed and potentially evaluated
their work . At the end of the day, the entire firm would gather for a concluding design
briefing to conclude the session. Table 1 outlines the agenda for a typical day in the

game.



Time
8:00
8:15
8:30
8:45
9:00
9:30
9:45
10:00
10:15
10:30
11:00
11:15
11:30
11:45
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Activity

design briefing: overview of day

exploration activity

design briefing: introduce first design task
brainstorm ideas

design time

design meeting with teammates and design advisor
design briefing

documentation time and break

design briefing & brainstorming: introduce second desi gn task
design time

design meeting with teammates and design advisor
design briefing: discuss engineering concept
design evaluations

design briefing: discuss findings or progress, and plan for tomorrow

Table 1. Itineraryor a typical game day during Digital Zoo.

ImplementatiorPhase of Digital Zoo

A prototype of the 60-hour version of Digital Zoo was played in the summer of

2005, and the full scale version was played the following summer by ten middle school

girls. The players were recruited with the help of a campus outreach program, and all

had previously participated in summer enrichment opportunities withinthe 1 -2 years

prior to the implementation of Digital Zoo. The players came from diverse

backgrounds, with four of the girls being people of color.

In addition to the middle school students who played the game as junior

engineers, additional project staff inhabited other roles in the game context. Four

undergraduate engineering student s, who had eachbeen through at least one

engineering design course as well as training in epistemic game mentoring practices,
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acted as design advisors throughout the game. A total of six graduate students with

I Bx1T UUPUI wbOWEDOOI ET EOPEUwWxOEal Ewlidewitht 00T woi w
two clients appearing regularly at the end of each week. The lead researcher of Digital

Zoo also played the Project Manger role in the firm, keeping the game moving forward

through the designed sequence of activity.

Although the game was structur ed for a three week time line, it was
implemented over a total of four weeks in the summer of 2006 due to the summer
holidays. The first two design projects were uninterrupted, with gameplay occurring
during the first two weeks of the program for four hour s every morning Monday
through Friday. Unfortunately, the timeline ¢ and thus, the activity structure ¢ for the
third and final design project was required to be substantially altered due to
programmatic scheduling constraints around the summer holidays. In order to limit
uncontrolled variability from these schedule fluctuations, only the data from first two
weeks will be used in the analysis of learning processes within the game. Table 2
outlines the schedule of activities and concepts included in the first two weeks of the
game. Each day of the game, specific concepts from the engineering epistemic frame

were targeted for development.



57

DESIGN CHALLENGES CLIENT PROBLEM
Monday Tuesday Wednesday Thursday Friday
Week 1 Design Design Design Problem Design matrix
meetings notebook alternatives statements
Design
Concepts
P Crossbracing Center of Center of Cost constraints presentation
mass mass
Week 2 Reverse Performance Identifying Design for Expanded design
engineering specs tradeoffs reliability matrix
Concepts
P Gait Muscle Different Design Communicating
timing types of gait evaluations justifications

Table 2. Schedule for the first two weeks of the game.

Data Collection

In order to answer the research questions, several forms of data were collected
before, during, and after gameplay. Pre-, post-, and follow up interviews were
conducted with each player, with the pre -interview being administered immediately
before the start of game play, the post-interview immediately after the conclusion of
gameplay, and the follow up interview approximately three months after the end of the
game. During the game, copies were made of playerproduced work, design meetings
and conversations were recorded, and occasional videos and photos were taken during
gameplay. Research meetings after each game session were recorded and the research
team generated field notes when appropriate. By the end of the design experiment, the
data set included over three hundred and fifty audio files, thirty video files, five

hundred digital notebook pages, and numerous drawings, photos, and other artifacts.
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METHODOLOGICAL FRAMEWORK FOR DATA ANALYSIS

"1 UUEDOOGaOuwi EYDOT wEOwWOYIT UPT T OO0&@ifauEOOUOU WO
design experiment is nothing new to design researchers (Brown, 1992; Dede, 2004)
Design experiments involve the study of complex phenomena over time, and capturing
these events requires researchers to make sophisticated and repeated measurements
that involve the collection of diverse forms, and large quantities, of qualitative data.
While design researchers often engage in reflection and initial analyses of data during
the experiment (Collins et al., 2004), the bulk of the analysis typically occurs after the

experiment has ended.

Mixed Methods

Because design experiments seek to simultaneously generate, refine, and verify
learning theory, they are particularly well positioned for mixed methods approaches
(Hoadley, 2004; Teddlie & Tashakkori, 2003).0f course, some researcherg particularly
UT OUI wpT Owui OEPOwI OUUI OET 1 EwPOWGUEODPUEUDYI wYl
(Gage, 1989; Teddlie & Tashakkori, 2003} may disagree with such an integrated
methodological approach. For example, purely qualitat ive methodologists may disagree
with any sort of quantification of qualitative data, suggesting that doing so imposes
researcher bias on the work and therefore the datab OU OE wOOU WET wEGOOPI EwUC
Alternatively, purely quantitative methodologists migh t object to any use of statistical
techniques with the small sample sizes typically found within design experiments.
While finding common ground between these two para digms can be quite challenging
(Denzin, 2008) mixed methods researchers can begin to alkviate at least some of these
concerns by stating the constraints, affordances, and limitations of their methodological
choices up front. For example, mixed methodologists can acknowledge that they do lose

some data richness by quantifying codes. However, a great degree of qualitative
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richness can be preserved through the thoughtful development of an emergent coding
scheme that is well articulated and consistently applied (Chi, 1997; Sandelowski, 2001).
A mixed methodologist can also acknowledge that statistical analyses of repeated
measures require specific conditions and assumptions, and that the results of such
analyses cannot be generalized to other populations. However, statistical analyses can
help uncover patterns and trends within the data, thus pote ntially shedding light on
underlying processes and relationships. Indeed, mixed method researchers can begin to
bridge the gap between the qualitative and quantitative methods by thoughtfully
considering and articulating the tradeoffs associated with incor porating an array of

techniques from different paradigms.

Verbal Analysis (VA)

Design researchers commonly work with different types of observational and
recorded data collected from real -world learning environments for the purposes of
examining learningi OWOE UUUEODPUUDPEwWUI OUUDOT UBw" T Pz UwgphiNNA
to Verbal Analysis describes a highly integrated mixed methods approach where both
gualitative and quantitative techniques are used to explore learning in context. In
contrast to some mixed methods studies that segregate qualitative and quantitative
methods to different portions of a study (such as those that use qualitative data to
techniques in a more blended way. By coding verbal data using the constant
comparative method (Glaser & Strauss, 1967; Strauss & Corbin, 1998) and then
comparing frequencies of codes quantitatively (and often with the use of statistical
techniques), Verbal Analysis allows researchers to use multiple tools to uncover and
warrant grounded patterns and trends within the data. In her description of the

method, Chi outlines techniques for organizing, segmenting, and reducing verbal data,
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developing a robust coding scheme, identifying the appropriate granularity for
analysis, operationalizing the coding of data, conducting the actual analysis, and
drawing inferences from the results. Applicable to a broad spectrum of verbal data
including audio and video recordings of group conversation s, individual activity,
clinical interviews, and focus groups, Verbal Analysis can be easily adapted and
utilized in a wide range of educational studies and design experiments (see, for
example, (Atman & Turns, 2001; Nathan, Eilam, & Kim, 2007; Steinkuehler & Duncan,
2008.

Verbal Analysis served as the foundation for the data analysis methods used in
the study of Digital Zoo. The determination of learning outcomes followed the
technique quite closely, with the organization, segmentation, coding, quantification,
and comparison of pre-, post-, and follow -up interviews for each player. However,
UOCEOYI UDPOT wUT 1T wOi EUOPOT wxUOET UUI UwbpdDUT DOwWUT T w
in three specific ways. First, Verbal Analysis techniques were applied to different types
of non-verbal data, such as artifacts produced by players during the game. Second, a
new quantification technique, Epistemic Network Analysis (Shaffer et. al, 2009), was
applied to coded data in order to further identify and characterize the patterns of
learning ¢ and more specifically, the patterns of reflection on epistemic frame elements
and the linkages between them ¢ within the game. Finally, after the statement of a
grounded theory on when particular epistemic frame elementsand lin kageswere
emphasized in the game, a fixed effects logistic regression model (Allison, 1996; Cox,
1972)was used to conduct an intra-sample statistical analysis (Shaffer & Serlin, 2004),
which provided an additional warrant for qualitative claims regarding the learning

processes within Digital Zoo.
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Extending Verbal Analysis, Part One: Different Forms of Qualitative Data

There were several different types of in situ data collected during Digital Zoo,
including video recordings of different game activities; audio recordings of design
meetings, mentor consultations, presentations, and research team meetings; photos
taken by the research team at various points during the game; ethnographic field notes
T1 01 UEUI EwEawOT 1 wUI Ul EVET WUEEOOUWRDEAQE AJIUY WE DD O
sketches; and final design posters generated by players. Of these different forms of data,
some were collected more regularly than others, thus capturing the activity within the
learning environment in a more systematic way and u Itimately providing a better, more
consistent qualitative sample of the phenomena being analyzed. One key example is the
engineering design notebook maintained by each player, in which design work was
documented in detail. In addition to the text written b y the player, various non-verbal
components of the notebook, such as images and markings, also provided context and
DOi OUOEUDPOOwWUI Ol YEOUwWUOwWUT T wxOEal UzUwl0T DOODOT
coding techniques of Verbal Analysis were extended to these other forms of non-verbal
EEVUEWPOWOUET UwUOwOOUIT wi UOOawUOET UUUEQGEwWUT T wxO
single coding scheme, which consisted of the five epistemic frame elements of skill,
knowledge, identity, values, and epistemology, was u sed to code all forms of in situ

data included in the analysis of learning processes.

Extending Verbal Analysis, Part Two: Epistemic Network Analysis

After qualitative data is coded in Verbal Analysis, the frequencies of particular
codes can be tabulated ad compared in order to help researchers see patterns and
trends in the data. Although counting code frequencies in Digital Zoo would provide
information about how many times specific frame elements appeared in the game, this

analytic technique does not directly align with the theoretical framework of the study,
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and as such, is not particularly revealing. However, Digital Zoo is based on the
epistemic frame hypothesis (Shaffer, 2005; Shaffer et al.2009, which suggests that
frame elements are bound together and connectedas the frame is formed. Therefore,
the tallying of individual frame element codes would likely be less useful than

examining the number and frequency of connections between different frame elements
over a given period of time. Epistemic N etwork Analysis (Shaffer et al, 2009) provides a
method for conducting this type of exploration, employing techniques analogous to
those frequently used in Social Network Analysis that look at complex relationships
within dynamic systems.

Instead of examining the connections and relationships between people,
Epistemic Network Analysis (Shaffer et al., 2009 examines the connections and
relationships between different elements of the epistemic frame. Of course, frame
elements are not independent actors like guests at a social event, but using social
network analysis techniques (Newman, 2003) to model the development of the
relationships between them can still be a helpful way to understand how different
frame elements are connected over time. In the analysisof in situ data from Digital Zoo,
the five major frame elements of engineering skill, knowledge, identity, values, and
I xPDUUI OOO0OT awbl Ul wOT 1T w?T U1 UOU2 wEOWUT T wi xbDUUOUI O
explores connections and relationships between theseframe elements over time.

Because Epistemic Network Analysis is such a new technique, it is useful to take
a moment to define the variables and equations that were used in the ENA calculations
for Digital Zoo. The engineering epistemic frame, EEF is characterized by individual
frame elements, fi, where i=S,K, I, V,or E for skills, knowledge, identity, values, and
epistemology respectively. At any time t, and any player, pPOwUT 1 Ul wPbDPOOWEIT wE w?

of data, D7, which will contain the evidence of player p using one or more of the
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epistemic frame elements. Moreover, the complete game history of player p will be
represented as the collection of snapshotsDrns i, where t=1 is the first snapshot seen at
the start of the game, andt=e is the final snapshot seen at the end of the game for one
given player. The connections between epistemic frame elements fi, for player p at time
t can be quantified by creating an adjacency matrixArt, a construct taken from social

network analysis:

Arti; =1 if fiand fj are both in D® . (1)

This processcan be continued for each design alternative, and then the epistemic
network for a particular player can be quantified by summing, for each pair of frame
elements, the number of times both elements arerecorded in the same design
alternative. In other words, for any player , p, a cumulative adjacency matrix, F°, can be
constructed by summing the adjacency matrices, Art, for a given time period that starts

at t=aand ends att=h:

,‘Cﬁ,(‘)[(b:&)] — Bg):éah,é . (2)

Once the adjacency matrices are generatedspecific quantities that provide information
about the nature of the overall epistemic frame as well as the relationship between the
individual frame components can be calculated For example, it may be useful to
analyze the centralityO wO U w? E O O @i tHe ihdivid@al fidriderelements, fi. Within
social network analysis, actors become more central to the social network the more
frequently and strongly connected they are to other actors. Thus, in Epistemic Network

Analysis, the more central an epistemic frame element, the more tightly bound it is to
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the other frame elements. In order to eventually calculate the relative centrality, R, of a

particular frame element, it is first necessary UOwWD OPUPEOOa wgUEOUDI awlTl 1T |
each frame element within an epistemic network, F. The connectedness, or weight,C, of

an individual frame element, fi, within epistemic network, F, is calculated as its sums of

squares centrality C(fi):

6= Bo'Qn @

The sums of squares centrality of a frame element can have values of zero or greater,
EQOEwxUOYPEI UWEOQWEEUOOUUI woOl EVU0UI woOi wlOT T w?EOOO
an epistemic network. The relative centrality, R, of a particular frame element, fi, is then

calculated by dividing its weight, C, by the heaviest weight, Cmax, Within the epistemic

network, F:

Y@ = % x 100 (5)
The relative centrality of a frame element can have values ranging from zero to 100, and
x UOYPEI UWEWUEUPOwWOI WEwWXxEUUPEUOEUwWI Oi 01 OUz VwWEO
element in the network at a given moment in time.
Thus, Epistemic Network Analysis is a flexible technique that can be used to
examine linkages betweenframe elementsover a defined time period. Using ENA
instead of simply tallying code frequencies allows the researcher to consider the
connections between frame elements, thus allowing for a more aligned representation
of complex, highly interconnected learning. By using ENA to examine linkages to frame

elements during specific periods of time within Digital Zoo, it was possible to identify
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when particular frame elements ¢ such as engineering values and epistemologyt were
more or less emphasized during gameplay. As such, ENA provided a way to
therefore instrumental in the cultivation of a grounded theory of learning within the

game.

ExtendingVerbal Analysis, Part Three: Intrf@ample Statistical Analysis

Once a potential grounded theory is stated, it is necessary to warrant the claims it
suggests, including the particular differences, relationships, or trends it explains within
the qualitative data. In Verbal Analysis, the quantification of qualitative data allows for
the use of statistical methods to warrant such claims. The samples of work presented in
"T PzZUwphNNAAWEUUPEOI wOOw51 UEEOwWw OECaUPUwUUI wu
oOwWEYI UET T wi Ul gU1 OEAawYEOUI UWEEOEUOEUI Ewi Ub60OwolL
of Digital Zoo, this specific technique was used to determine learning gains for the
entire group of players, comparing the mean frequencies of specific codes from pre- to
post-interview with a paired t -test. While applying a statistical test in this way is
effective in determining learning outcomes across subjects, it is often more interesting to
explore the individual trajectories of participants within the in situ datat through some
type of repeated measure, within-subjects analysist in order to get a sense of how the
learning process unfolded within the learning environment. Though she agrees that
UT 1T Ul woUBRT BU? wuEOEOGa Ul Uwb OUOE whdt spetitically | wbOUI1 Ul
address how to use statistical methods for this purpose.
Generally speaking, the challenge in using statistical methods within qualitative
inquiry has historically been the small number of subjects being studied. Statistical tests
gain pow er and create stronger warrants for claims by increasing sample size. On the

other hand, within the qualitative research paradigm, claims are often warranted by the
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presence of theoretical saturation (Glaser & Strauss, 1967; Schwandt, 2001; Strauss &
Corbin, 1998), a condition where additional qualitative data collection or analysis no

longer generates new insights but instead only serves to confirm patterns already seen

Pl POl wbhOw@UEODPUEUDY| wWUUUEDI UOw? 00Ul WEEUE? wb Ox
collected on the same small number of subjects. Recognizing these commonalities, Intra
Sample Staistical Analysis (ISSA) (Shaffer & Serlin, 2004) provides a different way of
using statistical techniques on qualitative data that has been repeatedly collected on a
small number of subjects, as is typical in naturalistic inquiry.
ISSA has three components that make it quite useful in analyzing large amounts
of systematically collected and coded qualitative data. First, ISSA uses qualitative
observations as the unit of analysis within a statistical model, not individual subjects, as
is most often the case with statistical analyses in educational settings. Instead of
running an analysis on a sample of people in order to generalize patterns within the
data to an ideal human population, ISSA runs an analysis on a sample of observations
DPOWOUET UwUOwi 1T O1I UEOPA&T wxEUUI UOUwPaaithé | w? PET EO
possible observations made by a researcher or team of researchers within a given
setting ¢ that could be made on a particular set of people in a specific context. Second
by requiring researchers to control for Type | errors due to repeated sampling, ISSA
allows researchers to view observations as exchangeable units of analysis. For example,
researchers could examine associations between contextual variables and specific
learning outcomes using a fixed effects logistic regression model (Allison, 1996; Cox,
1972) in which they would control for the effects of individual students and time,

thereby rendering the observations as functionally independent and suitable for
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statistical analysis. Third, ISSA warrants qualitative claims about theoretical saturation.
As stated above, theoretical saturation is said to be reached when additional data no
longer contributes any new insights about a concept (Glaser & Strauss, 1967; Schwant
2001; Strauss & Corbin, 1998). By statistically supporting inferences about patterns of
activity for a particular set of people within a specific context, ISSA suggests that any
additional observations made of the same people in similar contexts would p roduce
similar patterns.

Thus, in analyzing the results of ISSA, it is imperative for the qualitative
researcher to return to her qualitative lens when interpreting the findings of the
statistical tests. Intra-Sample Statistical Analysis uses quantitative techniques to shed
additional light on the qualitative patterns found in the qualitative data, as well as
provides additional justification for the qualitative claims of theoretical saturation. ISSA
cannot, nor does it aspire to in any way, provide a meth od for making purely
guantitative claims about the qualitative data. In other words, when conducting ISSA,
statistically significant quantities generated by statistical tests and regressions should be
examined and compared, but only in a qualitative sense, examining the valence or
directionality of specific relationships and their statistical significance, but not their
specific magnitude. In fundamentally qualitative research, such as the work presented
here, the nature of the type of inquiry and the research questions being asked place
more value on the qualitative , not quantitative, information about patterns within the
data that statistical methods can produce.

For example, when conducting a logistic regression during ISSA, the logit
coefficients produced by a model would be first be examined for statistical significance.
Then, the significant coefficients would be interpreted based on whether they were

positive (above zero) or negative (below zero). Positive logit coefficients would indicate
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that an increase in thevalue of the specific predictor would be more likely to be
associated with a desired outcome, while a negative logit coefficient would indicate that
the same increase in the value of the predictor would be less likely to be associated with
the desired outcome. Interpreting the results of a logistic regression in this way instead
of focusing on the quantitative magnitudes of the logit coefficients (or the resulting

odds ratios) allows ISSA to be used appropriately to further warrant qualitative

patterns.

DETAILED DESCRIPTION OF DATA ANALYSIS IN DIGITAL ZOO

Based on the methodological framework described above, the data analysis for
Digital Zoo c onsisted of a two-part, multi -step process which examined both learning
outcomes and learning processes for the participants. In Part One, Verbal Analysis was
used to determine the overall learning outcomes of epistemic game play by comparing
data from the pre-, post-, and follow up interviews conducted with each player of
Digital Zoo .

In Part Two, Verbal Analysis served as the foundation for the analysis of in situ
data collected during gameplay, but the original techniques were extended in the three
ways outlined in the previous section. As stated earlier, due to the schedule fluctuations
in the third we ek of the game, only the data from first two weeks of Digital Zoo was
used in the analysis of learning processes. The analysis of then situ data led to a
specific theory of learning within Digital Zoo that identified key participant structures
that tended to elicit player reflections of engineering values and epistemology and the

linkages between these elements and other components of the epistemic frame
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Outcome Data

As several other epistemic game design experiments have done(Bagley &
Shaffer, 2009;Beckett & Shaffer, 2004; Hatfield & Shaffer, 2006), overallearning gains as
aresult of playing Digital Zoo were determined by comparing player responsesfrom
pre-, post-, and follow up interviews with Verbal Analysis . Designed as clinical
interviews, th e pre-, post-, and follow up protocols each contained a wide range of
guestions, asking players to explain concepts in engineering and physics, provide
opinions about far -transfer problem scenarios (Shaffer, 2004b) and engage in design
assessment activites. While no two of the protocols were identical, several questions
were repeated on all three instruments in order to be comparable during analysis.

After all of the interviews were completed, the matched -pair questions were
coded for the five epistemic frame elementsof Skill, Knowledge, Identity, Values, and
Epistemology. The coding scheme used in this process, outlined in Table 3, was derived
from the results of the epistemography, which outlined a set of working definitions for
each of the frame elemerts. The operational definition of the code describes what
specifically was coded for in the interview data, while the description of the code
provides examples of the comments or references that warranted the application of the
code during analysis.

Code frequencies were tallied, and the mean number of references per student
from pre - to post-interview were compared with a paired -sample t-test. Learning gains
were indicated by a statistically significant positive difference between pre - and post-
interview question means. After this initial comparison, the same analytical techniques
were used to compare player responses from post to follow up interview, conducted
three months after the conclusion of the epistemic game, to look for any sustained

learning out comes.



Code Operational Definition Description
Brainstorming, comparing alternatives,
Skills References to engineering abilities | interpreting feedback, communicating
or competencies with teammates, keeping a design
notebook, DBT cycle
Appropriate use of professional Design alternative, center of mass, cross
Knowledge terms of art and scientific bracing, swing phase, stance phase, even
vocabulary gait, antalgic gait
Engineer as innovator, engineer as
Identit References to roles held by player | communicator, engineer as presenter,
y or engineers as professionals engineer as someone who tinkers with
devices
Creating an optimized and/or reliable
References to concepts that are . g p .
Values . . . . design, adhering to client need,
important to engineering practice . . .
developing several design alternatives
References to professionally Ruling out a design because it is too
Epistemology | accepted justification for costly, evaluating tradeoffs when making

engineering activity

a decision

Table 3. Coding scheme with engineergipgcific epistemiframe elements used for coding outcome data.

The indicator for a sustained learning outcome was a statistically significant

positive difference between pre- and foll ow-up interview question means, as

determined by a paired sample t-test. Finally, anecdotal data collected in a series of
programmatic evaluation questions in the post -interview were coded for common
themes and sentiments from the players about their game experiences and views on

engineering.

The in situ data collected during Digital Zoo was analyzed in order to uncover

Process Data
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key facets of the learning mechanism found within the game. Using Verbal Analysis as
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a foundation, the analysis unfolded in a multi -step processinvolving preparing the data
for analysis, establishing a robust coding scheme, operationalizing the coding, using
both qualitative and quantitative techniques to generate a grounded theory, and

providing a statistical warrant for the r esultant claims of the analysis.

Organization, Selection, and Reduction of Data

A large amount of qualitative in situ data was collected during Digital Zoo, as
described above. Initially, this data needed to be organized and inventoried to get a
sense ofthe scope, depth, and richness of the data collected. This process began by
examining an overall game itinerary and numbering each game segment in
chronological order, so that the opening game activity was labeled as 1 and the final
game activity being labeled as 79. Each piece oih situ data was then tagged with the
number of the particular game activity in which it was actually collected.
After cataloging the data set, the process of data selection and reduction began as
outlined in Verbal Analysis methodology . After examining each type of qualitative data
for its relevance to the research question and its quality (primarily measured in its
richness and the systematic nature of its collection), theE O x D1 U w O Higitad d@&igni U U 7
notebooks and the recordings of the design meetings between players and design
advisors were chosen to be included in the present analysis of Digital Zoo. This data
selection and reduction is a type of theoretical samplingvhich Schwandt describes as the
selection of particulaU wU a x I UwOil wEEUEwWUT EQwUT T wUIl Ul EVUET T Uw
Ul 1 Ul ZwPUWEUDUPEEOwWUOWUOEI UUUEOCEDPOT wUuOOl wxUOE
p.232).In this case, the choice to include the audio recordings of design meetings and
the copies of the digital design notebooks in this analysis was grounded by the early

ethnographic work that informed game design (Svarovsky, in submission) that
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identified design meeting s and design notebooks asreflective participant structures that
contributed to epistemic frame development in the practicum ¢ and thus were

specifically recreated within Digital Zoo.

Qualitative Coding of Datand Determiration ofAppropriate Grain Size

After the data to be included in the analysis was selected, it wascoded using a
coding scheme that was slightly modified from the one used to code the outcome
measures above. The descriptions of the codes remained the same, but because of the
nature of the in situ data ¢ which attempts to capture action and reflection on action in
context, during the game ¢ it was necessary torefine the operational definitions of the
codes in order to better analyze what and how players were learning in the game. The
revised coding scheme and examples from the data are presented in Table 4.

After the coding scheme was established, it was necessary to determine an
appropriate unit of qualitative analysis for the in situ data. Chi (1997) describes this as
| POEDPOT WEwWxUOxI Uw?T UEOUOEUDPUa? wi OUwUT 1 webEOaU
applied and patterns to be uncovered. If the qualitative unit of analysis is too large
(choosing a granularity that is too coarse), too many instances of codes would be
identified in each unit, thus making comparison amongst units unrevealing. On the
contrary, if the qualitative unit of analysis is too small (choosing a granularity that is too
fine), the instances of codes would so spase that, once again, the comparison of units

would be unrevealing.



Operational Definition and

Code - Example from Data
Description
References to, or evidence of, 2(WEEET Ewil1l OwOOwbay
engineering abilities or added gravity the feet collapsed, but the
_ competencies EOEAWEPEOZ OUWEUET T 8 w(
Skills j . . 60Ul WEUEET OwOOwWOEOI |
(brainstorming, interpreting
feedback, communicating with
teammates, DBT cycle, etc).
Appropriate use of professional 2' 1T Ul w( wOEET weObwi BT 1
terms of art and scientific has an uneven gait. Its uneven gait is very
Knowledge vocabulary noticeable. | made the figure have a lot of
(design alternative, center of mass, s'u;A)p‘ort's SO th:at the body will be very
. . . UUEEOI 02
uneven gait, antalgic gait, etc.)
References to roles held by player | ? ( UwODPOEEwWOEE]T wOl wll
or engineers as professionals engineers... probably have to make
: . . xUl Ul OUEUDPOOUWUOWE w(
Identity (engineer as innovator, engineer as
. . made me feel good when that guy
communicator, engineer as I N NP
. . . Ul OUT T UwODbOIl wbEUWE O(
someone who tinkers with devices,
etc.)
References to,or evidence forthe | ? ' 1 Ul w( wOUDI EwEwPT O(
use of,concepts that are important | to come up with something sturdy and |
to engineering practice wanted to come up with something that
Values (creating an optimized and reliabl e the c;hent might like. He stood When the
. . . gravity was turn ed on. Now | will try
design, adhering to client need, NN N AN
. . EOOUI | UwbEI Ewl OUwUI I
developing several design
alternatives, etc.)
References to, or evidence for the | ?My final [design] recommendation is
use of, professionally accepted ?PHyperactive Kenny2 E1 EEUUIT 61 {
justification for engineering rating is only a little lower, he fits the
activity scene better than the other Kenny, he did
_ (ruling out a design because it is better on the user and sloped terrain test,
Epistemology CEOE¢wi | woOl i O0wOi | wh

too costly, evaluating and
choosing design alternatives based
on the design matrix; evaluating
tradeoffs when making a decision,
etc.)

Table 4. Coding scheme with engineeripgeific epistemic frame elements used for codingsitudata.
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The analysis of Digital Zoo required the examinations of connected frame
elements, and therefore the appropriate granularity for a qualitative unit of analysis
would be one that potentially allowed multiple frame elements to be coded at once.
However, the grain size must also be able to accommodate instances where onlyone ¢
or none ¢ of the frame elements is present. As an initial attempt, a sample of data was
U1 Ol OUI EWEOQwWUT 1T w?T EOCl wEEUBDYDPUA? wlOl YI OOwPkT I UI
data within one game activity for one player. This unit proved to be to o coarse, since all
of the units had at least one frame element coded and the overwhelming majority of
them had more than one coded. A second attempt examined a sample of data at the
20001 UEGET 2 wOl YI OOwbki 1 Ul wi EET w0 Utthlalyssi NotU x I EOD O
surprisingly, this unit had the opposite problem and proved to be too fine, with almost
all of the units having only one frame element coded, if at all.

After a few additional attempts at segmenting the data, the design alternative
defined as one potential solution to a particular design problem, emerged as a
potentially fruitful unit of qualitative analysis for Digital Zoo. Within different game
contexts, the beginning and end of a design alternative was denoted in different ways.
For example, in design meetings, design alternatives were identified by the players,
who brought specific design alternatives from their design work to discuss with
teammates and design advisors. However, in the documentation of design work within
the design notebook, design alternatives were marked by the identification of a design
goal (such as solving a particular design challenge, subchallenge, or issue) design
moves (steps taken to address the design challenge), and design concept stability (most
often signaled by the player moving on to another design goal or a substantially

different approach). Data segmented at the design alternative level yielded a range of
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frame element instances during coding, accommodating both the total absence as well
as the multiple presence of frame elements in different units. Thus, the design

alternative appeared to be at the appropriate granularity for analytical comparison.

Construction of Design History Prototypes and IRR

Once a coding scheme and appropriate grain size br analysis were established,
the qualitative data for each player in Digital Zoo needed to be reorganized and
resegmented into design historie¢Chi, 1997; Shaffer, 2004b) in order to achieve an
analytic representation that allowed for the exploration of player reflection on specific
frame elements over time while simultaneously being aligned with the epistemic game
hypothesis being tested in the design experiment. Because the theory of learning that
was built into Digital Zoo suggested that epistemic fram es were developed through
cycles of action and reflection on action within a practicum setting, it was necessary to
organize the qualitative data in a way that represented this process. Thus, using the
data selected for analysis in the present study (desigh meeting transcript segments and
design notebook pages), design histories for each player were constructed. Each design
I PUOOUVUAWEOOUEDOI EWEOOWOI wlT T wEEUEwWxBI ET UwUT EU
action and reflection on action, thus providingarl EOUE wOi wUl EOwx OEal Uz Uw
within the game.

Three design history prototypes involving the data from one, three -player team
were constructed in order to examine the effectiveness of the data representation. The
construction of each design history bel EQwPBUT wUT I wEUT EUPOO WOl wWE w?
had 79 initial segments, one for each game activity experienced within Digital Zoo.

-1 RUOWEOOwWOI wlOT I WEEUEwWUT EVWEEXxUUUI EwOUWET 060U
experience were taken from the qualitative data set and placed into the grid in the

EOQUUI UxOOEDPOT wUl OxOUEOwUI T O 608w 1 Ul Uw/ OEal Uw
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T EOIl wbl Ul wUIl xUl Ul OUI EwPOwUT PUwWPEAOQWEwWUI EOOE WU
reflection on action, was added also to the temporal grid. Finally, after all of the data
Ul xUIT Ul OUDPOT w/ OEal Uw zUwl EOI wi Bx1 UDI OET wkE Uwx
history was prepared for coding by dividing each temporal (game activity) segment
into design alternatives.

After the th ree design history prototypes were assembled and coded,the validity
of coding processwas checked through an Inter-Rater Reliability (IRR) analysis. A
professional engineer was trained on the qualitative coding scheme using a small
sample of design history data, and then he proceeded to independently code one tenth
of randomly selected data from the three design history prototypes. The codes assigned
by both the primary coder and the professional engineer were compared and correlated,
resultinginastaisUPEEOOa wUDPT OPi PEEOUWYEOQUI wdil wyd Wk wi OU
satisfying the requirement of being above the 0.70value established in the literature
(Nunnally & Bernstein, 1994) as an acceptable level of agreement. After determining the
applicabili ty, appropriateness, and reliability of the qualitative analysis methods (which
included the coding scheme, qualitative unit of analysis, and design histories in Digital
Zoo, the remaining design histories for the other seven players were constructed and

coded.

Initial Epistemic Network Analysis

After the coding process was completed, there was a design history for each
player containing a specific number of design alternatives that had specific codes from
the engineering epistemic frame attachedto it. At this point, the data was ready to
undergo an initial quantitative Epistemic Network Analysis that examined player

reflections on the engineering epistemic frame over time.
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While ENA is capable of calculating several quantities that can characterize an
epistemic network, the research questions being addressed in Digital Zoo suggested a
focus on the relative centralities of the different frame elements ¢ and in particular, the
frame elements of values and epistemology that highlighted engineering ways of
Ul POODPOT dwill OEUPYI wel OUUEODPUa wbUWE wWOI EVUUUIT woi
particular frame element is relative to the other frame elements being considered. By
using the equations for ENA listed above, the relative centralities of each frame element
over the course of the game for each player can be calculated from her coded design
history. Because each relative centrality data point could be traced back to a particular
design alternative within a particular game activity, it was possible to begin dis cerning
patterns within the data, such as which activities tended to yield spikes in (or high
levels of) the relative centrality of particular frame elements. After qualitatively
comparing patterns across players, notebook-based reflection and client-focused
activity appeared to emerge as specific activities that were associated with high levels of

relative centrality for engineering values and epistemology.

Epistemic Network Analysis of Macrostructures

Given the importance of design meetings, design notebooks, and client centered
activity in the epistemography , it is not completely surprising that these particular
participant structures tended to elicit player reflection on specific elements of the
epistemic frame. However, in order to more fully characterize the relationships between
these activities and engineering values and epistemology, it was necessary to engage in
another round of Epistemic Network Analysis. For the second round of ENA, the
deUPT OWEOUI UOEUDYI UwbOwl EET wxOEal Uz UwETI UDT Quwl b

macrostructuregGee, 2005)For clarity, a system of notation was developed for the
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macrostructures in order for the reader to quickly be able to identify its particular
context during the game.
The notation for the macrostructures firstdivided 1 EET wx OEal Uz UwET UPT O

into the two design projects, essentially dividing the design history into the first and

second weeks of thegame, EEUOUUUUEUUUI Uwb OE OU Ebb fiomuheE w? hu? whb
i PUUCwPT T OwolOil wOT 1T wi EOCT OWEOEwWUT OUT whbbPUT WEwW?! 2 w

grouping divided each design project segment by the focus of the work : the design

challenge-focused activity , observed during the first half of the project, and the client-

focused activity , observed during the second half of the project. Macrostructures

DOEOUEDPOT wEwW?" T 2 wuPbOwPUUWOEOI wbDOOWET wi UOGOwWUI |
Pl 1T OOWEOEwWUT OUI wk b U digatuicktised pdrtiBndOthe Bveak.i FidayO wO T 1 w

the last grouping divided each activity segment by the type of reflection being done:

meeting/discussion based reflection or notebook-basedreflection. Macrostructures
DOEOQUEDPOT WEwW?# 2> wubOwPUUWOEOI wk b O Otiok) bnid thaseuU Ow Ol |
withan? - 2 wbk b O Oatebbok-basSedrefl@ation. By dividing each design history

three times, the eight macrostructures were produced as seen in Tableb.



Macrostructure  Activity Focus Type of Design Macrostructure
Number Reflection Project Name
Number
One Design challenges Meeting / 1 ChD1
(Ch) Discussion
based (D)
Two Design challenges Notebook 1 ChN1
(Ch) based (N)
Three Client (C) Meeting / 1 CD1
Discussion
based (D)
Four Client (C) Notebook 1 CN1
based (N)
Five Design challenges Meeting / 2 ChD2
(Ch) Discussion
based (D)
Six Design challenges Notebook 2 ChN2
(Ch) based (N)
Seven Client (C) Meeting / 2 CD2
Discussion
based (D)
Eight Client (C) Notebook 2 CN2
based (N)

79

Tableé. Macrostructure features andames used ifepistemic Network Analysis.

OEl wi EET wOi wUT 1 wUI OwxOEal UUzwEI UPT Owl PUUO
data file in SPSS containing eighty cases was created. Each case was tagged with
contextual information, including which player the case belong ed to, which design
project it was a part of, whether or not the data was from client-focused activity, and

whether it was meeting or notebook -based reflection. Then the data from each case was
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subjected to the ENA routines described above, resulting in the calculated relative
centralities of each frame element for each segment. The values for these numbers were
then entered into the appropriate case within the SPSS file. After the Epistemic Network
Analysis of the macrostructures was completed, the calculated relative centralities for
engineering values and epistemology were again preliminarily examined qualitatively
across the eighty cases. Plots of average relative centralities versus the eight
macrostructures reinforced the working theory that engineerin g values and
epistemology were particularly emphasized both in client-focused activity and

notebook-based reflection.

Intra-Sample Statistical Analysis

The claims stating higher relative centralities of engineering values and
epistemology were associatedwith client-focused activity and notebook -based
reflection were grounded in the qualitative data. Moreover, because these claims were
reinforced through a second round of more detailed Epistemic Network Analysis, they
appeared to be warranted through the presence oftheoretical saturatiofGlaser &
Strauss, 1967; Schwandt, 2001; Strauss & Corbin, 1998). At this point in the overall
analysis of the in situ data, an Intra-Sample Statistical Analysis was conducted in order
to provide additional insight into t he qualitative patterns found in the data and
additional justification for the claims of theoretical saturation.

While ISSA outlines how statistical analyses might be used in qualitative studies
with small sample sizes but large numbers of observations, it does not identify a
particular statistical method that must be applied to the data. However, given the
requirement to control for Type | error, a form of regression analysis where specific
effects can be easily controlled seemed to be an appropriate chice. Common regression

models include linear regression, which can be used with continuous outcome
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variables, and logistic regression, which can be used with dichotomous outcome
variables. Deciding which regression technique was more appropriate for Digita | Zoo
required the consideration of several factors, including the types of outcome variables
associated with each model, what information the results of the analysis would convey,
and the extent to which those results would address the original research questions of

interest.

Continuous versus Dichotomous Forms of Regression

In both the linear and logistic regressions, all 80 of the caseswould be included
in the analysis. Dichotomous dummy variables for each ofthe 10 players and time
would be included in order to create a fixed effects model. Dichotomous dummy
variables for two participant structures of interest, client-focused activity and notebook-
basedreflection, would also beincluded . In linear regression, the outcome variables are
typic ally continuous, and thus the actual calculated relative centralities of a particular
epistemic frame element would be chosen as the outcome (dependent) variable The
resulting coefficients in the model would predict the additive change in the outcome
variable due to a changeof a given predictor. In contrast, logistic regression requires
dichotomous outcome variables in order to compute a solution to the model.
Dichotomous outcomes are commonly represented with zeros and ones, where zero
indicates the desired outcome did not occur, while a one indicates it did occur. Unlike
linear regression that predicts a specific amount of change in an outcome variable,
logistic regression predicts the probability of the outcome variable given a change in
value of a particular predictor .

Given the qualitative nature of the research questions in Digital Zoo, the
information provided by the logistic regression model seems to be more useful. While

linear regression provides a sense of how much relative centrality will incre ase or
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decrease based on theehange in value of a predictor, that information does not address
the research question as well as an examination of the patterns of when high or low
levels of relative centrality occur, and in particular, when and if specific activities are
associated with periods of high centrality. Moreover, the results of logistic regression
are fairly easy to interpret, as the logit coefficients in the model shed light on the
relationships between the desired outcome and specific predictors. A positive
coefficient a given predictor indicates that outcome is more likely to occur given a
positive change in the predictor, and a negative coefficient indicates that the outcome is
less likely to occur given the same change.

Of course, the primary challenge in choosing logistic regression for the ISSA of
Digital Zoo was the need to translate a continuous variable, relative centrality, into a
dichotomous one. Each calculated relative centrality would be compared to some
threshold value and translated into either a ? hu~itunBd gueater than or equal to the
threshold value ora? Y » wb | wBtso totad) nudérithl information would be lost,
and all that would remain in the analysis would be the ones and zeros that indicated
whether a particularr1 OEUDY1T wEl OUUEOPUAWPEUW?T BT T 2 wpEEOYI
(below the threshold). While this may seem like a drastic price to pay for the use of this
statistical technique, it is important to keep the advantages of logistic regression ¢ and
extent to whi ch the results and models it produces address the particular research
guestions of given study ¢ in mind. Researchers in severalfields, including
epidemiology (Ragland, 1992) and criminology (Farrington & Loeber, 2000), also
dichotomize continuous outcome variables in order to use logistic regression as a tool

for illustrating associations between different variables.
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Fixed Effects Logistic Regression

In a sense translating the calculated relative centralities of each frame element
calculated during Epis temic Network Analysis into a dichotomous outcome variable
was analogous to qualitatively coding these numbers. By comparing relative centrality
valuesUOWE wUx T EDI PEwWUT Ul UT OOEWYEOUI wEOEWEUUDT OPO
if the relative centralit y value was greater than or equal to the threshold value E O E WE w? Y ? w
ifitwasnotOwUT 1T wUl OEUDYI wEI OUUEOPUAWYEOUI Uwkl Ul wi U
EOQEwW? OOp wEIT OU U.HeBhkahvldnmalEeS Were@adlcblatdd by determining
the mean relative centrality for each frame element of each player across all eight
macrostructures. For example, Player A would have one threshold value for the relative
centrality of epistemology, which would be equal to the mean relative centrality of
epistemology for Player A calculated across all eight macrostructures. Player A would
have different threshold values, calculated in an analogous manner, for relative
centralities of the other four frame elements. Calculating threshold values in this way
compares a plaa 1 Ueflddtions on frame elements within a given macrostructure to her
individual reflections on the frame over the course of the game.
After all threshold values were calculated, the calculated relative centralities for
each of the80 cases in the SPS8ata file were compared to the appropriate threshold
EOEwWUUEOUOEUI E urb<rénbeurt the data filsdéadyFoy logistic
regressions. For each epistemic frame element, a fixed effects logistic regression model
was created, each with a seriesof blocks that examined a series of predictors, which
included dummy variables for each of the players, a dummy variable for time called the
Design Project Variable, an Activity Focus Variable, and a Type of Reflection Variable.
Each of the 80 cases in ta SPSS file was tagged with the appropriate set of dummy

variables representing the player, week, focus of activity (client-focused activity was
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A A e 2 2N

? Y <Tabé @outlines the different dummy variables and how they were assigned.

These models were used to generate logitcoefficients which provided a measure
of how associated specific predictors were with high relative centrality values for a
particular frame element. In so doing, these regressions helped to further explore which
participant structures tended to elicit reflection on specific frame elementsand linkages,
and thus provided ad ditional, statistical warrants for the qualitative claims of

theoretical saturation identified earlier in the analysis process.

ASSIGNED VALUE
DUMMY VARIABLE 1 0
Player i Case is from design Case is not from design
(i = A through J) history of Player i history of Player i
Design Project Variable Observed during Week 1 Observed during Week 2
Activity Focus Variable Observed during periods Observed during periods
focused on client activity focused on design

challenges (non-client)

Type of Reflection Observed within design Observed during design

Variable notebook meeting

Table 6. Dummy variables used in fixed effects logistic regression.
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Returning to the Qualitative Lens

After conducting the regressions and reviewing the logit coefficients generated
by the model, quantitative information produced by the statistical tests was interpreted
with a qualitative lens. Statistically significant logit coefficients were examined and
compared, but only in a qualitative sense by observing whether they were positive or
negative to determine the nature of the relationships between the predictors and the
desired outcome. In the same way that the fundamentally qualitative nature of this
work and the research questions of this study drove the decision to ultimately
dichotomize a continuous outcome variable, the logit coefficients produced by the
logistical regressions must also be valued for their qualitative not quantitative, value.

Echoing the caveats about ISSA stated earlier in this chapter, these analyses were
not intendedo provide and attach specific quantitative values to the fundamentally
gualitative patterns observed in the data. Rather, the quantitative values ¢ and the logit
coefficients in particular + generated by these analyses can provide valuable
information about the general nature of the relationships between centralities and
participant structures, such as suggesting that players may be more likely to reflect on
one frame elementand its linkages within a particular activity in the game than in
another within the game. By returning to the use of the qualitative lens throughout the
more quantitative portions of this analysis, the grounded and descriptive nature of this
wor k + and the contextual richness of the types of data found in design experiments

more generally ¢ is preserved.

In the chapter that follows, the results from the entire study are presented,

describing both the learning outcomes and learning processes fa players of Digital Zoo
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that were determined through the use of the methodological techniques presented here.
The verbal analysis (Chi, 1997) conducted on the pre, post-, and follow up data
suggested that players were able to develop the elements of theengineering epistemic
frame as a result of gameplay. The Epistemic Network Analysis (Shaffer et al., 2009)of
the in situ data revealed patternsinthex OE a I U Uz wU éngitzerigl/aiedndu O O w
epistemology, which were then further explored and warrant ed by the intra-sample
statistical analysis (Shaffer & Serlin, 2004) and the use of fixed effects logistic regression.
In addition a discussion of the findings of the study, the limitations and
implications of this methodology will be presented in Chapter 5. While the mixed
methods approach used in this work provided a fruitful set of techniques for examining
complex learning outcomes and processes in a naturalistic setting, key lessons have
been learned that can inform the ways in which these methods are used in the future.
As such, it is essential to reflect on the tradeoffs involved in utilizing this approach, as
well as the potential implications this work may have for the broader learning sciences

community.
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CHAPTER 4

RESULTS

This study asks whether middle school girls are able to develop their
understanding of engineering epistemic frame elements as a result of playing Digital
Zoo, and if so, whether specific participant structures within the game elicited reflection
on specific frame elementst and in particular, engineering values and epistemology.
The results of this work are therefore presented in two parts. In Part One, learning
outcomes are described, highlighting the engineering skills, knowledge, identity,
values, and epistemology players developed in Digital Zoo. In Part Two, learning
processes during gameplay are examined, focusing on the relationships between
specific participant structuresand x OEal UUz wUIl | Ol Fanme Bénerds@odx EUUDE U

linkages within the f rame.

Part One: Learning Outcomes of Gameplay

Overall, the results from the pre - and post-interviews suggest that players were
able to develop engineering skills, knowledge, identity, values, and epistemology as a
result of playing Digital Zoo. As stated i n the previous chapter, matched pair questions
OOwi EET wOil wUT 1 wbOUI UYPI PUwxUOEI EwxOEal UUz wUOE
frame elements, asking them to define key concepts, articulate their views, and engage
in engineering tasks. In the pre-intervBl PUOWOE Oa woOi wUT I wxOEal UUz wUl
matched pair questions incorrectly characterized or described the different aspects of
engineering practice, suggesting a limited understanding of the individual frame
elements. However, in the post-interviews, pOE a il UUz wUI Ux OOUI Uwbkbi Ul wOO!

specific, and sophisticated, demonstrated by the significant increase in the number of
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correct references to each frame element across the set of matched pair questions from
pre- to post-interview. Moreover, the result s from the follow up interviews indicate that
learning gains observed immediately after the game ended (in the post-interview) were
still present three months later. The learning outcomes associated with each of the
frame elements are presented below, incuding the results of paired sampled t -tests and

excerpts from player interviews.

Skills

References to engineering skills increased significantly from pre- to post-
interview (mean pre = 0.9, mean post = 3.1, p<0.01, Figure .} This learning gain was
maintained through the follow up interview as well (mean pre = 0.9, mean follow up =

2.7, p<0.01, Figure % For example, when asked what engineers do, one player

Ul UxOOEIT EOw?U0T 1 awEUI EUIl wUUOUI 1862w 10l UwlOTl 1 wi EO

articulate answer, stating:

261 OOwUT 1 awEl UPT OwUUUI | wEGEwWI BT EVUUI wbUO6 w31
Ol UUPOT wUOT 1T OwoOOPwWPT ECwUT T PUWET UPT OwbUwi OU
trial and error. If they are trying to make something, and it fails, they just do

something a little bit different to see if that works, and keep changing things.

$YI OUUEOOCawgUT 1 a¢gwEOO] wUxwkPPUT WEwWUI UUOUS wWE
again. Make an alternative and see if that comes out better. Maybe because they

had all that tria | and error, it might be easier the second time. Then present,

x Ul U1 O0UOwxUI Ul O0wgUOwUI EOUWEOEWEODI OUU¢G»

This player describes several skills involved in an engineering design process, including
understanding the problem statement, the design-build -test cycle, developing multiple

design alternatives, and presenting work in design and client meetings.
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Knowledge

References to engineering knowledge increased significantly from pre- to post-
interview (mean pre = 1.5, mean post = 6.6, p<0.01, Figure .} This learning gain was
maintained through the follow up interview as well (mean pre= 1.5, mean f ollow up =
6.2, p<0.01, Figure % For example, when one player was asked to define the concept of
2E1I OUI UwOi wOEUU?2 wEUUDOT wlT T wx | thewddrdeudf they DT P OwU

OENI EUy > w( OwUT T wxOUUwbOUI UYDPI POwUT I wUEOI wx OEa

? ( Uhe &@ntewhere everything balances. (pause)Wel, DUz UwOOUwWEOPEaA UwU
centero . [it is] t he point where everything balancesd something could be a
UOUUEUOUUIT wp kihddf awavardiy) uEUDWEIuO U1 Uwbp OUOE Oz UWE(
right place because thingsmight be hanging off [one edge].?

Here, the player has a more sophisticated understanding of center of mass, realizing

that it is not merely the geometric center of an object and that having an uneven weight
distribution would potentially shift the center of mass to a different location. In another
matched-pair question, players were asked to define the concept of gait. One player,

PT OWUUEUI EwUT | wE P E Oz thawdierview, regpohddd B nid wely E U wb O

on the post interview:

A Uz UwUT 1 wb Eyowkaé@ Gnuevdh Gad that means you are walking
evenly, like at an even pace But if you have, O 1 U z, Bhuatitdigic gait then you
might be limping or walking a different way than you normally would. 2

In this response, the player not only demonstrates her understanding of the concept of

gait, but goes on to provide different examples of gait that were used within the context

of the game.
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Identity

References to @gineering identity increased significantly from pre - to post-
interview (mean pre = 1.8, mean post = 5.1, p<0.01, Figure .} This learning gain was
maintained through the follow up interview as well (mean pre= 1.8, mean f ollow up =
5.2, p<0.01, Figure % For example, when asked if she had ever thought of herself as an
1 O1T POT T UwPOwWUT T wxUl wbOUI UYDI POwOOT wxOEal UWUED

in the post interview, the same player said:

?Not until the day, like | was thinking about it yesterday, when we were like

UUEUUDOT wbépetdntatibrs, @é di¢ht meetings, and making what they
EUOI Ewi OU wb O vdaih And meeing tOdir Bekds for that design .2

Out of the eight players that responded positively to this question in the post interview,
six of them reported some form of interaction with the client as the reason they felt like
an engineer, with the other two players identifying the use of computers a nd
technology.
/| OEal UUWEOUOwWET OOOUUUEUI EwOOUI wUOET UUUEOGED
identity after gameplay. For example, when asked what it meant to be an engineer, one
x OEal UwPOwUT T wxUl wbOUIT UYDPI PwUI Ux OOE postOw? ( wEOO

interview, said:

?I think it means to help people. Doctors help people, too, but engineers can
help people in different ways, making their life easier and making sure the
environment is okay, things like that. Someone had to design the car.So,kind of
designing things that people needo6 like backpacks, shoes, bikesand lights.?
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more descriptive in her characterization of the engineering profession after th e game,

she also articulates specific ways engineers help people that are different from other

professions like medicine.

Values

References to engineering values increased significantly from pre- to post-
interview (mean pre = 1.8, mean post = 4.1, p<0.01kigure 4), and this increase was
maintained through the follow up interview (mean pre = 1.7, mean follow up = 4.1,
p<0.01, Figured). For example, when asked to describe what engineers care about
EUOUDOT wOT T wxUl wbOUI UE®O  Ous®HOD Bubk IOE A W BiwiUE B E @lw X ¢

responded in this way on the post interview:

%1 OOWOEYPOUUOGawUT I PUwi EOPOAWESEWUOUI T OwEUC
think. 3T 1T AawPEOUwWUOwx UU wU and tady Grebkably just WwantQd | EUwi DU
make it something thaU z U wO B@nie®iOBE®Idud OUT wUT Etayed Oz UwO U
UT 1T azUl whaprodbd] O@ 0T wa wE O O zdl liké dvedybthd Eingld O wo O

OO0l 62

With this response, the player describes two specific engineering values: the importance
of understanding EOE WEEEUI UUDOT wUOT 1 wEODI OUzUwdI 1 EUOWEOD

innovative design solution.

Epistemology

References to engineering epistemology increased significantly from pre- to post-
interview (mean pre = 0.3, mean post = 0.9, p<0.01, Figurd.) This learning gain was not

only maintained in the follow up interview, it actually increased (mean pre = 0.3, mean
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follow up = 1.6, p<0.01, Figure4). For example, during each interview, players were
presented with information on three different choices for seat ing on some form of
public transportation (bus, subway, or train) in a large city. Players were asked to
identify the best option and explain their selection. In the pre interview, one player

identified and explained her choice in this way:

2 (wOT b uwlUEPIWE 01 UOZ UwUIT | OwoOP Ol wbUwkP OUOE WEI
small and it has a 4 star safety rating. This one looks very comfortable but it only

Il EUWEwWt wUUEUWUET T DawUEUDOT WwECEwWOOOawtt wUOD
comfortable, butithasa K WUUEUwWUET | DAawUEUDOT WEOEwWx OUU WD
TUIUUwhbUZUWODPOEWOI wOPO!l wUT T wi Exxawdl EPUOGS 2

In the post interview, the same player said:

2" OCEwWOOO6w(zOwOOUWEOOT wal UBw. OOw( wUT pOOWHU
can fit 52 units, which is more than either one because they have Coachman

#1 OURT OwPUwl EVWKYOWEOQGEwWUT T wOUT T UwdOl whbUwKK
the same safety @ating as this one and a better safety rating than this one. Granted

PDPUZ UwOOUWEUWEOOI OUUEEOI wEUWUT PUWOOT OWEUU WD
Ul EOWEOST ODEVWWWIsEY uE OOz UwodOPOWOPOI wkhT awpkpOU
flip up since you can only fit a certain number [of units] in there anyway? So it
OO0O60UwOPOl whUzUwUI EOCawl EVAWUOWEOI EOOwPT PE
EPUUAS w OE wb U adthisdel | jusl lIBoRdd atxthenbdhd compared. |

OO0l PwUT E0wOO! whEUOZz Uwl O6POT wUOOWET wbUWEIT EEUU
EEOQOUOwegUTl EU¢ Yy w( Uz UWEWUUEDOOwWPT awbpbOUOEwWadUw
onya3-UUEUWUEI 1 DawuBUBODa w{ wPOWOEDy Wb UT wli E
of units that fit the price, and the safety rating, and thenlooked at the special

features, and kind of figured out whichonewas E1 UUG8 » w
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In the pre-interview response, the player examines the information and chooses the

2O0BEEOT 1 » wxUOEUEUWUT EVwOI PUT T UwUOOwWI BRx1T OUPYI wd
providing additional reasoning behind her choice. However, in the post -interview, she

not only asked for more time to make her decision, but she was also able to more fully

articulate the tradeoffs she considered in her choice. In particular, she initially focused

on the key design features (the number of units that could fit in the tra in, the safety

rating, and the price) before considering additional information provided in the product

descriptions.

Players were also presented with a design task and asked to create a flowchart
outlining the steps they would take to build a structure that could hold perform a
certain task, such as bearing the most weight. The number of links between different
steps increased significantly from pre to post interview, (mean pre=3.8, mean post = 6.6,
p<0.01). The number of steps included in the process ao increased significantly from
pre to post interview (mean pre = 4.2, mean post= 6.5, p<0.01). These differences were
also seen in the follow up interview, though the average numbers of links (mean
pre=3.8, mean follow up= 4.8, p<0.05) and steps (mean pre 4.2, mean follow up = 5.2,

p<0.05) did decrease slightly from the post interview levels.
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For example, one player drew the flowchart in Figure 3a in response to the
design task prompt during the pre interview. She then drew the flowchart in Figure 3b
during the post interview. Her flowchart in the post interview contains additional steps
that were not there in the pre interview, such as brainstorming, sharing ideas, and
focusing on building the best idea in order to test it. Figure 3 illustrates the differences
in the number of references to each of the frame elements in the pre, post, and follow up

intervie ws:
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Changes in Epistemic Frame Elements
Across Pre, Post, and Follow Up Interviews
8
g 7 T
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Empre @post Ofollow up

Figured. Differences in epistemic frame references across pre, post, and follow up interviews.

The statistically significant increases from pre - to post-interview, and the extent to
which those increases were sustained in the follow up interview, can be seenin Figure
4. As such, it summarizes the results presented above, which suggest that players were
able to begin to develop the engineering epistemic frame as a result ofplaying Digital

Z00.

Part Two: Relationships Between Frame Elements and Game Activities

The analysis of thein situ data collected during Digital Zoo provides insight into
how and when players reflected on different frame elementsand linkages within the
engineering epistemic frame during gameplay. The second research question asks
whether specific participant structures were associated with x OEal UUz wUIl | O1 EUD O
specific frame elements, and in particular, engineering values and epistemology.

Overall, x OE a1 U U z udgdedread toferophasige\@ngineering skills and knowledge
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throughout the two week data set, while engineering identity appeared to be mostly
emphasized at the beginning of the game. In contrast, reflections that emphasized
engineering values and epistemology seemed to be concentrated within certain
participant structures during the game.

As described in Chapter 3, these trends were initially examined with Epistemic
Network Analysis (Shaffer et al., 2009), which examined x O E a reflddilansion different
frame elementsover time by calculating specific comparable quantities. Two of these
guantities, relative centralityand sums of squares centraljtgrovide a measure of how
much an element is emphasizedover a period of time ¢ the higher the centrality of a
x EUUPEUOEUwWI O 01 OUwUT T wOOUI w?EOOOI EUI E» wOUwUI

Given the importance of design meetings, design notebooks, and client-focused
activity in the epistemography that informed Digital Zoo, the in situ data from the game
was segmented along these dimensions, resulting in eight macrostructures. For the
below, copied from the previou s chapter. Thus, by conducting Epistemic Network
Analysis on each of these segments for each of the players, the centralities of different
frame elements across different activity structures could be explored. Noticeable
patterns were uncovered, as presened below, and then further examined with fixed

effects logistic regression (Allison, 1996; Cox, 1972).



Macrostructure  Activity Focus Type of Design Macrostructure
Number Reflection Project Name
Number
One Design challenges Meeting / 1 ChD1
(Ch) Discussion
based (D)
Two Design challenges Notebook 1 ChN1
(Ch) based (N)
Three Client (C) Meeting / 1 CD1
Discussion
based (D)
Four Client (C) Notebook 1 CN1
based (N)
Five Design challenges Meeting / 2 ChD2
(Ch) Discussion
based (D)
Six Design challenges Notebook 2 ChN2
(Ch) based (N)
Seven Client (C) Meeting / 2 CD2
Discussion
based (D)
Eight Client (C) Notebook 2 CN2
based (N)

Table7 Macrostructure features andames used in Epistemic Network Analysis.

Average Relative Centralities of Skilknowledge, and Identity

Throughout gameplay, the relative centralities of engineering skills and

Figure 5 and Table 8 below. These calculations from the Epistemic Network Analysis
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knowledge followed similar trajectories. Both of these frame elements started out highly

central, and then remained so throughout the first two projects of the game as seen in

suggests that both skills and knowledge were strongly emphasized from the start of the
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game and then continuedtobeE1 OUUEOwpP P UT B O wthOughout Digitallw U1 | Ol E U

Z00.

Average Relative Centralities Across All Player
for Skills, Knowledge, and Identity
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Figure 5Initial Epistemic Network Analysis across macrostructures for skill, knowledge, and identity.

Both skills and knowledge demonstrate a low point in relative centrality during
macrostructure CD1, which occurred during t he client-focused activity and meeting
based reflection during the design project 1. Becausethe sums of squarescentralities of
skills and knowledge in CD1 are similar to those in ChD1, this dip may explained by
the increase in the centrality of other frame elementst particularly values and
epistemology ¢ during this macrostructure, as seen in Figure 6 and Table 8below.

The relative centrality of identity starts off at a high level at the beginning of the
game in ChD1, and then quickly drops and remains low for the rest of the game. These
relative centralities suggest that engineering identity was mostly emphasized during

Uil ubOPUPEOWUUET I UwoOi w# Dl PUEOWIOOWEOEwWUT 1 OwdO
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explicit references to engineering identity we re uncommon after the first few days of
the game, which resulted in the low relative centrality numbers for that particular frame

element as seen in Figure 5

Average Relative Centralities of Values and Epistemology

Unlike the relative centralities of eng ineering skills, knowledge, and identity that
tended to be either consistently high or consistently low throughout most of the game,
the relative centralities of values and epistemology appeared to follow a different

pattern.

Average Relative Centralities Across All Player
for Values and Epistemology
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90 -
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70 ’ S ’
’

50 -
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ho /" \\ /

o / N\ /

10 / \ /
~

Average Relative Centraity

ChD1 ChN1l CD1 CNl1 Chb2 ChN2 CD2 CN2

Macrostructure

=== values

epistemology

Figure 6 Initial EpistemidNetwork Analysis across macrostructures for values and epistemology.

These frame elements seemed to become more central duringlient-focused
activity and notebook -based reflection during the CD1 and CN1 macrostructures, as
seen in Figure 6 and Table 8 below. While both frame elements decreased in centrality
after the conclusion of the first client project, they rose again at the start of the second

project, as seen in the CD2 and CN2 macrostructures inFigure 6 and Table 8 below.
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These patierns suggest thatx OE a 1 U Uz wU knpitkeriadvalieOdndiepi§amology

are tied to Client-focused Activity and Notebook Based Reflection.

Average Relative Centralities

stl\r/luacctruore Skills Knowledge | Identity | Values | Epistemology
ChD1 79.76 100.00 62.22 42.76 0.00
ChN1 98.42 99.07 17.58 48.32 1.95
CcD1 67.57 85.84 3.16 53.54 4.47
CN1 96.55 93.69 0.00 85.89 43.83
ChD2 87.26 95.84 6.63 62.43 14.13
ChN2 86.72 100.00 0.00 61.79 0.00
CD2 90.85 92.47 9.97 89.44 21.81
CN2 86.86 97.24 0.00 95.16 51.07

Table8. Average Relative Centralities across the eight macrostructures of the game.

Additional analysis of the relative centralities for values and epistemology was

conducted in order to probe further into the relationships between these frame elements

and specific participant structures. The average relative centralities for both frame
elements were computed across nonclient (design challenge) and client-focused

activity, as seenin Figure 7. Both frame elements appeared to be more central during

client-focused activity than in non -client-focused activity.
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Differences in the Average Relative Centralities o
Values and Epistemology
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Figure 7 Average relativeentralities for values and epistemology across client andali@mt-focusedactivity.

Similarly, in order to better characterize the relationships between the relative
centralities of values and epistemology and the different types of reflection present in
Digital Zoo, the average relative centralities for both frame elements were computed
across meeting/discussion based reflection and notebookbased reflection, as seen in

Figure 8.
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Differences in the Average Relative Centralities o
Values and Epistemology
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Figure8. Average relative centralities for values and epistemologpss meeting and notebook based reflection

While both frame elements appeared to be more central during notebook-based
reflection than during meeting based reflection, the differences were not as pronounced
as with the client-focused activity. In additi on, the relative centrality of engineering
values did not appear to be as impacted by notebook-based reflection as the relative

centrality of engineering epistemology.

Intra-Sample Statistical Analysis through Logistic Regression

The patterns identified i n the previous section suggest that similar to
undergraduates in the engineering practicum, the players in Digital Zoo reflected on
key elements of the engineering epistemic frame within the notebook and during client-
focused activities. In order to furthe r explore these trends in relative centrality, the in
situ data was also examined with fixed effects logistic regression.

As mentioned in the previous chapter, it should be noted that these statistical

analyses are used only to further explore the patterns found in the qualitative analysis,
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and confirm qualitative claims about theoretical saturation. In other words, these

analyses arenot intendedo provide and attach specific quantitative values to the

fundamentally qualitative patterns observed in the data. Rather, the quantitative values

¢ and logit coefficients in particular ¢ generated by these analyses can further warrant

the qualitative pat terns observed earlier within the analysis. For clarity, Table 9 from

the previous chapter, which describes the different predictors included in the models, is

also presented here for clarity.

ASSIGNED VALUE

DUMMY VARIABLE

Player i

(i = A throughJ)

Design Project Variable

Activity Focus Variable

Type of Reflection

Variable

Case is from design

history of Player i

Observed during Week 1

Observed during periods

focused on client activity

Observed within design

notebook

Case is not from design

history of Player i

Observed during Week 2

Observed during periods
focused on design

challenges (non-client)

Observed during design

meeting

Table 9. Dummy variables used in fixed effects logistic regression.

Models | and Il look at the relationships between client-focused work, different

types of reflection, and the frame elements of engineering values and epistemology.
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Model | was a 3block regression that focused on high relative centralities for values as
an outcome and included dummy variables for the players, the Design Project Variable
(DPV), the Activity Focus Variable (AFV), and the Type of Reflection Variable (TRV) as
predictors. The model produced significant logit coefficients for the Design Project
Variable (1.27, p<0.05, block 3,Table 10) and the Activity Focus Variable (1.50, p<0.01,
block 3, Table 10). No significant logit coefficients for the Type of Reflection Variable
were produced by the regression.

The significant logit coefficient for DPV suggests that p layers were more likely to
emphasize engineering values during the second design project than in the first. The
significant logit coefficient for AFV suggests that players were more likely to emphasize
engineering values during client -focused activity than design challenge focused
activity. Moreover, the higher logit coefficient for AFV indicates that client -focused
activity is has a stronger association with the relative centrality of engineering values
than the second week of the project. In addition, the model did not produce a significant
logit coefficient for the Type of Reflection Variable, indicating that the type of reflection
(either meeting based or notebook-based) did not have a significant effect on the
x OEal UUz wU engitzerieglal@od& U wod O

Model Il was a 3block regression focused on high relative centralities for
epistemology as an outcome and included dummy variables for the players, DPV, AFV,
and TRV as predictors. The model produced significant logit coefficients for both the
Activity Focus Variable (3.07, p<0.01, block 3Table 11) and the Type of Reflection
Variable (1.75, p<0.01, block 3Table 11). These significant logit coefficients suggest that
both client-focused activity and notebook -based reflection were importantto x OEal UUz w
reflections on engineering epistemology during Digital Zoo. Because the logit

coefficient for the Activity Focus Variable in block three of Model Il is larger than that
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of the Type of Reflection Variable, it appears that working with the client may have
been more of a catalyst for epistemology than reflection in the notebook.

Models | and |1 reinforce the associations seen in the previous section between
the focus of game activity, the type of reflection being conducted, and player reflections
on engineering values and epistemology. The significant logit coefficients in these
models further warrant the patterns seen in Figures 6 and 7 above, suggesting that
working on a client based project was more effective than working on design challenges
in helping players reflect on engineering values and epistemology. In addition,
reflecting on design work within the design notebook seemed to be more effective than
reflecting in a design meeting in helping players focus on engineering epistemology.
Thus, the analysis of in situ data from Digital Zoo sheds light on some of the key
learning processes found within the game. The results indicate that engineering skills
and knowledge remained highly central across the eight macrostructures of the game,
suggesting that these frame elements were emphasized throughout Digital Zoo.
Engineering identity appeared to be a focus early on in the game, but then this frame
element seemed to taper off after the first macrostructure. Most interestingly, the
relative centralitie s of both engineering values and epistemology seemed to rise and fall
with specific activities during gameplay. These patterns were further warranted
through intra -sample statistical analysis (Shaffer & Serlin, 2004) and the use of fixed
effects logistic regression (Allison, 1996; Cox, 1972). These models produced logit
coefficients that characterized the positive associations betweenclient-focused activity
and engineering values, as well as those betweerclient-focused activity, notebook -

based reflection, and engineering epistemology.



MODEL I: High Relative Centralities of Values as Outcome

Logit Coefficients

Model Summary

Design
Project

Activity
Focus

Block | Const Variable | Variable
0 0.41
1 0.00 0.63 | 0.00
2 -0.73 0.69 | 0.00 | 0.00 | 0.00 | -0.62 | 0.00 | -0.62 | 0.00 | -0.62 1.23*
3 -1.14 0.72 | 0.00 | 0.00 | 0.00 | -0.64 | 0.00 | -0.64 | 0.00 | -0.64 1.27*

Type of
Reflection
Variable

Cox &
Snell
Pseudo

Nagelkerke
Pseudo R"2

-2 Log
Likelihood

0.18

0.24

91.91

0.20

0.27

89.59

* p<0.05; ** p<0.01

Table 10 Logisticegression model exploring the relationship between the relative centrality

of engineering valueglient-focusedactivity, and the type of reflection during gameplay.
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MODEL II: High Relative Centralities of Epistemology as Outcome

Logit Coefficients Model Summary
Cox &

Design Activity | Type of Snell

Project Focus Reflection Pseudo Nagelkerke -2 Log
Const Variable Variable | Variable Pseudo R"2 Likelihood
-0.51*
-0.86 -0.60 0.53
-2.57* -0.81 0.77 0.00 0.77 0.00 0.00 0.00 -0.81 0.00 0.94 0.30 0.41 77.33
-3.80** -0.94 0.86 0.00 0.86 0.00 0.00 0.00 -0.94 0.00 1.07 0.37 0.51 69.03

* p<0.05; ** p<0.01

Table 1. Logisticegression model exploring the relationship between the relative centrality

of engineering epistemologglient-focusedactivity, and the type of reflection during gameplay.
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The results presented in this chapter suggest that players from Digital Zoo were
able to begin to develop the engineering epistemic frame, and that client-focused
activity and notebook -based reflection were key activities in the learning environment
that cultivated two specific engineering ways of thinking. In the next chapter, a
discussion of both the findings and methodology of this work is presented, including a
description of the limitations and implicati ons of this study for engineering education,
educational design research, and the broader k12 education community. A trajectory
of future research, stemming from the results uncovered in the present study, is also
described, which outlines an ambitious and relevant line of inquiry that explores
complex learning in multiple engineering contexts across the K -20+ educational

spectrum.
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CHAPTER 5

DISCUSSION AND FUTURE DIRECTIONS

In this study, a design experiment (Brown, 1992; Collins, 1992) was conducted n
order to test a particular theory of learning, the epistemic frame hypothesis, within an
immersive, technology -supported learning environment, the engineering epistemic
game Digital Zoo. A secondary focus of this work was to examine the utility of a
particular mixed methods approach to analyze data collected from a design experiment,
featuring the use of Epistemic Network Analysis (Shaffer et al., 2009)as a tool for
exploring in situ data collected about complex forms of learning within naturalistic
settings. Specifically, this work asks whether middle school girls are able to develop
their understanding of engineering epistemic frame elements as a result of playing the
game, and if so, whether specific participant structures within the game elicited player
reflection on specific frame elementstin particular, engineering values and
epistemology ¢ and the linkages between these elements and the other components of

the frame.

Summary of Findings

The research questions for Digital Zoo were addressed with a two -part,
OUOUPUUET T wEOEOaUPUS w( OwUI UxOOUT wUOwWUT T wi BUUU
learning outcomes from the game, the results from pre-, post-, and follow up interviews
show that players were, in fact, able to develop their understanding of the different
engineering epistemic frame elements. References to each of the five frame elements in
matched pair questions increased significantly from pre - to post-interview, and these

elevated levels were sustained through the follow up interview three mont hs after the
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game was completed. As such, these findings uphold the epistemic frame hypothesis
(Shaffer, 2006a; Shaffer et al., 2009), which suggests players would be able to develop
engineering skills, knowledge, identity, value, and epistemology as a res ult of engaging
in authentic engineering activity within a simulated practicum context

Shifting away from the learning outcomes of the game to the investigation of the
learning processes in Digital Zoo, the second question asked whetherplayer reflection
on specific frame elements was linked with specific parts of the game context,
particularly for engineering values and epistemology. The exploration of this data was
conducted with an integrated mixed methods approach, which featured the use of a
new quantification technique, Epistemic Network Analysis, which can be used to
characterize and assess complex learning over time.

The initial Epistemic Network Analysis of in situ data showed that three of the
frame elementst engineering skills, knowledge, and identity ¢ did not appear to be tied
to a specific type of activity. Engineering skills and knowledge appeared to follow
similar trajectories in the game, being emphasized from the opening moments of the
game and throughout the rest of Digital Zoo. Enginee ring identity, on the other hand,
appeared to be strongly emphasized at the beginning of Digital Zoo, and then was not
particularly relevant after the opening days of the game. Thetrajectories of these frame
elements were reported in the results, but not examined further in the present study.

However, player reflections on the other two frame elements, engineering values
and epistemology, did appear to vary with certain types of activity. Specifically, there
appeared to be relationships between values, epstemology, client-focused work, and
notebook-based reflection. These patterns were further explored with intra -sample

statistical analysis and fixed effects logistic regression, which provided additional
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warrants for the qualitative relationships between s pecific frame elements and
participant structures observed in the earlier stages of analysis.

The results from the logistic regression analysis indicate that players were more
likely to reference engineering epistemological while reflecting in the notebook than
while reflecting with teammates during the design meetings, as seen in Model Il in the
previous chapter. This suggests that the notebook fostered moreplayer reflection on
engineering epistemology than the meetings did for the players in the game. In
addition, this finding indicates that the notebook acted as a reflective participant
structure that engaged players in connected engineering epistemology to the skills,
knowledge, and values of engineering practice. The use of a notebook was also a
reflective participant structure in the undergraduate practicum that combined these
four elements for the students in the design course (Svarovsky & Shaffer, 2006a). Thus,
these resultsare aligned with a specific feature of the epistemic frame hypothesis, which
suggests that the epistemic frame is developed by engaging in the reflective participant
structures of the professional practicum. By including the notebook in the game, players
were able reflect on engineering epistemology and connect it to other frame elements,
just as the undergraduates did in the practicum.

Additional logistic regression indicated that players were more likely to address
and emphasize engineering values and epistemology during client-focused work, as
seen in the logit coefficients produced by the fixed effects logistic regression in Models |
and Il in the previous chapter. These findings suggest engaging in work related to
UOOYDOT wEWEODI OUz Uwx tefieé On th@ linkaged ketwgan U1 1 wx OEal UU
engineering epistemic frame elements by binding engineering epistemology and values
together with the other frame components. This result is consistent with the sentiments

of the undergraduates from the engineering practicum, who anecdotally linked their



112

engineering learning to the presence and role of the client in their practicum experience.
Thus, these findings are once againaligned with the epistemic frame hypothesis, which
argues that a recreation of the practicum setting within in an epistemic game will help

young people form linkages between the elements of an epistemic frame.

Interpretation of Findings

The results of this study indicate that Digital Zoo helped young people develop
an understanding of engineering that included not only the basic sk ills and scientific
knowledge associated with engineering design, but also engineering ways of thinking.
Through the use of an integrated mixed methods approach, player reflections on
epistemic frame elements during Digital Zoo was examined. Engineering skills and
knowledge appeared to be developed throughout the game, while engineering identity
formation was emphasized only at the beginning of the game. Player reflections on
engineering values appeared to be associated withclient-focused activity, and
reflections on engineering epistemology was tied to both client-focused activity and

notebook-based reflection.

Developing the Five Epistemic Frame Elements

Based on the results of the study, this work has several repercussions for a wide
range of educators moving forward. The learning outcomes of Digital Zoo indicate that
epistemic gameplay based on the profession of engineering can not only help young
people develop not only basic engineering design skills and scientific knowledge, but
also engineering ways of thinking. In contrast to many of the current programs focused
on K-12 engineering education, Digital Zoo addressed the three principles for K -12
engineering education issued by the National Academy of Engineering, which

suggested that these learning ervironments should a) emphasize engineering design; b)
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incorporate the development of appropriate math, science, and technology skills; and c)
promote engineering habits of mind (National Academy of Engineering, 2009). By
addressing all three principles, Digital Zoo is set apart from several of the other
programs surveyed by the NAE that tended to overemphasize the first two of these
principles EOE wUT UUwx Ul Ul OUWEOQwW?2UOI YI O2 wUI xUI Ul OUEUT
people.
Moreover, Digital Zoo showed that t his development of the engineering
epistemic frame can specifically happen for young women. This finding that girls are
able to successfully link the different facets of engineering practice together during
epistemic gameplay is important in light of the | iterature that suggests girls typically
EDUOPOI w? 0OEUUOPOawi OEUUI EwUI ET OPEEOwWPOUO? wp#
skills and scientific knowledge with the other elements of the epistemic frame suggest
that girls in Digital Zoo were able understand engineering practice within a broader
context, beyond the confines of an isolated engineering design cycle. Over time, this
could lead girls to develop additional engagement and interest in engineering activity.
Also, by engaging in a broader range of engineering practices, girls can be exposed to
facets of the profession that they may not have been aware of previously, which can
help correct misconceptions and reduce the effects of negative stereotypes associated

with the profession (Ambady et al., 2004; Eccles et al., 1999).

Identifying Specific Activities that Fosté&teflection on/alues and Epistemology

A s oA~ s A NN

elements, Digital Zoo also identified two essential activities in the game, notebook -
basedreflection and client-focused activity, which specifically elicited player reflections
engineering values and epistemology. These findings have already generated follow -up

guestions and analyses to be conducted in the immediate future with the same data set
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used in this study. The current analysis of Digital Zoo allowed for the determination of

whenspecific reflection was happening during the game, but further work is needed to

explore howthat reflection is connected to the learning that happened in those contexts.

11 00UOPOT wWOOWUT 1 wWOGUEOPUEUDYI WEEUEwWaET T DPOwWUO
provide more information about the mechanisms of learning within Digital Zoo, but

this analysis can also directly inform the design of the next iterations of the game,

perhaps by highlighting additional features to test in the learning environment. Because

revisiting the qualitative data has both theoretical and pedagogical advantages, this

work will begin in the near future.

One particularly interesting result from this study is that client -focused activity is
not a reflective participant structur e as it is recreated in Digital Zoo. Instead of being
directed to focus on reflection through one specific activity or task, client -focused
activity encompassed a range of activitiest some reflective, some nott that were
intended on meeting the needs of the client. This is noteworthy because while the
epistemic frame hypothesis argues that an epistemic game should be a recreation of the
practicum in general, the theory only specifically defines one type of practicum activity
¢ the reflective practicum structure ¢ as contributing to frame development. However,
in Digital Zoo, client-focused activity had a pronounced effecton x OEal UUz wUI | O EU
values and epistemology. Thus, exploring potential reasons for these effects may give
rise to the identification of another practicum component that would be useful to
include in future iterations of the game and authentic learning environments more
broadly.

In addition to informing the next cycle of epistemic game design and potentially
advancing the epistemic frame hypothesis, identifying these key participant structures

in the game has pedagogical significance for K-12 educators who are developing
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engineering experiences for pre-college students. Including these types of activities in
concert with engineering d esign work can specifically help young people develop
engineering ways of thinking, and thus help programs more fully address the three
principles outlined by the NAE. Moreover, this study can suggest new ways to
educators to engage young people in specific professional practices. In Digital Zoo,
players kept an electronic design notebook on PowerPoint, which made the
documentation of digital design work much easier. As such, repurposing presentation
software for documentation purposes may also be useful for other K-12 educators to
consider when designing their own experiences.

Another point to consider is that while client -focused activity helped players
focus on engineering values and epistemology, the clients were not actual, real clients
with real needs and real deadlines. They were adults who were role playing as clients,
just like the girls role playing as engineers. However, the findings from Digital Zoo
suggest that focusing activity in the game on these clientst imaginary or otherwise 4
still emphasized these key frame elements This implies that other K-12 engineering
environments may also have success in fostering engineering values and epistemology

by adding other adults role playing asclients to the context of a particular intervention.

Exampk of Methodological Integration for the Assessment of Complex Learning

Digital Zoo also provided a compelling example of methodological integration in
its approach to the analysis of in situ data from the game. The study highlighted the
utility of Epistemic Network Analysis (Shaffer et al., 2009) in exploring and
characterizing complex thinking and learning in real world learning environments over
time. As such, this technique provides a potentially valuable tool for other educational
design researchers who seek to measure and evaluate learningn situ, which is quite

commonly the case within a design experiment. Epistemic Network Analysis has
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several traits that make it a powerful tool for an alysis. First, it is theoretically grounded
by the epistemic frame hypothesis. This allows for both the definition of complex
learning, the epistemic frame, and how it is developed, in the binding of frame elements
cumulatively over time. Second, it generates several quantities that can be used to
understand and identify patterns in the data. Although relative centrality was the
dominant epistemic network concept used here, other quantities such as the weighed
density of the epistemic network (how tightly b ound or connected the frame elements
are together) can provide useful and insightful information as well.

Epistemic Network Analysis also provides a sophisticated bridge between
gualitative and quantitative techniques. The quantities calculated by the tec hnique are
grounded in qualitative data, because the numbers that go into the algorithms are the
code frequencies from the initial qualitative analysis. However, the quantities calculated
by the technique can also be fed into an intra sample statistical aralysis (Shaffer &
Serlin, 2004) for the further investigation and warranting of any trends in the data. Any
of the quantities can be plotted over time, thus providing a visual representation that
can be qualitatively assessed for additional patterns such a common spikes or declines.
Once these patterns are observed, they can be linked back to a specific time period
within the learning environment, and as such providing another way to examine
learning. Thus, Epistemic Network Analysis has the potential to b e a transformative
tool for the assessment of learning. By integrating qualitative and quantitative
techniques in an effective and impactful way, Epistemic Network Analysis allows for
the preservation of data richness while providing the utility of numeric al analysis.

Finally, the specific ways in which this study, fundamentally qualitativein nature,
used statistical techniques for the purposes of qualitative inquiry, should be noted. At

two points surrounding the intra -sample statistical analysis of thein situ data from the
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game, quantitative information was deliberately examined and interpreted with a
gualitative lens, once during the dichotomization of the continuous outcome variables
for the purposes of implementing logistic regression, and then again when the logit
EOI I | PEPI OUUwxUOEUEI EwEawUi OUT wul T Ul UUDPOOUWDPI
which may suggest the loss of valuable quantitative information.

However, a return to the qualitativenature of this work suggests that a qualitative
filter can, and in some cases must, be applied when using and interpreting the results of
guantitative tools. Surrounding the use of ISSA (Shaffer & Serlin, 2004)in this study, a
deliberate choice was made to dichotomize the continuous outcome values of the
relative centralities of the different frame elements. Indeed, while this choice had a
practical dimension, in that it was required in order to use logistic regression in a later
UUOI xOwUT DPUWET OPET wEOUOwWI EUwWOUT T Uwdi U OEOOOT PE
(1997) method of Verbal Analysis, one key step in her technique is the need to identify
the appropriate grain size for analysis in order to create a fruitful window into the data.
In dichotomizing the outcome variable, a coarser analysis of the relative centralities was
conducted. However, this level of coarse granularity was more meaningful and
informative to the research questions being asked than a finer level of analysis would
have been. Thein situ portion of study asked whether specific participant structures
within the game elicited player reflection on specific frame elementst and in particular,
engineering values and epistemology. As such, the fundamental goal of this qualitative
work was to identify and characterize meaningful relationships between the reflections
on particular frame elements and particular features of the game context in a
gualitative manner. It cannot, and does not, seek to specialy measure the exact strength

of these relationships between learning and context in a quantitative sense.
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In a similar way, the logit coefficients produced by the fixed effects logistic
regression were interpreted with a qualitative lens, characterizing c ertain participant
UOUUEUUUTI UwUOOWET w? 000Ul » wuOUwW? Ol UUpaye@bOl Oawli EO
reflections on specific frame elements. In contrast to the optional choice to dichotomize,
this methodological decision was not optional, due to the assump tions involved with
Intra Sample Statistical Analysis and its purpose in using statistical tests to warrant
gualitative claims about the patterns in the data. However, as in the previous case with
the dichotomization, the qualitativenature of the study suggests that the qualitative
information from statistical tests would be more aligned with, and more directly
address, the qualitative research questions being asked. In other words, the questions of
this study did not seek the exact measurement of how many more times one activity
was likely to promote the reflection on engineering values or epistemology. Instead, this
study was interested in getting a sense of which activities in the game may be more or
less likely to foster these ways of thinking, which co uld then inform and potentially
improve the design of future learning environments. Thus, by returning to the use of
the qualitative lens throughout the more quantitative portions of this analysis, the
grounded and descriptive nature of this work ¢ and the contextual richness of the types

of data found in design experiments more generally ¢ can be preserved.

Limitations of This Study

There are several limitations to this work that must be considered, both to
properly contextualize the study and also info rm future work. First of all, there were
only ten players that participated in this version of the epistemic game, and therefore

the effects on the players in the study cannot be effectively generalized to a larger
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population. However, the results from thi s design experiment of Digital Zoo will feed
into the successive iterations, eventually leading to large scale development and
implementation in the future. Another limitation comes from the way in which the
outcome data was collected in the study. The question protocols used in the pre-, post-,
and follow -up interviews were not structured in a way to effectively measure the
connections between frame elements, but only the development of individual frame
elements. These protocols were crafted and administered before Epistemic Network
Analysis was developed, and as such, were not designed to elicit responses that
demonstrated the extent to which players bound the frame together. Certainly, the next
iteration of the design experiment will include a much strong er emphasis on questions
and tasks that will more accurately assess the connections players make between frame
elements.

Reflecting on the methodological choices made in the analysis ofin situ data,
there were several issues that impacted the scope and apth of the study. First, the in
situ data selected for the analysis described in this study only came from the first two
weeks of the game, and not all three. This decision was made because first two weeks
(which include the first two design projects) of the game were very similar in structure
while flow of activity the third week was disrupted due to summer holidays. While
focusing on the first two weeks reduced the uncontrolled variability in the study, the
third week ¢ and final design project + would h ave likely yielded additional interesting
information. A second issue involves the appropriate granularity of the coding scheme
used to qualitatively analyze the data. Certainly it would be possible to continue
refining the coding scheme such that specific types of engineering skill , as well as
specific types of engineering knowledge, identity, values, and epistemology could be

teased apart, thus resulting in a more complex, finer-grained coding scheme with sub-
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categories for each frame element. Exploring the data in this way would logically be a
follow -up study to the one described here.

In a similar vein, a third issue that should be considered was the decision to
focus on the relative centralities of frame elements as outcome variables. Epistemic
Network Analysis also produces weighted density as a quantity that can characterize an
epistemic frame, but that information was not used in this study and therefore might
also be interesting to explore in future work. A fourth issue involves the use of
Epistemic- | UPOUOw OEOQCaUPUwWwUOwWOl EUUUIT wOOOawUlT | wx OFE 2
elements and linkages, and not their actual learning and internalization of these
concepts. While a causal claim cannot be made with the methods and data used in this
study, a follow up investigation that more carefully explores the qualitative data, the
role of the design advisor, and the types of prompts used in the game is planned in
order to more fully understand the learning processes within the game.

Finally, the choice to use a fixed effects logistic regression for the IntraSample
Statistical Analysis mandated the dichotomization of a continuous outcome variable
which resulted in the loss of some numerical information. While the advantages of
logistic regression justified this choice, it would certainly be useful to identify other

statistical methods that would not require such a transformation.

Implications

Despite these limitations, the work presented in this study has several
implications. First, the type of learning de monstrated in the results of Digital Zoo is just
the type of complex, interconnected, systems-thinking types of learning that
UOOOUUOPZzUwI O1 POT T UPOT WEOCEWUT ET OPEEOwWxUOI 1 UUD
in the global marketplace. Creating meaningful and powerful engineering experiences

like Digital Zoo for young people can not only help them be more prepared for



121

engineering work upon reaching college, but it may help more young people consider
entering the field ¢+ young women in particular. By co rrecting the negative and
inaccurate stereotypes surrounding engineering, more girls may realize that
engineering is, indeed, about helping people and improving the quality of life through
innovations ¢ and as such, they may be more motivated to choose itas a career path
after finishing high school (Eccles et al., 1999).

Second, this work has several pedagogical implications for engineering educators
across the K20+ spectrum. At the K-12 level, including the notebook -based reflection
and working with a cl ient may help foster the development of engineering ways of
thinking for young people engaged in design activity. Moreover, the construct of an
epistemic frame can provide a more operationalized definition of engineering practice
for pre-college educators,which can contribute to the more informed selection of
learning objectives. Similarly at the undergraduate level, insights gleaned from Digital
client in the engineering practicum. For example, a first year or cornerstone practicum
experience designed for undergraduates could also benefit from having a client
involved in the learning environment, even if the client is merely an actor playing the
part for the course, as theclients in Digital Zoo were role playing in the game. Some
university faculty may be hesitant to engage in the often slow and difficult process of
securing actual clients who have legitimate needs that students in introductory
engineering courses could adually meet. By having someone portray a client, the
professor would have more control over the type of problems being posed to students,
as well as the option to train the client to interact with students in specific ways that
may be instructive (difficul t client, unfocused client, etc.). In addition, undergraduate

degree programs can use the construct of an epistemic frame to plan and inform the
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department curriculum, providing faculty with another way to characterize the
profession.

Third, exploring the epistemic frame hypothesis within the actual profession of
engineering can play an essential role in understanding the current state of the
profession, which can in turn impact the undergraduate and graduate training of
engineers as well as the conceptuab 48 EUD OO WOl whT E0wUOOOUUOPz Uwl O1
competitive. The profession of engineering, like any large community of practice, will
be comprised of smaller communities within it , such as the different disciplines of
engineering, a multinational eng ineering corporation, or a local green engineering
startup company. Each of these communities has its own culture, and thus its own
epistemic frame. Conducting additional work to understand the different frames in
these contexts can help the engineering conmunity collectively define a better frame, or
set of frames, that can guide the development of engineers for the future.

Finally, the demonstration of the utility of Epistemic Network Analysis in this
work also has implications for the educational communi ty writ large. For too long, the
methods of assessment have driven the educational standards and climate in this
country. As a result, there has been an increasingly dramatic emphasis on knowledge,
and to a lesser extent, skill, in American classrooms. TheJ | w? EEUPEU? wEUI wi EUD
in comparison to more complex forms of learning, and as such have come to dominate
U1l wWEUUUPEUOUOWPOWOUUWUET OO6OUB w' OPI YI UOwDOwWOU
competitive in the global job market, and for our nation t 0 maintain an advantage in
technical capacity, young people must begin to develop more complex forms of
knowing, doing, and thinking at a much earlier stage in their educational careers, in
order to be prepared effectively for the challenges of the future. By providing a way to

characterize and measure the type of learning needed in the 2%t century, Epistemic
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Network Analysis can begin a conversation around how new types of assessment tools
EEQwxUOOOUI wlOl pwlaxi Uwdi wol EU GRésingu@dd of UOEEaz Uw
international competition and technological change in our increasingly connected

I OOEEQwWUOEDPI Uaowi POEPOT whpEaAUwWUOwWUI EET wOUUWOEU
order to be successful citizens of tomorrow can easily be consideredthe educational

imperative of our generation.

The Road Ahead

The series of studies presented in this dissertation demarcate a theoretical and
methodological foundation for a trajectory of research focused on engineering
education across the K-20+ spectum from a learning sciences perspective. Using the
epistemic frame hypothesis, Epistemic Network Analysis, and the results of the work
described here, a series of research questions related to learning and engineering can be
iteratively explored through t he use of design experiments at different levels of
education and professional practice.

The present study of Digital Zoo has generated several new or refined lines of
inquiry to be pursued moving forward. A particularly compelling question that
emerged from the data centers on the findings that suggest client-focused activity is
strongly associated with player reflection on engineering values and epistemology.
Exploring the role of the client in both reframing gameplay and in developing
engineering ways of thinking in Digital Zoo can potentially lead to new understanding
about the practicum itself, and how the presence of a clientt role playing or genuine
can affect and contextualize professional activity and developing engineering ways of
thinking with in the practicum setting. Certainly, this inquiry will inform the next cycle

of Digital Zoo, but it can also be used to inform other K -12 and undergraduate
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engineering learning environments as well. Moreover, investigating the role of the
client, or stakeholder, reader, or patient, depending on the profession, both in actual
practice and during an undergraduate practicum ¢ may be fruitful as well. When
combined with a client study of Digital Zoo, this could expose the different ways in
which the client contributes to engineering learning and practice.

A second line of inquiry stemming from the work presented here will explore the
effects of Digital Zoo, and future interventions like it, on girls and their perceptions of
engineering. One component of this work would likely involve a longitudinal study of
girls participating in engineering epistemic games or other out -of-school engineering
learning environments in order to uncover any long term effects of these interventions,
particularly on career choice. Another component of this line of inquiry would ex plore
the identity development of girls and women in various authentic engineering learning
contexts, how it is connected to other elements of the epistemic frame, and how a
particular element of the frame is built, connected, and shaped. By more fully
understanding how girls and women construct and develop identity in educational
engineering settings, more thoughtful decisions about pedagogy and methods of
encouragement, support, and mentoring of women in engineering may be developed.

Finally, a third line of inquiry focused on methodology originates from the
current work. Related to the previous point of exploring identity, creating metrics and
methods for measuring identity development more accurately within a learning
environment could be useful not only for this research trajectory but for others
interested in similar questions as well. Moreover, explo ring different data collection
techniques, including the refinement of the pre -, post-, and follow -up interview
protocols from this epistemic game, in order to capture more of the interconnectedness

of expertise and other forms of complex learning would be a fruitful direction to



125

pursue. Particularly in light of the constantly increasing need to educate young people
in how to be creative, innovative, and communicative, developing new and more
effective metrics for sophisticated forms of learning will be a c entral element in the
trajectory of research described here.

Thus, in reflecting on the emergent questions from the study, a series of
interesting lines of inquiry have been identified as future directions for this work
moving forward. The research agenda described above is ambitious and relevant,
potentially making multiple key contributions both the field of learning sciences as well
as engineering education, within the larger goal of ultimately better preparing and
increasing the number of talented engineering and technology professionals for the

future.
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APPENDIX A: Preliminary Studies

This appendix contains the text from three published pieces that describe the two
preliminary studies that informed the design of Digital Zoo. The first paper
SodaConstructing Knowledge Through Exploratpmispeared in the Journal of Research in
Science Teaching. This publication presents the findings from the 1Ghour pilot study
used to explore the usefulness of SodaConstructor as an epistemic game engine fo

Digital Zoo.

The two following pieces are peer-reviewed conference papers that describe the
findings from the epistemography of engineering practice conducted on an
undergraduate engineering design course. The first paper, Design Meetings and Design
Notebooks as Tools for Reflection in the Engineering Design Caxaseresented at the
2006 ASEE/IEEE Frontiers in Education Conference. The second papeEngineering Girls
Gone Wild: Developing an Engineering Identity in Digital Zomas presented at the 2006

International Conference of the Learning Sciences.
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Abstract

In this paper we describe a preliminary study that integrates research on
engineering design activitie s for K-12 studentswith work on microworlds as learning
tools. Here we extend these bodies of research by exploring whethei{ and how|
authentic recreations of engineering practices can help students develop conceptual
understanding of physics. We focus on the design-build -test cycle used by professional
engineers in simulation -based rapid modeling. In this experiment, middle school
students worked for 10 hours during a single weekend to solve engineering design
challenges using SodaConstructo| a Javabased microworld [ as a simulation
environment. As a result of the experiment, students learned about center of mass. Our
data further suggest that in the process of simulation-based modeling, rapid iterations
of the design-build -test cycle progressively linkedstUET OUUz wbOUI Ul U0wbOwUT
activities and understanding of the concept of center of mass. We suggest that these
rapid iterations of the design -build -test cycle functioned asexploratoidsshort fragments
of exploratory action in a microworld that cumulatively develop interest in and

understanding of important scientific concepts.
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Children are born engineers. Everything they see, they want to change. They want to remake

therwor | dé. They want to move dirt and pile sand. T
They want to launch ships of sticks. They want to stack blocks and cans and boxes. They want to

build towers and bridges.

0Henry Petroski, AEarly Educat

natural tendencies to explore, build, and create. Though their thinking does not use the
mathematical formalisms associated with traditional engineering practice, children
enjoy engaging in the essential activity of professional engineers: the design of useful
artifacts. Previous studies have shown that engineering design activities can be a
fruitful context for students to develop important science skills and understandings
through the pursuit of personally meaningful projects (Fortus, Reddy, & Dershimer,
2003; Kolodner, Crismond, Gray, Holbrook, & Puntambekar, 1998).

However, most existing design -based curricula for pre-college students center on
students solving engineering p roblems with physical materials. The resulting tangible
products that result can be a motivating factor for students (Sadler, Coyle, & Schwartz,
2000), but working with physical materials also limits the design work students can
do| and thus the insights students gain through design activities. Projects using
physical materials can be expensive, dangerous, and/or require sophisticated
equipment. The time needed to build a real object can make it difficult to cover topics in
depth.

Practicing engineers facesimilar concerns over funding, safety, and time,
particularly when dealing with new problems. In such situations, engineers often use
computer simulations in the early stages of the design process. Simulations are less
expensive, faster, and safer, so engieers can compareseveral designideas before

committing to a prototype. That is, simulations help engineers understand a problem by
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increasing the iterativity of the designbuild-test (DBT) cyclethe process by which
engineers incrementally plan, construct, evaluate, and redesign elements of an
emerging design (Elger, Beyerlein, & Budwig, 2000). Engineering design is
characterized by shorter and more frequent DBT cycles when problems are difficult or
complex (Dym & Little, 2000).

The problem that professional engineers face when solving novel problems is
similar to the problem faced by students dealing with an engineering challenge for the
first time. The theory of pedagogical praxiShaffer, 2004b) suggests authentic recreations
of professional practices can provide a useful framework for designing technology -
based learning environments. Building on this theory, we hypothesize that solving
engineering design challenges using a computer simulation may help middle school
students understand key concepts in physics. Our goal in the preliminary study we
present here is to examine whether this hypothesis is correct, and if so, to explore the
cognitive processes at work in such a learning environment.

In this paper, we describe! 1 U U E z:@ le@niht énironm ent in which middle
school students use SodaConstructor, a springmass modeling simulation, to develop
prototypes for a cantilevered structure later constructed on a large scale out of string
and PVC pipes. (This project is named after Berta di Bernardo, who provided the
money to build one of the most famous and dramatic examples of the principles of
static physics: the Cathedral Bell Tower in Piza, Italy| now more commonly known as
the Leaning Tower of Piza.) We examine the outcomes and processes of learnig of 12
students during 10 hours of virtual engineering design work. Although we use
statistical techniques and a traditional pre -test/post-test design, our study is

fundamentally qualitative in nature: we seek to explain the experience of these students
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in a learning environment modeled on the practices of engineers working in a novel

domain. Specifically, our research questions are:

RQ-1: Do middle school students develop understanding of center of mass through
virtual engineering design challenges usinga computer simulation?

RQ-2: If so, what is the mechanism involved in this learning process?

Theoretical Framework

Engineering design

At the most basic level, engineering is the application of scientific and
mathematical principles to address real-wor Id problems. The engineering design
process through which such problems are solved has been described in detail in the
engineering literature (Birmingham, 1997; Bucciarelli, 1994; Dym, 1994; Dym & Little,
2000; Elger et al., 2000; Pahl & Beitz, 1996; Peski, 1985, 1994, 1996; Pionke & Parsons,
1998; Schon, 1987; Vincenti, 1990). Briefly, engineers take an initial definition of the
problem and go through three stages of design work: conceptual design, preliminary
design and detailed desigto produce a final design plan, from which the solution to the
problem is constructed (Dym & Little, 2000). In the conceptual design stage, engineers
brainstorm design alternatives as potential solutions to the problem. In the preliminary
design stage, these alternativesare modeled, analyzed, and tested, leading to the
selection of one design with which to move forward. In the detailed design stage, the
selected alternative is refined into a final design plan.

Although not all studies of engineering design agree with th e detail of this
general model of the design process, here we are focusing on a specific element of
engineering design that is a central part of any account of the work of practicing

engineers. In particular, we concentrate on the designbuild-test(DBT) cycle (Elger et al.,
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2000; Pionke & Parsons, 1998). The DBT cycle is an iterative process through which
engineers develop and evaluate design alternatives. In each iteration of the DBT cycle,
engineersdesigna solution to the problem at hand, build a prototype of the proposed
design, and then testthe prototype to determine its potential effectiveness. In the early
stages of any engineering design project, engineers engage in frequent, rapid iterations
of this cycle of prototyping, testing, and revision bef ore committing to a final design
idea. As engineers start to work on a new problem with unfamiliar parameters, the

DBT cycle is one of the ways in which they come to understand the physical systems
with which they are working (Dym & Little, 2000; Petroski , 1985). In this paper, we look
at this key aspect of the practice of engineering design and examine whether and how

younger students can use a similar process to develop scientific understanding.

Engineering at the preollege level

Creating activities for younger students based on engineering design is not a
novel idea. A number of K -12 learning environments modeled on the engineering
design process have been developed to provide fruitful contexts for pre -college
students to investigate the world around them. In extracurricular programs such as
Odyssey of the Mind and the Junior Engineering Technical Society, students work in
teams to achieve an engineering goal, typically presented in the form of a civil or
mechanical engineering design problem. For example, a classic design challenge from
Odyssey of the Mind is to build a structure out of balsa wood that can support as much
weight as possible. Students work on solutions for most of the academic year,
competing on the regional, national, and ultimately i nternational levels. Engineering
competitions have also been incorporated into classroom activities in a variety of
contexts, such as bridge building and device building (see, for example Bernsten, 1995;

Borja, 2001; Hurley, 1996; Sadler et al., 2000; Tuek, 1998). Joint ventures between
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universities and industry such as the Infinity Project and Project Lead the Way
(Mathias-Riegel, 2001) have created programs aimed at increasing awareness and
interest in engineering at the high school level. These initiatives are intended to
introduce younger students to engineering activities as a way of recruiting the next
generation of engineering professionals.

One particularly interesting, successful, and well -documented program using the
design process as a vehicldor developing student understanding of science is the
Learning by Design curriculum (Kolodner, 1997; Kolodner et al., 1998; Kolodner, Gray,
& Fasse, 2003). Learning by Design (LBD) consists of-20 8-week units in which
students learn scientific concepts by creating a solution to a design challenge. For
example, in the 8week Vehicles in Motion unit, students learn about forces and motion
by designing balloon -powered cars. During each unit, students engage in a series of
activities known as LBD rituals gp* OOOE Ol Uwl UwWEO8-0muyy U BDOGOUE DWE
201 UUDPOT WEEOUU? OWEOEwW?PT DUI EOEUEDOT 26 w31 1 Ul wu
design processthat revolves around brainstorming, conducting experiments, sharing
design ideas with peers, building an d testing prototypes, and optimizing a solution
through re -design. Student learning is scaffolded by these activities, allowing them to
develop conceptual scientific knowledge throughout the LBD unit.

Although programs such as these provide students with an effective learning
environment based on the engineering design process, engaging in the DBT cycle with
real materials can be expensive and time consuming , thus reducing the number of
prototype designs that can be tested (Birmingham, 1997; Dym & Little, 2000; Love,
1980). Practicing engineers face the same constraints when prototyping with physical

materials. In these circumstances, professional engineers often use simulations to
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develop their understanding about the physical systems with which they are working |
and as a testing ground for their initial design ideas.

Simulations are computational systems that model the natural * world (Edwards,
1995). By providing a virtual representation of a physical system, simulations allow
users to engage in inquiry that is otherwise impractical or even impossible. For
example, civil engineers test the effects of strong winds on a skyscraper design by
creating a simulation to observe the amount of wind shear the structure can withstand
(Dym & Little, 2000). Chemical engineers use simulations to test pressure and
temperature settings for reactor vessels and determine the resulting effects on the
process output (Bequette, 1998). Through the use of such tools, engineers reduce the
cost in time and materials of each iteration of the DBT cycle. Thus they can increase the
number of design iterations| and as a result, their potential understanding of the
problem at hand.

In this study, we examine whether and how middle school students can learn
about concepts in physics through design activities by following the engineering
practice of rapid prototyping using simulations. Our first research question is: Do
middle school students develop understanding of center of mass through virtual
engineering design challenges using a computer simulation? We hypothesize that just
as engineers understand a novel problem through repeated iterations of the DBT cycle,
students will develop u nderstanding of the center of mass through repeated, short
cycles of design and testing in a computer simulation environment. We base this

hypothesis on the theory of pedagogical praxiShaffer, 2004b) which suggests that

! Simulations in engineering (and in education) often model social systems @sow#ie social interactions within
a physical system, as is the case when engineers and architects model traffic patters on proposed bridges, roads, or

tunnels. Because ofémature of our particular experiment, we focus here on simulations of physical systems.
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authentic professional practices can be useful models for students to develop

understanding in traditional domains such as physics.

Microworlds

Following from this first research question, our second research question asks:
What is the mechanism involved in this learning process? We draw our hypothesis for
this question from theoretical work on simulations as tools for learning.
Simulations are a form of computational microworld which Hoyles, Noss, and
EEOUOOwm! YYI AwWET I DOI WwEUW?1 OYPUOOOI OUUwkIT T UI w
whatthed wUl EI DYl wEEEOwI UOOwWUT 1 wedOxUUI UwbOwUI CUU
studies (Bertz, 1997; Cope & Simmons, 1994; Gifford & Gifford, 2000; Miller, Lehman, &
Koedinger, 1999; Ravaglia, Suppes, Stillinger, & Alper, 1995; Resnick, 1997; Wilensky,
2001)have shown open-ended projects using such tools can be a rich and motivating
way for students to develop mathematical and scientific understanding . In this study,
we focus on two key factors associated with student learning with microworlds:
autoexpressity, a property of the tool, and expressivity an affordance users experience
when interacting with the tool.
Autoexpressivity Microworlds possess an embedded set of relationships from a
particular domain, thereby allowing users to investigate these rela tionships within a
virtual setting (Edwards, 1995; Noss & Hoyles, 1996) by repeatedly articulating ideas in
Ul 1l wOPEUOPOUOGEWEOCEwWUT T OwbOUI UxUI UDOT wUT 1 wOPEU
students explore the relationships within a domain by testing out th eir ideas in the
microworld and then observing the resulting feedback | a process similar to the
learning that takes place within the engineering DBT cycle. A key feature of
microworlds is that the feedback provided by the simulation depends on the way in

which a student has used the relationships and concepts from the domain being
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modeled (Papert, 1980). Microworlds are therefore autoexpressivéNoss, Healy, &
Hoyles, 1997; Noss & Hoyles, 1996), meaning the behavior of the tool reflects the extent
to which the student can represent the underlying domain principles with the grammar
of the tool. As students test and revise their projects in the microworld, they also test
and revise their understanding of the embedded domain. For example, Noss and
Hoyles (1996)describe how one student came to understand ratio as a multiplicative
(rather than an additive) relationship through developing a LOGO program to
construct a BIGHOUSE. The student tried to write the program BIGHOUSE by
modifying a previous program called HOUSE. The student changed each of the
dimensions of HOUSE by the same amount. However, BIGHOUSE did not produce the
appropriate image until the student had been consistent in using multiplication rather
than addition to increase the dimensions of the structure. In the process, the student
came to understand the mathematical principle that multiplication by a constant
preserves proportion while addition by a constant does not.

Expressivity Generally speaking, microworlds make it easy for students to create,
manipulate, and test prototypes with few constraints on their design imagination. Not
all of their design ideas will work, but they are free to explore the design space and
incorporate personal design choices into their work. When microworlds are used in
open-ended activities, they allow students to develop understanding through expressive
projects: that is, projects that allow students to explore their own individualized design
decisions, to create solutions that are inventive, unique, and personalized. This freedom
to explore can be both meaningful and motivating for students, affording them a sense
of control and personal investment in their inquiry (Noss et al., 1997; Noss & Hoyles,

1996; Papert, 1980, 1993; Shaffer, 1997, 2004b).
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Islands of Expersie

In this study, then, we will explore what happens when students conduct rapid
iterations of the engineering DBT cycle to solve expressive problems using an
autoexpressive tool. We propose to explain this process using the theory ofislands of
expertiseCrowley and Jacobs (2002) suggest that young children develop scientific
understanding by creating islands of expertise:UOx DPEUw? DOwb | DET wETl DOEUI
EIl EOOI wbOUI Ul UUI EWEOEwWDOwkT PET wUOIT 1 awET YI OOx wU
333). These ifands of expertise develop through small, seemingly insignificant | yet
collectively transformative | conversations between parent and child: short fragments
of explanatory talk where the parent provides information to the child on a topic of
interest which Cr owley and Jacobs refer to asexplanatoidsAs the child comes to
understand more about the topic from each interaction, he or she becomes more
interested in the topic| leading to further conversations and deeper understanding.
These individually unremarkabl e interactions cumulatively provide a motivating and
powerful connection between interest and understanding (Shaffer, 2004a).

Here we propose to extend this framework beyond parent -child interactions and
apply it to the context of students working with mi croworlds. In exploring our second
research question regarding the mechanisms by which students learn through rapid
prototyping in a simulation environment, we hypothesize that the short explorations
students carry out in microworlds function in a manner s imilar to explanatoids,
cumulatively forging a powerful linkage between interest and understanding of

scientific ideas.



149
Method
3TT w1l UUEZUw3OpPI Uw/ UONT EVDWEOOGEUEUI EwUPOwWPO
students in the spring of 2003. Each workshop occurred over a single weekend for a

total of 10 hours of instruction over 2 days.

Participants

For each workshop 6 students were recruited with the help of school
administrators and teachers from middle schools in an urban Midwestern city. All
participants were vo lunteers who were informed that they were doing a workshop on
engineering and physics. The students came from a variety of socio-economic
backgrounds. There were ten males and two females; five participants were students of
color. The first workshop consisted of 7t graders; the second workshop consisted of 8

graders.

Description of tool

The participants in this study used the SodaConstructor microworld
(http://www.sodaplay.com), a Java -based spring-mass modeling system that allows
users to create structures in a virtual design space and test them against gravity.
Registered users can saveheir work in a personal account, email their structures to
others, and contribute their work to the SodaZoo (a publicly accessible storage area for
interesting designs).

SodaConstructor provide users with three design elements: fixed point masses
(displayed as a small square on the screen), free point masses (displayed as a small
circle), and springs (displayed as lines). Fixed masses remain stationary on the screen

when simulated, whereas free masses and springs can be subjected to the force of
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gravity; and when gravity is turned on, free masses and springs fall to the bottom of the
display unless they are structurally supported.

During the workshops, the students utilized two modes of the tool. In
CONSTRUCT mode, students built their structures, placin g springs and masses into the
design space by selecting from a drop-down menu and clicking in the design space to
position the selected object. Students tested their constructions by switching to
SIMULATE mode, which would subject their structures to the f orce of gravity. Students
moved back and forth between CONSTRUCT and SIMULATE modes, saving their

work in their personal SodaConstructor accounts prior to testing.

Workshop activities

Students chose design teams of 2 or 3, and each team worked on
SodaCongructor in different areas of the computer lab on a series of engineering design
problems created by the researchers and civil engineering undergraduates. There were
7 major design challenges given to the students: (1) build anything that stands up when
you SIMULATE, (2) build a multi -story structure, (3) build a structure that leans, (4)
build a multi -story structure that leans, (5) build a base for an irregularly shaped object,
ot AWEUPDOEWEWEEOUDOI YI UOWEOE wph AWEEBDIOEwE uEEOd d
These design problems were meant to develop student understanding of concepts in
engineering and physics. In particular, the challenges were intended to help students
learn about the design-build -test cycle from engineering as they iteratively piloted their
design ideas, and about center of mas8as they discovered design choices that would

make their structures stand in SIMULATE mode.

2 In this paper, we define the center of mass as the point in an object where the sum of all torques is equal to zero

and rotational equilibrium is achieved.
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Following the general activity model of the Learning by Design curriculum
(Kolodner et al., 2003), students waked individually (each on his or her own computer)
to produce designs to address each challenge. Midway through each problem, students
discussed their progress within their design team. These conversations focused on (a)
sharing successful and unsuccessflidesigns, and (b) formulating ideas general
principles about the nature of the domain that could guide their design work. Students
then refined and redesigned their structures. At the end of each challenge, students
ET OUIT wOT T BUwx1 UU O Bita® anhgit contputdt fortaf)d -iHBinute Vitual E
poster session. At the conclusion of the viewing session, students and workshop leaders
came together for a whole group discussion focusing on the designs and on the
important concepts introduced by the chal lenge. Students reported on their successful,
as well as unsuccessful, design experiences, and were asked to explain why they
thought their solutions to the design challenges worked and what they would have
done differently if they had more time. Students were also encouraged to ask questions

EEOUUWEOEWEOOOI OUwOOwI EET wOUT T Uz UwbOUOB w
Data Collection

Interviews.Students were given 30-45 minute clinical interviews (Denzin &
Lincoln, 1998; Ginsburg, 1997) before and after the workshop. In interviews, students
were asked to define the center of mass, identify the location of the center of mass for a
series of pictures, and answer two conceptual physics textbook problems. The textbook
problems were non-mathematical and more conceptual by design, therefore students
were able to give responses in both the pre and post-interviews. Students were asked
to justify or explain their answers. During the post -interview, students were also asked

about their experiences using SodaConstructor and in the workshop overall.
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Video. During the workshop, student activities and interactions were captured on
video by a member of the research team. The video data were not systematically
collected; therefore, no quantitative analysis was done on the excerpts. However, the
data were useful in providing specific examples of the events or processes identified in

the post-interviews.

Data analysis

Pre- and post-interviews from the workshops were transcribed and divided into
sections: (a) definitions of the center of mass; (b) identification of center of mass in
pictures; (c) conceptual physics textbook problems; (d) experiences using
SodaConstructor; (e) experiences in the workshop overall. Names were removed from
the transcripts and replaced with coded identifiers.

Categories for coding the transcripts were developed from the theoretical
framework outlined above. Ten analytic categories were used: correct center of mass
references, incorrect center of mass references, scientific answer justification, intuitive
answer justification, testing, iteration, expressivity, autoexpressivity, positive comments
about SodaConstructor, and negative comments about SodaConstructor. Table 1
provides definitions used for each code, as well as a sample response from interviews

representative of the data coded for that category.
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Table 1.Analytic codes used in data analysis of interview transcripts.

Code Definition Examples from transcripts

Correct center of mass referenc Us e o f t he t er m T Centerofmassis like not the middle, but
correctly in a complete statement the point where weight is divided evenly.
The weight is distributed on both sides.

Incorrect center of mass Use of the term ¢ Centerofmass homuch mass there
reference incorrectly in a complete statement i sét he strongest me

Scientific answer justification Scientificbased comments supporting The center of mass of the [cantilevered]

answers to textbook questions board is between the supports [in contact
with the ground], =
tip over.
Intuitive answer justification Non-specific and/or general comment Itj ust ti ps because
supporting answers to textbook I just think it would do that.
questions
Testing Comments about testing the designs We desi gned a thing
the gravityenabled environment going to stand up ¢k
Iteration Commets about repeated design We built it again and again [on
activity SodaConstructor]!
Expressivity Comments about incorporating [SodaConstructor] was cool and you coul

personal design choices into work do anything build anything you want!

Autoexpressivity Comments about learningasaresult | t hi nk once you ge
uncovering embedded relationships f un. When youdre fi
within SodaConstructor your stuff falls ov

realize youhave to connect certain things
and make it stable. But | think once you

|l earn it, itds easi
Positive Comments about Positive comments about [SodaConstructor] is very creative and fur
SodaConstructor SodaConstructor and its use
Negative comments about Negative comments about Sometimes using [SodaConstructor] got

SodaConstructor SodaConstructor and its use boring.
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In order to maximize consistency of coding, each transcript section was coded
separately, with the order of the student excerpts within each section randomized. Two
independent passes of coding were completed.

Once coding was complete, trends and patterns were identified in student
responses within a grounded theory framework (Glaser, 1978; Lincoln & Guba, 1985;
Strauss & Corbin, 1998). Once patterns were identified, frequencies were tallied for each
code. Descriptive statistics were calculated, and paired t-tests were used to compare
pre- and post-interview means across both workshops with N=12. Significant
differences were then used as supplementary support for previously established

gualitative findings.

Research Quesion 1: Do middle school students develop understanding of center of
mass through virtual engineering design challenges using a computer simulation? In
answering this question, we examine student gains in conceptual physics
understanding.

We then turn to Research Question 2: If so, what is the mechanism involved in
this learning process? We use a video case to describe the design work of two students
during the workshop. We then look at interview data to explore whether the learning
processes outlined in the video case more generally exemplifies the experiences of

participants in these workshops.
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RQ 1: Do middle school students develop understanding of center of mass through virtual
engineering design challenges using a computer simulation?

References Genter of MassStudent references to center of mass across all
guestions increased significantly both in overall number and correctness from pre - to
post-interview (paired t -test, mean difference +11.5 in correct references, p<0.01).
For example, when asked for their definition of the center of mass or center of
gravity, one student responded inthe pre-D O U1 UY DI Ppow?, EAE]l whl I Ul wbUz
UOUOOT 1 U0 wWOT wi UEYPUaoy~>w Obl YI UOWEUUDLOT wOT T wx
AfCenter of ma grsddle, lsuttheipdnewhare@weight ik divided evenly. The

weight is distributed on both sideséCenter of
Kind of like the place where you put your finger and balance something on it without

falling. Pretty muchwhereal | t he weight is equaled out and
have to be in the middle. It can be a side. It depends | guess what the object looks like.

The shape of ité where thereds more weight. o

Moreover, students were able to use their understanding of the concept of center
of mass in other contexts. In post interviews, 67% of the students (8/12) made a
reference to center of mass in connection with a personal experience outside the
workshop, such as one student who described the center of mass of a onstruction crane
he passed on the way to school.
Conceptual physics textbook problefitse students demonstrated a significant
increase in scientific justifications of their answers to textbook problems (paired t -test,
mean difference +5, p<0.01) and aignificant decrease in intuitive justifications from
pre- to post-interview (paired t -test, mean difference-2, p<0.01) from pre to post-
POUIT UYDPI P w»OUwlI REOXxOI OwOOT wxUOEOI OWUEDPEO wW? w
feet in the air. Then he lifts his right hand off the floor and stands on the left one alone.
" OPwOUUU Wl PUWEGEaAWUT PI Owdi wi T wbUwOOwWOIl I xwi UOGO

Duringthepre-i nt er vi ew, one student answered, il don
up his hand and maybe |Rynst nated £ ?j iurd il falllovet s lu r te h iwi
to this side. o
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In the post interview, the same student said:
AThi s g o e(draws thekseifting figare) é hedd have to shift over t

make sure that his center of massisoverhisarmand hand and | ines up. H
he didnét do any shifting because -tthinkhecent er o
woul d fal/l over . Il think he would have to even

In other words, duringthe Ber UEZz Uw3 OP1T Uwb OUOUT OxUOwWUUUET OC
understanding of center of mass, a fundamental concept in physics, and were able to
use more scientifically-based reasoning when defending their answers to textbook

physics problems.

RQ-2: What is the mech&m involved in this learning process?

Video CasalNe next present a brief video case study as a window into the means
by which two students developed their understanding of center of mass and interest in
developing spring mass structural models using Soda Constructor during the workshop.
The case study presents four excerpts from the work of a design team of two sixth grade
boys, Carl and Rick.

Excerpt one: Expressivity and interesgoon after the workshop started, the
students were introduced to the SodaConstructor microworld. Carl and Rick both
immediately opened design windows, and began rapidly placing masses on the screen.
"EUOQWUEDPEOW?6 OPOwa OUwWE E O wEUul"OFE @20 Wil 8plD0 Uk 3U 8
1a) collapsed, however, when he movedfrom CONSTRUCT to SIMULATE mode
(Figure 1b).
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(a) (b)

Figurel.Car | 6s first design in SodaConstructor

Excerpt two: Interest and iteration . Carl and Rick were working at their own computers

CON

onthe second designchalleng, whi ch asked t hetmornty dthatiid 6du rae dnu |l t

structure consisting of several shapes stacked

response to the challenge is shown in Figure 2a. Figures 2b and 2c show what happened when
he simulated his design.
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Figure 2. Rick's first attempt at solving a design challenge. 2a is his structure in CONSTRUCT
mode, where it is not yet subjected to the force of gravity. 2b is the result of switching to
SIMULATE mode and activating gravity; the stru cture begins to crush, and the final equilibrium
state is seen in 2c.

on
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Rick then reloaded his saved design (Figure 3a) in order to modify it. The
conversation between Rick and Carl that ensued illustrates both the highly iterative
nature of the design-buil d-test cycle and the high level of enthusiasm students had for

the process.

Rick: (while building) Thi s i s cool é& | want to do this all/l

Carl. ( ooking at Ri ckds s cThspesign]isamazinglybgtier e 3 a bel
Tell me when you simulate it.

Rick: Alright.

Carl . Oh, thatdés not going to work.
Rob: It might not work because | made the top triangle to big

Carl: Simulate it!

Rick: I have to save it first -

Carl: (louder) Simulate it!

Rick: (describing the results, see Figures 3b and 3c)Woo it works!

/.I/ e -\\ ___

e - H\ \ *

i H..%\ \

e .
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e | \}&

(a) (b) |

Figure 3. Rick's second attempt to solve the design challenge. Once again, 3a shows his design in
CONSTRUCT mode, 3b is when he first SIMULATES, and 3c is the final equiibrium position.
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As a comparison of Figures 2 and 3 shows, Rick decided to modify each of the
stories, making them more uniform, which included narrowing the top story and
widening the base of the bottom story. This second design did not collapse as muc as
Ul 1 wi PUVUUOWEOEW" EUOQwWOOUT EwUT 1 wUl EOOEwWPUI UEUDO
PT PET wx Ol EUIl Ewl1PEOG W OPI YI UOwl1PEOwpbPE&GdY EwUOOwWO
structure. In a final iteration of the DBT cycle, he added members along the side of the
structure, again saved it in CONSTRUCT mode, and then simulated it with success (see

Figure 4).

Figure 4. Rick's third iteration of the design challenge. This figure is in SIMULATE mode. There
were no changes fromCONSTRUCT to SIMULATE modes, because the structure was stable.

Excerpt three: Autoexpressivity and understandiriguring this part of the
POUOUT OxOwlPEOWEOEwW" EUOwPI Ul whOUODPOT wOOwWUT I w?
they loaded a pre-designed but half-completed structure of irregular shape (see Figure
5) into the CONSTRUCT mode and were asked to build a base for it by only connecting

to the two lowest points on the object.



160

D srdcomtimtor - Mixrosalt botermet [aphoces

Figure 5. Overturn design challenge, saved file. Students loaded this partidly completed design
into the CONSTRUCT mode and were asked to build a base for it by only connecting to the two
lowest points of the structure, denoted by the arrows.

In the design work that followed, Carl came to understand the critical
relationship between the center of mass of an object and its base in determining

stability.

Carl: (referringto Figure6a) Thi s wonét wor k.
Rick: Try it!

Carl: (pause) Ok , I 611 try it, oh wait, |l should save
wo r k é try i sirdutates design and it falls over, Figure6b) é Gr r r € Oh, |
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Figure 6. Two iterations of Carl' design cycle. 6a shows his first design in CONSTRUCT
mode, and 6b is the result in SIMULATION mode. 6¢ shows his revised design in
SIMULATE mode. There were no changes in 6¢ from CONSTRUCT to SIMULATE mode
because the structure wasstable.

(Ow" EUOzUwi PUUVDWET UPT OQwUT 1T wEEUTI wPhPEUwWUOOWOE
structure. After observing the design fall, he recognized he needed to widen the span
base in order to include the center of mass within its horizontal boundaries and thus
prevent tipping.
Excerpt four: Expressivity, autoexpressivity, and iteratidhe last video excerpt
EOOI UwlOl EUwWUT T wi OEwOl wOT T whbOUOUT Oxd w311 wUUUEI
SodaConstructor was to create a cantileve? with both the widest span and the
narrowest base possible. Rick decided he wanted to build his cantilever on a tall
foundation, extending to the left and to the right. He began by building a wide slab

supported at the center by narrow base, as seen in Figure 7.

% A cantiever is a structure that extends outward from its foundation, such as a street light, diving board, or

construction crane



162

Figure 7. Ri c k ibabdesign for the cantilever.

Rick simulated this design and it fell over to the right. He reloaded it and
modified it by rebuilding the cantilever, adding more members and connecting each
mass in the slab to at least four other masses. After he simulaed this design, which
UUOOEwWI OUWEwWI I pwUI EOOCEUWET | OUI wUOOPOawi EOODPOIT

because the center of mass is a litttle more onthidlU DET wbi1 1 Ow( wPEUWOEODOT wt
OOpPpwhbUzUwi UDUUTT UwOUUOOwWUOW( wlT POOWUT ECwPEUwWx UO
design by reloading saved iterations of his work and making incremental changes:

adding more members to the slab, reconstructing the base adding a second story,

adding vertical supports to the slab. Once he had a stable design that did not easily

collapse or tip over, Rick started to lengthen the cantilever arms to increase the spanto-

base ratio. In his last iteration (see Figure 8), he dded weight to the back half of his

cantilever in order to shift the center of mass to the left. At the end of the design

challenge| and a total of 19 versions of his design Rick was able to build a structure
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with a span-to-EEUT wUEUD OwOIi eudesignsandopdrdspadding didlopu@ Bre w

presented in the Appendix.)

Figure 8. Ri c k ®and fihd version of the cantilever.

61T EQwPl wUI T wPDOwUT PUwl BRET UxUwi UOOwW1PEOz UWEI
decision to have a cantilever supported in the middle and extending in both directions
was preserved through 19 design-build test cycles At the same time, the autoexpressive
feedback from SodaConstructor helped Rick develop the understanding of center of
mass and its relationship to the design of cantilevered structures that he needed to
implement that design decision as a response to an engineering challenge. In other
words, the highly -iterative process of rapid prototyping in an autoexpressive
computational microworld m ade it possible for Rick to incrementally develop scientific

understanding in the context of an expressive and personally -motivating project.
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Interview Data.The video case illustrates the process through which Carl and
Rick iteratively developed an under standing of the concept of the center of mass and
interest in designing complex structures through expressive projects in the
autoexpressive SodaConstructor environment. In this section, we look at data from the
post-interviews to examine the extenttowhi ET wUT T wOT T O Uwi UOOW" EUOWE (
of autoexpressivity, iteration, expressivity, and the linkages between them | were
EOCOOOOwWPOwWUT T wi BRx1 UPIT OET wOl wlOT | wxEUUPEDPxEOUUW
Autoexpressivity2 UUET O0OUwbkIl Ul wEUOI Ewbi w2 &H BE"UESG UWOWOIWE
UUI dw OUT OUTT wNI 0 wephhy vl Awdi wUUUET OUUWET OPI YI
KWd wpA vl AWEOCOEDPOI EwUT EVUw2O0EE" OOVUUUUEUOUwWPEUW?
clarification, students gave reasons that had little to do with the actual interfac e of the
tool. Rather, the responses indicated the embedded constraints of the domain as

problematic when initially using the tool. For example, one student replied:

ifilt was hard at first because it was HKilnd of h
think members, they were called membersi no, cross members. We had to add cross
member sometimes to | ike make it stand. O

Another student said:

il think once you get wused to it, itds easy an
your stufffall s over because you dondét realize you ha:
make it stable. But | think once you | earn it,

In the post-interview, students made no mention of the functional features of the
tool, such as the different modes or the interface, as being difficult to master. Instead,
the students saw the underlying complexity of the embedded domain as the main
obstacle in learning to use the tool. That is, they equated learning how to use
SodaConstructor with learnin g how to make a structure stand. As was the case for Carl
and Rick in the video case, students were able to access and explore the domain of

physics through their work in SodaConstructor.
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Iteration. SodaConstructor allowed students to easily refine their designs. By
saving their work before going to SIMULATE mode, the students could reload their
design in CONSTRUCT mode after testing it in order to make revisions, thus beginning
a new iteration of the design-build -test cycle. As Rick demonstrated in the fourth video
clip, students could engage in the DBT cycle at a fast pace, refining their work in
response to graphical feedback with ease. The mean number of saved designs in the
UODUEI OUUz w2 OEE" OOUUUUEUOUWEEEOUOUUWPEUWI A6+ Ow
supported high iterations of the design -build -test cycle for all workshop participants.
Expressivid ww UwbDOw" EUOZ UwUUEUIT OI O0Uwi UO6OwUT 1 wi
students said that the freedom SodaConstructor allowed when combining design
elements was one of their favorite features of the tool. Because the SodaConstructor
design space is a blank canvas, the students were able to incorporate personal design
choices into their solutions, as we saw Rick doing in the fourth video excerpt. In
addition to being motivating and interesting for the students, this expressivity created a

sense of ownership and empowerment during their inquiry. As one student stated,

AYou just click and then you could move it whe
longand make kind of a big buildingélt was cool a
to mess around and stuff .o

Autoexpressivity and iteratiorWhen asked what best helped them to learn, 75%
(9/12) of the students indicated the ability to test their structures in SIMULATE mode
and viewing the results was most helpful. The visual output provided by
SodaConstructor helped students identify necessay revisions to improve their designs.
In her post-interview, one student clarified what was most instrumental in her learning

process throughout the workshop:

AVvVisually, l i ke bui |l di n@onstructer ard aeeingiinsteasdefr s and o
justhearing itélike being able to test it out éBe
you made and what you could do to help this. o
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In other words, the pairing of autoexpressivity and iteration allowed students to
test and refine their ideas in the context of the design-build -test cycle, thus building
understanding and interest in the same way Rick and Carl did throughout the video
case.

Expressivity and iterationln addition, 58% of the students (7/12) identified the
combination of the freedom to be expressive and the ability to test their designs as the
best feature of SodaConstructor. One student had been working with the tool on a
library computer before the interview started, and the researcher asked him what he

liked best about it. He replied:

Um, because it was, | thought it was really cool to like just to make stuffi like whatever
you want i and see if it would stand... like right now | was like making buildings and
stuff to just try it out.

Linking autoexpressivity and expressivity to build intsrand understanding through
iterative projectsThe number of students who identified both expressivity and te sting as
their favorite aspects of SodaConstructor suggests there is a close connection between
building personally meaningful designs and testin T wOT T OwbOwUT I w0 OO0z UwUDB
clip, what was interesting, fun, and motivating for 58% of the students was the pairing
of expressivity and iteration: the ability to build what they wanted and see if it
? b O U Q lakdethus to understand something about the nature of the center of mass
and the behavior of structures under gravity more generally. That is, as was the case for
Carl and Rick in the video excerpts, there appeas to have been salient relationships

among the autoexpressivity of the tool, the iterations of the design -build -test cycle, and
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the expressiveness afforded by the tool to the student demonstrated in this learning

environment.

Discussion

In response to aur first research question, then, our data suggest that the middle
UET OOOwWUUUET OUUwPOwWUTT w! ] UUEzZUw3O0Pl UwxUONIT ECuw
through virtual engineering design challenges using a computer simulation. Moreover,
these results suggest that in answer to our second research question, this learning took
place through rapid iterations of the DBT cycle as students solved expressive design
challenges in an autoexpressive microworld. In the discussion that follows, we argue

that this process can be usefully characterized by the concept oexploratoids

Exploratoids

UwbPil wUEPwWPOwW1PEOQWESEwW" EUOZ UwbPOUOOwPT 1 OQwUU
design challenges, they engaged in rapid iterations of the design-build -test cycle on
SodaConstructor| as many as 6 in just over a minute in the fourth video excerpt. These
brief but repeated interactions allowed students to test and incrementally refine
personally meaningful designs, and in the process helped develop both their
understanding of the concept of the center of mass and their interest in designing
complex structures in SodaConstructor.

In the video case, Rick and Carl went through multiple iterations of the DBT

cycle for each design challenge, frequently and rapidly testing small ideas in the
simulation in a manner similar to the rapid prototyping that marks the early stages of
engineering design. As a result, they gained small and yet meaningful insights about
x| AaUPEUwWI UOOw2 OEE" OOU U UUtRADIS) tiambhe hutbexpréséveE E OQwi 1 1 E

properties of the tool. These insights accrued over time as Rick and Carl reloaded
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previously saved designs and refined them for their next design idea. Their motivation
to continue refining their images in this intensive process came from the way in which
the tool and activities allowed them to build designs that reflected their personal
interests| that is, from the expressiveness of the endeavor. Rick and Carl built their
understanding of center of mass and their interest in using SodaConstructor
cumulativel y and incrementally through expressive activity in an autoexpressive tool.

As we described above, Crowley and Jacobs (2002) argue that young children
often develop scientific understanding through explanatoids: short fragments of
explanatory talk between a child and parent that accumulate over time into a stable
base of interest in and understanding of a topic. We propose extending this idea to
explain how students develop scientific understanding through expressive activities in
an autoexpressive microworld. Just as conversations between parent and child function
as explanatoids that create a motivating connection between interest and
understanding, iterations of the DBT cycle function as exploratoidsshort fragments of
exploratory action between a student and microworld that over time accumulate to
build interest and understanding.

The concept of exploratoid is a useful construct for understanding the
I Bx1 UDI OET UwOl wUUUEIT OU U wb| Candinote lorbaidly) fors z Uw3 Ob1 U w
understanding how solving expressive design challenges in an autoexpressive
microworld develops interest and understanding. In particular, it shows how and why
the engineering practice of simulation -based rapid modeling may be a useful model for
the design of learning environments where students learn scientific concepts through
simulation -based design activity. Frequent, low-cost interactions between student and
simulation provide meaningful and relevant feedback, engage the students in an area of

interest, and allow students to develop understanding incrementally and cumulatively



169

over time. Professional engineers rely on simulations to reduce the iteration cost of the

DBT cycle during the preliminary design phase, allowing them to learn about a physical

system through design iteration before committing to a design with which to move

i OUPEUES w( OWEWUPOPOEUwWPEaAaOwWUT T wUUUET OUU WO w! i
for rapid, low -cost iteration of an engineering design challenge and thus increase their

understanding of center of mass.

Limitations

There are a number of limitations to this clearly preliminary study. Much more
work remains to be done on the nature of exploratoids and the potential role of
professional practices in the context of computer-supported engineering design projects
for science learning. The data presented in this paper do not address the role of
POUOUI OxwOl EEIl UUwbOwi EEPOPUEUDOT wUUan&thUUz wbO
by extension, the role of mentors in mature engineering practice. This prelim inary study
EOIl UwOOUwWOOOOWEUWUT T wuOOl wodOi wUUUET OUUzwxUbOUwW
Nor does it examine the persistence and impact over time of the scientific
understanding and interest students built, either on test scores or continuin g curiosity
in science. However, these limitations notwithstanding, this preliminary work does
suggest that the theories of islands of expertise and pedagogical praxis may be useful
tools in developing and examining computer -supported activities based on authentic
engineering design| and that further study of these theories may lead to useful insights

about the design of effective environments for science learning.
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Appendix

Vi deo Case,

Excerpt 4:

A moment

during

Ri

Transcribed excerpt

SodaConstructor image

and mode

Actions on SodaConstructor

(before speaking)

/

After simulating, the structure
did not stand, falling to the
right. Rick reloaded the
design in CONSTRUCT mode
and modified it.

CONSTRUCT
With the extra supports
it actually works; it
bends over a little bit
more than be . .
think it fell because the CONSTRUCT After simulating, the structure

center of mass is a little
more on this side when |
was making i
now ités fur
think that was probably

it.

did not stand, falling again to
the right but more slowly than
the previous iteration.

| was just looking at my
otheronei t hi s
this one was working
really good?é

0o n

CONSTRUCT

Rick called up an older, saved
model in CONSTRUCT mode,
which had beenalmost stable
when simulated but

ultimately tipped to the right.
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I &6m thinking
would pull it up like this,

| donot real
connect these, because
that would make a
different shape

L\
CONSTRUCT

Rick began to refine his older
model, adding an upper story
to the structure. After
simulating the design, it was
more stable than previous
iterations, but it fell back
towards the left.

you know it
likeitgoesout ver
I dondét know
figure it ou
know what I

SIMULATE

Rick decided to extend the
cantilever arms and add two
members to the upper story as
supports. When he simulated
this design, it was stable.

(after speaking)

Rick extended the cantilever
arm to the right and added
more mass to the left side of
the structure. When he
simulated this design, it was
stable.
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Abstract i Engineering capstone and cornerstone In this paper, we investigate this question by
courses have been rapidly incorporated as describing an ethnographic study of Biomedical
fundamental components of undergraduate Engineering (BME) 201, an engineering design course
engineering programs. Generally, students in these for sophomores at a large Midwestern university. The
courses work in teams to solve realistic design main goal of the study was to uncover the learning
probl ems i n an 0 Havevaredot ipocesses exparienced by the students in the course. In
these adapted professional activities serve a more particular, we examined two activiti#sor participant
important pedagogical role than increasing structures [2] T for their pedagogical significance
authenticity? In this paper, we investigate this during BME 201: the weekly design meeting, and the
guestion by describing an ethnographic study of student design notebook. Understanding how these
Biomedical Engineering (BME) 201, an engineering participant structures facilitated student learning can
dedgn course for sophomores at a large Midwestern influence the future design of capstaared cornerstone
university. The main goal of the study was to experiences as well as the broader landscape of
uncover the reflective learning processes engineering education.

experienced by the students in the course. In

particular, we examined two activities for their THEORETICAL FRAMEWORK

pedagogical significancethe weekly design meeting
and the student design notebook. Understanding
how these participant structures facilitated student
learning can influence the future design of capstone
and cornerstone experiences as well as the broader
landscape of engineeringducation.

The continual development of capstone and cornerstone
courses over the past 20 years appears to have had the
most influential impact on engineegn education
[5].Generally, students in these courses work in teams
to solve realistic design problems, specific to their
engineering discipline, under the guidance of a
professor [69]. Students brainstorm ideas, identify
constraints, research producesiildb prototypes, and
valuate their designs in order . to understand the

I'n many of todayos un (Elf'aﬁcgsrof"t Y Aginéering Hekign pPofeSs’ Fhey urite

programs, one to twoseme;tgr capstone design reports, give oral presentations, and participate in
courses are expected and anticipated, and COrMerstofst o gesign reviews to develop the communication
courses are also on the rise. Engmeer!ngepsmrs and. . skills essential to succesgsthin industry. They keep a

professionals realize that these experiences are criticdhtailed design notebook to become familiar with the

to the complete development of new engineers. In_,o_rderrigorous demands of engineering documentation for
for students to understand the nuances of engmeerlngIegal and patent purposes [9, 10]. These activities are

and_ to h?lp them begin to think, act,_and md@ed_ commonly included within capstone design courses in
engineer$ undergradues must engage in the essentlalorder to provié undergraduate engineers with an

activity of the profession, engineering design, within Quthentic AT eal worl do experience

meaningful context. In an effort to provide students,[he skill sefi such as that outled by ABET Criterion 3

with an authentic freal "Yte%ir dlobe £ ReEdiul prabiiirfy engified P St one an

cornerstone courses often attempt to recreate aspects
industry design for the undergraduates. However, d@BME 201
these adapted professional activities serve a more
important  pedagogical role than increasingEng
authenticity?

Index Term§ capstone courses, design, reflection

In this study, we focus on BME 201, a Biomedical
ineering course at a large Midwestern State
University comprised mostly of sophomores. During
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the course, students engage in BME design projecti® a conversation with the materialsvhich is the way
posed by local clients, such as doctors, physicaSchon identifies professional artistry in design practice.
therapiss, and professors. The two aspects of the course As the student grapples with authentic problems
that are presented and analyzed in this paper are tffimm the field in the practicum, she naturally encounters
weekly design meetindpetween the student teams anddifficulty. A coachthen cosults with the student on her
their design advisor (one of the professors of therogress, oftenreflecting ont h e student 0s ac
course), and thalesign notebookkept by students helping her reframe the situation to point out
throughout the semester. According to one of the coursmisalignments with the norms of the profession. This
professors, the design meeting was meant to function asflectionon-action provides the student with insights
a fAimini design reviewo, into artistici poddssionah practice. Thk ecoathscanrnetp or t e ¢
their progress and any problems to their design advisonnly reflect ont he st udent ds past acti
and the design advisor providewsights, guidance, and understand why they might not have been the best
at times, encouragement. choices; the coach can alsdlectin-actionand discuss
The design notebook used throughout the BMEwith the student ways of making forward progress on
design sequenced is modeled after the professionablving the problem: such as positing a set of potential
documentation generated by practicing engineersmoves, playing them out by considering their
Course materials regarding the design notebook identifyepercussions, or presenting different ways to reframe
severareasons for students to keep such arecord, sudhhe probl em so that the studen
as: documenting individual effort on a project (for This ongoing dialogue between coach and studsnt
grading purposes), use in patent and legal evaluationgssential for making the ways of thinking and knowing
creating a resource for preparing reports, and providingf a profession visible, understandable, and accessible
a record of activity for projects thatowld be useful to to new members.
future engineers working on the project. Thesereasons The i deas of Aireflectiond ai
are all pragmatic, direct, and relevant, particularlycompletely foreign to engineering education. Gorman et
because some of the projects produced in these coursals[14] describes refiction as understanding problem
are refined enough to actually be patented. solving strategies at the metacognitive level, which in
turn enables practitioners to apply these strategies in
novel contexts. Adams, Turns, and Atman [15]
BME 201 and other desigmased courses rely on the analyzed data from 4 separate studies to investigate
authenticity of the activities and course components téiow engineerig students exhibit reflective practice
help prepare undergraduate engineering students favhen engaging in certain design tasks, such as iterating
industry. By participating in realistic adaptations of through ideas during the design process and problem
actual engineering prac#, the students in these classessetting. Khisty and Khisty [16] describe teaching
engage in a controlled environment that removes apractices employed within a particular capstone course
least some of the commercial, physical, and sociain an effort to promote reflectieon-action and
constraints of industry. In other words, the studentgeflectionin-action, though no analysis was conducted
engage in an authentisimulation of professional on student learning outcomes or processes. Marin,
engineering praee. Armstrong, and Kays [17] address the issue of coaching
Thereflective practicunmis another way to describe by providing three criterion for the successful
professional learning contexts that simulate authentifcachi ng and mentoringo of stu
practice [11]. The work of Don Schon [12, 13] course. However, none of these studies address how
examines these learning environments, where novicstudents can develop reflectiomaction within the
professionals engage in authentic, messy, #dhd design practicum. In our study of BME 201,we sought
structured problems under the supervision of mordo discover and understand the underlying opputies
experienced, often expert, mentdre r fi ¢ 0 a ¢ h #osreéflection Angbedded within the design meeting and
aim of the reflective practicum is to help novice the design notebook.
professionals learn how teeflectin-action or the
ability to engage in otthe-spot thought andaction
experiments which often consist of considering anLearning to reflecin-action is more complex than
action, asking Awhat i f hMast earnidngt lai mkisng ofababit] itthe s
consequence$ both intended and unintendddthe  Certainly, outlining a set of competencies is a valid and
move will have on the design. By listening to thewidely accepted way of characterizing the members of
s i t u abadktalkid this way, the designesngages a particular profession. Another wig arguably a more

Beyond authenticity: The refitive practicum

Reflection and the epistemic frame
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complete onei o f how to d e s cr i d&pplyingathe phearyf adistsbutednndingl[21], which
particular manner of acting and thinking is to use theargues that persetool interactions can be analyzed
idea of anepistemic framd2, 18, 19]. An epistemic with the same lens as persperson interactions. In
frame consists of the set of skills, knowledge, identitiespther words, in the analysis of the journalism
values, and epistestogy of a particular profession. For practicum, persoperson interactions cultivated
example, scientists act like scientists, know whateflection and thus helped students depelthe
scientists know, see themselves as scientists, ampistemic frame of the profession. In our analysis of
interested in what scientific discoveries, and perhap8ME 201, we will not only analyze a persparson
most importantly, think and reasonlike scientists. interaction (the design meeting) as a potential catalyst
Likewise, other professionalsi such as lawyers, for reflection, but also a persdool interaction (the
doctors, and urban planndrgach have their own ways student design notebook).
of QOlng, seeing, caring, and being, and thus each ha\zlehe @istemography of BME 201
a different epistemic frame.
Shaffer [2] argues that learning to reflétaction  Thus, the aim of this study the epistemography of
means developing thepistemic frame of a particular BME 2017 is to uncover the learning processes within
profession. In other words, as students work under than undergraduate engineering design practicum. we
supervision of a coach in the practicum, they begin texamine two specific participant structures, the weekly
learn the skills and knowledge required to practice aslesign meetings anthe student design notebook, for
professionals. They begin to identify themselves asheir capacity to foster and support reflection. We look
capablepractitioners who understand the value systemat how these occasions for reflection address
of the profession as they learn to see and act on theomponents of the engineering epistemic frame,
world in a new way. Here, we explore how BME 201focusing on the skills, knowledge, values, and
helps sophomore engineering students begin to develagpistemology of the profsion. We then discuss how
the epistemic frame of engineering, focusing on thehe results of this study may contribute to the field of
components of skil, knowledge, value, andengineering education, particularly with respect to
epistemology. The identity component of the epistemialesigning reflective learning environments and
frame is beyond the scope of this paper and has beaxperiences that promote the development of the next
discussed elsewhere [20]. generation of refleore engineers.

Participant structures: Occasions for reflection M ETHODS

Within a reflective practicumthe epistemic frame is
developed .thml;]ghh Spilc'f'(.: activities, pl_arnmpant met for two hours once a week 14 times during the

structures, in which reflective conversation occurs. ¢ ¢ me st er. Duri n g the fAformald
Investigating these  participant  structures andI:l:1

) f reflect h ad design meetings with their design advisors. These
understanding the types of reflection that occur, as we eetings occurred reguly in the first half of the

as the content .Of tse reflections relative to the semester, when the students were in the conceptual
epistemic frame, is done through an ethnographic studyeqjgn stage and generating design alternatives. After a
cal_led an epistemography [2]. ~ For ex_amp_le, an  mid-semester presentation, the students transitioned to
epistemography conducted on a reflective Joumal'snbuilding a prototype or model, so the design meetings
practicum revealed three participant StructureSews  ore ofen shorter and more focused on the mechanics
meetings, war sties, and copy editing’ as key of the prototype instead of conceptual design. Outside

co_ntribu_tors to the development OT a journalisticof the scheduled course meeting, students met with
epistemic frame. Although these participant structure%"em& met with each other in their teams, and worked

may have been included in the course by the F’mfess%dividually on various aspects of the projects A
§¥entioned above, students were also required to keep a
design notebook to individually document their design

BME 201 was a oneredit course that officially

for journalistic practice, it is their capacity for fostering

reflection that made them pedagogically powerful.
The salient and reflective participant structures

identified within the journalism practicum were all Data collection and analysis

rooted in interactions between people, suchtadest Data was collected in several ways throughout the

student and studeprofessor conversations. Here, we semester. One researcher was present at 11 of the 14

propose to extend the concept of a participant StrUCturc‘?las;sesas an observer. Within these 11 classes, she

to include interactions between person and tool b%lttended the first session where the students chose their
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Code Descriptin Example interviews with the two professors who acted as design
P FGoo0d wor Kkl advisors in BME 201, as well as six other studertis w
regarding past | good to getnformation not did not participate in the focus groups. All interviews
action; only from the client, but and focus groups were tapecorded.

reflection | consequences | from the people who work All field notes and audio recordings were
or-action Sja@isttoaa'o”; ‘t’v'tr? ;he Ccl'elmia';dnartou”% transcribed. Field notes from the design meetings of the
improve past _ _ team she observed more closely were segmented
prove p notes on earlier advisor P
action in the suggestions (notebook) initially by date, and then by turn of speaker. Due to the
future _ change in focus of the course after the -sgthester
fg;?;?:;s Cvgat\ih‘; Lé”en?ssv:nfs o presentations, only the data from the first 5 design
current and/or | the priority that he wants it. meetings were included for .ana|y5|3- The tt_lmum
reflection | potential What is most important? segments were coded for instancesreflectionon
in-action | action; Whatisnomnegot i a action and reflectiorrin-action, as well as theskill,
o et S | st of questions and knowledge, valuegndepistemologgomponents of the
and/or potential answers epistemic frame. She also took the design notebook of
potential action| (M°t€P00K) one student from the team, Erik, and segmented it first
iwedre doing by date, then by entry. Here, we aefia notebook
abilities ﬁ;ﬁrgzgrﬁgg 0 dgcv'ﬁt‘; Afentryo at the level of a
skills students ;f)ed We are looking at different drawing with description, or a block of text such as a
become aspects of the software paragraph. These entry segments were also coded for
engineers now. 0 instances of reflectionon-action and reflectionin-
design diagrams (notebook action as well as theskill, knowledge, valuesand
aspects of fiwedre worKki epistemologycomponents of the epistemic frame. For
knowledge | engineering report.o an example of these analytical codes, please see Table
domain details of client setup I
knowledge K ’ . . . .
g ém\)(teob%o )h ave a After an initial coding of the data, the relationships
things thatare | c | i ent é you betwgen the two participant structures of the desjgn
values importantto | set up a weekly meeting to meetingand the design notebook, the types of reflection
engineering get regular that may have occurred within them, and the elements
practice '('rs‘gtoefbcc')flgt needs of the epistemic frame included in the reflective
AYou dondt w moments were analyzed within grounded theory
around waiting for framework[22, 23]. Nonparametric statistical analyses
ways of information tO,CEme tﬁ you. were also conducted to further support the qualitative
inki You want to pick up the i
epistemolo toT?llJ(é?i?yﬁ]bgOUt momentum of findings.
ay ity withi keep the information
activity within pih ;
the engineering € ? m: |ng in so TABLE |. ANALYTIC CODES USED N QUALITATIVE DATA A NALYSIS.
community sta - 0
written justification for RESULTS
ign choi K .
design choice (notebook) The results from this study of BME 201 are presented

projects as well as both presentation days. The § three parts. The first section describes the design
remaining classes she observed consisted of the regulgjeeting and the design notebooks reflective

sessions involving design meetings betweerstbéent  participant structures within the course. The second
teams and design advisors. Five of these occurregection describes how these occasions for reflections
before the miesemester presentations, and 3 were aftefyere focused on the skil, knowledge, and value
During these observations, she generated field not§gmponents of the engineering epistemic frame. The
which provided a detailed description of the events;ast section describes the relatibips of these 3

including direct quotations whenew possible. In the components relative to the epistemology of
results section, our record of these actual utterances @ggineering.

recorded in the field notes are identified by quotation ) - )
marks. After the third week of the semester, she begaReflective participant structures in BME 201

to closely follow one of the student teams. The weekr,q analysis of the design meetings and design
before the fiml presentations, three student teaims otebook indicated that both of these participant

including the one she observed closelparticipated in  gircrures were occasions for reflectionBME 201.
focus groups. In addition, she conducted individual

bul
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Both of these structures involved reflectionaction action wh e n he tol d t he team to
and reflectionin-action, though in different amounts. information on the contdii on i tsel fd during
Design MeetingsDuring the second class meeting research the team was conducing that day in the
of the semester, the design advisor, Mark asked theomputer lab.
student design teain Erik, Ken, Ncholas, and Jack There were significantly more occasions of
what they had been working on over the past weekieflectionon-action than reflectiofn-action during the
Erik replied that t hey wlesige meetingg bvergll, as seen finfFigweulr (paired t t t h
problem statement, 0 and ttestacontrdlldd efor dateaah méetind, pkCeOB)nThese i ng a
|l ot of iresearch onl i ne orefledidnd veere madg bynbgth theodesigrh adviskr ardb o u t
Al i st of tuneest ¢ bne ntf.odr te siudentst vtk each making 14 reflective comments
communicator, chimed in, mentioning that they had nofor a total of 28 reflective comments over the 5
yet been able to meet with the client due to schedulingneetings observed. For the design advisor, his
conflicts. commens were split evenly between reflection
Mark indicated that this was normal and to keepaction (50%, 7/7) and reflectian-action (50%, 7/14).
trying to communicate with the client, mentioning that Of the 14 student comments, 86% (12/14) were
pethaps a phone call might be more effective than emaileflectionon-action, and 14% (2/14) were reflection

for scheduling. Mar k al sactossuggested the team fishoul d
draw outo what t hey t ho u g IDesign NotebookRegatdless of thaeirahHowglatm ol i k e
based on the client des c rts gffactiveness, students wererequitedto réaprd hotea n - i n

idea of what' s r thenladked if thea frone brainstayminy sedsionsk background research and
students understood how litgralue searehing) and al prpjectnmeetings, asfwellash e
systemworkst he mass f |l ow c ont alckeiches ahd caldulators onl theis designh hotebooks.
most mechanically savvy member of the team and th&or example, following thalesign meeting described
team leader, said that he thought he knew how the masdove, Erik sketched out his understanding of the

flow controlleri o r fidM FwGrked, though he did cl i ent 6s system based on the <c
not provide any further information to demonstrate hisin Figure 1.
understanding. Gewen

researching the probl em. d fibeen
lookingup diffeent parts of the system (I—J
d \

Mark then steered the conversation in a new iz
direction by asking about the /]Q G\ €SS i n
Eri L;

each of them were Al ooking at s of MFCs

for sure.o0 He added that other S he team
~ . Gas | pa N

were also Al ooking at the soft: 2 T .0 Mark

agreed with the studentsdéd actioc /‘“Lt advised th

teamt o ficheck out how MFC's Vﬁ&JﬁEf DESIGN BRAWNG oF EXETidCLEN sPsTem
information on the condition itsefion hypoxi a. 06 Mar

then told the students t hal-tere,Errkeatyseaohmbtlma(gastaluks_;,(mand about
what the client wor ks onQ)pcomected tb @ WFQ avhidhds contralled bg b ear | y
understand the clientdas wranpules .thusT dilewing fou the regutatiom ofdghe

a few jotted notes down in their design notebook. Marlallowed into the gas mixer and the experimental

opened the floor for any questions, and after pausing fathamber. This diagram was followed by a written

a short while with no replies, he told the team they weralescription the system, as seen in Figure 2.

doing well and that he would see them next week.

_Types _of reflectionln this d(?sign meeting,_ the Dw,;’,m f:o:f‘w::,m‘u, (ﬂ/—“cff)
design advisor, Mark, engaged in both reflection Dl Sorreskid
action and reflectiofin-action. For example, he 3) Mzxznc 2 ws7 RUpen s
reflectedon-action when he commented on how 9 K1 (pansers
common it was to have difficulty scheduling meetings 9 (emeurer ?
with the client during the design mmss, and provided FIGURE 2. LIST OFSYSTEM COMPONENTS

the students with a suggestion on how to deal with this

prob|em in the future (by p|acing a phone call to the Here the actual gas tank? are not included while the
client instead of emailing him). Mark alseflectedin- ~ Software and computer are listed as separate elements.

In Figure 1, these two elements were integrated into the
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i mage | abeled ACPUO. At actidm evheh bet with his teainmatel discussed) the Eri k
maintained alis of questi ons t o ihtial cliestknealingaand idefitifed aneimitial dist of

first meeting with the client, as seen in Figure 3. Theselient needs.

guestions stemmed from a desire to understand the Unl i ke the distribution of 1
parameters of the desi gn cgnmmenitsl im mhe idesignl meisn ther¢ hverec |l i ent
needs (fApriority of clllamp signdicarthsmofe occasigns af fefeectidmaction than we

the physical and mat er i a leflectionorsatcrtaiionnt si n( fiEdra tkad sa edepwsii sgint il
cardo) . test, controlled for date of notebook entry, p<0.01). Of
Bl oaoz]. e Clean the 33 reflective entries, 85% (28/33) were reflections
ke In 'k TS in—actien, while _ the remaining 15% (5/33) were
I hlirly 18| cadponcnts reflectionson-action.
] for e o Reflection and engineering skills, knowledge, and
" Badyer values

=t Dt r\(t‘wlu.'m ceed

Naturally, given the context of the course, the
reflections described above were intended to assist the
team of sophomore engineers in $oly their design
roblem. However, loser look h nversation
After a few additional scheduling problems, thep oble owever, & closer look at these conversations

team was finally able to meet with their client durin [ both with the design advisor and with the design
) y 9 hotebooki reveals that these participant structures were
the third week bthe semester. Two days passed, an%

- (arreny synkm?
" reseech /:wl--)rz/wc‘
FIGURE 3. LIST OF QUESTIONS FORHE CLIENT BEFORE1®" MEETING.

then the team gathered to discuss how the clie bout developing engineering skills, knowledge, and

meeting went, the information the client w. bl t alues.
eeting went, the Informatio e cle as aple 1o De5|gn meetings-or exam le, |nadeS| n meet

Eﬂgefstvevllntdr; n ¢ he);n, tﬁgd cl t\%/o weeﬁsbfr 18& %estefﬁfesenﬁt%
9 Keﬁ Qnd Yatk weré€ &l 21 with fdrk®about holl the
notebook, Erik recordethese suggestions by the team atest client meeting was firea
for client needs, as seen in Figure 4. The list of cllen{ ef or e the team had fa c I
needs includes design Obreaﬁ"?/v};ntvse ( Aibetter accuracyou)
constrai ntlsl %( fo2xly%g e n o) , fun 1%NSd ent husiastical.l
(Avariable flow rate throyO ccahnamnkpgétalte the problem s
Cavsr Mlecrzns students to reframe the problem and significantly trim
Cent Tl the lengthy description initially provided by the client.
-| Vaetadia] |igon] doze | Amniee |entoger Mark added that the students comldow fzer o i ndo
- Frzenpr | wer | 2n7eRFACE what they needed to do.
IV e R Mark then turned to another issue, asking the team,
Tl [l o] bl ot = AWho else are you talking to
o New ! Fupzue Nicholas replied by saying he was talking to a software
:ztvww:im uz:inmc Cwrrcwer engineer on campus t o Afigure
contrd networks.o Mar k nodded an
FIGURE 4. SUMMARY OF CLIENT NEEDS AFTER FIST MEETING. od i b ecause Afgetting
Types of reflecionThese excerpt e E p Ay E

a,

h§0%ave other experi

notebook demonstrate the effectiveness of the deS|gnnvo| ved ould provide the tec
fter

I
notebook as a tool for reflection. For example, he3 t t a c k o . e a bramewhatpause,
reflectedin-action when he listed the system they thought some of the main differences between
components (Figure 2), wondering if the software and L e i r design alternatives mig
computer should be two separate components. If so, thgqg c s é or di fferent soft war e
implication would be that his team would have top g r dware?o

MFCs as well ashe computer to run the software. Erk t e a m wasnoét fisurlel ykad mhtecalusa

>0 :-CD

againreflectedin-actionwhen he generated the listof | j t t | ¢ more about the system.?d
about what information he needed from the client, a3t her design ideas. ARemember

well as some potential components of the system to
discuss with the client. In Figure 4, Erileflectedon



183

want to have at least 3 alternatives to present to the

. < - Larce A 72me 2N |CovcanTRATZON.
client. o % W% | Da| kn | 45 | Shrims | @ DL Jnia
During the reflective conversation in this design :
meeting, Mark referred to engineeriggill, by telling SreuL on 7/:5 Hu,,.;ﬁmr S
~ = large Aoy ar o Lan) s N
the students to fArestate Lot Lodeoh [ b | e | bodkodsodsids [ehucecl [Nt 0 .
addressed engineeringnowledge by advising the | el j"/ rete
. - noise redecton
students to get diffpeonent i 2 er

who mlght have additional and Complimentary FIGURE6. LIST OFIREQUIRED SPEIEICATIONS FOR THE ¥STEM.
experiences with the devices involved in the deS|gnand values. Approximately 40% of the reflections in

Finally, he touched on engineeringlues noting the both he design meeting and design notebook were

He

i mportance of having nat ocysedop enginegring gkills, The ;d ig%ty'g);eetggﬁs pres

slightly more on engineering values

to the client.
0 the clien engineering knowledge (29%), while the design

Design notebook.The deign notebook also

demonstrated Erikods deve In‘?%i}?‘?ﬂlé foguseq fmor%er?(%&r)}?i@esrwq Kngwledge | | s |

knowledge, and values. For example, in his notebooIQ4

(Figure 5) there is a graph of the different Engineering epistemology
concentrations of oxygen and nitrogen gas required for ) . .
the experimental conditions. ere Erik demonstrated Epistemic statements about engineering are statements

the engineeringkill of design drawing. that describe ways of thinking about or justifying

) than engineerinea

1oc% W activity within the engineering community. In BME
L 201, these statements did not occur in isolation; rather,
1% | 0 = — epigemic statements were often bound together with
e references to other elements of the epistemic frame.
Design meetingskFor example, at the end of the
T design meeting presented in the earlier section, Mark
1% Oq “: reminded the students that they should have 3 design

alternatives to present to the client at the -sedhester

Slada meeting. To these cautionary

FIGURE 5. DESIGN SKETCH OF OSQILATING GAS CONCENTRATIONS. . .
Instead of describing the necessary ga§ hink we h ave a goo d basi

concentrations in words, he sketched out the pattern gonna nee d, o as well N

his notebook, also including a partial time dimension b>)N hen it g ets set Up.o

noting the 11% oxygen gas concentration must last fiv However, Markdirected the conversation back to

mi nut es l ong. Figure 5 %élssé)red‘?eigpoqgsﬁ]tlprnoiitrb;st’)Oﬁfiyﬁoét‘%e

. . . ot o Treal

engineeringknowledgeof understanding the chemical .

symbols and axial dimensions of the diagram. ' 3 cognt zbe dt t r: aht the team |
In this next excerpt from the notebook, Erik ! ea, o u ere are a

as what

v
i d

t

i Th

r 1

mi g |
ways

identified the requirei ﬁogﬁﬁu@éé 6)n?0f'5roert heefﬁfei ”;FI gepn”éeﬁsgt]mégtr ?S o

meaning the required features that must be included foney.. . t .
the design, as seen in Figure 6. This list was generated ".1 this brief excerpt at the concluspn of Fhe design
during a client meeting. By identifying the required meeting, we see that Mark made an epistemic statement

specs of the chambers, Erik enacted the engineerir@/ Justifying why a design or product might be better
a

value of interpreting client needs based on client
description.
The design meeting and design rmtek excerpts

t hi ngfdm the engineering world view. This
explanation bound together his earlier comment about

presented here involved reflection, and aISOunderstanding other products and configurations

demonstrated how these reflections were abougengineering kn.owledge).in or.der to create additional
engineering skills, knowledge design alternatives (engineering skill) so as not to

commit to a favorite or first design idea (engineering
value).

Design notebook.Epistemic statements in the
design notebook also bound the skill, knowledge, and
value components of the engineering epistemic frame
toget her . For exampl e, i n
design notebook, he justified why he needs to replace

nanothei il ess money, more effi

t

Ci

hi
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the mass flow contller, as seen in Figure 7. With the students engaged in more reflectmmaction rather
second bullet point, Erik identified the need to replacethan reflectiorin-action, which might be explained by
the existing mass flow controllers, and he justified thathe original intent for the meetings to function as quick
decision by listing two reasons: the greater accuracgheckins to make sure the student teams were ngpvin
and greater response time that the new contsolielt forward with their work and provide suggestions if their
offer in the design. Particularly with the attention to progress had stalled. Also, the relatively short contact
accuracy, Erik was identifying the needs of the clientime between student and coach (as superficially
(an engineering skill) while understanding componentssompared to the contact time between student and
of the design (an engineering knowledge) whilecoach in other accounts of reflective gie&) may have
simultaneously s a tneesld yan npgyeventedh the conversaton to dnove more towards the
engineering value). Moreover, it was important for Eriktypes of interactions Schon [12, 13] reported in the

to explicitly note these justifications of his designar chi t ecture studi o, where thi
choices, so that when he presented the desigmov e s 0, asks Awhat i f?20, al
alternatives to the client he could explicitly warrant theconsequences. Nonetheless, the desigretings in
ways in which the new desiga an improvement over BME 201 did in fact promote and support reflection
the extant system. within the practicum, thus serving in a powerfuand
Things | |ro| | consider not necessarily intendédpedagogical role.
L ldi npate | syclem | w) | enloy | cod By applying the theory oflistributed mind[21],
P | fdpha| Lpd | |Prelflo) | kel the construct of the reflective participant structure with
e iR P T a practicum can be extended to include not only person
L dople /MJ“: ’HM it fchﬁ&., person, but also persdaol, interactions. Thus, we
L1k nez weres Asont | monds were able to explore a studer
o Ty P bl T e notebook as a tool for refleqt'n by using the same Iens
we had applied to the design meetings. Documenting
T b | | conlaleseow ¥ the design process from his own perspective in the
s mAvaL | Pl | CONTROCCERS design notebook required Erik to externalize his ideas,
FIGURE 7. LIST OF CONSIDERATION DURING THE DESIGNPROCESS understanding, and justifications on paper. Although

Across the design meetings and the designhese representatie were written and not spoken, the
notebook, there were no epistemic statements made thagtries in the design notebook commonly demonstrated
referred only to a single frame component. MoreovergEr i k 6 s -in-acfion & ant ithosndemonstrated a
the cooccurrence of skills, knowledge, values with gradual progression towards more mature engineering
epistemic statements were highly correlated: R=.774ractice. As stated within the course materials, the
(p<0.01) for design meetings, and R=.749 (p<0.01) fogesign mtebook is intended to be a document that can
design notebooks. be used for patenting and legal purposes, serve as a
resource for repotvriting, and potentially be a guide
for future teams taking on the project. Without doubt,
The analysis of BME 201 presented in this papethe design notebook functioned in these autbemays
suggests that the dgsi meetings and design notebook during BME 201. Perhaps more significantly, however,
are, in fact, reflective participant structures. MoreoverWas the fact that the design notebook also helped Erik
these participant structures were occasions for th&ngage in reflectiom-action, which is a key facet of

DiscussioN

students and the design advisor to engage ih he undergraduateds professi ol

conversation regarding engineering skills, values, anéhe design notebook fulfilled nainstrumentali and

knowledge. Rferences to these elements of theOnce again, not necessarily intendepedagogical role

epistemic frame also tended to be bound together with @ Part of engineering practicum.

fourth component, epistemology, as represented in Though much of the focus of this paper has been

epistemic statements about the engineering professionabout reflection and reflective participant structures, the
Given Schonés work [ 12content 3)(3 thegenraflectyg, memensiogds not[ be |

investigation 6 a journalism practicum, one might Overlooked. Naturally, the reflections in the course

expect the design meetings in BME 201 to be aver e about fAdoingo engineering

reflective participant structure. Similar to the otherthe reflections in BME 201 addressed how to find

is a thoughtful interaction organized around, and inthat information to solve the desi problem, why
professional activity. Here, the design advisor and €ngineers need certain types of information, and what
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counts as useful information. More generally, thel6] W. J. Tompkins, D. Beebe, J. A. Gimm, M. Nicosia, N.

reflections were about elements of the engineerin@ama”“jam' P. Thompson, M. E. Tyler, and J. G. Webster, "A design
ackbone for the biomedical engineering curriculum," presented at

epiStemiC frame' partiCU|ar|y the s'kiIIs, knOWIed_ge’an Joint Conference of the IEEEngineering in Medicine and
values, and epistemology of theofession. However, it  Biology Society and the Biomedical Engineering Society, Houston,

is the binding of skills, knowledge, and value by TX, 2002.

ep!Stem!C statements that is interesting. |'n this studyfz] R. H. Todd, "Designing a senior capstone course to satisfy
epistemic statements tended to use a particular value taustrial customers," Journal of Engineering Education, vol. 82, pp.
justify a particular skill that required particular 92100, 1993.

knowledge. Thidinding suggests an underlying model [g] R. L. Miller and B. M. Olds, "A model curriculum for a capstone

for the epistemic frame of engineering and itscourse in multidisciplinary engineering design," Journal of
development: in order for students to develop the=ngineering Education, vol. 83, pp611994.

engineering epi st emol ogyl9 &n.cbym ieryLlitt€ Engieering ddstgrh: i grojeased! | k e

engineerso, they mu s t b ietroducgion NygvaY qjkelain Wilgy,2000. me ani ngf u |
activity that involves ta development of these 3 other [109] M. D. Burghardt, Introduction to engineering design and
frame components. problem solving. Boston: WCB/McGrat#ill, 1999.

. _Of course, the study presente_d here h"’l‘s SeVerl”’ill] L. J. Waks, "Donald Schon's philosophy of design and design
limitations that should be considered. First andeducation,” International Journal of Technology and sige

foremost, the scope of the analysis conducted here Fucation, vol. 11, pp. 331, 2001.
q.L"te narrow, consisting of the_deS|gn meetings Qf 412] D. A. Schén, The reflective practitioner : how professionals
single student team and the design notebook of a singlgink in action. New York: Basic Books, 1983.
StUd?m' Second, this _Sma” CrEEECtI_OH of d_ata was [13] D. A. Schon, Educating the reflective practitioner : toward a
confined to one design course in a -semester new design for teaching and leam in the professions, 1st ed. San
sequence, thus resulting in a detailed yet discretérancisco: JosseBass, 1987.
snapshot U_ndergraduate engineering deve|0pm_er1t14] M. E. Gorman, L. G. Richards, W. T. Scherer, and J. K.
However, this study does shed light on the reflectivekagiwada, "Teaching invention and design: Mudisciplinar

y g g g g plinary
capabilities of two common participant structureslearning modules,” Journal of Engineering Education, vol. 84, pp.
within engineering practica, how these participant175'185' 1995.
structures address elements of the engineerinfls] R. S. Adams, J. Turns, and C. J. Atman, "Educating effective
epistemic frame, and the nature of the engineerin ngineering designers: The role of reflective practice,” Design
epistemic frame itself. These findings and future —tdies: vol- 24, pp. 27894, 2003.
studies investigating reflective engineering design16] C.J. Khisty and L. L. Khisty, "Reflection in problem solving
practica and the development of the engineerin@”d detgn_, Journal of Professional Issues in Engineering Education

. . .. . nd Practice, vol. 118, pp. 2289, 1992.
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STT w?DOBUUDDBEOLIUwWxDxT OPOI 2 wp" EO% euruNNA AwOi
decreasing number of women graduating with bachelors degrees in engineering ¢ is
attributed in part to girls being unable to envision themselves as successful engineering
professionals. Initiatives UUET wEUw? ( OUUOEUETl WEw&DPUOwWUOwS 61 O
2$01 POl | BRubI GEHEDWO wpbbpPsl O1T BOI T UT PUOSOUT AwxUOY
information about the profession, but do little in the way of engineering identity
development.

Here, we examine a different approach to helping girls see themselves as
engineers. In the Digital Zoo epistemic gam@uthor, in press), middle school girls work
as engineers by engaging in activities modeled after an undergraduate engineering
design course. In this poster, we analyze how gameplay based on the profession of

engineering can foster the development of engineering identity in young women.

Theoretical Framework

Becoming an engineer means developing theepistemic fram@Author, in press) of
engineering ¢ the particular combination of skills, knowledge, values, identity, and
epistemology that characterizes the profession. Like most professionals, engineers
develop this frame in a practicum: a structured learning environment in which new
members of a profession work on authentic problems under the guidance of an
experienced mentor. The theory of epistemic gamd#uthor, in press) suggests that a
game which simulates the conditions of a professional practicum ¢ such as an
engineering design courset can help young players develop the epistemic frame of a
profession. Designing such a game requires a detailed understanding of how the
curriculum, tools, and interactions contribute to the development of the epistemic frame

in the professional practicum.
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In this study, we look at a key element of an epistemic frame, professional
identity, and how it is cultivated both within an epistemic game and in the professional
practicum on which it is based. Specifically, we investigate how undergraduates in an
engineering design course and the players in Digital Zoo come to see themselves as
engineers. We ask: 1) whether conducting an ethnographic study of an engineering
practicum uncovers salient processes through which an engineering identity is
developed; 2) whether creating and implementin g an epistemic game for girls based on
these results help them develop an engineering identity, and 3) whether the process of
professional identity development for the students in the practicum and girls in the

epistemic game is similar.

Methods
Ethnograhic study

An ethnographic study was conducted on Biomedical Engineering (BME) 201, a
design course at a large Midwestern state university. During the semester, sophomore
engineering students work in teams on actual design problems from external clients.
Data was collected in observational field notes, individual interviews with professors,
and three focus groups. Data was analyzed within a grounded theory framework

(Strauss & Corbin, 1998).

Epistemic game

The design of Digital Zoo was based on the ethnographic study of BME 201. In
the game, students develop wire-frame prototypes of ambulatory characters for an
upcoming animated film within a computational spring -mass modeling environment.
At the end of each week, formal design reviews are held with exter nal engineering

experts who provide players with input and feedback on their designs.
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In the summer of 2005, seven middle school girls played Digital Zoo during a
three-week summer program. Six of the players were students of color. Clinical pre -
and post-interviews with the players were transcribed and analyzed within a grounded

theory framework.

Results
BME 201 undergraduates developed an engineering identity

One emergent theme from the focus group data was the development of
engineering identity thro ughout BME 201. Of the 12 focus group participants, 10
oWt 6+t UAWUI UxOOQET EwxOUPUDPYI OawlOwUT T waUl UUPOOW
12 (58%) students linked their engineering identity to client interaction. In addition,
there was a statistically significant correlation between student references to client
interaction and receiving client feedback (r = 0.85, p<0.01). For example, in response to
UT 1T w?#O0waldlwill OwobOl weOwl 61 pOI 1 Uy~2 w@UI UUDPOOO
Yeah, | do, especially when talking to the client. Coming in [to their office] and
asking them to see what to do is helpful. A lot of [engineering] comes down to

communication with the client.
In other words, meeting with the external client and receiving feedback on their

design work were essential to the process of engineering identity development for the

undergraduates.

Digital Zoo players developed an engineering identity

The number of Digital Zoo players who indicated they had thought of
themselves as engineers increased from pre (2/7, 2%) to postinterview (7/7, 100%,
xPYOYNAOwPDPUI WEOOwx OEal UUwUI UxOOEDOT wxOUDPUDYI
a0luUl Of WEUWE Owl O1 b O hrtedripw. Eiv@ playerd)(®1&inkbddheid I 1T wx OU

engineering identity to external expert interaction s. In addition, there was a statistically
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significant correlation between player references to expert interaction and receiving
expert feedback (r = 1.00, p<0.01). For example, when asked whether she had ever
thought of herself as an engineer in the postiOUT UY DI POwO Ol wUUUET OUwUI U
EUUDOT w# DT PUEOwW9 OO06~2> w6ei | OWEUOI Ewbi 1l OwUx1 EPI DE
replied:
Like the [Friday] presentations and the presentation at the end. That was when |
UEpPwOaUl Of wWEUWE QuwI O1 bndyithings&rdshovdrgi Ewx Ul Ul OUD
I YI UaEOEawbl EQw( wOEET 6 w( woOl EUOI EwUT EQwWUT T U
[my designs] because they like they had certain things to say about it ¢ like some
Ul DOT Uwbp OUOT EWET U0T UwUT EOwWOPOI wEODId | UwlT B
even better.
In other words, meeting with the external engineering experts and receiving

feedback on their virtual creatures were essential to the process of engineering identity

development for the Digital Zoo players.

Discussion

Both the undergraduates in BME 201 and the players in Digital Zoo developed
an engineering identity, and interacting with clients or experts external to the learning
environment contributed to that development. Moreover, the significantly high
correlations between client/expert interaction and client/expert feedback suggest that it
was not only the external interaction, but also the content of the interaction, that
impacted both groups.

The close alignment between the engineering identity development experiences
of the BME 201 undergraduates and the Digital Zoo players suggests that: 1) conducting
an ethnography of an engineering design course is a useful way to uncover the salient
activities and interactions that contribute to professional identity develop ment, 2)
designing and implementing an epistemic game based on this ethnographic study can

help middle school girls develop and cultivate an engineering identity, and 3) the
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processes of identity development for epistemic game players and practicum students
were, in fact, similar. Thus, by helping girls see themselves as engineers, epistemic
games such as Digital Zoo are potentially powerful and transformative tools for

addressing the lack of women in engineering.
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APPENDIX B: Game Guide Used During Digital Zoo

A s oA~ AN

the design advisors in Digital Zoo. Each design advisor was trained in how to use the
playbook, which prov ided prompts and logistical information essential to the flow of
the game. The second week of the game followed the structure of the first week, and
therefore the structure of the playbook was quite similar to the playbook sample

presented here.



Monday, June 19th
Design Briefing: Welcome

and Intro

Welcome

1

1

1

Role playing gamé work as
engineers

Kids go around and introduce
themselves

Rationale for interviewing

(0]

(0]

Interviewers introduce
themselves

9 Logistics for interviewing

(0)
(0]

in order to figure out
what you learn in
digital zoo

we would like to have g
conversation with you

weol |l ask |}
guestions about things
like science and
engineering

some stuff will sound
really weird or you
might not have ever
heard of some of the
things we ask AND
THAT IS OKI!

because soe of the
guestions are about
stuff weodl |l
game.

webre just
how and whi
thinking

so itbdéds t ot
guess!

7 to go now, 8 to follow

8 staying back: work or
Persmal Posters

Monday, June 19th

8:00 welcome
and
Intro

8:10 pre-interviews
()

8:55 pre-interviews
(8)

10:00 | break

10:15 | present posters

10:30 | design briefing

10:45 | assign teams/
intro
brainstorming

11:00 | brainstorming

11:10 | team name,
poster

11:30 | team
presentations

11:45 | wrap up and
preview
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Personal Posters
Materials: large posits, markers

Draw example sheet on board

Divide sheet into 4 quadrants, and
without words, describe:

91 hobbies/interests (top left)

9 other plans this summer (top
right)

i favorite movie or TV show
(lower left)

9 favorite food (lower right)

** Take pictures (headshots) of these
kids for ID badges
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Monday, June 19th
Pre-Interviews

Seven players to interview with:
Gina

Aran

Ashley

Mike

Erik

Janelle

Heather

Michelle: stay back w/8 players
1 facilitate w/posters

i take head shots of these 8
w/digital camera

1 take head shots of players beit
interviewed as they return from
interviews

1 give returning players material
for posters

T send ¥ done w/poster w/
returning interview.

i Continue as needed.

Laura S will join us to do one
interview.

1 When she arrives, please give
her an interview packet, pen,
and recorder and send her out
w/a kid.

When all interviews are done, take 15
min snack break.

Team: wh o e vdene @/2 interviews
set up snack outside or in lobby if
weather is bad.

1 Ashley: collect all protocols

M Mike and Erik: collect all
recorders.

Monday, June 19th

8:10 | pre-
interviews
(7)

8:55 | pre-
interviews
(8)

10:00| break

10:15 present posters

10:30 design briefing

10:45 assign teams/
intro
brainstorming

11:00 brainstorming

11:10 team name,
poster

11:30 team
presentations

11:45 wrap up and
preview




Monday, June 19th
Design briefing: Present
posters

Monday, June 19th

Poster presentations

1 hang posters on the wall

1 each player to present

1 if lots of time, hang posters,
use posits on posters to
place guesses from everyon
on quadrants, then
presentations

10:15 present
posters
10:30 design briefing
10:45 assign teams/
intro
brainstorming
11:00 brainstorming
11:10 team name,
poster
11:30 team
presentations
11:45 wrap up and

preview
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Monday, June 19th
Design briefing: Overview

Game overview
Video Camera ON!

Engineering what is it?

Does anyone know an engineer? What
does he/she do?

Overview of DZ:

1 group of biomechanical
engineers

T work on design
prototypeso fo
animated film

1 working w/DAs and engineering
experts (will come in to critique
work)

Clips of A Bugbs

First thing: engineers work in teams an
BRAINSTORM ideas

Monday,June 19th

10:30 design
briefing

10:45 assign teams/
intro
brainstorming

11:00 brainstorming

11:10 team name,
poster

11:30 team
presentations

11:45 wrap up and
preview




Monday, June 19th
Design briefing: Intro
brainstorming

So what do you think brainstorming is
Have you done it before?

Here we will do it as engineers do it

1 engineers think of their own
ideas first and write them

down.

9 then they share them within
their teams

9 then they narrowdown the
teambs | i st of

T and then make their final
decision.

So, today we will practice
brainstorming by coming up with a
team name and logo.

does everyone know what a logo is?
what is an example of a logo?

what are some things that you should
think about when making a team logo

ok, so here is wh

Monday, Jund 9th

10:45| assign teams/
intro
brainstorming

11:00 brainstorming

11:10 team name, poster

11:30 team presentations

11:45 wrap up and preview

1 everyone will take a few

198



minutes to think of ideas for
the team name and logo, and
write them down silently on th
paper in our folders

then we will share them in our
teams we will write down
everyoneb6s i dg

and then we will decide on
which ideas to keep

then we will talk about them a
little more to decide which
name and logo we will have fc
our team.

Aran: Write steps on board:

1
1

)l

Get together

Each personhares 12 ideas
for name and logo

everyone records ideas on
paper
Decide as team on name and

logo
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Monday, June 19th
Brainstorming session (in
teams)

Break into teams
Hand out player folders
1 DA per team

DAs: check in w/teami no iPods

today
1

T

T

Points to emphasize:

1

T

What ideas have you come up
with?

Are you having trouble with
anything?

Pl ease make s\
writing down §
ideas on the engineering
paper in your folders.

provide suggestionsff team
names and logos if needed.

make sure they write
Abrainstor ming
sheet, and the date. (prepping
them for notebooks tomorrow)

Monday, June 19th

11:00 brainstorming

11:10 team name, poster
11:30 team presentations
11:45 wrap up and preview
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Monday, June 19th
Team Name and Logo Posters

Monday, June 19th

Hand out 2 large post its and
markers

One postit is for the team name
The other is for the logo.

teams create team posters

11:10 team
name,
poster

11:30 team
presentations

11:45 wrap up and

preview




Monday, June 19th
Team Poster Presentations

Monday, June 19th

How did you come up with your
name?

Your logo?

11:30| team
presentations
11:45 wrap up and preview
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Monday, June 19th Monday, June 19th
Wrap up and preview
tomorrow

Any questions about today?

11:45 wrap up
and
preview




Tuesday, June 20
Design Briefing: Welcome
and Intro

Tuesday, June 20

Welcome back!

8:00 Design
briefing,
overview
day

8:15 | Physical activity:
marshmallows and
straws

8:30 | Design briefing:
introduce SC

8:45 | design problem 1

9:00 | Design briefing:
introduce notebook

9:15 | Design time

9:30 | Design meeting

9:45 | Documentation
time

10:00 | Break

10:15 | Design briefing:
design problem,
brainstorm design
ideas

10:30 | Design time

10:45

11:00 | Design meeting

11:15 | Design briefing

11:30 | (Documentation
time)

11:45 | Wrap-up and

preview tomorrow
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Tuesday, June 20
Physical Activity

Tuesday, June 20

Materials:1 building kit per team

jumbo marshmallows, straws, scissg
and newspaper to cover table

Design problem

Make a structure that can support a
notebook placed on top of it.

Spread out, one DA per team.

Points of emphasisvhen assisting
players

1 crossbracing
9 additional supports
1 small tests during design, etc

Go to whole groupi look at designs,
test in front of whole group.

Emphasize during group discussion:
9 crossbracing
9 additional supports
9 small tests during design

8:15| Physical
activity:
marshmallows
and straws

8:30 Design briefing: introduce
SC

8:45 | design problem 1

9:00 | Design briefing: introduce
notebook

9:15 Design time

9:30 | Design meeting

9:45 Documentation time

10:00 | Break

10:15 | Design briefing: design
problem, brainstorm
design ideas

10:30 | Design time

10:45

11:00 | Design meeting

11:15 | Design briefing

11:30 | (Documentation time)

11:45 | Wrap-up andpreview

tomorrow
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Tuesday, June 20 Tuesday, June 20
Design briefing: Introduce SC

Overview computer rules

1 monitors off, hands off keyboard 8:30 Des'Qn b”efmg:
and mouse when not in use introduce SC
8:45 | design problem 1
Ground Rules for Interactions w/DAs 9:00 Design briefing: introduce
9 can call over team DA if needed notebook
anytime 9:15 | Design time

just to goiege ho\y
I these conversations will be

9:45 Documentation time

; : 10:00 | Break
recorded, just to help us figure _ - _
out how we (the DAs and projec 10:15 | Design briefing: design
leaders) are doing problem, brainstorm desigi
ideas

1 we might also use them to help |
understand how you learned

10:30 | Design time

something! 10:45
11:00 | Design meeting
Go to SC websité Gina to talk through 11:15 | Design briefing
MIKE TO DEMONSTRATE ON 11:30 | (Documentation
PODIUM COMPUTER time)
1 login 11:45 | Wrap-up and preview

go over different modes tomorrow

1

1 go over saving

1 VERY IMPORTANT: save every
design before |

9 VERSIONING procedure: save
as namel, name2, etc.
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Tuesday, June 20 Tuesday, June 20
Design problem 1
Design problem 1
build anything that stands up when you
simulate .
8:45| design problem 1
DAs: check in w/players as needed 9:00 | Design briefing: introduce
TURN IPODS ON AT BEGINNING OF notebook
SESSION 9:15 | Design time
9:30 | Design meeting
9:45 | Documentation time
Points of emphasis when assisting 10:00 | Break
players 10:15 | Designbriefing: design
1 provide suggestioriscross problem, brainstorm desigr
bracing, additional supports ideas
1 remind of VERSIONING 10:30 | Design time
procedure 10:45
11:00 | Design meeting
TURN IPODS OFF AT END OF 11:15 | Design briefing
SESSION 11:30 | (Documentation
time)
11:45 | Wrap-up and preview
tomorrow
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Tuesday, June 20 Tuesday, June 20
Design briefing: Introduce
notebook

Share thoughts on design problem 1

9 Can someone share with us what
worked while you were working in

SC?

f What were people having trouble 9:00 | Design briefing:
with? introduce

1 }[/i\r/::t were you trying to do at the notebook

9:15 Design time
9:30 | Design meeting
9:45 Documentation time

Introduce design notebook
1 Why do youthink engineers keep

o it helps us keep all of our 10:15 | Design briefing: design
ideas and all of our thinking problem, brainstorm design
in one place ideas

0 it helps us remember what 10:30 | Design time
we were trying to do 10:45

0 it helps us remember what 11:00 | Design meeting
wor k ed o an d 11:15 | Design briefing

o |if qnother engineer was 11:30 | (Documentation
going to start working on ou time)
project, it would help - .
her/him understand what 11:45 | Wrapup and preview

tomorrow

webve al i@ad)
she/ he woul di
from scratch.

1 What do you think engineers put in
their notebooks?

0 ideas
0 pictures/sketches

0 notes about what went
wrong, and what went right

0 notes about sftfito think
about

O notes about \
doing next.
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T Letds take a | oc
notebooks will look like.

again, gina to talk through, mike to
demonstrate here on podium computer.

s o, |l et 6s say mi ke
design process like a goedgineer.

1 first, he opens his notebook.
9 hefills in his name

1 and then on the next page he write|
down the description of the problen

1 what ideas the team came up with
brainstorming

1 and what ideas he is going to work
on.

then, when he starts working on SC, mike
wants to talk about
design in his notebook.

9 first, he takes a screen sficalt +
PrintScreen.

1 then he pastes it into the notebdok
control + v

1 then he writes down his thinking in
the desciption

9 and writes down what his next step
might be.

then he goes back to SC and the cycle
repeats.

Now, youdre going t
advisors will help you get started.

Our second design problem is:
Build a twounit torso of different sizes




Tuesday, June 20
Design Time 2

Design problem 2
Build a twounit torso of different sizes

DAs:

91 help kids open notebook and
write name on first page.

T TURN ON IPODS AT
BEGINNING OF DESIGN
TIME.

1 pull into quick brainstorming
session (5 min)

1 help players fill in
notebooks.

Points of emphasis when assisting
players

9 cross bracing
1 documenting in the notebook

9 descriptions of work, and
thinking during work in
notebook

1 next steps portion filled out in
notebook

Tuesday, June 20

9:15 Design time

9:30 | Design meeting

9:45 | Documentation time

10:00 | Break

10:15 | Design briefing: design
problem, brainstorm
design ideas

10:30 | Design time

10:45

11:00 | Design meeting

11:15 | Design briefing

11:30 | (Documentation
time)

11:45 | Wrap-up and preview

tomorrow
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Process measuretk check in with
individuals.

start about half way through time, or
as appropriate.

1. Howés it going
trying to do right now?

2. What are you having trouble
with?

3. What have you done that seen
to have worked?

Listen for:

1 specifics!

TURN OFF IPODS AT END OF
DESIGN TIME.
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Tuesday, June 20
Design meeting 1

Project managers: announce Design
Meeting, and explain procedures.

9 discussion between teammate
and DA

9 time to share your ideas

1 remember, you are working ag
team to develop designs, so
these meetings are really
important to maksure you
pool the hard work of your
team!

Teams assemble, one DA talks with
each team.

Process measures: [IPODS ON!

1. Each of you talk about a
design youor €
why you are proud of it.

2. Each of you talk about what
you had trouble with, and
howyou dealt with it.

3. How was the first time using
the design notebook?

Listen for:
1 specifics! ask clarifying
guestions i f 1

you say more g

IPODS OFF!

Tuesday, June 20

9:30| Design meeting

9:45 | Documentation time

10:00 | Break

10:15 | Design briefing: design
problem, brainstorm
design ideas

10:30 | Design time

10:45

11:00 | Design meeting

11:15 | Design briefing

11:30 | (Documentation
time)

11:45 | Wrap-up andpreview

tomorrow
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Tuesday, June 20

Documentation time 1

Tuesday, June 20

Letds take

our

a

f ew

not ebooksé

Erik: get snack ready for transport.

9:45

Documentation
time

10:00

Break

10:15

Design briefing: design
problem, brainstorm
design ideas

10:30

Design time

10:45

11:00

Design meeting

11:15

Design briefing

11:30

(Documentation
time)

11:45

Wrap-up and preview
tomorrow
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Tuesday, June 20
Break

Tuesday, June 20

10:00 Break

10:15 Design briefing: design
problem, brainstorm
design ideas

10:30 Design time

10:45

11:00 Design meeting

11:15 Design briefing

11:30 (Documentation
time)

11:45 Wrap-up and preview

tomorrow
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Tuesday, June 20
Design briefing

Tuesday, June 20

Share thoughts from team meeting
9 best designs
1 problems
1 notebook

PresenDesign Problem 3 Design the
tallest multiunit torso possible, with at
least three differeninits.

5-minute Brainstorm

10:15  Design briefing:
design problem,
brainstorm
design ideas

10:30 Design time

10:45

11:00 Design meeting

11:15 Designbriefing

11:30 (Documentation
time)

11:45 Wrap-up and preview

tomorrow
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Tuesday, June 20
Design time 3

Tuesday, June 20

Design Problem 3

Design the tallest muHinit torso
possible, with at least three different
units.

IPODS ON!

Process measuresb check in
w/individuals

start about half way through time, or
as appropriate.

1. Is your notebook helping

you? howHow is it
going? What are you
doing right now?

2. What are you having
trouble with?

Listen for:

Look for:

3. Have you put that in you
notebook? Can you shoV
me your notebook? (do &
quick spot check,

4. Is your notebook helping
you? how?

5. If I werea new engineer
working on your project,
how would this notebook
help me?

1 specificsi how exactly was it
helpful? when/where did you us¢
it? etc.

9 descriptions of work, and
thinking during work.

1 next steps portion filled out

10:30 Design time
10:45

11:00 Design meeting
11:15 Design briefing
11:30 (Documentation

time)

11:45

Wrap-up and preview
tomorrow
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IPODS OFF!




Tuesday, June 20
Design meeting 2

Teams assemble, one DA talks
with each team.

Process measures: IPODS ON!

DAs:

1. What was the hardest pa
of doing this design?

2. Has our work today
changed the way you thin
about being an engineer?
How?

Listen for:
1 Specifics

9 opportunities to reinforce
the importance of the
notebook

Tuesday, June 20

11:00 Design meeting
11:15 Design briefing
11:30 (Documentation
time)
11:45 Wrap-up andpreview

tomorrow

IPODS OFF!
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Tuesday, June 20
Design briefing

Tuesday, June 20

Share thoughts from"@design time

11:15 Design briefing

11:30 (Documentation
time)

11:45 Wrap-up and preview

tomorrow
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Tuesday, June 20

Tuesday, June 20
Documentation time 2

Letdbs catch wup

11:30 Documentation
time

11:45 Wrap-up and preview
tomorrow




221

Tuesday, June 20 Tuesday, June 20
Wrap up and preview

11:45 Wrap-up and
preview
tomorrow




Wednesday, June 21
Design Briefing

Wednesday, June 21

Welcome back!

Head to computersreminder to
put snack away.

Before we get started on today,
are there any questions from
yesterday?

Today webre go
the concept of center of mass.

(Walk through agenda)

physical activity
design time

design meeting
documentation time
break

design time

design meeting
design evaluations
documentation time

Any questions?

8:00

design
briefing

8:15

physical activity:
mobiles

8:30

design briefing: intro
design problem 1
build a body that leans

8:45

brainstorm ideas

9:00

design time

9:30

design meeting

9:45

design briefing

10:00

documentation time ang
break

10:15

design briefing &
brainstorming: problem
2

Design the tallest, muki
story body possible that
leans

10:30

design time (individual
check ins start at 10:45

11:00

design meeting (team
check in)

11:15

design briefingintro
evaluations

11:30

design evaluations and
documentation

11:45

wrap up and preview
tomorrow
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