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Abstract

This ethnographic study explores how engineering students in a traditional senior design course
interpreted design assignments in terms of the engineering sciences. These students, who had
been taught to value the distinction between ‘science’ and ‘design,’ tended to resist design
education. They had learned to think about design as atrivial extension of mathematical
problem solving. This predisposition made it difficult for activist faculty to convince students
that design introduces entirely new learning issues. Although limited in scope, this study
suggests that for reform in engineering education to be successful, it may need to go beyond
engineering design to rework teaching in the engineering sciences as well.

Introduction

What can we learn from student resistance to design education? Much of the current reform
effort in engineering education involves expanding and enhancing student experiences with
engineering design. This emphasis derives from a sense among faculty and alumni that a
pendulum that swings between ‘science’ and ‘design’ has swung too far in the direction of
science. The solution isto ‘achieve balance’ by swinging it back. [1] This attitude focuses
attention on the relative timing and quantitative mix of design and science. For example, some
design initiatives expand design experiences in the first year, with the hope of introducing
students to what engineering is al about as early as possible.[2-5] Other initiatives integrate
design throughout the curriculum with the goal of helping students in "making the transition
from the "seat-of-the-pants freshman design approach to the engineering design approach
required for the capstone experience and engineering practice." [6] Finally, senior design
capstone courses aim at exposing engineering students to the key elements of design --design
methods, project management, teaming, engineering economics, ethics, risks, and professional
issues-- before graduation. [7]

How do students understand the distinction between ‘science’ and ‘design’? Students entering
engineering programs do not bring it in with them. It isacquired through the curriculum. Since
students then spend a great deal of time learning the engineering sciences, might their
understanding of the engineering method, of mathematical problem solving, condition how they
understand design education and practice? 8] |If so, then reform in engineering education may
have to go beyond swinging a pendulum, expanding and enhancing design education, to altering
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the meaning of the distinction between ‘science’ and ‘design’ itself. Such would necessarily
involve reforming pedagogy in the engineering sciences as well.

To make more visible student interpretations of design, we conducted an ethnographic study of
two traditional capstone coursesin senior engineering design. This study is part of alarger
project examining how learning mathematical problem solving in engineering education
challenges and shapes students as people (see [9] for some preliminary findings). This paper
reports findings from one of those courses, in which an activist design faculty member struggled
to convince students that design was something more than a simple extension of the engineering
method. Although the students involved had arrived in college with radically distinct
expectations about what it meant to do engineering, by the time they reached Senior Design they
knew that the engineering sciences were fundamental, that design was a subordinate downstream
activity, and that their main task in Senior Design was to get through the experience with a
minimum of stress and effort.

Curriculum Reform Focuses on Design

Reform movements developing after the end of the Cold War converged in the National Science
Foundation’s multimillion dollar funding of eight coalitions of schools to develop and implement
models of reform, as well as numerous other efforts funded by engineering foundations or the
schools themselves. While effortsin the first movement focused on new administrative
programs for recruitment and retention, efforts in the second focused on curriculum. In addition,
while the coalitions were underway, they became subject to an emerging interest in instructional
technologies that was sweeping the academy more generaly. [11] A rough idea of these
emphases can be gained from the publications of coalition members. A cursory review of 554
publications' listed at the websites of the ECSEL, SUCCEED, Foundation, and Gateway
Coalitions indicates that over half, or 284, reported innovations in design education.

Ethnographic Mapping

In both this article and the larger project, we are attempting to examine and describe the
dominant tradition in engineering education from students' points of view. " Most assessments
of design courses include student evaluations to determine whether ABET outcome criteria are
being met. Most data are collected in survey form and tabulated numerically. In some cases,
assessment includes team evaluations and written essays, and could be as detailed as to include
assessment of project selection, use of skill sets, team dynamics, faculty mentoring, and project
reporting. [12-14] These approaches to assessment using student evaluations help achieve
accreditation and ensure that engineering graduates possess engineering design skills. However,
such evaluations are not aimed at showing how students might experience design in relationship
to other forms of knowledge and practice, in particular the engineering problem solving they
encounter and learn in engineering science Courses.
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Conducting ethnographic study is an exercise in making visible experiences that get hidden. In
this case, our task is to make visible patterns in student experiences with the dominant model of
engineering problem solving. Conducting intensive ethnographic research for two years at a
land-grant university, our project team produced 4,000 pages of transcribed and coded data
drawn from year-long, bi-weekly interviews with 12 focus groups, 61 individual interviews, 13
undergraduate engineering courses, and assorted presentations and lectures."

Making the Self Invisible in Problem Solving

Students learning engineering problem experience a challenge to make themselves invisible in
engineering work." In contrast with problem solving in physics, where the objective isto
demonstrate that one possesses unique genius, demonstrating that one is another Einstein, the
main responsibility in engineering problem solving is to keep one's self out of the process,
acknowledge the prior existence of an established method, and prove you can do it too. Students
experience this responsibility as a series of challenges.”

The first challenge is to develop right habits, for one of initial things students encounter is a
demand for discipline. An associate dean of engineering was emphasizing the importance of
self-discipline at Freshman Orientation when he told incoming would-be engineers and their
parents that "engineers have to learn how to have fun . . . efficiently.” Key elementsin
developing right habits include using mechanical pencils, lettering properly, using engineering
paper properly, expecting quizzes at any time, etc.

Disciplining the body appropriately positions one for the next challenge, internalizing the
engineering method. The engineering method follows a strict five-step sequence: Given, Find,
Equations, Diagram, Solution. The student starts by pulling Given datain numerical form from a
narrative description of the problem and then decide what to Find in order to solve the problem.
Then invoking established Equations and drawing an idealized visual Diagram of the various
forces or other mechanisms theoretically at work in the problem, the student systematically
calculates the Solution in mathematical terms. During the undergraduate years, engineering
students solve thousands problems either on paper or in programs, each time drawing sharp
boundaries around the problem, abstracting out its mathematical content, calculating answersin
mathematical terms, and then applying the numbers back to the original problem as its solution.
They know to keep any feelings they have about the problem out of the process; these are
irrelevant and can only get in the way.

By the time students reach their junior year, the vast mgority have found strategies for
accommodating their bodies and minds to engineering problem solving. They had survived the
solitary struggles of the first two years, adopted a range of strategies for getting through their
courses, and now know they can become engineers.
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One cost in tackling more complex mathematical challenges and gaining greater control is a
sense that the rain never stops. The lonely experience of isolated struggle in the early years of
engineering education gets replaced by a more shared struggle just to get through whatever
comes next. When we asked upper-class students how they were doing, we often heard
variations of the smple mantra, "Eat-Sleep-Study.” We heard all sorts of strategies for doing
group work, including what makes good study partners and when group work helps the most or
getsin theway. We followed one organized trio of students who divided up their three toughest
courses in order to conguer them together. Each did the homework for one class and prepared
the othersfor the tests.

In sharp contrast with the entering student, the engineering graduate who emerges from the
curriculum is understood to be a disciplined, knowledgeable, and powerful person, at least in
terms of engineering problem solving. Having accomplished mathematical problem solving and
wondering how to apply their knowledge to the real world, these are the students who come to
Senior Design during their last year.

A Senior Design Experience

We participated in two senior design classes, one in electrical engineering and one in mechanical
engineering. The electrical engineering class straightforwardly asked students to apply their
scientific knowledge to solve a previously-defined problem. They were given performance
specifications and asked to develop a device to meet them. We report here on the mechanical
engineering course, because the instructor was a design activist who was trying hard to call
attention to the limitations of science-based problem solving (for a detailed categorization of
engineering design education initiativesin the U.S,, see[7, 19])

A key element of this design experience was problem definition. Students were to participate in
teams that had the responsibility for defining their problems. The course syllabus described the
main goal as “[t]o participate in a design project in which the team members will define their
problems, develop a plan of action, generate solutions using ideation techniques, analyze
solution using engineering skills, select and devel op the optimum solution, and communi cate
their solution using written and oral reports.”

Student teams were to meet with advisors for 90 minutes per week, and average 6 hours of work
per week developing their designs. Each team was to produce a detailed Product Design
Specification as well as keep log books and produce progress reports and final oral and written
reports. We were assigned to Team 19 (of 35 teams total), which included Dan, Thuy, Jen, and
Deepak.” Each of these four students had come to engineering education with a distinctive take
on engineering science and/or engineering design.
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While Dan valued design an attitude gained during fifteen years as a mechanical inspector, Thuy
was fundamentally interested in engineering science, due to her father’ s encouragement to apply
science and math, fields in which she excelled. Jen came to engineering not because of either
science or design but because, as an intern during her senior year of high school, she had greatly
enjoyed the daily life of an engineer at work. Finally, Deepak arrived with little idea of what he
valued most. Interested in both math/science and literature/social science, he was persuaded to
choose engineering by his father, a professor of mechanical and aerospace engineering at an
India Institute of Technology.

Team 19 was assigned to ‘Handicapped’ [sic], supervised by Dr. Harris. The four team members
were disappointed because their top choice was the Vibrations Demo. Handicapped had been
second choice. Dr. Harris was a design activist who regularly presented the design experience as
something that went far beyond the engineering sciences. For him this meant freeing their minds
to be able to explore problems creatively: “I don’t want them to see this project entirely through
their science classes. | want them to be creative.” Accordingly, he placed great emphasis on
teams coming up with three radically different approaches to the problem they identify: “Three
different designsisjust away I’m trying to force people to maybe present more than one idea,
and then give an [argument] for these and arationale for why you came up with the other.”

Retreat to M.E. Science Identities

The students in Team 19 resisted thinking about design in new ways. Having spent 3 ¥z years
mastering the engineering sciences, they had come to value mathematical problem solving and
the hierarchy between science and design. They knew that design was aresidual activity
subordinate to and downstream of science-based problem solving. Hence, they were largely
unprepared for its challenges. Following are some categories of experiences and reactions that
illustrated the marginal status of design in their thinking and identities.

Initial confusion with problem definition: At the outset, Team 19 had no ideawhat to do. Their
initial meetings were filled with blank stares as they tried to figure out a pathway to a reasonable
problem. Dan reported an experience with afriend who lost an arm in an accident and was
disabled. To generate ideas, Deepak went to alibrary database and did a Boolean search of
“blind” and “engineering.” Finally, Dr. Harris suggested they travel to the State School for the
Deaf and Blind, whose Director he knew, to identify possible ideas. During a day-long
experience, they found themselves focused on the problem of copying images. Specificaly,
could images be reproduced with raised dots, using some sort of graphical Braille?

Only a two-credit course:  Throughout the semester, team members reminded themselves that
this course was not worth as much credit as other courses, befitting its status as something extra,
an addendum to the curriculum. As Dan voiced it, put it, the involvement required by their level
commitment to design should be proportional to this curricular value: “For atwo-credit course an
intricate design is not worthwhile.”
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Avoiding designs that extended beyond the ME sciences: In formulating three distinct
approaches to copying images, team members found themselves forced to consider photoelectric
‘scanning’ as one dternative. It seemed anatural. They were frustrated, however, because their
science courses in mechanical engineering and one required technical elective in circuit theory
had not equipped them to understand the complexities of a scanner. Were they abandoning their
identities? As Thuy complained at the end of one team meeting, “ This design shit has become
EE.

Resisting the advisor’s efforts to extend them: Dr. Harrislived his career on the boundary
between mechanical and chemical engineering. In one meeting with students, he reported
excitedly that different plastics respond differently to the heat in a transparency machine, which
worked on athermal basis. It had something to do with the thermal properties of the polymer.
He extended thisinsight into a design idea: “1 would imagine that it'd be possible to get a film of
a polymer with a closed cell structure where the heat would expand the bubbles....” But
mechanical engineering students had not studied polymers, either. After Dr. Harris left the room,
Dan immediately rejected the idea with considerable conviction, “Materials. . . polymers. . .
chemical processes. . . . We can just eliminate that idearight off the top.”

The instructor is absolute: At the same time, students had also been trained to view their
instructors as the authoritative purveyors of engineering knowledge. Accordingly, when Dr.
Harris told Team 19 that a polymer with a closed cell structure might be an interesting pathway
to athermal photocopier for the blind, they could not simply ignore him. The three design
aternatives they reported on a progress report included Dr. Harris' thermal approach.

Fitting the design to the engineering sciences. Team 19 reported both the obligatory thermal
approach and the obligatory scanner approach, but of course neither had a chance. The approach
they found most appealing, and which became their main object of interest for the balance of the
course, drew on their knowledge of mechanical linkages gained from courses in statics,
dynamics, and kinematics. The approach of choice was a somewhat clunky mechanical tracer
linked to a Braille punch. Thisthey could understand.

Locating the experience as a typical engineering course: In the usual engineering course,
students perform on cue, regularly turning in homework assignments and preparing for a
rigorous schedule of exams. During the periods between homework and exam deadlines, they
typically use the freedom to work on other courses. The senior design class constituted a
dramatic departure from this experience because it asked students to establish and maintain
semester-long schedules on their own initiative. Their reluctance and active resistance became
apparent at the end when it was time to ‘write up.” In one brief meeting of the group, Thuy
asked almost rhetorically: “Should we start writing up?’ Jen bought a delay by invoking the
authority of the instructor: “Let’s walit till he tells us what he wants.”
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The class syllabus had announced each team should spend 6 hours per week on its project.
Without anyone looking over their shoulder, Team 19 met an average of 15 minutes each week.
The schedule specified a process for the disciplined production of afinal report. Team 19 wrote
its report in the last few days of the semester.

Avoiding Incorporating Design into Engineering Personhood

Interpreting design assignments and experiences through the lens of the engineering sciences
meant that students did not have to internalize engineering design in the same way or to the same
extent they had internalized the engineering sciences and mathematical problem solving.

No tests in design: The main vehicle through which engineering students prove themselvesis
through performance on exams. Passing exams shows one belongs and locates each student
along the linear scale measuring excellence as a prospective engineer, the grade-point-average.
The design class did not fit this model because it had no tests. As Jen asserted, “It'sadesign
class. You don't have tests in a class emphasizing brainstorming and conceptualization.” In
other words, for Jen brainstorming and conceptualization fall outside of the central arena of
engineering knowledge and practice.

Designisatrivial process. The complexities of design decision making appear to be elementary
compared to what students had experienced in the engineering sciences. For example, where
engineering statics had required students to apply the single equation (sum of the forces equals
zero) advanced engineering science courses challenged them to decide which equations were
appropriate to which situations (e.g., first law or second law of thermodynamics). From this
perspective, extending the engineering method into design is both a straightforward and atrivial
process. As Deepak complained at the end of the course: “What | did in class| did in [a course
introducing senior studentsto design]. It’simportant to go through the design process once, but
after that, it' sawaste.”

Design is about individual choice: To the extent that students do understand design as something
more than a simple extension of the engineering method, they tend to draw on earlier knowledge,
picturing it as the opposite of the sciences they have worked so hard to learn. That is, just asitis
important to keep the self out of mathematical problem solving in order to avoid corrupting it,
design is entirely about the self. It isabout individua creativity, a capability that, although
unteachable, fulfillsin its application the early fantasy of autonomy. Jen was invoking this
fantasy when she complained about being assigned to Handicapped instead of the Vibrations
Demo: “I always thought that senior year you get to do the design project you wanted.”

Science isthe foundation: Finally, students who have struggled for years with the engineering
sciences can only conclude that these provide the crucial knowledge fundamental to engineering
practice. Even Dan, the experienced mechanical inspector whose love for design was
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paramount, asserted with confidence at the end of the course: “Y ou can’t really design something
until you have a good broad knowledge.”

Including Science Pedagogy in Educational Reform

The manner and extent to which these engineering students resisted and devalued education in
design might provide some insights not only into design pedagogy but aso into the pedagogy of
the engineering sciences. Their experiences suggest that reform in engineering education may
have to move beyond expanding and enhancing design education to address the very distinction
between science and design, as this distinction has been taught and lived. Veteran engineering
design educators from the University of Texas, US Air Force Academy, and MIT hint at this
problem when they report that "while applied mathematics and science courses build the
students skillsin analysis, a chasm still exist in integrating and bridging the skillsto bear on a
design problem.” [16] Some design educators using more open-ended student evaluations (e.g.,
interviews, discovery sessions) have begun to discover atension between engineering-science-
based problem solving and design in students' experiences. In asenior design initiative at the
U.S. Military Academy to construct aticket-tearing device for the mentally handicapped, the
instructor reported that " cadets expressed discomfort at not being given specific instructions and
tasks by their faculty advisor at the start of the term. It seemed that these students were used to
seeking an 'approved solution.”..." [17]

While moving design education into first-year curricula and strategically inserting it into other
pointsin a student’ s education are surely important steps to take, these do not address
sufficiently the existing hierarchy between science and design. In order to rearrangeit,
intervention must be initiated on the science side as well, intervention that goes beyond
introducing software for analysis and optimization and participating in emerging forms of
instructional technologies.[18]

One possible approach to rethinking the pedagogy of the engineering sciences is to begin with
recognition that engineering is always problem solving with people. That is, engineering
practice necessarily involves working and engaging in problem solving with others who define
problems differently than one does. From this point of view, fundamental knowledgein
engineering consists not only in mathematical problem solving with a well-defined boundary, but
also involves successfully engaging in problem solving when the problem itself is defined
differently from different perspectives. This means building into engineering education the
humble, and yet profound, insight that, in becoming an engineer, one is developing a perspective.

At present, a key feature of engineering pedagogy isthat it focuses attention entirely on
developing knowledge in the individual student, apart from others. Just as the mathematical
problem solver istold to start by drawing a boundary and then to live entirely within that
boundary, the traditional approach to engineering design extends that boundary solely into the
realm of individual creativity, into ‘brainstorming,” and ‘ conceptualization.’
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Given this emphasis, when students come together to work in teams, for example, they tend to
interpret the task of teamwork as efficiently dividing labor. The team serves ssmply as the group
analog of a person. Exhibiting this tendency, members of Team 19 simply decided who would
do what task. They never expected that different perspectives might live within the group,
perspectives that might need to be negotiated or require compromise. The literature on design
education initiatives clearly reveals an emphasis on devel oping group-dynamics, time
management, presentation, and leadership skills while neglecting the discovery and analysis of
different perspectivesin the group or, better, practice at listening to and valuing perspectives
other than one' s own (see for example, [5, 12, 19]).

Given this focus on them as individuals, students tend to understand design work as benefiting a
uniform and undifferentiated set of users, in this case ‘the blind.” Team 19's product design
specification, for example, was required to include the following categories: performance, cost,
market constraints, reliability, safety, aesthetics, ergonomics, life in service, maintenance,
manufacturability, shipping, and testing. Students never expected that these different categories
might actually map onto different groups on the job holding different perspectives.

To help students locate themselves in a globalizing world filled with different perspectives on
engineering problem solving, we have developed the course Engineering Cultures
(www.cyber.vt.edu/engcultures). This course travels around the world, examining how what
counts as an engineer and engineering knowledge varies from place to place and over time. For
example, where British engineers value practical knowledge, tend to work in private industry,
and have relatively low status, French engineers value theoretical knowledge, seek to work in
government, and constitute the highest ranked occupation in the country. German engineers take
for granted that the main goal is quality, and a main ambition of Japanese engineersisto insure
that their technical solutions help build harmony. After experiencing huge differencesin cultural
perspectives, students in Engineering Cultures are then poised to examine and appreciate
differences that live in the history and present-day life of engineering in the United States, e.g.,
disciplinary differences. Indeed, the tension between design and science in the American
tradition is the latest instance of an immanent tension between British and French contributions
to American engineering.

A second, more far-reaching and, hence, more difficult step is to teach the engineering sciences
as different worlds that engineers enter to address and solve their problems. Each of these
worlds has a distinct set of mathematical elements and constraints, and it intersects incompletely
with other such worlds. Bucciarelli’sterm ‘object worlds can be useful for this purpose. [20]

Although we have not yet designed an appropriate experiment, we specul ate that teaching the
engineering sciences as separate worlds might help faculty and students come to see students
within amajor as internally diverse rather than as seeking uniformity through a disciplinary
label. Such would enable both faculty and students to see students in the same way faculty see
themselves, as specialists in one area or another. Such might also challenge faculty to bring into
their classrooms the passion they exhibit in faculty meetings. That is, as an integral part of
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teaching the scientific material they would have to defend it, to position it in engineering space,
explaining what, for example, fluid mechanics might do for them and what it does not, what are
itsfrontiers, and what it lacks. Faculty would be expected to bring their personal experiences
and knowledge into the classroom rather than feeling constrained to confine themselves only to
the mathematics.

In a pedagogical world where engineers come to see engineering as ‘ problem solving with
people,” in which fundamental training in engineering includes the expectation of working with
people who define problems differently than one does, the distinction between science and
design would not disappear but would sure gain different meaning. The two activities would
appear as equally important dimensions of what counts as successful engineering.
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' Thanks to Carlisle Haworth for his efforts in collecting and analyzing the following data.

" Accordingly, we introduce faculty points of view only to help describe and illustrate the dominant image of
engineering pedagogy and problem solving. We do not in this work attempt to make visible the many waysin
which engineering faculty enhance, resist, trouble, or otherwise struggle with the dominant model.

""We collected these data during the period 1992-1995, before many of the Engineering Coalition reforms were
developed and implemented. We maintain thet these data continue to map the dominant pattern.

"' We make this argument in (8). We outline its main features here, but do not have space to provide supporting
evidence from interviews and participant observation.

¥ There are many variations in the following sequence. Y et we maintain they are variations on acommon theme,
with differences to be understood in relation to the norm we outline.

" All names in this document are pseudonyms to insure the confidentiality of the interviews we conducted.
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