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Capstone design is the “bridge” from school to industry. It is important that this engineering experience is rich in the
creative approaches which are valued there. In particular, the capstone class should model the need for exploring divergent
solution paths, for listening to alternative opinions, and for stepping back from a problem. Skills in these creative areas
typically are not emphasized in the rest of an engineering curriculum. At the 2016 Capstone Design Conference, we
participated in a panel on “Encouraging Creativity in Capstone Design.”” The ideas presented were based on our own
experiences in using creativity techniques in design classes. This paper shifts down to the roots of those discussions,
describing our individual efforts in applying those creativity techniques. We conclude with a list of situational options, for

other practitioners to use in their design classes.
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1. Introduction

Capstone design experiences are a means for under-
graduate programs to ensure the readiness of new
engineers to enter professional practice. Particular
educational goals associated with the capstone
experience are as follows:

e Bridge the differences between typical classroom
experiences and real engineering projects, so as to
more carefully prepare students for the latter.

e Require students to synthesize their learning from
multiple courses.

e Give students personal exposure to what it is like
to do engineering work in the outside world and
to provide self-confidence about that destination.

e Have a clear marker of students’ readiness for a
career, as a final way of judging students, and also
as a way to assess program effectiveness for
external audiences such as ABET.

Creative experiences have been a part of the cap-
stone vision since its inception. Capstone courses
especially involve open-ended problems, such as
those Tina Seelig describes in her book, inGenius:
A crash course on creativity [1]. Capstone courses are
inherently a forced combining of students’ prior
learning toward solving some new and larger pro-
blem. That problem commonly involves outside
clients, and may be ill-defined at the beginning.
The problem may also be intentionally open-
ended. Typically, individuals or student teams
work semi-autonomously; they may need to

1468

choose which processes to use as well as which
technologies and materials; and the style and level
of guidance from an outside client, if present, is
likely to vary significantly from the classroom
instruction or supervision they have received. One
could see all of these new ingredients as places where
individuals or teams must respond in creative ways.

Thus, we have commonly seen capstone courses
include student activities such as brainstorming
initial design ideas and pursuing alternative solu-
tions to risks and issues as these come up.

However, the creative activities stirred into typi-
cal capstone experiences also have been limited by
the following factors:

e The nature of the college experience—students
may be unaccustomed to open-ended situations
where they have to spend time fumbling with
many choices and grappling with the problem
definition.

e Students fixate on a single idea during concept
generation and keep pursuing this concept even
after experiencing initial failures.

e Students expect their class activities to be clearly
defined and to lead rapidly and reliably to suc-
cess. Teams try to continue this easy problem
solving when they encounter the more difficult
problems in their capstone project.

e Student teams tend to be much more homoge-
nous than industry teams because they all have
very similar backgrounds and skills. This points
them in more uniform directions.

e The problems may intentionally be less than
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realistic, making it possible to solve them via
more routine practices. This could be the policy
of the department who picks the projects, or it
may be in the nature of the projects offered by
outside clients. For example, these clients may be
alumni working in engineering organizations,
and the projects are not something truly crucial
for their own companies to have achieved by
students.

There are substantial growth opportunities in pro-
viding new ways that capstone programs can stretch
students in creative ways. This paper explores
techniques for encouraging creativity in the six
phases described in the Osborn-Parnes Creative
Problem Solving Process shown in Fig. 1 [2-4].
Some of the techniques described such as Design
Heuristics and FuseTrail'™ are more suited for
particular phases of the process. Other techniques
such as stressing multiple perspectives and agile
techniques may be applied throughout all phases.

2. Background and literature review

Engineering is alive with questions about the role
and teaching of creativity in the making of practical
and necessary things. Indeed, definitions of engi-
neering vary even as to whether the “value” of an
engineering design includes considerations beyond
first principles and best practices, historically con-
cluding that convergent thinking is much more
valued in this work.

The fact that creativity has not traditionally been
considered a fundamental part of the engineering
curriculum, and thus not stressed, is noted in papers
like R. H. Todd [5]. Yet the need for creativity to
meet industrial requirements has been noted, as in
R.H.Todd[6], and in W. B. Stouffer [7]. In Todd, et
al.’s 1995 survey of capstone engineering programs,
48% of projects included a creativity or concept
generation phase, so encouragement of creativity
is long-standing.

Within engineering education, there is the age-old
conundrum of how much creativity can be taught. It
is well-known that novice and expert engineers do
design and problem solving in different ways [8].
Fixation and experience gaps limit the capacity of
students, say, to conceive of as many novel ideas.
Although this problem is more apparent in fresh-
man engineering design courses, it also occurs in the
undergraduate capstone experience.

We sidestep such large-scale debates and assume
creativity in capstone experiences is a desired out-
come for engineering programs. Whether divergent
thinking is used to achieve beauty or to solve
complex systems problems, the exhibition of that,
in an undergraduate individual or team’s solution,

demonstrates their ability to do independent think-
ing, as well as the application of lessons learned in
earlier courses. Typically, a problem given to a
capstone individual student or team is sufficiently
messy that straight-line reasoning to a solution is
likely to be defeated.

Our definition of creativity is the application of
creative processes, namely, the alternation of diver-
gent and convergent thinking in problem solving to
create something. This is in line with use of the term
in brainstorming, in the style of Osborn and Parnes
[2, 3]. Defining creativity as an activity operationa-
lizes it, and avoids having to consider the success in
deciding if creativity has been done. This may be
appropriate for engineering, where we would like to
say an individual or a team is being creative by
searching widely for answers, then choosing from a
rich set of options, rather than fixating or trying to
push through a solution on a single thread of
thought.

An alternative, which does evaluate the outcome,
is that offered by B. A. Hennessey, T. M. Amabile,
and J. S. Mueller [9], that creativity is “a product . . .
both novel and appropriate, useful, correct, or
valuable in response to an open-ended task.” This
provides a standard which is more “black box” than
tracing the processes used. Namely, the authors
measured what was creative based just on the
results.

These authors also describe a very pragmatic
evaluation method to go with this, that something
is creative if “appropriate observers independently
agree that it is creative.” Appropriate observers are
those who know the domain for which a product
was created [9]. This evaluative activity sounds
much like one way typically used to judge capstone
project results. C.D. Denson, et al. [10] point out
that this assessment definition suggests raters be
independent in judging projects on creativity (or
on anything else).

In the literature, we see examples of multiple
approaches to achieving creativity. L. A. Slivosky,
et al. [11], described numerous process ingredients
which could be used to stimulate creative design,
like exercises in creative problem solving, team
building and diversity appreciation events, and a
design process including unstructured components.

Several recent studies point to the influence of the
environment and social factors on creativity, speci-
fically that being exposed to—or better, immersed
in—an environment where you are expected to
think differently from the crowd, where you act
differently from a partner, or where you have to
adapt to a different culture, all improve perfor-
mance on creativity tasks. C. E. Ashton-James
and T. L. Chartrand [12] showed that the capacity
for divergent thinking is improved when social
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mimicry is not present, while the capacity for
convergent thinking is improved in an environment
where social mimicry is present. Similarly, S. H.
Kim et al. [13] found evidence that the feeling of
being considered an outsider or having been
rejected, while maintaining a strong sense of inde-
pendence, can facilitate divergent thinking in indi-
viduals with an independent mindset. W. W.
Maddux and A. D. Galinsky [14] explored the
influence of living in a different country on creativity
and found that living abroad or even thinking about
a past experience living abroad improved perfor-
mance on creative thinking tasks.

Alternative techniques are noted in Lovell, et al.’s
2016 “Lighting the Fuse for Creative Problem
Solving.” [15]. The characteristic ways creativity is
practiced in engineering are described, while appre-
ciating that creativity is usually no better than equal,
as an objective, to resulting functionality and qual-
ity attributes. And it may compete with these
results. The paper points to the many places in a
project where open-ended problems are encoun-
tered, not all at the beginning, with opportunities
for creative problem solving arising unexpectedly.
For example, testing a new kind of system may itself
require novel processes. Creativity may be needed
for capturing data, or for choosing from among
alternative solutions, versus just imagining a design
itself.

In reviewing capstone senior projects regarding
mentoring and student creativity, W. Mokhtar [16]
emphasized the open-ended nature of the projects,
with a need for guidance balanced against giving
space for creativity. He favored use of team struc-
ture which gives visibility to the creative level of a
team’s experience, and also recommended having a
higher-level organization, such as Project Review
Board, to help ensure the right level of creative

opportunity was provided in each project (across a
range of team advisers).

Articles in the current literature may key upon a
single approach or variable to improve capstone
creativity. That is, they compare using this
approach versus a baseline, usually the previous
way that capstone design was run at a school.

For example, N. Hotaling, et al. [17], discussed
the practical effects of introducing multidisciplinary
teams. The measurement was in terms of job place-
ment and/or industry evaluation of student pro-
ducts, versus monodisciplinary teams. Innovation
was cited as one measure on which holistic perfor-
mance was better on the multidisciplinary teams. In
their own literature search, these authors found that
group diversity can result in more creative solutions,
but also that this did not necessarily translate to
higher performance overall. Results varied, and
they believed the variables have not all been con-
sidered systematically.

In A. G. Carrillo’s dissertation work at Stanford
[18], he studied the diversity of teams as a variable,
using six factors including work experience diver-
sity. He was interested in how different dimensions
of diversity affected team processes and perfor-
mance. He found that diversity could increase
team creativity, but generalizations about the out-
comes were difficult. Significantly, in his observa-
tional study he found that low diversity teams
produced better results on short (2 week) projects,
while high diversity teams produced better results
on long (30 week) projects.

The published literature on creativity in business
and industry is immense, in contrast to that in
engineering. The influential work of proponents
like Osborn and Parnes [2, 3] dates back to the
1950’s. A common version of their creative problem
solving model is shown in Fig. 1. It recommends six
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Fig. 1. The Osborn-Parnes Creative Problem Solving (CPS) Process [19].
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separate places where brainstorming might be
employed, as cycles of divergent and convergent
thought occur in solving a complex problem. This
visual guide shows how creative exploration can be
applied to clarify a problem prior to trying to invent
asolution, or to come up with an action plan to use a
team’s invention. In business, the need for creativity
at any of these project stages would relate to the
difficulty of proceeding through that stage. These
business ideas about using creativity have clear
analogies in engineering thus specifically for cap-
stone experiences.

We note that a huge number of more specific
creativity practices are used in engineering, with
preferences which seem to vary almost at random.
Some of these techniques are promoted by specific
traditions, by popular books, or by consultants.
They are more directive than Osborn-Parnes in
different ways. For example, Synectics uses a flow
of activities, alternating between divergent and
convergent, to approach gradually on intriguing
solutions while avoiding throwing them out prema-
turely [20]. TRIZ uses a selection of synthesis
models to apply logically from general to specific
design situations [21]. The Creative Education
Foundation, founded by Alex Osborn, serves as a
central resource and research center in creative
processes and their uses [22].

3. Individual efforts at applying creativity
techniques

In the subsections that follow, individual authors
describe how they used strategic changes and fea-
tures of their programs to realize creative work by
their individual capstone students and student
teams. These vary in kind but relate strongly to
applying divergent and convergent thinking at var-
1ous times, as in the Osborn-Parnes model, shown in
Fig. 1. For example, recasting a problem from new
perspectives is a divergent way of clarifying the
problem. Within each section the authors relate
their efforts to the specific element of the Osborn-
Parnes CPS Process. At the end of the paper we
summarize with a table highlighting specific, trans-
ferrable aspects of these separate efforts, including
Table 3, with “Strategies and Practices That Faculty
Can Implement. *

3.1 Diverse teams: bringing together multiple
perspectives at RIT

In the Rochester Institute of Technology (RIT)
Multidisciplinary Senior Design (MSD) capstone
sequence, students follow a typical design process
similar to that outlined in Fig. 1, starting with
problem identification and ending with build/test,
and including the same elements of divergent and

convergent thinking along the way. At the time of
writing, the course also requires creative thinking
when teams develop their initial risk assessment
(brainstorm potential risks in categories including
technical/social/environmental/resource) and again
when problems arise during the course of the project
(brainstorm all the possible causes for this problem,
then brainstorm solutions for the most likely
causes).

The capstone projects span a wide variety of
topics: product design, process improvement, con-
tinuation (n'" generation) projects, clean-sheet
designs, incremental improvement projects, wild
idea projects, etc. Some of these clearly lend them-
selves to a greater degree of creativity than others,
but all projects are first reviewed by a multidisci-
plinary faculty team to ensure that each project will
provide an opportunity for some creative design
work. This often addresses the “Object Finding”
phase in Fig. 1. For highly constrained projects and
2" generation projects, there tend to be fewer
opportunities for creativity, as the design has
already begun to converge on a final solution. It
can be challenging for students on these projects to
feel like creative efforts are adding value to the
outcome. Additionally, clients with a strong pre-
conceived notion of what their final solution should
look like can make it difficult for teams to come up
with creative ideas. The burden for screening out or
coaching these clients lies with the faculty team, and
many times the client can be persuaded to keep an
open mind about what the team may propose.

3.1.1 Inter-college diversity: the Una-Crutch
example

Occasionally, students from outside engineering
would participate in MSD projects. The Una-
Crutch problem was brought to MSD by an Indus-
trial Design student who had observed a friend face
the challenge of switching between using a pair of
crutches for long distances and open spaces, and
using a single crutch for stairs and moving around in
close quarters. The Industrial Designer, three
Mechanical Engineers, and one Industrial & Sys-
tems Engineer worked together to create a design to
address this problem. While the team enjoyed a
good working relationship, their work was often
completed in a “throw it over the wall” manner
rather than in collaboration: the design student
developed creative concepts and was the driving
force behind gathering end user input on the appear-
ance models, and the engineers conducted stress
analysis and performed the detailed design work.
Thus, students from the different areas picked the
steps from Fig. 1 that they wanted to perform and
focused their efforts on those steps.

The Industrial Design students design output
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consisted of a series of concepts and appearance
models for the crutch body as well as the handles
and axilla pads, including a variety of concepts that
bear some resemblance to traditional crutches, but
include some features designed to improve the user
experience: they are both novel and useful, but not
always practical. The Engineering students’ output,
consisting of stress analysis and a fully detailed
design for a complete pair of crutches, bore a
striking similarity to traditional crutches and con-
tained feasibility work that supported convergence
to this practical but not novel outcome. The two are
compared side by side in Fig. 2.

The resulting design left the engineers disap-
pointed that most of what they did was redesign
what was already a perfectly good design for
crutches. The resulting design also left the industrial
designer frustrated because the design lacked visual
appeal and a distinct look compared with a typical
pair of crutches.

When the team regrouped and went back to the
design drawing board together, the Una Crutch was

born (Fig. 3). In collaboration, the engineers and
designer worked through the problem solving pro-
cess described in Fig. 1. In each step, all participants
advocated for their perspectives. From this multi-
disciplinary approach, the team created an idea fora
retrofit handle that could be attached to a tradi-
tional set of crutches. With the designer advocating
for ideas that would improve the user experience
and bring new functionality to market, and the
engineers advocating for ideas that would reduce
manufacturing costs and provide structural integ-
rity, the students eventually converged on a new
handle that was low-cost to manufacture and easy
to install, but gave the added feature of being able to
hold two crutches together without adding bulk or
weight. This final design met the needs of both
design and engineering.

3.1.2 Convergent and divergent thinkers

Beginning in 2015, the collaboration between
Industrial Design and Engineering grew to be
more formalized. Approximately 20 students from

Engineering

Fig. 3. The Una Crutch in its final form.
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both disciplines work together during the summer in
a design consultancy focused on the development of
effective access technology, and some of these
projects continue into capstone design. Three
2015-16 MSD teams (two from the summer con-
sultancy) included team members from Industrial
Design, and in 201617 that number has grown to
seven teams (33 students total). In the current
collaboration, the Industrial Design students are
also using these projects to satisfy their own cap-
stone design requirement, which has led to higher
engagement in all parts of the process for all the
students involved.

This most recent collaboration structure provides
an environment where students with very different
backgrounds (engineers and designers) are discuss-
ing their design project on a regular basis. In
accordance with the literature, bringing together
these different viewpoints and forcing students to
consider their different points of view should enable
them to think more creatively. Teams with a mix of
backgrounds (designers and engineers) together are
less likely to mirror one another, and more likely to
provide an environment where a team member is
considered an independent outsider, which may
make those teams’ members more likely to think
divergently.

The 2016-17 cohort is the first group to be
included in annual program assessment, and a
mid-course debrief with the participating students
has provided insight into the student experience.
The group of students participating was asked to
identify the most positive aspects of their collabora-
tion and the areas that were the most challenging or
needed improvement. Two common themes
emerged that are relevant here. The first was that
the students had to struggle to understand the
perspectives and potential contributions of those
with vastly different backgrounds, and to under-
stand another discipline’s approach to the design
process. The second theme was that both engineer-
ing and design students noted that the most impor-
tant positive aspect of the collaboration was the
ability to see things from a different perspective,
which some students felt helped them to come to a
locally optimal solution more quickly than if either
discipline had been working alone. The two obser-
vations are related: the struggle to come to con-
sensus on everyone’s roles and contributions may be
what helped the students to have more productive
idea generation that resulted in novel yet useful
solutions. The other areas for improvement identi-
fied by students were primarily logistical hurdles,
such as different course scheduling and student
work expectations for the designers and engineers.
The relatively straightforward changes required to
address the challenges are a reasonable tradeoff for

the benefit of an environment where students are
exposed to different perspectives.

3.2 Agile software development as creativity in
capstone experiences at Rose-Hulman

Over the past two decades, software development
has seen a movement, from the “Waterfall” and
“Iterative” lifecycle models to “Agile” models. The
latter involves fast cycles, high client interaction,
and delays to as many design decisions as possible
until time for implementation. In the fast Agile
cycle, all steps of the CPS shown in Fig. 1 are done
with every iteration.

Among the features of this newer life-cycle model,
a key one is enabling a team of software developers
to time decision making so that it is when they and
their client are focused directly on implementing
some particular requirement, and the team is then
able to demonstrate very shortly thereafter the
accomplishment of that requirement in their
system for the client’s evaluation. The attention of
both the client and the development team is drawn
to a succession of such requirements, normally done
in order of importance. This fast flow of “itera-
tions” of development provides more meaningful
discussions of those very specific requirements, with
client feedback and/or sign-off on those following
directly. Rework is minimized.

Embedded in the Agile flow is an intentional
imprecision in specifying most requirements. They
typically are described in sets of “user stories” that
do not prescribe any more than the most essential
needs. For example, from a well-known reference
site for Agile development:

“Asapower user, I can specify files or folders to backup
based on file size, date created and date modified” [23].

This example intentionally leaves off the part of a
user story which often is needed—the explicitly
stated purpose of the user in doing this action—
the “why”. That is inferred by the “power user”
role. Power users invent new work, and so have
broad, general needs. The point of keeping user
stories sketchy is that they can be interpreted close
to the time they are implemented, a situation that
can vary depending on the development done up to
that point.

During a team’s interactions with the client, at the
beginning of the activity when a requirement will be
done, they discuss it in more depth for example,
relating this user story to others involving the same
user, and detailing the interaction design. That
clarification process also is an opportunity for
creativity, because the development team is able to
inject their own ideas about design into the discus-
sions, and the nature of the interactions allows for
new ideas, about both the resulting system and the
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needs themselves, to be explored. In essence, every
short development cycle begins with an opportunity
for creative problem solving.

To be complete about how creativity is injected
via an Agile process, the process gets its name
because it is able to change to meet different
circumstances, such as requirements implying var-
iations in the processes a team has used before. In
Scrum, the most popular flavor of Agile, at the end
of each short iteration there is a Retrospective, an
opportunity to re-decide how the current project is
being done [24]. This is in addition to the meetings at
the start of each cycle, to agree what will be done
next, to design, estimate and assign the work; and a
meeting at the end of that cycle to demonstrate
performance to the client. Thus, the varied aspects
of the work—from customer relationship through
requirements to how design and development are
being conducted—all are able to change. Every-
thing is open for discussion, on a regular basis,
and teams take advantage of that via use of creative
processes. The organization of a team is essentially
flat, promoting contributions by everyone. Anyone
can question what is being done or how it is being
done. This team design fits the idea of providing the
psychological safety for each team member to offer
ideas. That is the number one requirement for team
success cited in recent, extensive team studies at
Google [25].

3.2.1 New style capstone design: Agile

Favoring more interaction meant that more change
during a project would need to be acceptable. The
notion of “stable requirements’ was replaced by the
more realistic view that most customers and users
“know what they want when they see it.”” This is a
fundamental finding of interaction design, that first
principles, best practices, heuristics and well-written
specs are insufficient to optimize customer accep-
tance. [teration is inevitable based on reactions to
the real artifacts [26].

For capstone projects, adopting an agile
approach meant encouraging creative solutions to
everything, and encouraging teams to step up to
creative decisions. All teams were now on different
schedules and had different sets of deliverables. The
last piece in the creativity puzzle, to make this style
work, was creative advising and assessment by the
course instructor. This is pretty much where we are
now in software capstone best practices. Creativity
is an expected part of the process, at all levels: by the
client, students, and instructor.

3.2.2 The path to an agile capstone at Rose-
Hulman

Since the 2013-14 capstone cycle, the CSSE depart-
ment has expected an Agile approach from all

teams. In the current model, teams do either one
or two week long iterations, with products to show
their clients at the end of each cycle.

It is possible to make a case that the newer
approach is both more creative and also more
successful in delivering desirable products to project
clients. These are the often contradictory directions
engineering teams might choose, but, in these soft-
ware projects, both dimensions appear to have
grown, as Agile became their standard development
practice.

For example, a customary capstone project once
was to develop a web site for an outside client, using
a database for underlying business data. If the team
did any iterations, these were large scale, like devel-
oping the core pages first, then adding chunks of
features to those, in one or a few additional itera-
tions. Now the projects are much more ambitious.
Recent successful examples have included:

e Create a universal backup device for machines
sharing a LAN, without file duplication.

e Generalize Uber, with middleware supporting
any type of delivery service.

e Provide all the logical smartphone services for
visitors to a large state park, such as allowing
them to add their own images to those taken by
others, from any location.

e Create Android and iPhone apps to control
remote mobile devices in real time, synchronized
with other users of these devices.

e Invent learning tools on tablets for research with
children who have disabilities such as dyslexia
and autism.

e Provide investors with their current real and on-
paper gains and losses, in multiple funds, with an
ability to move to additional levels of detail.

At Rose-Hulman, students learn to use the Agile
model in software engineering classes during the
junior year. By the time they are seniors, students
are adept at Agile methods. It is because of this
deeper skill base that they are able to take advantage
of creative opportunities in their capstone projects.
They know how to work, individually and jointly, to
come up with new design ideas using divergent
thinking, evaluate these themselves, and present
them to their client as recommendations. They
also have experience problem-solving directly with
clients.

Pedagogically, it would tricky to teach the prin-
ciples of agile software development at the same
time students are supposed to be using them profi-
ciently. During each iteration, all the skills are called
upon such as requirements gathering, design, cur-
rent implementation practices, testing, and delivery.
That is the first couple weeks or so of a capstone
course, to apply all those at once, in a first iteration.
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Because of the nature of the Agile process, each
design idea developed is regarding a reasonable-
sized chunk of the system—usually a part of a
feature such as a user interaction which can be
written as a single sentence. The atomicity of these
requirements enables more freedom for design work
responding to them.

In Table 1 we see the derived results of team
feedback, in the form of student course evaluations,
from 2003-4 through 2015-16, from the author’s
capstone courses. Numerical course evaluation
scores for classes in succeeding years were com-
pared, for three key questions on those instruments.
Shown in the table, as correlations, is the trend in the
numeric values for the questions over those 13 years.

The major course change associated with the
trend was that generations of students used progres-
sively more agile processes over these years, as they
pursued their capstone projects. These agile pro-
cesses enabled greater opportunities for team crea-
tivity, particularly in framing the problem being
tackled.

The correlations show increases in these numbers
over those years as the processes morphed. That is,
the independent variable is the school term/year,
and the dependent variable is the students’ summary
evaluation, for the three questions shown in Table 1.

The numbers 497, 498, and 499 are the three
course numbers for the Capstone sequence, usually
taken fall-winter-spring in a student’s senior year.
The results can be read as, “For the first two of these
sections, over the years, student feedback increased
significantly (at the 0.05 level).” This was in terms of
their quality of learning and their rating of the
overall course, though not in terms of overall

instruction received. The latter exception can be
explained by the fact that the role of an instructor
in capstone is more limited than in other classes, and
students are encouraged to become ever more self-
reliant. The fact only the first two sections of
capstone show significant growth in ratings, over
the years, could be explained by the phenomenon
that, in 499, these ratings appear to be tied closely to
the success of the project by a given team. That is,
the ratings are lower, the final term, if the project did
not come to a fully successful conclusion. In the
earlier two terms, the project is still in progress, and
team hopes are still high.

Client survey reactions also increased over these
same terms/years, with low positive correlations
(0.14 for how happy they were with the software
delivered, 0.20 for how successful students were at
converting their needs, and 0.21 for how well the
students communicated with their clients). How-
ever, because of the lower number of clients studied,
these increases were not significant at the 0.05 level.
Students have a choice of projects, with a team
usually being able to pick from among two or
three times the number of project proposals as
there are teams doing this choosing. Encouraged
by better preparation prior to capstone, the teams
were selecting progressively more complex projects
over these years, so client expectations were grow-
ing.

It is worth noting additional variables relating to
team success. For CSSE majors, 2010-2016, we
correlated their grades in prerequisite courses with
their grades in these capstone courses. This was
done by pairwise comparisons of individual stu-
dents’ grades, from one course to another, over

Table 1. Correlation of average feedback ratings, with successive term numbers that capstone courses were offered, 2003—4 through 2015-

16.
Course Q1—Quality of Q4—Overall course Q9—Overall instructor
evaluation Q: learning rating rating Students reporting
497 498 499 497 498 499 497 498 499 497 498 499
Correlation 0.43 0.32 0.18 0.39 0.53 0.00 0.22 -0.19 0.18 82 98 74
with term/year
Significant at - = °
what level? = - o § 5
(=3 (=] o (=3 g o~ a) e on
(=] (= — (=] [=] (=) S [9) —
S S S S Vv < S Z S

Table 2. Correlation of grades in CSSE capstone courses with grades in their prerequisites

Capstone course Prerequisite Correlation Significant at what level?
497 371 (Software requirements) 0.25 0.00002 (N =279)

498 374 (Software design) 0.24 0.0003 (N = 224)

498 497 0.43 4E-13 (N = 254)

499 498 0.64 2E-29 (N = 248)
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several years. The results were significant at the 0.05
level and indicated that the correlation was low.
These are shown in Table 2.

There was low correlation between grades in
prerequisite courses and performance in capstone.
We also checked the correlation of these capstone
courses with other courses in their major, and the
correlation was low. The relationship of perfor-
mance in the capstone, with their overall GPA, or
with GPA in their major, was also low. Some
authors were surprised that performance in prere-
quisite courses did not predict success in capstone.
There are other factors that influence capstone
success. For example, it is possible that teamwork
overrides everything else in producing success or
that the relationship with a client is most important.
The ability to deal with ambiguity may play a role in
capstone success. Finally, it is possible that the
creative response of a team to the changing require-
ments of a project plays a significant role in success.
The main point demonstrated by Table 2 is that
success in prerequisites for the capstone course
sequence do not predict success in that sequence.
That is, this success is not deterministically set by
prior learning, opening the door for situational
variables like a team’s ability to deal creatively
with their problem.

The predictability of grades in 498 and 499, based
on the grade in the capstone preceding it, is worth
noting. This is not because of a bias by the professor
issuing the grades, exactly. In 2015-16, for example,
every team had two different professors as their
advisors, over the three-term course set of their
project.

Each team does have to be judged based some-
what on effort, not by a blanket judgment of success
on the projects. Some are surely harder to judge
than others. Can a capstone team who failed, and
could have been fired by their client, get an “A” for
diligence and creativity? For example, our team,
charged by their client to create a universal backup
device, was successful in achieving this for Win-
dows-based machines, but not for machines with
other operating systems. It was a very ambitious
project, and it included twists such as, early in the
second term, their client discovered he was not
going to be able to get the rights to use underlying
software from one source, and the team had to make
up for that. Does starting over impact their grade?

How does one measure effort? Faculty advisors
study contributions of each student on the team
repositories (like Github). They run weekly team
meetings as a project manager, asking each student
whether they accomplished what they had planned
to do the week before, etc. And how the current pace
leads to eventual success, using tools like burn-
down charts. They use team peer evaluations and

customer feedback in their grade decisions. Perhaps
agile grading is the last side of creativity required for
this style of capstone experience.

3.2.3 Conclusions regarding agile development

We believe that moving to an Agile project struc-
ture, for software capstone teams, makes sense to
prepare them for their work environment. However,
this also yields the benefit of immersing them in a
creative problem-solving environment during their
senior year.

At Rose-Hulman, the progressive move from
Waterfall and Iterative life-cycle models, to Agile,
has generated progressively stronger student feed-
back about their experiences, particularly during
the first two terms of the three-term capstone. The
influence of this change to Agile compares strongly
with the expected influence of student success in
prerequisite courses.

3.3 Fixation in a creative problem solving process
at University of Limerick

At University of Limerick the capstone course is
traditionally known as the final year project which
operates in two modules over one academic year.
The student defined final year project is either a
research-driven individual project where students
focus on a theoretical framework, or a design-driven
problem contextualized in Technology Education.
The design-driven project takes students through an
iterative design process similar to that outlined in
Fig. 1. In a creative problem solving process cap-
stone students bring together their cognitive, psy-
chomotor and affective learning from their previous
years of undergraduate education toward the cul-
mination of an individual student capstone project.
This paper focuses on the idea finding and solution
finding process for the design-driven project.
During the creative problem solving process the
generation of numerous and diverse ideas may be
limited by one’s imagination and curiosity due to a
focus on implementation [1]. This focus on imple-
mentation may result in students not realizing their
potential, and/or not exploring all possibilities. In
addition, the focus on prior or known experiences,
existing ideas, or products, is known as fixation,
may block new ideas [27].

3.3.1 Fixation in a creative problem solving process

Fixation, or the tendency to become focused on
specific options early in the design process, can limit
the variety of designs considered [27-30], impede
productive problem solving [31], and in some
instances, fail to solve the design issue or need [32].
Viswanathan et al., [28] highlighted the manner of
presenting external examples, as either sketches or
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prototypes, influences the amount of creativity and
fixation.

Fixation can limit creative problem solving.
Everybody has the capacity to be creative [32].
Robinson also argues that as individuals we do
not grow into creativity, we grow out of creativity
[32]. Creativity researchers generally agree that
creativity involves a combination of uniqueness
and usefulness [33, 34]. It was proposed that crea-
tivity is the interaction among aptitude, process,
and environment by which an individual or group
produces a perceptible product that is both novel
and useful as defined within a social context [34].
The main experiences explored in the context of
creativity in this section focus on overcoming fixa-
tion on initial ideas (idea finding), by developing
initial ideas (solution finding) using Design Heur-
istics. To overcome fixation and promote the gen-
eration of new ideas or development of existing
ideas, students should integrate ideation tools into
their creative problem solving process. However,
many of the ideation tools available are not empiri-
cally validated.

3.3.2 Design heuristics in a creative problem solving
process, at University of Limerick

The 77 Design Heuristics tool is an empirically
validated ideation tool which supports students’
idea finding and solution finding thus overcome
fixation and promote creative ideation. The
Design Heuristic tool is most naturally applied
during the idea finding and solution finding steps
of the CPS shown in Fig. 1. Design Heuristics (DH)
are a collection of prompts to help designers gen-
erate alternative solutions that vary in nature [35-
37], discouraging fixation and encouraging diver-
gent patterns of thinking (Fig. 4).

Design Heuristics are derived from empirical
evidence of industrial and engineering designers’
protocol studies [36-39], a comprehensive product
analysis of over 400 products [40, 41], and content

analysis of an expert designer’s over 200 concept
sketches to solve a specific design problem over two-
year period [42]. They are also empirically-validated
in both educational [37, 43-49] and professional
settings [50, 51], demonstrating its ease of instruc-
tion, use and its impact on the quality of the design
outcomes.

At the University of Limerick Technology Edu-
cation pre-capstone modules, students apply
numerous idea finding and solution finding techni-
ques for encouraging divergent and convergent
thinking. Some of these techniques include lotus
blossom, brainwriting, SCAMPER, morphological
analysis, and random inputs. For the 2016 capstone
design-based project the Design Heuristic tool was
used to support students solution finding thus over-
come fixation in idea finding. During the idea
finding phase students used individual brainstorm-
ing to generate initial ideas. Once students reached
idea exhaustion the solution finding phase com-
menced with the support of the Design Heuristic
tool.

In the context of CPS idea finding phase some
students initially expressed difficulty generating
creative ideas:

“The first idea generation was very tough; the ideas
were very square and existing ideas were very fixed in
my mind” (UG student JD).

In the context of the solution finding phase with
support of the Design Heuristic tool students noted
the generation of creative possibilities:

“When using the [DH] cards it allowed you to think
outside of the box and come up with ideas that I would
not have thought of” (UG student JD);

“The cards supported my idea generation for longer
and pushed me to develop more ideas than I normally
would” (UG student JG);

“I had less brain blocks as the [DH] cards example
would open a new window for ideas” (UG student
JCH);

REDEFINE JOINTS

REDEFINE JOINTS

DJINN

Fig. 4. Heuristic Card Example: Redefine Joints.
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Percentage of ideas
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@ % Refined
0% Developed
0% Initial

Fig. 5. Capstone student creativity self-assessment in design ideas.

“They helped me think of ideas that I would not even
think about (UG student CB);

“I know myself I struggle with idea generation” so
these [DH] cards provide me with starters for my
imagination to kick in and come up with more inno-
vative designs” (UG student BE);

“The Design Heuristic cards helped a great deal with
coming up with some simple but effective ideas” (UG
student DM).

In the context of solution finding the Design Heur-
istic tool strengthened students solutions by work-
ing toward the best solution:

“They were great to spark your imagination and to stop
you from finalizing on one idea” (UG student PC);

“I was able to use various different Design Heuristic
cards to come up with better concepts” (UG student
CH);

In the context of overcoming fixation with the
support of Design Heuristics students noted:

“The Design Heuristics made me broaden my mind and
make an effort to incorporate different aspects” (UG
student CK);

“The Design Heuristic cards gave me great ability to
explore design. They made me look at everything
differently and every card was a new adventure. The
cards changed my design completely. I got great value
from them as my design now provides a service and has
a second function” (UG student DB);

“They definitely helped move passed fixation” (UG
student CF);

... compared to the first generation session where it
was more me thinking of simple existing solutions and
redrawing them or manipulating them slightly. The
Design Heuristics led to more thinking and creativity”
(UG student NK).

During the creative problem solving process stu-
dent’s creative ideation was supported by the
Design Heuristic tool during solution finding.

After the idea finding (initial ideas), and solution
finding (developed initial ideas and refined ideas)
students comparatively self-assessed their ideas in
the context of their individual design-based project.
It is acknowledged students’ self-assessment was
not triangulated with assessment by peers or the
academic team for the capstone design-based pro-
jects. From the student self-assessment it was evi-
dent that student’s ideas progressed with respect to
creativity from initial ideas (idea finding) to devel-
oped and refined ideas (solution finding) (Fig. 5).
Overall the individual student ideas were distrib-
uted with 32% of ideas in the idea finding (initial
ideas) phase, 68% of ideas in the solution finding
phase (32% developed ideas, and 36% refined ideas).
This overall breakdown represents a greater pro-
portion of solution finding ideas as students pro-
gressed from their idea finding (initial ideas) which
indicates an expansion of initial ideas, thus over-
coming fixation and exhaustion. In terms of ranking
individual ideas with respect to creativity; overall
the solution finding ideas were ranked more crea-
tive. In the context of idea finding (initial ideas)
students predominantly ranked their ideas in the
least creative categories. This ranking is represented
as 9% little creativity, 8% very little creativity, 10%
barely creative and 2% no creativity. In the very
creative categories students ranked initial ideas as
2% somewhat creative, and 1% very creative, with
no initial ideas ranked extremely creative. In the
context of solution finding, focusing on developed
ideas (32%), ranking of ideas occurred toward the
little creativity categories. This ranking is repre-
sented as 13% little creativity, 4% very little creativ-
ity, 5% barely creative and 1% no creativity. In the
very creative categories students ranked developed
ideas as 6% as somewhat creative, and 2% very
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creative, with no developed ideas ranked as extre-
mely creative. In the context of solution finding,
focusing on refined ideas (36%), ranking of refined
ideas occurred toward the very creative categories.
This ranking is represented as 8% very creative and,
17% somewhat creative. As ideas were refined it is
evident that the little creativity categories greatly
reduced with 3% very little creativity and 8% little
creativity. These findings indicate with the integra-
tion of the Design Heuristic tool from idea finding to
solution finding students increased the number of
ideas, overcame fixation, and represented more
creative ideas working toward the best solution. It
is acknowledged the creative problem solving pro-
cess is iterative and may require further solution
finding tests such as high fidelity prototypes to
determine the viability of a creative solution to
address their problem.

Statistical analysis was used to determine the
independence of idea finding and solution finding
ideas which indicated student creativity increased
significantly (at the 0.05 level). The correlation
between initial and developed ideas indicates a
positive relationship (0.636), and between devel-
oped and refined ideas indicates a positive relation-
ship (0.5177). Overall the findings indicate students
developed creative ideas as idea generation pro-
gressed from initial ideas (idea finding) to refined
ideas (solution finding) with the support of the
ideation tool Design Heuristics. Design Heuristics
supported student’s ability to overcome fixation
and develop creative ideas from the idea finding
phase to the solution finding phase in the context of
their individual capstone design-driven project.

3.3.3 Conclusions about fixation

Fixation is a practice evident amongst students and
professionals. Informing and educating students on
fixation and integrating empirically validated idea-
tion tools can promote divergent and convergent
thinking. From the student comments and self-
assessment it is evident that creative idea develop-
ment and overcoming fixation were supported by
the Design Heuristic tool. Developing students’ idea
finding and solution finding during creative
problem solving requires support tools to extend
the pool of creative ideas. Further studies have
explored the use of the Design Heuristic tool for
idea initiation, transformation and sub-component
design [52].

3.4 Art as a tool to improve creativity in design at
Rose-Hulman

A course in creativity and creativity techniques was
developed as a prototype to test creativity teaching
techniques for subsequent incorporation into a
capstone design sequence. The primary creativity

mechanism was to utilize art both as a prism for new
ways of seeing and as a vehicle to explore design in
collaboration with the Barnes Foundation of Phi-
ladelphia Pennsylvania. Students in this course
explored a number of techniques to help them find
their creative core, however this discussion will
focus on the use art as a prism to see engineering
design from multiple perspectives. Seeing engineer-
ing design from multiple perspectives can be used in
all phases of the CPS in Fig. 1.

Common techniques for brainstorming new ideas
involve techniques to get students to view problems
from a different perspective (seeing the problem
from another person’s perspective, changing the
laws of physics, triggers, etc.). As will be explained,
the novel approach used in this course was to use
artwork and art techniques developed by the Barnes
Foundation in addition to techniques developed for
this course to develop different and unique
approaches to problem solving. The primary benefit
of this approach is that most engineering students
and faculty have limited experience with artwork;
this allows a similar level of comfort and familiarity,
or lack thereof, with a nearly simultaneous explora-
tion of new concepts by the entire class. Students
stated in post course surveys that the use of art aided
in reducing self-censorship when discussing and
exploring the approaches in class, as there is no
fear of sounding foolish in front of an expert,
including the faculty instructors.

The authors worked with the Barnes Foundation
to utilize the techniques the museum had developed
as part of their educational programs. The primary
techniques explored here were mindful observation
of individual art, careful observation of assemblies
of art, and techniques to use existing works to help
students find and develop their own voice. The
careful observation approach, developed by the
museum’s education group, called ““‘slow-looking™,
was modified and implemented into the slow-look-
ing and prisms portions of the course. Overall the
artwork was used as a mechanism to see engineering
design from a unique perspective by exposing stu-
dents to unique artistic techniques, such as the use of
perspective and line by Cezanne, followed by con-
nection to unique engineering designs such as the
first graphics user interface from Xerox PARC.

3.4.1 Slow-looking

Slow-looking uses the study of works of art to help
design students observe carefully and gather infor-
mation on what they are observing deliberately. An
artwork is briefly introduced followed by several
minutes of quiet study of and reflection upon the
work. The technique is introduced by a group
exercise where the themes of light, line, and color
are used to explore a work followed by several short,
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individual explorations to help students to further
understand the technique.

The slow-looking technique was used to explore
individual works of art, collections of works by an
artist, and wall sized collages of art unique to the
Barnes Foundation. Those collages, consisting of
fine art, decorative pieces, and antiques, provided
the richest application of the slow-looking techni-
que, proving to provide multiple perspectives of the
same collage that provoked significant discussion
and, based on post-course surveys, gave many
students insight into how the same work can be
viewed from many different perspectives.

The students applied the same slow-looking tech-
nique to the exploration of individual works of art.
While the collage analysis provided insight into
different perspectives on the same design, the
study of individual works resulted in an increased
intensity of analysis as students shared their obser-
vations that demonstrated a depth of study that
encouraged their classmates to elevate their expecta-
tions.

The slow-looking approach was initially applied
to artwork but was later applied to architecture,
engineered products, and finally students were
asked to apply it to a design of their choosing.
This approach and its techniques are valuable to
practicing engineers [53] and also expert designers
[54], by giving them tools to analyze the designs of
others as well as an approach to the creation of their
own designs.

Another art-based approach developed in this
prototype course is developing new prisms by initi-
ally discussing artwork, the approach of the artists
to that work, and from that conceptualizing a
“prism” to see it the way the artist might see it.
Not only does this approach serve as an alternative
to design concept generation methods [39], it also
serves to help develop alternative designs and
explore the design space more creatively, both of
which are valuable techniques for professional
designers [53].

Finally, and significantly, a recurring topic of the
course addressed dealing with fear. This is a sig-
nificant barrier to the generation of new ideas and
exploration of possible outcomes that are critical to
professional designers [53]. In addition to develop-
ing their own “Litany Against Fear”, several fear-
defeating techniques used by artists and their appli-
cation to engineering design were discussed in class
[55-57].

3.4.2 Conclusions about learning from art

The effectiveness of the course was evaluated by
reflective prompts throughout the term as well as
summative reflective essays at the conclusion of the
term. The results of the art-based elements of the

course were evaluated to be very successful, with
universal approval by the students. A few notable
comments from student summative reflections:

“This class in general opened my eyes to who [ am and
not what the school was making me into. It brought
back my individuality.

“Ireally appreciate you both bringing back a part of me
that I thought was gone long ago.”

“I’'m really glad I took this course, as it teaches us
lessons that no textbook can convey.”

Based on the student evaluation comments, these
techniques will be modified and implemented into
the capstone design sequences in the coming year.

3.5 Use of commercial system for creativity at
Rose-Hulman

At Rose-Hulman, mechanical and civil engineering
chose to use a commercial system called Fuse-
Trail™ to enhance the problem finding, idea find-
ing, and solution finding portions of the CPS shown
in Fig. 1. The FuseTrail™ involves using a box of
objects in a kinesthetic way to generate observations
that are used to stimulate unusual ideas. The process
can be used with two to twenty participants. The
company, Kiln, provides a box of objects that have
been carefully chosen to reflect current trends in
society [58].

Prior to the session, a facilitator determines the
key question that the group should answer. For
capstone courses students are asked to state a wish
about their project. Sample wishes have been, “I
wish there was a better way to hold the meter during
testing.”; ““I wish that the base of the robotic arm
didn’t wobble.”; “I wish this part wasn’t so expen-
sive.” The wish that is the focus of the session is
written and displayed so that all participants can see
the wish. Participants are told to read the wish and
that the goal is to generate as many ideas as possible
about fulfilling the wish. Furthermore, the facilita-
tor tells the group that they will meander away from
the wish for a bit and to have faith that the group will
address the problem.

A session begins with participants being given a
wrapped object and asked, “What do you observe?”’
Each participant gives a short phrase that describes
what they see, feel, or smell when holding the object.
Every phrase is recorded so that the group can see
what has been said. In the second round, the object
is opened and participants are asked, “What does
this object mean to you?”” Again, each participant is
encouraged to give an answer that is recorded for
everyone to see. After the second round, a card that
describes the social trend that is associated with the
object is removed from the box and read to the
group. A third round begins as each participant is
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asked to name a trend that they observe in the
object.

After the three rounds are completed, partici-
pants are reminded of the wish. They are asked to
take two words from any of the three rounds and put
the words together in a way that asks a “How might
we’” question relevant to the wish. So, for the meter
question earlier, a potential question could be,
“How might we keep the meter still without using
mechanical methods? ““ Participants are encouraged
to generate ““how might we” questions until 20 or 30
questions have been generated. After 20-30 ques-
tions have been generated, participants select the
most interesting ideas to pursue. Participants brain-
storm as many possible ideas for each of the selected
“how might we”” questions in the time permitted.

This method was used by both Civil and Mechan-
ical Engineering capstone design teams in the fall of
2015. The data collected was largely anecdotal.
Faculty members and students enjoyed the process
and felt that the ideas generated were good. Inter-
estingly, at least four external clients commented,

without any prompts, that the ideas generated
during the fall were the best that they had seen in
their time working with Rose.

3.5.1 Conclusions about FuseTrail™

Having a wrapped object was appealing to partici-
pants—it appealed to their sense of mystery. Also,
touching the object seems to reduce participant
anxiety and help them generate more observations.
The written material about the object stimulated
thinking. Requiring the participants to put together
two words as they generated ideas seemed to lead to
wider range of ideas. When students are asked to
spend significant time generating ideas with a facil-
itator, they are willing to do so and are often
pleasantly surprised by what they achieve.

4. Discussion: strategies and practices that
faculty can implement

The opportunities and constraints for creativity in
capstone experiences are all related to the situation

Table 3. Creative windows which may exist for senior project practitioners.

Creativity window Description

Evidence and Rationale

Use participant diversity.
Use background diversity.

Level the contributions.

Select team members or outside influencers
who think differently.

Pick people with complementary skills

Encourage equality of contribution,
generally and in team meetings.

Teams who do not all think alike are more
effective on long-term projects.

Teams who need to learn from each other
invent synergistically.

Google’s studies [25] show that respect and
equality amplify team output. It’s a
necessary ‘“‘set’ to generate safety for
creative thinking.

Inject creativity throughout the
curriculum.

Set up creativity as a goal.

Invent new meanings for project creativity.

Put students “outside the box”.
Inject creative stimuli.

Make creative assumptions.
Alter the pace of work.

Defer judgment.

Give students maximum responsibility on
these projects.

Use reflective prompts.

Employ agile processes.

Add indirect creativity.

Let the capstone hone this skill, not
introduce it.

Make a creative and effective solution both
be part of a team’s grade.

Make any tough problem in a project be a
chance for a creative solution.

Give them an unusual environment to work
in.

A surprise visit from an artist, to show their
work to?

Engage creative design people on the
project review team.

Have students participate in ‘“‘slow
looking™ at artistic objects.

Use this rule in brainstorming, and in
exploring design alternatives.

We leave the room while they work, as
often as possible. They feel individual
responsibility for the work.

Students do “meta-thinking” about what
they are doing.

Students work in short cycles with
customer feedback with everything up for
change after each cycle.

Have students interact with tools, games
and imaginative activities.

Students tend to reject practices introduced
as afterthoughts in their program.

These goals can fight each other, but both
are desired.

Creative models are not limited to just the
features of the end product.

A regular classroom dictates expectations.

The element of surprise is known to open
people up.

Expectations drive a lot of student
behavior.

More intense review of interesting objects
with depth inspire this mode of thinking.

This could be a top differentiator between
students and seasoned engineers.

We often are a hindrance, because students
are filtering their ideas based on our
reactions.

This is an opportunity for them to change
behavior patterns.

A non-fixed process invites creative options
continually.

Some students feel too challenged by being
asked directly to be creative, but respond
well to these stimuli.
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at hand. For example, if only “canned’ projects are
pursued, students know that the existing expecta-
tions of faculty take precedence over their ingenuity
or their awareness of newer solution paths. How-
ever, many chances for a team to be creative are
unnoticed simply because no one has considered the
possibility to solve a part of the capstone problem in
novel ways. There are opportunities in each phase of
the CPS in Fig. 1 for students to use creativity. We
hope that our experiences will spark new dimen-
sions in which engineering programs can make
capstone experiences creative.

Table 3 summarizes creativity “windows’ that we
believe may be available to capstone projects that
are often overlooked. These ‘“‘windows’’ could work
for various types of capstone experiences, such as
those of varying lengths. As with every ingredient,
adding creativity does reduce time for existing
activities; it could be justified as more valuable
than rewriting increasingly perfect documentation,
or even satisfying every requirement written by a
client.

At our Capstone Conference panel discussion,
the question was asked, “Can creativity be taught?
We are sure this question is too deep and philoso-
phical to answer from our experiences. At the
conference, one of our answers was that you can
talk about something else which stimulates students
to act creatively, like having them play games or use
tools to modify or inject their thought process with a
new way of thinking.

As noted in the final item of our “windows”,
students can become blocked or fixated, when
challenged directly to “be creative”, while indirect
methods do work. Indeed, the divergent side of
being creative is close to the simple act of just
thinking about something different. Design Heur-
istics prompt designers to modify their ideas using
the 77 concept modifiers. Another standard techni-
que suggested by several creativity writers is to take
an “excursion”—go do something unrelated, after
focusing long and hard on a problem. [59, 60]

In our discussion at the conference, we suggested
as well that creativity involved “trials” of things
which may or may not work. And this is true of
trying Capstone processes which may or may not
stimulate creativity among students in a particular
department or school. There are strong cultural
factors at play, such as, what tools have students
already worked with? At the same time, “‘being
creative” suggests having the initiative to go
against standard, known solutions implying a
counter-cultural ingredient. Perhaps training stu-
dents to develop active self-awareness and self-
reliance is a foundation for this side of creativity.
Our engineering programs increasingly promote
that maturation with “Makers Labs” and other

prototyping opportunities and a “fail fast”
approach to risk-taking.

Our definitions of creativity allow for both ele-
gant and complex variants, developed by students,
to qualify. This does not simplify the task of judging
what is more creative of their outputs or of their
means to achieve them.

5. Conclusions

There are a wide range of implementations to
accomplish capstone design course objectives that
provide numerous opportunities to encourage and
demonstrate creativity. Students, when encouraged
to be creative, try and often obtain remarkable
results. The techniques presented in this article
have been helpful to the authors in the circum-
stances described. We encourage readers to take
advantage of all opportunities for students to exer-
cise creativity. We look forward to hearing your
results at the next Capstone Conference.

References

1. T. Seelig, Seekugm inGenius: A crash course on creativity.
HarperCollins, 2012, p. 6. & p. 19.

2. A. Osborn. Applied Imagination. Creative Education Foun-
dation, Buffalo, NY, 2013.

3. S. Parnes. Source Book for Creative Problem Solving: A Fifty
Year Digest of Proven Innovation Processes. Creative Educa-
tion Foundation, Buffalo, NY, 1992.

4. CreativityLand, Which creative problem solving model do
you use? CreativityLand, Inc. http://www.creativityland.ca/
which-creative-problem-solving-model-do-you-use/,
Accessed 19 February 2017.

5. R.H. Todd, S. P. Magleby, C. D. Sorensen, B. R. Swan and
D. K. Anthony, A survey of capstone engineering courses in
North America, Journal of Engineering Education, 1995, pp.
165-174.

6. R.H. Todd, C. D. Sorensen and S. P. Magleby. Designing a
senior capstone course to satisfy industrial customers, JEE,
1993, pp. 92-100.

7. W. B. Stouffer, J. S. Russell and M. G. Oliva, Making the
strange familiar: Creativity and the future of engineering
education, ASEE, Session 1615, 2004.

8. Y. Huang, and J. Li. Comparing personal characteristic
factors of imagination between expert and novice designers
within different product design stages, Int. J. Technol. Des.
Educ., 25, 2015, pp. 261-292.

9. B. A. Hennessey, T. M. Amabile and J. S. Mueller. Con-
sensual assessment. In M. A. Runco & S. R. Pritzker (eds),
Encyclopedia of creativity, 1, 2nd edn, Academic Press, San
Diego, CA, 2011, pp. 253-260.

10. C. D. Denson, J. K. Buelin, M. D. Lammi and S. D’Amico.
Developing instrumentation for assessing creativity in engi-
neering design, Journal of Technology Education, 27(1), Fall,
2015, pp. 23-39.

11. L. A. Slivovsky, A. A. Liddicoat, C. M. Clark, J. Widmann,
J. Mello and B. Self, Enabling creativity in capstone design,
Science of Design Symposium, Arcata, CA, 2007, pp. 32-33.

12. C. E. Ashton-James and T. L. Chartrand, Social cues for
creativity: The impact of behavioral mimicry on convergent
and divergent thinking, Journal of Experimental Social
Psychology, 45, 2009, pp. 1036-1040.

13. S. H. Kim, L. C. Vincent, and J. A. Goncalo, Outside
advantage: Can social rejection fuel creative thought? Jour-
nal of Experimental Psychology.: General, 142(3), 2013, pp.
605-11.



Encouraging Creativity in Capstone Design

1483

14.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

W. W. Maddux and A. D. Galinsky, Cultural Borders and
Mental Barriers: The Relationship between Living Abroad
and Creativity, Journal of Personality and Social Psychology,
96(5), 2009, pp. 1047-1061.

. M. D. Lovell, P. Brackin, R. A. House, S. Chenoweth and

K. C. Dee, Lighting the fuse for creative problem solving,
ASEE, New Orleans, LA, 2016, paper ID # 157346.

. W.Mokhtar, Capstone senior project mentoring and student

creativity, ASEE, Louisville, KY, 2010, AC 2010-921.

. N. Hotaling, B. B. Fasse, L. F. Bost, C. D. Hermann and

C. R. Forest, A quantitative analysis of the effects of a
multidisciplinary engineering capstone design course, JEE,
101.4, October 2012, pp. 630-656.

. A. G. Carrillo. Engineering design team performance:

Quantitative evidence that membership diversity effects are
time dependent. Ph.D. dissertation, Stanford University,
http://www-cdr.stanford.edu/CDR/Dissertations/Leifer/
AGCarrillo_Thesis_dec02.pdf, Accessed December, 2002.

. G. Davis (1998). Creativity is Forever. Kendall Hunt.

Adapted from http://members.optusnet.com.au/charles57/
Creative/Brain/cps.htm. Accessed 1 October, 2016.
Synectics Website: http://synecticsworld.com, Accessed 1
December 2016.

The TRIZ Journal. https:/triz-journal.com/triz-what-is-triz/,
Accessed 21 February 2017.

Creative Education Foundation. http://www.creativeeduca
tionfoundation.org, Accessed 20 February 2017.

M. Cohn, https://www.mountaingoatsoftware.com/agile/
user-stories, Accessed 25 November 2016.

M. Cohn [2016b]. https://www.mountaingoatsoftware.com/
agile/scrum, Accessed 24 November, 2016.

J. Rozovsky, The five keys to a successful Google team,
https://rework.withgoogle.com/blog/five-keys-to-a-successful-
google-team/, Accessed 17 November, 2015.

J. Preece, H. Shart and Y. Rogers, Interaction Design:
Beyond Human-Computer Interaction, 4th ed., Wiley,
United Kingdom, 2015.

A. T. Purcell and J. S. Gero, Design and other types of
fixation, Design Studies, 17(4), 1996, pp. 363-383.

V. Viswanathan, M. Tomko and J. Linsey, A Study on the
Effects of Example Familiarity and Modality on Design
Fixation, Artificial Intelligence for Engineering Design, Ana-
lysis and Manufacturing (AI EDAM ) Special Issue on Design,
Computing and Cognition, 30, 2016, pp. 171-184.

N. Cross. Design cognition: Results from protocol and other
empirical studies of design activity. In C. M. Eastman, W. M.
McCracken and W. C. Newstetter (eds), Design knowing and
learning: Cognition in design education, Elsevier, Amsterdam,
2001, pp. 79-104.

D. G. Jansson and S. M. Smith, Design fixation, Design
Studies, 12(1), 1991, pp. 3-11.

N. W. Kohn and S. M. Smith, Collaborative fixation: Effects
of others’ ideas on brainstorming, Applied Cognitive Psychol-
0gy, 25(3), 2011, pp. 359-371.

K. Robinson, Out of Our Minds, Learning to be Creative,
Capstone Publishing Limited, United Kingdom, 2001.

R. A. Beghetto. Does Assessment Kill Student Creativity?
The Educational Forum, 69(3), 2005, pp. 254-263.

J. A. Plucker, R. A. Beghetto and G. T. Dow, Why Isn’t
Creativity More Important to Educational Psychologists?
Potentials, Pitfalls, and Future Directions in Creativity
Research, Educational Psychologists, 39(2), 2001, pp. 83-96.
S. Yilmaz and C. M. Seifert, Creativity through design
heuristics: A case study of expert product design, Design
Studies, 32, 2011, pp. 384-415.

S. Yilmaz. PhD Dissertation: Design Heuristics, Ann Arbor,
MI: University of Michigan, 2010.

S. Yilmaz, C. M. Seifert and R. Gonzalez, Cognitive heur-
istics in design: Instructional strategies to increase creativity
in idea generation, Journal of Artificial Intelligence for
Engineering Design, Analysis and Manufacturing, 24(3),
2010, pp. 335-355.

S. Daly, S. Yilmaz, J. Christian, C. Seifert and R. Gonzalez,
Design Heuristics in Engineering Concept Generation, Jour-
nal of Engineering Education, 101(4) 2012, pp. 601-629.

39. S. R. Daly, S. Yilmaz, C. M. Seifert and R. Gonzalez,

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

Cognitive heuristic use in engineering design ideation, Proceed-
ings of the American Society for Engineering Education
Annual Conference (ASEE), Louisville, Kentucky, USA,
June 20-23, 2010, pp. 15.282.1-15.282.25.

S. Yilmaz and C. M. Seifert, Cognitive heuristics in design
ideation, Proceedings of 11th International Design Confer-
ence, DESIGN 2010, Dubrovnik, Croatia, 2010, pp. 1007—
1016.

S. Yilmaz, C. M. Seifert, S. R. Daly and R. Gonzalez, Design
Heuristics in innovative products Journal of Mechanical
Design, 138(7), 2016, 071102. DOI: 10.1115/1.4032219.

S. Yilmaz and C. M. Seifert, Cognitive heuristics employed
by design experts: A case study, Proceedings of the 3rd
International Design Research Conference (IASDR '09),
Seoul, South Korea, 2009, pp. 2591-2601.

J. L. Christian, S. R. Daly, S. Yilmaz, C. M. Seifert and R.
Gonzalez, Design Heuristics to Support Two Modes of Idea
Generation: Initiating Ideas and Transitioning Among Con-
cepts, Proceedings of the American Society for Engineering
Education Annual Conference (ASEE), San Antonio, Texas,
10-13 June 2012, 3, pp. 2262-2279.

S. R. Daly, J. L. Christian, S. Yilmaz, C. M. Seifert and R.
Gonzalez, Assessing design heuristics for idea generation in
an introductory engineering course, International Journal of
Engineering Education, 28(2), 2012, pp. 1-11.

C. M. Gray, S. Yilmaz, S. R. Daly, C. M. Seifert and R.
Gonzalez, Supporting idea generation through functional
decomposition: An alternative framing for Design Heuris-
tics, Paper presented at the International Conference on
Engineering Design (ICED), Milan, Italy, 27-30 July,
2015, 8, pp. 309-318.

D. Kotys-Schwartz, S. R. Daly, S. Yilmaz, D. Knight and M.
Polmear, Evaluating the implementation of Design Heuristic
cards in an industry-sponsored capstone design course,
Proceedings of the American Society for Engineering Educa-
tion Annual Conference (ASEE), Indianapolis, IN, 15-18
June 2014, 4, pp. 3085-3100.

J. Kramer, S. R. Daly, S. Yilmaz and C. M. Seifert, A case-
study analysis of Design Heuristics in an upper-level cross-
disciplinary design course, Proceedings of the American
Society of Engineering Education Annual Conference
(ASEE), Indianapolis, IN, 15-18 June 2014, 17, pp.
14112-14128.

J. Kramer, S. R. Daly, S. Yilmaz, C. M. Seifert and R.
Gonzalez, Investigating the impact of Design Heuristics on
idea initiation and development. Advances in Engineering
Education, 4(4), 2015. Retrieved from http://advances.
see.org/wp-content/uploads/vol04/issue04/Papers/ AEE-16-
Kramer.pdf

S. Yilmaz, J. Christian, S. R. Daly, C. M. Seifert and R.
Gonzalez, Idea generation in collaborative settings using
design heuristics, Proceedings of the 2011 ICED Conference,
Copenhagen, Denmark, August 15-18, 2011, 10, pp. 91-101.
S. Yilmaz, S. R. Daly, J. Christian, C. M. Seifert and R.
Gonzalez, Can experienced designers learn from new tools?
A case study of idea generation in a professional engineering
team, International Journal of Design Creativity and Innova-
tion, 2(2), 2013, pp. 82-96.

S. Daly, R. Adams and G. Bodner, What Does it Mean to
Design? A Qualitative Investigation of Design Professionals’
Experiences, Journal of Engineering Education, 101(2), 2012,
pp. 187-219.

S. Yilmaz, S. Daly, C. M. Seifert, R. Gonzalez and C. Gray,
Expanding Evidence-based Pedagogy with Design Heuris-
tics, Proceedings of the American Society for Engineering
Education Annual Conference (ASEE), Seattle, Washington,
USA. 14-17 June 2015, 7, pp. 5370-5382.

S. Daly, R. Adams and G. Bodner, What Does it Mean to
Design? A Qualitative Investigation of Design Professionals’
Experiences, Journal of Engineering Education, 101(2), 2012,
pp- 187-219.

C. Atman, R. Adams, M. Cardella, J. Turns, S. Mosborg,
and J. Saleem, Engineering Design Processes: A Comparison
of Students and Expert Practitioners, Journal of Engineering
Education, 96(4), 2007, pp. 359-379.

. D. Bayles and T. Orland, Art & Fear: Observations on the



1484 Keelin Leahy et al.

Perils (and Rewards) of Artmaking, Image Continuum Press, 58. Kiln Website: http:/kilnco.com/tools-igniting-creativity,
2001, p. 122. Accessed 20 November 2016.

56. J. Cameron, The Artist’s Way, Penguin Publishing Group, 59. J. Adams, Conceptual Blockbusting, Perseus Publishing,
2002, p. 272. 2001, p. 45.

57. T. Tharp, The Creative Habit: Learn It and Use It for Life, 60. D. Hall, Jump Start Your Brain, Warner Books, 1995 pp.
Simon & Schuster, 2006, p. 256. 197-201.

Keelin Leahy is Course Director and Lecturer (Associate Professor) of Technology Education at the University of
Limerick. Keelin received her PhD from the University of Limerick in 2009 focusing on Design approaches in second level
education. Keelin recently completed a research sabbatical with University of Michigan and Iowa State University.
Keelin’s main research interests include design methods and approaches for the development of creativity and design based
activities and pedagogy in third and second level education. Keelin’s main teaching areas include undergraduate Design for
Teachers, 3D CAD Modelling, Wood Design and Technology, Wood Processing Practice and Safety, including
supervising Final Year projects.

Dan Phillips is an Associate Professor in Electrical Engineering with extensive graduate study in biomedical engineering
and physiology. He has been employed in clinical, industrial and research environments with a focus on biomedical
instrumentation and signal processing, especially as related to the development of diagnostic, rehabilitative and assistive
devices. His work over the last 30 years has included fundamental electrophysiology research, systems engineering in
clinical environments and application engineering for embedded systems. He was the primary author of the Biomedical
Engineering Bachelor of Science program and served as its first Department Head. He has been closely involved with the
development of the Multidisciplinary Senior Design program in the Kate Gleason College of Engineering including
advising and sponsoring student teams. Most recently he was appointed as Faculty Associate and Lead—The Partnership
for Effective Access Technology R&D @ RIT.

Elizabeth DeBartolo is the director of the Multidisciplinary Senior Design program at the Rochester Institute of
Technology. Her experience includes research on fatigue mechanisms and the mechanical behavior of diffusion bonded
alloys and nonlinear elastic materials, as well as design of rehabilitation aids and assistive devices for people with
disabilities. She has taught design courses at all levels of the undergraduate curriculum and now coordinates the college-
wide multidisciplinary capstone design program in engineering.

Patricia Brackin is a Professor of Mechanical Engineering at Rose-Hulman Institute of Technology. She has significant
industrial experience as a designer and is a Professional Engineer. She has taught design classes, including capstone, for
over 30 years. She is a consultant in developing assessments for capstone design and has advised over 100 capstone projects
during the past ten years. In addition, she is a member of the Executive Committee of the Engineering Accreditation
Commission of ABET.

Steve Chenoweth is Associate Professor of Computer Science and Software Engineering at Rose-Hulman Institute of
Technology. His primary role there is developing and teaching curricula to extend computer science into the practical
world of software development. Prior to joining Rose-Hulman in 2003, he was a software engineer and systems engineer at
NCR Corporation and at Bell Laboratories. Among his roles there, he ran sessions designed to encourage creative product
development.

Allen R. White is an Associate Professor in the Departments of Mechanical Engineering and Chemistry at Rose-Hulman
Institute of Technology and an Adjunct Professor in the Department of Chemistry at Indiana University. He is interested
in unique applications in spectroscopy and analytical chemistry, engineering design, and creativity. Prior to joining Rose-
Hulman, he was an engineer at Honda R&D Americas.



