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Preface

The first mention of design appears in the Code of Hammurabi around 1750 BC.
This was an enunciation of the moral code of that time and the design part covered
building design. The next mention appears to be around 50 BC in Vitruvius’ De
architectura: Ten Books of Architecture that outlined design knowledge in the
form of rules, both prescriptive and performance. Vitruvius covered both machine
design and building design. In 1452 Leon Battista Alberti published De re aedi-
ficatoria: Ten Books of Architecture that introduced the notion of design process as
an intellectual activity. Designing as a human intellectual activity has its roots in
human needs expressed by changing the natural world in order to address those
needs and then by changing the world that includes designed artifacts. Since
designing results in both economic and social benefit it is therefore surprising how
little the design world has been studied compared to the physical world we inhabit.

Design research, largely started only 50 years ago, has started to provide some
insight into both design processes and designed objects.

Design thinking, the label given to the unique act of designing, has become a
paradigmatic view that has transcended the discipline of design and is now widely
used in business and elsewhere. As a consequence, there is an increasing interest in
design research and government agencies are gradually increasing funding for
design research, and increasing numbers of engineering and computer science
schools are revising their curricula to emphasize design. This is because of the
realization that design is part of the wealth creation of a nation and needs to be
better understood and taught. The continuing globalization of industry and trade
has required nations to re-examine where their core contributions lie, if not, in
production efficiency. Design is a precursor to manufacturing for physical objects
and is the precursor to implementation for virtual objects. At the same time, the
need for sustainable development is requiring the design of new products and
processes, and feeding a movement toward design innovations and inventions.

This conference series aims at providing a bridge between the fields of design
computing and design cognition. The confluence of these two fields continues to
provide the foundation for further advances in each of them and to an increased
understanding of this field whose influence continues to spread.

The papers in this volume are from the Fifth International Conference on
Design Computing and Cognition (DCC’12) held at Texas A&M University,
College Station, Texas, USA. They represent the state of the art of research and
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development in design computing and design cognition. They are of particular
interest to researchers, developers, and users of advanced computation in design
and those who need to gain a better understanding of designing.

In these proceedings the papers are grouped under the following nine headings,
describing both advances in theory and application and demonstrating the depth
and breadth of design computing and design cognition:

Design by Analogy
Design Cognition—1
Design Creativity
Design Cognition—2
Design Generation
Shape and Space
Design Knowledge
Design Function
Design Processes

There were 91 full paper submissions to the conference of which 34 were
accepted and presented and appear in these proceedings. Each paper was exten-
sively reviewed by at least three reviewers drawn from the international panel of
98 active reviewers listed on the next pages. The reviewers’ recommendations
were then assessed before the final decision on each paper was taken. Thanks go to
them, for the quality of these papers depends on their efforts.

Mercedes Paulini and Pinelopi Kyriazi assisted in bringing the papers in this
volume into a uniform whole, special thanks go to them.

John S. Gero
Krasnow Institute for Advanced Study
Fairfax, VA, USA
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Part 1
Design by Analogy



Analogical Problem Evolution
in Biologically Inspired Design

Michael E. Helms and Ashok K. Goel

Abstract Conceptual design typically entails co-evolution of the design problem
and the design solution: initial problem formulations lead to preliminary solutions;
incremental changes in the proposed solution lead to new insights into the design
problem, and so on. In this paper, we describe a complementary process: problem
evolution using analogies to already existing design cases. In particular, we present
a case study in the context of biologically inspired design that inspects the evo-
lution of an ill-defined design problem from inception to conceptual design. This
case study demonstrates three important aspects of problem evolution from
inception: first, significant problem evolution may occur independent of the gen-
eration of a new design solution for that problem; second, existing solutions to
related problems serve as analogies that influence the way in which the problem is
formulated; and third, the use of existing solutions from different domains, for
example from existing biological solutions to engineering design problems, gen-
erates value not only by offering both potentially innovative solutions but also by
changing the formulation of the problem itself.

Background, Motivation and Goals

Conceptual design typically is characterized in terms of evolution of both the design
problem and the solution, often described as a process of co-evolution. This char-
acterization distinguishes design from routine problem solving: in problem solving,
the problem remains fixed and only the solution to the problem evolves; in design,
the problem and the solution co-evolve. While aspects of problem solving are now
understood well enough to be implemented in computers, the process of co-evo-
lution of the problem and the solution in design is not yet understood equally well.

M. E. Helms (X)) - A. K. Goel
Georgia Institute of Technology, Atlanta, GA, USA
e-mail: mhelms3 @gatech.edu

J. S. Gero (ed.), Design Computing and Cognition ’12, 3
DOI: 10.1007/978-94-017-9112-0_1,
© Springer Science+Business Media Dordrecht 2014



4 M. E. Helms and A. K. Goel

Problem evolution by analogy Problem-solution co-evolution
evolves
P(t) P(t+1) —> P(t+2)
indexes extends
S, () Sp(t+l) ——> Sy (t+2)

Fig. 1 This figure contrasts our model of problem evolution by analogy (left side of the figure)
with problem-solution co-evolution (right side of the figure, adapted from Maher and Tang). P
represents a design problem, S. represents an existing analogical solution, S, represents a new
design solution

Recently, Maher and Tang [1] and Dorst and Cross [2] have proposed compu-
tational models of the co-evolution of design problems and solutions. The right side
of Fig. 1, which starts at time t 4 1, illustrates Maher and Tang’s model: A for-
mulation of the design problem at time t + 1 focuses the search for a design solution.
A design solution at time t + 1 may potentially lead to a revised problem formu-
lation at time t + 2, which focuses the search for a new design solution, and so on.

We have observed a complementary process in our studies of biologically
inspired design: evolution of design problems based on analogies to already known
design cases. The left side of Fig. 1 illustrates this process: a formulation of a
problem at time t, P(t), leads to an analogy to an already existing solution S.(t) to a
known problem. The existing solution then helps extend and expand the problem
formulation into P(t + 1), which may result in the construction of a new solution
or another analogy to another existing case. We call this process analogical
problem evolution. Figure 1 as a whole indicates the process of problem—solution
co-evolution including analogical problem evolution: at any step in the process,
the formulation of the problem may lead to an analogy to an existing case or the
generation of a new solution.

The context in which our observations are made, biologically inspired design
(also known as biomimicry or bionics), espouses the use of biological systems as
analogues for designing engineering systems [3-7]. In earlier work, we have
reported on several findings from our studies of biologically inspired design: In
Helms et al. [8] we described problem-driven design and solution-based design as
two fundamental processes of biologically inspired design, and also presented a
classification of design errors often made in the design processing. Similarly, in
Helms et al. [9] we presented data indicating that the use of Structure-Behavior-
Function models (SBF, [10]) of biological systems enhances reasoning as com-
pared to textual descriptions as well as textual and diagrammatic representations of
the systems. These findings informed the development of tools and techniques for
teaching biologically inspired design [11-14]. Other researchers have followed
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similar research methodologies, coupling empirical studies with tool development
(e.g. [15-17]).

Four basic questions in analogical design, including biologically inspired
design, are why, what, how and when [18]: Why is knowledge transferred from a
source case to a target problem; What knowledge is transferred; How is the
knowledge transferred; When does the knowledge transfer occur. In Vattam et al.
[12] we found not one, but several answers to the why, what, how, and when
questions. In particular, we found that in biologically inspired design, biological
designs are used not only for generating design ideas, but also for refining problem
definitions, explaining proposed design concepts, and evaluating candidate design
solutions. The work we describe here builds on this line of research. In particular,
it examines the role of biological analogues in problem evolution from problem
inception to conceptual design.

Tracking Problem Evolution

To describe the process of analogical problem evolution, we need a scheme for
consistently describing the design problem at a point in time so that we can
identify the changes that occur over time. Most modern textbooks on design
describe at least partial design problem representations (e.g. [19-21]) has noted,
the scope and efficacy of the various problem representation schemes reflects the
perspective adopted. In biologically inspired design, Dinar et al. [22] and Helms
[23] have proposed two problem representation schemas. For this case study we
use a simplified version of the problem schema developed in Helms [23] to rep-
resent the problem as a set of functions and constraints.

Problem Schema

We use a problem schema that specifies design problem along two dimensions:
(1) the functions desired of the artifact, and (2) the specifications and constraints of
the artifact.

Functions Desired of the Artifact

The literature on design contains several distinct and coexisting characterizations
of a function. Erden et al. [24] review many functional descriptions in engineering.
Borgo et al. [25] formally characterize several functional representation schemes.
Carrara et al. [26] suggest that different notions of function coexist in the design
literature, including function as the intended state or result of the system, function
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as a change to substances flowing through a system, and functions as actions the
device must perform on an environment in the form of (subject, verb, noun) tuples.
In this work, we adopt the last meaning of function above, where the subject is the
to-be-designed artifact, the verb reflects the action in question, and the noun
reflects the object on which the subject is acting, which we call function-object. In
many cases, the noun is the same as the subject e.g. to move self, to clean self, etc.
In other cases multiple function-objects may be required.

Functional hierarchy is prevalent in design theory [21, 27], representing a
system/sub-system hierarchy in which the function of the sub-system contributes
to the function of the larger system. Thus, system S; performing function F; is
comprised of sub-systems S;_1, S;_», ... S;_,,, which perform sub-functions F;_,
F,_,,...F|_, Each sub-system can then recursively be defined by additional sub-
systems and sub-functions. In this sense the functions can be seen as additive, or
And-type conjunctions. In order to accomplish F;, the system must perform all
sub-functions F;_; And F;_, And...And F,_,,. In design thinking, designers also
consider multiple alternative functions that can be represented as Or-type con-
junctions. Chandrasekaran [28] provides an analysis of AND/OR function hier-
archies, including the implications of such hierarchies for computational search.

Artifact Specifications and Constraints

Artifact specifications designate properties and values, quantitative and qualitative,
of the artifact being designed. Many artifact specifications are constraints, which
designate properties and values of the designed artifact terms of inclusion or
exclusion such as “must”, “cannot”, or “should”. Other artifact specifications may
denote options, which make explicit certain possibilities for properties and values
that may be associated with the design artifact, expressed in terms like “could”,
“might”, or “possibly” to name a few. Where a constraint is a statement such as “the
design must use lightweight materials”, an option may be “the design could use
lightweight metal foam”; both talk about the properties of the material from which
the artifact will be manufactured, however, one expresses an absolute condition to be
met (albeit qualitatively), while the other provides an alternative to be considered.

Artifact specifications can also apply to either manufacturing or performance
aspects of the problem. Additional sub-types include: time, shape, structure,
material, energy, information, and cost.

Relationships Among Functions and Specifications
in the Problem Schema

Several kinds of relationships may exist among the functions and specifications.
First, as described above, there may be function — sub-function relationships of
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both AND and OR types. Furthermore we commonly see function — specification
relationships in which a particular function (e.g. propel self through air) implies
certain constraints (e.g. material property must be lightweight).

Solution Schema

Since in tracking problem evolution, we are also interested in describing the
relationship between problem concepts and existing solutions, we also need a
scheme for describing design solutions. Fortunately, there already exist many
formal languages from which we may draw, including Functional Basis [29],
SAPPhiRE [30], and SBF [10, 31]. In this study, we leverage SBF, a solution
modeling schema already created and vetted in earlier work on biologically
inspired design [11, 12, 32].

Case Study
Study Context and Participants

Each fall term since 2005, Georgia Tech’s Center for Biologically Inspired Design
has offered a senior-level, project-based interdisciplinary course in biologically
inspired design (ME/ISyE/MSE/PTFe/BIOL 4740). Faculty members from
Georgia Tech’s Schools of Biology, Mechanical Engineering, and Industrial and
Systems Engineering jointly teach the course. The course typically attracts 40—45
(mostly) undergraduate students every year. The class composition too is inter-
disciplinary: the 2009 class comprised of 15 biology students, 11 mechanical
engineering students, and 13 students from a variety of academic disciplines.

The 2009 ME/ISyE/MSE/PTFe/BIOL 4740 course was structured into lectures,
found object exercises, and a semester-long design project. The semester-long
design projects group an interdisciplinary team of 4-6 students together based on
similar interests. Instructors ensure that each team has at least one designer with a
biology background and a few from engineering disciplines. Yen et al. [13, 14]
describe the pedagogy in ME/ISyE/MSE/PTFe/BIOL 4740 in detail.

In 2009, each design team in the ME/ISyE/MSE/PTFe/BIOL 4740 class was
tasked with a high-level problem related to building more sustainable homes. Topics
included sensing, energy, environment, and resource management. Each team was
asked to research their problem and design a solution based on one or more bio-
logical systems. Students were responsible for finding, understanding and applying
biological systems relevant to their problem. Each team had one or more faculty as
mentors who gave expert advice as and when needed. All teams presented their
problem and initial design concepts during the middle of the term, then submitted
final designs during the last two weeks of class along with a final design report.
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The case study in this paper derives from one of the term-long design projects
from the 2009 ME/ISyE/MSE/PTFe/BIOL 4740 class. The case was selected from
an average performing but well functioning team as representative of a typical
design project, with a straightforward design outcome. The design team was formed
by the instructors based on student preferences, and consisted of one student each
from biology, mechanical engineering, electrical engineering, math, and material
science majors. The team was asked to focus on energy generation in the context of
sustainable housing. The term-long design project led to a biologically inspired
color changing cover for solar thermal water heaters to prevent overheating.

Protocol Study

We analyze the case study using content-oriented protocol analysis [33-35]. Since
our case study extends over a term-long trajectory, rather than verbal protocol
transcripts, we use documents produced in the context of a class on biologically
inspired design as our data source. These work documents are coded and analyzed
according to the schema described previously. We refer to each coded element in
the schema as a concept.

Data Gathered

We gathered data at four stages to track the progression of the design problem over
time. As part of their homework, each design team was required to provide their
interpretation of the problem they were working on. The first homework assign-
ment was due 2 days after the assignment of the problem topic. The design team
had a single in-class discussion among themselves about their problem. Four of
five students turned in a one- to two-page problem description. We used the text of
the most comprehensive student description as our data at this stage.

The second stage was the midterm presentation delivered the students. Students
were instructed in the midterm presentation to provide (1) an updated problem
description, (2) five biological sources to serve as potential sources of inspiration,
(3) to demonstrate their understanding of how each biological system worked, and
(4) to show how they could apply each source to their problem. We used the design
team’s presentation slides and notes as the data at this stage.

The third stage occurred after students were provided feedback from instructors
on their midterm presentation. The assignment was the same as the assignment
used to collect the first data point; a one- to two-page text-only problem
description submitted by each student. We used the text of the problem description
of the same student as in the first assignment.

The fourth data point was the final presentation made by the design team. The
assignment included the same elements as the midterm presentation, with the
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addition of a description of the final design and a qualitative analysis demon-
strating the viability of the new design. Again, we used the presentation slides and
notes as the data from this stage.

Analytical Methodology

Only the text content, including bullet points, formulae, tables and text annota-
tions, from each of the four design documents were considered in this study.
Problem descriptions were provided in text only format, and were structured in
complete sentences. Presentation material contained less structured text, including
tables, bullet points, formulae and tables.

Text was divided into phrases, each of which encapsulated a single schema
concept. Some concepts, such as referencing a biological or existing man-made
solution, are short and straightforward, such as “the desert snail.” Other concepts
such as “so that it is cooler within the shell than the outside air and ground” are
more verbose, but encapsulate essentially a single concept: the degree to which the
function “cool” must perform.

Relationships were inferred directly from text. If a solution concept was
mentioned e.g. “the desert snail cools itself” with respect to a relevant problem
concept e.g. “the designed system must cool itself”, the solution was tagged to the
problem concept. In this case we say the solution “desert snail” is related to the
problem concept, the function “system cools itself”. Another non-biological
example is the phrase “we typically think of voltaic cells creating current”, in
which voltaic cells are an existing solution, and creating current is a function of
that solution (the phrase “we typically think of” is a meta-level design phrase,
which is ignored for this analysis.)

As an example of the encoding, take the following text:

The snail shell structure is stand alone and has the ability to passively dissipate heat by
using the heat gradient so that it is cooler within the shell than outside the air and ground.
This would be helpful for allowing the interior of a structure with solar panels to remain
cool. Currently solar panels are rigid and typically pretty sensitive.

In Table 1 we provide a representative sample of text and the breakdown and
coding for it. The details of the notation used for coding is not of much importance
here, but should provide the reader with a firm grasp of the protocol used. Some
cases of encoding text are ambiguous. For example, in Table 1 it is not clear that
“stand alone” is indeed a function. This term has potentially many implications for
additional specifications and functions. However, lacking explicit elaboration, we
make our best guess about the designer‘s intent. The total number of concepts
encoded for each of the four data points was stable, varying between 106 to 124
total concepts, with a total of 466 concepts encoded among the four stages.
However, the types of concepts and the concepts themselves changed significantly
from one state of processing to another.
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Table 1 Sample encoding from problem description 2
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Text

Comment

Encoding

The snail shell structure

It stands alone
And has the ability to passively

Dissipate heat
By using the heat gradient

So that it is cooler within the
shell than the outside air
and ground

This would be helpful

For allowing

The interior of a structure

With solar panels

To remain cool
Currently solar panels

Are rigid

A biological solution

Function of snail shell

Modifies the function dissipate
heat

Function of snail shell

Principle applied to dissipate
head

Describes the degree to which
cooling occurs

Meta-Comment

Function allow...to remain cool

A location inside of the solar
panels

An existing solution

Function: allow...to remain cool
Same existing solution

A perceived deficiency

Solution (biological): snail
shell
Function: stand alone

*

Function: dissipate heat
Solution principle: use heat
gradient

*

Function: keeping cool

*

Solution (existing): solar
panels

Function: keeping cool

Solution (existing: solar
panels

And typically pretty sensitive A perceived deficiency *

*Neither function, nor specification/constraint. See future research section and reference [20] for
schemas in development of more complete encoding

Of the 466 concepts, 35 were not directly related to the design per se, for
example the meta-comment “this would be helpful” listed in Table 1. Of the
remaining 431 concepts, 24 concepts could not be clearly encoded as a function, a
specification/constraint, or neither. This accounts for roughly 5 % of the total
number of concepts that were encoded. We consider an ambiguous encoding as
any encoding that could reasonably be considered in one or more encoding cat-
egories. All encoding was conducted by the first author of this paper and the
definition of whether a single encoding was ambiguous or not was at the author’s
discretion. Ambiguous concepts are included in the analysis that follows, cate-
gorized as the single concept most relevant in the author’s opinion. Some concepts
such as perceived deficiencies and performance criteria, were not represented in
this encoding schema.

Figure 2 provides a complete visual representation of the encoding of a single
design document (problem description 2). One can see from the visual represen-
tation the large number of functions relative to other concepts. Solid lines represent
function/sub-function or system/sub-system relationships. Dotted lines represent
relationships between either existing solutions, new solution concepts, or speci-
fications/constraints and functions. Existing solutions with an asterisk (*) are
biological.
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Fig. 2 Visual representation of complete coding of problem description 2

Data

We first present a descriptive account of how the design unfolded, followed by a
quantitative description of the design documents, using the language of the
problem schema. Both the descriptive account and quantitative analysis focus on
the analogical problem evolution.
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Descriptive Summary

The team began with the open-ended problem of sustainably generating energy for
a house. After an initial meeting, the problem description document identified a
range of types of sustainable energy—wind, solar, water, geothermal—discussing
solutions such as wind turbines, photovoltaic cells, towers of liquid sodium heated
through reflected light, chemical batteries, and storage of energy for later use using
compressed air. The document also mentioned fat as a means of storing energy in
biology. Cost was highlighted as a salient constraint on their design. The document
discussed different places in which the current technologies were used: from
coastal areas, to farms and cities; they also discussed relevant weather conditions,
such as the amount of wind or sun, and extreme weather conditions. Performance
characteristics were universally vague, of the character “more efficient” or “costs
less.” Cost was the only constraint discussed but only in vague terms, e.g., noting
that cost is a consideration.

The midterm documents discussed existing technological solutions of photo-
voltaic cells and coal plants. A wide range of biological sources were considered,
including the desert snail, diatoms, photosynthesis, enzyme reactions, and the lotus
leaf. Descriptions of the relevant functions of each biological source were pro-
vided; for example, the function of the desert snail is heat dissipation, which is
performed by the structure of its shell. The midterm documents proposed solution-
modifications to the photovoltaic cell, derived from each of these biological
solutions. Thus, in the case of the self-cleaning lotus leaf, the documents proposed
a self-cleaning photovoltaic cell. Solution proposals were little deeper than a
function-structure pairing, none of which were (directly) developed further.

In the midterm documents, we noticed the addition of new functions, cleaning-
self and dissipating heat, directly associated with biological solutions, and the
dropping of other heat related functions, such as storing and directing heat, as the
mirror/heat tower was dropped from the discussion. The environment, desert, from
the mirror/heat tower solution remains in place, and is also related to the desert
snail. Furthermore, we note the addition of the criteria “passively” connected to
both functions attached to the biological solution. Manufacturing also is a rising
concern, as the ability to reproduce materials and effects is highlighted.

At the third stage, the problem description continues its focus on solar panels
and photovoltaic cells, and with all of the biological sources mentioned previously,
except diatoms, which appear to have been dropped. Heat dissipation is discussed,
but the design team now focuses on flexible, moldable and self-cleaning surfaces,
derived again from the lotus leaf, and on a newfound perceived deficiency in
current solar panels—rigidity. The environment under consideration shifted from a
desert focus to an environment with greater temperature range, as well as the need
to physically connect their solution to a home. Manufacturing nano-scale materials
is again a manufacturing constraint, as well as the need for materials to be sus-
tainable. There is also a shift in the problem focus from passive response to
increased efficiency.
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Fig. 3 Final design concept
rendering
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In the final design, the design team arrives at its first instantiated solution (in
terms of conceptual rendering, shown in Fig. 3), which focuses on the functions of
regulation and cooling, rather than self-cleaning and flexibility discussed heavily
in the previous problem description.

The design team appears to have radically changed the problem, moving from
photovoltaics to solar thermal collectors for water heating, which run the risk of
overheating and damaging their internal structure. The new solution proposed is a
dynamic feedback regulation mechanism from the enzymes discussed in the
midterm, which is combined with a mechanism from a newly introduced biolog-
ical organism, the tortoise beetle, which uses its color changing shell for cam-
ouflage. The designers intend to use a mechanism similar to that used by the shell
of the tortoise beetle to alter the color of the thermal collectors to change the
amount of heat captured, depending on the internal heat of the unit.

In this case study, the designers shift from the problem concepts of a self-
cleaning, flexible solar panel to the concepts of self-regulating, cooling thermal
solar collectors. While this appears to be a significant shift in the problem, we can
see the incremental nature of the process. Using and managing heat has been
embedded in the teams thinking all along, from the mirror/heat tower, to the desert
snail, to the environment of the desert, to the concept of dynamically responding to
the environment. These concepts were accreted into the designers’ problem
schema from references to a number of solutions that were investigated along the
way. When a new problem concept arose—overheating—the team was able to
quickly pivot to the new problem focus and come up with a dramatic, creative
solution.

Quantitative Summary

After coding the design documents, we analyzed the concepts represented in the
problem schema, as well as references made to existing manmade solutions,
biological solutions and new solutions. Table 2 shows summary statistics for
function and specification/constraint concepts for each of the four stages, as well
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Table 2 Summary statistics, number of unique concept instances

Table PDI1 Midterm PD2 Final
Functions 25 20 20 9
Specifications/constraints 1 6 3 4
Man-made solutions 7 3 5 3
Biological solutions 2 5 4 2
New (conjectured) solutions 1 7 3 1

as the number of solutions at each stage. At this first level of description, some
things already stand out. First, the number of functions considered at each stage
remains between 20 and 25 until the final design, where it drops to 9. This seems to
suggest that the designers were open to many possible combinations of functions
for accomplishing their design objective, until the final design was instantiated.
Second, the number of specifications/constraints is relatively very low, never more
than 6. Of the 14 total, four were cost-related and three were sustainable materials
related. Again, this seems to suggest that the designers wanted to maintain an open
problem description as long as possible.

We observe that after a strong emphasis on man-made solutions in the initial
stage, existing solutions references are rather evenly split in the next three
stages, trending down slightly in the final stage. The number of new solutions
discussed moves from one (the level of specificity for which was literally, “the
new solution”), to seven—an explosion of independent solution ideas—back to
a single final new solution in the end. While the trends in solution generation
are not particularly surprising, we find the fact that designers consistently
reference about the same number of existing solutions throughout the design
cycle curious.

With respect to the number of functions, Table 3 considers the follow-through
of each function from one stage to another. That is to say, did functions men-
tioned in earlier problem statements carry through to future problem statements?
We see that from the initial generation of 25 functions, three of those functions
carry forward into the Midterm, seven are considered in problem description 2
(PD2), and two (“generate energy” and “capture energy”’) follow through to the
final. Likewise 17 new functions appear in the Midterm description, one of which
(“adjust flow”) appears in the final design. Fewer new functions appear in the
third stage, just 10; of which 1 (“keep cool”) makes it into the final model. In
the final stage, there are more new functions than old. Five new functions appear
in the final problem description document, while four have been carried through
from previous descriptions. This alone tells a very interesting story. In this
ill-defined design problem context, we see a great deal of exploration. Fifty-
seven unique functions are considered, only nine of which eventually make
it into the final solution. Over 80 % of the functions considered are discarded
along the way.
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Table 3 Function concept carry over

PDI1 Midterm PD2 Final

25 new functions +17 new functions +10 new functions added +5 new functions added
added added

—3 carried over —3 carried over from — 1 carried over from PD2
from PD1 Midterm
—7 carried over from PD1 —1 carried over from
Midterm
—2 carried over from PDI1
25 total 20 total 20 total 9 total

Solution Relationship Data

In this paper we will consider only one more level of detail in the data; the
relationship of solutions to the concepts in the problem model, Tables 3, 4 and 5.

For any concept in the problem model (function or specification/constraint),
that concept may be associated with: (1) an existing solution, either man-made or
biological, (2) a new solution, or (3) not associated with another solution.
Tables 3, 4 and 5 show for each stage the numbers of function and artifact
specifications respectively and whether they are associated with (1) an existing
solution, (2) a biological solution, or (3) no solution. We note that the numbers in
these tables may sum to be greater than the total number of concepts reported in
Tables 2 and 3, as each concept may be associated with one or more solution
category. For example if both a biological and a non-biological solution were
mentioned with respect to a particular function, such as reflect light, we would get
two tallies for that concept. Likewise multiple solutions in the same category could
reference the same concept, for example two separate manmade solutions may
have mentioned light reflection.

Table 4 shows the number of function concepts in the problem statement that
referenced an existing manmade solution, a biological solution or had no reference
to any existing solution. This table shows an interesting trend that provides insight
into the process of biologically inspired design. Table 4 shows that the design
team initially conceptualizes functions in their problem description largely (18 out
of 29 references) in terms of existing manmade solutions. In the midterm stage,
functions in the problem description are largely (12 out of 22) referenced in
relation to biological solutions. This suggests that designers are re-conceptualizing
their problems at least in part by identifying and transferring potentially useful
functional concepts from biological solutions to their problem model.

In the third stage, manmade and biological solution transfers are roughly
equivalent, while in the final stage, the point of design instantiation, about half of
the functions discussed in the final problem description originated from existing
biological solutions. In total, 65 % (60 of 92) of function concepts can be attrib-
uted to existing (man-made or biological) solutions.
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Table 4 Function concepts by solution reference

PDI1 Midterm PD2 Final
Man made 18 4 10 4
Biological 0 12 6 6
No reference 11 6 12 3
Total 29 22 28 13

Table S Specification/constraint concepts by solution reference

PDI1 Midterm PD2 Final
Man made 0 0 0 0
Biological 0 0 0 0
No reference 1 6 3 4
Total 1 6 3 4

The trend for specification/constraint in Table 5 with respect to existing and
biological solutions is clear. Problem specifications and constraints, for example
“must use sustainable materials,” are not associated with, at least not explicitly in
this case study, other solutions. Many of the specifications were with regard to cost
and sustainable materials, which were likely inferred from the design context of
“sustainable housing.”

Summary of Analysis

Our analysis of the above data suggests that the design team broadly explored
different aspects of the problem description; committing to few concepts rigidly,
holding open possibilities until the right confluence of problem description and the
descriptions of existing solutions emerge to form a cohesive pair. This finding is
similar to Dorst and Cross [2] with one major difference: as opposed to generating
early solutions to problems as they are formulated, our designers employed other,
in particular analogical, strategies to generate problem concepts and enrich their
problem descriptions. Our study is quite clear on this point; using analogies to
existing design cases is a powerful way to formulate the design problem.
Designers appear to tentatively adopt problem aspects from existing solutions,
in particular functional aspects, temporarily appending them to an overall problem
description. What makes some concepts stay while others are abandoned is not yet
clear from our data. We speculate that the early function-solution pairs seen in the
design trajectory were evaluated and abandoned for lack of knowledge or manu-
facturing know-how. This suggests an evaluation-pruning function early in the
design process. Another point is that in addition to solution analogy and solution
evaluation, other methods are clearly at work enhancing the problem description.



Analogical Problem Evolution in Biologically Inspired Design 17

Analogical transfer accounts for at most 65 % of the new functions seen in this
example, and for none of the specification/constraints. Analogical transfer seems
to be limited in this case study to only certain classes of concepts.

Current and Future Research

This paper uses a simple problem schema to show the relationship between
existing solutions and design problem conceptualization. To increase the value and
reliability of these studies, we are currently validating a more robust problem
schema and coding methodology using 37 problem description instances and
standard inter-rater reliability. In addition, this new schema is being used to more
thoroughly analyze a number of additional, semester-long case studies of bio-
logically inspired design. In Fall 2011, the problem schema and theory developed
here were deployed as a new pedagogical tool in the ME/ISyE/MSE/PTFe/BIOL
4740 class. Further, much as previous empirical findings [8, 12] informed the
development of an interactive design environment called DANE for supporting
aspects of biologically inspired design [11] this new schema is being used as the
basis for an interactive tool that assists with problem evolution, analogy identifi-
cation and evaluation, and solution generation. Helms [23] provides an initial
outline of the new interactive tool.

Conclusions

The development of both design pedagogy and design technology depends on our
understanding of design problems, products and processes. In this paper, we
analyzed the process of the evolution of a problem in biologically inspired design
from its inception through conceptual design. We draw two main conclusions from
this work, one from the perspective of biologically inspired design and the other
from the perspective of problem evolution in design in general. With respect to
why and when analogies are used in biologically inspired design, we found that
analogies are used for identifying, formulating, and transforming design problems
very earlier in the design process. In addition, we have a partial answer to what is
transferred; in this case study, we found that functions were transferred from
biological designs to engineering problems, but specifications and constraints were
not. Secondly, in the more general context of design as a whole, evolution of
design problems typically is viewed as a co-evolution of design problems and
solutions. Our analysis of the case study of design in this work suggests that
significant problem evolution may occur independent of the generation of a new
design solution for that problem, and that existing solutions to related problems
serve as analogies that influence the way in which the problem is formulated.
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Understanding Analogical Reasoning
in Biomimetic Design: An Inductive
Approach

Hyunmin Cheong, Gregory Hallihan and L. H. Shu

Abstract This paper reports insights gained from observing groups of novice
designers apply biological analogies to solve design problems. We recorded the
discourse of fourth-year mechanical engineering students during biomimetic
design sessions. We observed that the availability of associations from superficial
or functional characteristics of biological knowledge led to fixation, which affected
the designers’ ability to identify the relevant analogy. In addition, even after
identifying the analogy, the designers fixated on mapping irrelevant characteristics
of biological knowledge, instead of developing additional solutions based on the
previously detected analogy. The paper also presents initial work towards quan-
tifying analogical reasoning in a design study.

Introduction

Analogical reasoning involves the comparison of similarities between two con-
cepts. Abstracting and transferring knowledge from one concept to another allows
designers to develop novel design concepts. Design researchers, e.g. Goel [1]
agree that analogical reasoning plays a key role in creative design.

In biomimetic or biologically inspired design, designers use analogical rea-
soning to compare similarities between biological phenomena and design prob-
lems, and then transfer analogous strategies to develop design solutions. Shu et al.
[2] observed that although several innovative solutions to engineering problems
have been inspired by biological phenomena, challenges still exist in developing
generalized methodologies for biomimetic design. In particular, a number of
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obstacles prevent novice designers from correctly applying biological analogies,
and effective methodologies that overcome these obstacles are still being
developed.

We believe that analogical reasoning in the context of biomimetic design is still
not fully understood. Therefore, our research goal is to gain a better understanding
of the analogical reasoning process during biomimetic design. We used an
inductive approach and observed groups of novice designers, working in a natural
setting, apply biological analogies to solve design problems. The designers’ dia-
logues were recorded and analyzed qualitatively.

The following sections provide background in biomimetic design and analog-
ical reasoning. In addition, previous observational studies and protocol analyses in
design research are reviewed to preface our methodology.

Relevant Work in Biomimetic Design

Mak and Shu [3] studied cognitive factors that influence the application of bio-
logical analogies to engineering problems. The authors observed that text
descriptions of biological phenomena that included principles and behaviors in
addition to forms, tended to be more easily used by students as design stimuli. In
later work, Mak and Shu [4] found that novice designers tend to fixate on irrel-
evant features of biological phenomena and incorrectly apply biological strategies
to design problems.

Cheong and Shu [5] observed that text descriptions of biological phenomena
containing causal relations are more likely to serve as useful analogies for design
problems. Causal relations often explain how functions are achieved by behaviors.
For example, “break down” enables “absorb” in the description “Humans absorb
amino acids by breaking down proteins from food”. Cheong et al. [6] developed a
template to help designers extract strategies from causal relations contained in
descriptions of biological phenomena. However, when novice designers used the
template in a controlled experiment, the correctness of analogical transfer only
improved marginally.

Vattam et al. [7] and Helms et al. [8] studied the cognitive account of biomimetic
design in the context of students working on projects in a biologically inspired
design course. Helms et al. reported a number of common errors made by designers,
including solution fixation, misapplied analogy, and improper analogical transfer.
Vattam et al. developed a conceptual framework of compound analogical design
that extends existing models of analogy-based design to better represent biologi-
cally inspired design, and studied the distribution of analogies across different
design phases. Both Helms et al. and Vattam et al. focused on understanding the
process of biologically inspired design through an in situ study on the practices of
novice designers. While their research had a broad context to observe novice
designers’ work over the course of a term project, we aim to identify insights
through detailed analyses of designers’ dialogues during 20-min design sessions.
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Other previous research in biomimetic design has focused on developing
models to support the access and use of biological information. The SBF model
from Goel et al. [9] represents causal processes between states using the structure-
behavior-function framework. Helms et al. [10] observed that the SBF model of
biological systems helped designers understand complex relations in systems, such
as causality. Vattam et al. [11] reported that DANE, a library of SBF models of
biological systems, could potentially be used as a conceptualization tool.

Sartori et al. [12] used SAPPHIiRE constructs to represent mechanisms of
transfer in 20 biomimetic examples in the literature. SAPPHIRE, developed by
Chakrabarti et al. [13], defines multiple levels of abstraction in order to explain
how a biological system works to fulfill its goals. The authors found that successful
biomimetic examples usually involve systems that share similarities at higher
levels of abstraction.

Nagel and Stone [14] developed a framework that is primarily based on
functional-modeling of biological systems with a set of terms from the “engi-
neering-to-biology thesaurus”. Although the authors provide a detailed description
for using their technique, they do not empirically study its direct benefits to
designers, or how designers use it in practice.

The above biomimetic design models, primarily developed to represent and
index biological information, are effective at formally representing complex bio-
logical systems. However, their utility in the concept generation process requires
further validation. For instance, Vattam et al. [11] reported the challenges of using
SBF modeling in concept generation; novice designers were not willing to build
models without seeing the direct benefits and were not convinced of DANE’s
usefulness and value.

We propose that better understanding of the cognitive processes in biomimetic
design can help improve these models and corresponding heuristics, and ultimately
lead to more effective biomimetic concept generation. In the following section, we
discuss background research in analogical reasoning, which is fundamental to
biomimetic concept generation.

Background in Analogical Reasoning

Analogical reasoning is considered to be central to creative thought. For instance,
Boden [15] claims that the creation of novel ideas often involves the transfor-
mation of existing knowledge into something new. In design, analogical reasoning
allows individuals to find similarity between an existing knowledge base and a
target design space, and transform that existing knowledge into new design
solutions.

Gentner et al. [16] identify two levels at which similarities can be found in
analogical reasoning: superficial and relational. The superficial level refers to object
attributes. The relational level can be further decomposed into two levels: relation
between objects and relation between relations, i.e., “higher-order relation”.
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In the context of biomimetic design, the superficial level corresponds to the
attributes of biological entities (objects). The relation between objects then cor-
responds to the functions of biological entities, and the relation between relations
can correspond to the causal or temporal relations between the functions of bio-
logical entities. The following example describes the different characteristic levels
of enzymes.

Superficial Enzymes are ribbon-shaped
Functional Enzymes bind to substrates
Causal Enzymes bind to substrates to form enzyme-substrate complexes.

Many researchers agree that successful analogical transfer occurs at the rela-
tional levels. Gentner et al. [16] note that finding similarities between higher-order
relations is crucial to successful analogical reasoning. In the context of design,
Goel [1] states “analogical transfer requires the use of generic abstractions, where
the abstractions typically express the structure of relationships between generic
types of objects and processes”. In biomimetic design, designers must abstract
biological knowledge to identify its relational similarities to design solutions.

Observational and Protocol Studies

While experimental studies test the validity of hypotheses or interventions,
observational studies are well suited to formulate hypotheses and develop inter-
ventions for future experiments. Dunbar [17] notes an important benefit of an
observational study is that researchers can observe more natural and real-world
behaviors of people, whereas those behaviors may be restricted in experimental
studies. The use of observational studies in biomimetic design [3, 4, 7, 8] include
our past work, and Vattam et al. [7] and Helms et al. [8], who observed students
working in natural settings on a biologically inspired design project over an
extended period.

However, one limitation of observational studies is the difficulty of collecting
data. For this reason, many researchers use “think-aloud” techniques to elicit verbal
dialogues from participants. Encouraging designers to verbalize their thoughts is
presumed to reflect the designers’ underlying cognition. The verbal dialogues are
then transcribed to generate protocols, which offer useful data for both qualitative
and quantitative analyses. Cross [18] discusses a number of observational protocol
studies in design research, including their advantages and limitations.

Chiu and Shu [19] reported some limitations of verbal protocol studies. Ver-
balizing thought processes can be perceived as unnatural and adds a cognitive
workload on designers, which can lead to results that may not reflect real-world
performance. To address this, designers can be encouraged to participate in design
processes naturally, speaking aloud to one another as they normally would. While
this approach may not capture cognitive mechanisms in as much detail, the process
is more natural and may better reflect actual design practices.
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Protocol Analysis

Once verbal protocols have been generated they can be analyzed qualitatively and
quantitatively. Merriam [20] recommends that the analysis of qualitative data, such
as design protocols, should ultimately be tailored towards the needs of the
researcher. One of the most common methods of analyzing protocols in psycho-
logical and design research, and the most relevant to our approach, is qualitative
coding. Qualitative coding segments a protocol based on categories of interest to
the researcher.

Miles and Huberman [21] suggest that researchers should develop meaningful
and clearly defined categories for coding. Goldschmidt [22] used design “moves”,
which identify ideas that transform the design situation and reflect the develop-
ment of ideas. Kvan and Gao [23] adopted Schon’s definition of design processes
(“framing”, “moving”, and “reflecting”), in order to study the problem-framing
process in design. Kan et al. [24] used a coding scheme based on the FBS
(function-behavior-structure) ontology. Gero [25] suggests that the FBS coding
scheme provides a common framework to represent design knowledge and allows
consistency in protocol analysis.

Linkography, developed by Goldschmidt [22], is performed by linking related
design “moves” and graphically represents protocol data. Linkography has been
used to examine a wide variety of phenomena in design, including problem
framing effects [23], visuo-spatial working memory load [26], and design fixation
[27]. The analysis of linkographs has also progressed to include applying statistical
models, cluster analysis [26], and entropy models [28]. These techniques help
researchers quantify the relationships found in linkographs.

Computational linguistic methods are also used to analyze design protocols.
Dong [29, 30] used latent semantic analysis to quantify coherent thinking and
lexical chain analysis to evaluate concept formation in design teams. These
computational linguistic models provide more objective and standardized ways to
analyze protocols. However, Wang and Dong [31] point out that computational
models still require the resource-intensive preparation of training data. They took a
more efficient, yet sufficient approach, of using statistical patterns of relevant
semantic features, e.g., keywords, to compute appraisals in design text.

Both the linkographic and computational linguistic approaches are used to
quantify design protocols. These approaches help mitigate researcher bias and
allow the application of various numerical/statistical analysis techniques. Our
current research chooses instead to manually review protocols, as we learned that
this process could lead to valuable insights. We agree with Brown’s [32] obser-
vation that studying transformational creativity such as analogical reasoning can
be challenging, and that we should “work upwards towards creativity,” i.e., take
an inductive, bottom-up approach. Therefore, we initially focused on using
qualitative observation to better understand analogical reasoning in biomimetic
design.
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While the research approach was primarily qualitative, we also worked towards
the quantitative/graphical representation of our design protocols. The results of the
protocol analysis will be discussed after presenting the research method and
qualitative observations.

Methods
Participants

The data for this experiment were collected from 30 engineering students (28
males and 2 females), during a design-by-analogy laboratory exercise in a fourth-
year mechanical design course at the University of Toronto. All data collected
came from students who consented to have their design session audio-recorded and
to have the data used for research purposes.

Procedure

The laboratory exercise required students to generate solutions for an engineering
design problem by using a biological analogy as a source of inspiration. Three
design problems were used, and each problem was paired with a description of a
biological phenomenon as the source of analogy.

For practical reasons, three to four students were assigned to a group and each
group worked on a single design problem. There were three laboratory stations
with three groups at each station (see Table 1).

Each group was given 20 min to generate solutions for the design problem. One
group (Group 9) used only 12 min and stated they could not generate any more
solutions. At the beginning of each 20-min session, each member of the design
group was provided with a written copy of the design problem and relevant bio-
logical phenomenon.

The order of problems was counterbalanced in a 3 x 3 Latin square matrix to
control for problem effects. However, it is reasonable to expect the presence of a
learning effect for the second and third design groups at each station, since they
had the benefit of observing the preceding groups.

Design Problems and Biological Phenomena

The following design problems and corresponding descriptions of biological
phenomena were created by the researchers and provided to the design groups.
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Tablg 1 Details on Lab Design # of Design
exp.erlmental groups and station group # students problem
design problems assigned - —
A 1 4 Promotional mailing
2 3 Authorized disassembly
3 3 Wet scrubber
B 4 3 Wet scrubber
5 4 Promotional mailing
6 3 Authorized disassembly
C 7 3 Authorized disassembly
8 4 Wet scrubber
9 3 Promotional mailing

1. Promotional Mailing Problem

You are a marketing director for a credit card company. You are looking for an
effective strategy to distribute sign-up promotional mailings within a city. You
would like to distribute promotional mail to selected neighborhoods in the city so
that a large proportion of the promotional mail actually results in people signing
up. In other words, you don’t want to waste resources on sending promotional mail
to neighborhoods where people are not likely to sign up. Assuming that you don’t
have any demographic information of the city, how would you optimize the use of
promotional mailings?

Biological Phenomenon (Ant): An ant colony can identify the shortest path
between its nest and food source with the following strategy. Ants depart the
colony to search randomly for food, laying down pheromones on the trail as they
go. When an ant finds food, it follows its pheromone trail back to the nest, laying
down another pheromone trail on the way. Pheromones have more time to dissi-
pate on longer paths, and less time to dissipate on shorter paths. Shorter paths are
also travelled more often relative to longer paths, so pheromones are laid down
more frequently on shorter paths. Additional ants follow the strongest pheromone
trails between the food source and the nest, further reinforcing the pheromone
strength of the shortest path.

2. Authorized Disassembly Problem—From Saitou et al. [33]

Original equipment manufacturers (OEM’s) want easy disassembly of their
products to reduce disassembly cost and increase the net profit from reuse and
recycling at product end of life. However, OEM’s are also concerned with pro-
tecting high-value components from theft and access by competitors. How can you
allow disassembly that is easy but only by those authorized? [33].

Biological Phenomenon (Enzymes): Enzymes are complex proteins that bind to
specific substrates (molecules) and form enzyme-substrate complexes that perform
biochemical activities. The specific binding is achieved when the active site of an
enzyme geometrically matches its corresponding substrate. However, an enzyme
changes its shape with environmental factors such as pH and temperature. This



28 H. Cheong et al.

shape change alters the conformation of the enzyme’s active site to the point where
substrates can no longer fit, thereby disabling the function of the enzyme-substrate
complex.

3. Wet Scrubber Problem

Wet scrubbers are air pollution control devices that remove pollutants from
industrial exhaust systems. In conventional wet scrubbers, exhaust gas is brought
into contact with a liquid solution that removes pollutants from the gas by dis-
solving or absorbing them into the liquid. The removal efficiency of pollutants is
often improved by increasing the contact time or the contact area between the
exhaust gas and the scrubber liquid solution. What other strategy could be used to
increase the removal efficiency of wet scrubbers?

Biological Phenomenon (Penguins): Penguins are warm blooded yet keep their
un-insulated feet at a temperature close to freezing to minimize heat transfer to the
environment. The veins that carry cold blood from the feet back to the body are
located closely to the arteries that carry warm blood from the body to the feet. The
warm blood flows in the opposite direction as the cold blood, which allows the
penguins to transfer the most heat to the cold blood. This reduces both the amount
the returning blood can drop the core body temperature, and the amount of heat
lost through the feet.

Design Session Mediators

A research assistant was assigned to each laboratory station to facilitate and audio-
record the design sessions. To control for any confounding effects introduced by
the research assistants, they were provided with a script to handle potential
questions from students, and were instructed not to contribute to the design pro-
cess. The research assistants only interceded when design progress slowed or the
students had settled on a design solution. After 20 min, the research assistants
stopped the design session and provided the next group with the corresponding
design problem.

Design Protocols

Students in each design group were instructed to verbalize their ideas during the
design process; these verbalizations were audio-recorded and transcribed for
analysis. However, students were not asked to verbalize all of their thoughts.
Because this was a group exercise and there was only one audio-recording device
at each laboratory station, having a true talk-aloud experiment would have made
transcribing the audio files very difficult.
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Table 2 Examples of each coding category for the wet scrubber problem

Code Example

Entity “Veins have a lot of surface area so we can make sure that...I mean...the liquid we are
using for the scrubbing, it can go through like really narrow pipes or whatever to
increase the surface area”

Function “We also did kind of blood circulation, ‘cause uh, we are re-circulating [scrubber
solution and exhaust gas]”

Strategy  “It says the opposite direction allows, like, most flow of gas exchange [...] so make, I
don’t know, maybe we could make the [...] liquid scrubber run in one direction,
and [...] gas run in the other direction. That increases the flow [exchange]”

Two authors of this paper transcribed the audio files for each design group.
After each transcript was generated, it was cross-reviewed by the other researcher
to verify its accuracy. Some audio data was not interpretable, e.g., multiple
designers speaking at once, designers murmuring very quietly, etc., and this data
was excluded from further analysis.

Protocol Coding

We coded participants’ ideas that involved some type of comparison into three

different categories:

Entity A comparison to superficial characteristics of entities of the biological
phenomenon

Function A comparison to functions of the biological phenomenon

Strategy A comparison involving a higher-order relation (strategy) from the
biological phenomenon.

The method of coding design protocols into a set of defined categories is in line
with other protocol analyses discussed previously in the introduction [23-25].
Creating mutually exclusive segments, however, was not possible for this coding
scheme. Higher-level comparisons, such as the strategy level comparison, often
invoke comparisons at the functional and superficial levels. In addition, seg-
menting the protocol based on participants’ utterances or ideas was difficult due to
multiple interruptions from other group members and many instances of incom-
plete ideas. To avoid bias in the segmentation and coding process, each protocol
was segmented into 10-s units. This coding scheme allowed us to code occurrences
of each type of similarity comparison and plot their occurrence over the time of the
design protocol. Two of the authors individually coded the protocols, after which
cases of disagreement were discussed until an agreement was reached. Table 2
shows examples of segments that contain each coding category.
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Table 3 Examples of analogous elements between the ant phenomenon and the promotional
mailing problem at three levels of comparison

Level of Ant phenomenon Promotional mailing Similarity
comparison
Strategy Target food source based on Target sign-ups based on feedback ¢/
feedback obtained from random obtained from random mailing
travel
Functional Traveling to food source Sending out mail X
Superficial Food source Sign-ups X

Only the strategy level of comparison features a high degree of similarity

Qualitative Observations

We first drew qualitative observations from the protocols. While some of the
observations agree with previous research in design and cognitive psychology,
there were new insights that could contribute towards a better understanding of the
analogical reasoning process in biomimetic design.

Detection of Analogies

All three groups that worked on the promotional mailing problem were able to
identify the relevant strategy from the ant phenomenon within the first 5 min of
problem solving. However, two of the three groups that worked on the authorized
disassembly problem could not identify the relevant strategy from the enzyme
phenomenon in the 20-min period. This result was surprising. The promotional
mailing problem required participants to detect an analogy that was mostly based
on the similarity at the strategy level, with the analogous elements present at the
functional level and the superficial level having little similarity (see Table 3). On
the other hand, the authorized disassembly problem was paired with the enzyme
phenomenon. The phenomenon featured analogous elements that may seem sim-
ilar at all three levels, which could have helped participants identify the relevant
analogy (see Table 4).

For the authorized disassembly problem, many participants fixated on making
associations at the functional or superficial level and were not able to identify the
analogous strategy. We suspect that the apparent similarity between analogous
elements at the functional and superficial levels prevented the participants from
detecting the relevant analogy. When the participants observed similarity at the
low levels of comparison, which are more easily found than at the strategy level,
they focused on implementing particular characteristics of functions and entities in
their design solutions. On the other hand, the participants who solved the pro-
motional mailing problem may have been able to easily identify the strategy
because they could not find similarity between analogous elements at the
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Table 4 Examples of analogous elements between the enzyme phenomenon and the authorized
disassembly problem at three levels of comparison

Level of Enzyme phenomenon Authorized disassembly Similarity
comparison
Strategy Bind based on specific substrate; Assemble based on specific part v

temperature changes the interface; temperature changes

shape of enzyme to release the shape of part interface to

disassemble

Functional Binding of enzyme to substrate  Attaching of one part to another 4
Superficial Specific shape of substrate Specific shape of part interface v

All three levels of comparison feature some degree of similarity

functional and superficial levels. This finding is contrary to Gentner’s [34] pro-
posal that having similar analogous elements at the low levels of comparison helps
people map higher-level relations.

The biological descriptions for these two problems did differ in length, and the
effect of this difference can be complex. A longer description may provide addi-
tional context that can aid designers to identify higher-level relations. However,
the same information also provides more stimuli that could distract designers from
identifying the higher-level relations.

Influence of Readily Available Associations

We suspect that readily available associations at the functional and superficial
levels of comparison for the authorized disassembly problem caused participants
to fixate on those particular levels. Participants were able to match analogous
solutions from their knowledge with the concept of enzymes binding to specific
shapes of substrates. The solutions developed by the students involved using or
modifying various types of fasteners or interfaces such as mechanical screws,
snap-fits, power supply interfaces, etc.

Most of these solutions were highly relevant to the student’s domain knowledge
in mechanical engineering. This tendency to develop solutions based on the
familiar domain knowledge may be similar to Purcell and Gero’s [35] finding that
mechanical engineers tend to fixate on using familiar principles to solve design
problems. We observed the tendency to depend on domain knowledge, especially
if associations to the domain knowledge are readily available at low levels of
comparison, prevented novice designers from identifying the analogy. This
hypothesis might also explain why the participants were more successful in
solving the promotional mailing problem. The problem goal involved logistic
optimization and was different from conventional mechanical design problems;
therefore, the participants may have been more open to applying the new
knowledge gained from the ant phenomenon. In summary, domain knowledge was
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more likely to induce fixation, rather than help detect the analogy. This observa-
tion differs from Novick’s [36] finding that domain expertise may help people
access potentially useful analogies.

Some participants almost exclusively found associations at the superficial level.
For the wet scrubber problem, one particular participant persistently tried to apply
superficial characteristics of a penguin’s feet, e.g., texture, color, in developing
new types of mechanical scrubbers. Mak and Shu [4], Helms et al. [8], and Cheong
et al. [6] also reported on novice designers’ frequent fixation on superficial
characteristics in biomimetic design. Interestingly, another participant within the
same group pointed out twice that the analogy should be based on the counter-
current exchange of flows, not on superficial characteristics of penguins. This
suggestion, however, did not stop the first participant from fixating on the
superficial similarity. The following section discusses this failure to properly
evaluate analogies in more detail.

Evaluation and Mapping of Analogy

In some groups, participants fixated on their existing ideas and failed to realize the
analogy even when another participant explicitly stated the analogy. What we
found interesting was that “structural alignment and consistency”, which Gentner
[34] lists as important factors of analogy evaluation, had little effect on some
participants’ likelihood to move away from their fixated ideas. In other words, the
fixation on initial ideas was so significant that the participants were no longer
properly evaluating the analogies they used. A number of design researchers,
including Rowe [37], Ball et al. [38], and Cardoso and Badke-Schaub [39], also
report strong fixation effects on initial ideas.

In some cases, participants developed solutions based on the relevant strategy,
but expressed that they were not sure if their analogies were correct and complete.
This lack of confidence led to either abandoning the strategy or trying to force-fit
non-analogous elements that seemed relevant to the strategy. Essentially, the
detection of the analogy did not guarantee correct mapping of the analogy. In fact,
two promotional mailing groups started to make irrelevant associations between
the ant phenomenon and their solutions, e.g., identifying the optimal path to
deliver mail or comparing a CEO to a queen ant, after they had detected the
relevant strategy. One group that solved the wet scrubber problem also showed a
similar tendency. After agreeing on using the countercurrent flow exchange, the
group tried to elaborate their solution with irrelevant inferences from the penguin
phenomenon, e.g., using vein-like channels and considering the distance between
the penguin’s heart and feet.

Once designers find the relevant analogy, they may be likely to look for new
one-to-one mappings from the analog source, instead of performing one-to-many
inferences. In other words, designers focus on using multiple features of the source
analog, some of which may not be relevant, and fail to develop multiple solutions
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based on the analogous strategy. This observation suggests that designers may
have fixated too much on mapping the analogy instead of projecting multiple
inferences. Gentner [40] and Holyoak and Thagard [41] have reported one-to-one
mapping as a constraint in analogical reasoning and we have indeed observed that
it has a significant effect in design-by-analogy.

Some of these effects may be partially due to the structure of the experimental
design task. The designers were given 20 min to generate concepts, but were not
specifically asked to generate multiple solutions.

Facilitating Analogical Reasoning

We observed one particular group overcome fixation, which could provide insights
for facilitating analogical reasoning. The group was assigned the authorized dis-
assembly problem, and one participant repeatedly asked questions to himself and
other group members about whether they were fixating on specific aspects of the
biological phenomenon, as well as how they could apply the biological phenom-
enon in new ways. These types of questions evidently shifted the group’s focus
from one particular level of comparison to identifying the relevant analogy. Based
on this observation, we believe that the awareness of fixation and its effect on
identifying the analogy is a key requirement for effective analogical reasoning in
biomimetic design. Winkelmann and Hacker [42] also noted that design perfor-
mance is increased through the use of interrogative questions, which stimulate
reconsideration of the problem. Participants who ask these types of questions
without external prompting might be demonstrating enhanced awareness, with the
additional benefit that the questions promote increased problem solving among
group members.

Lack of awareness of fixation during design problem solving is apparent not
only amongst novice designers. Linsey et al. [43] reported that even experienced
designers, mostly the engineering faculty members in the authors’ study, were not
able to accurately perceive the degree of fixation that they were experiencing. Most
design-by-analogy methodologies generally do not seem to provide a means for
participants to identify fixation effects. Chrysikou and Weisberg [44] provided
defixation instructions that helped participants avoid fixating on pictorial exam-
ples; however, their instructions were problem specific and may not be transfer-
rable to general design-by-analogy problems. Also, we observed a variety of
fixation effects on familiar domain knowledge, superficial attributes, and initially
inspired solutions. In complex design tasks including biomimetic design, these
multiple types of fixation mean that any one specific mediation approach is unli-
kely to improve the design process in general. Methods that support biomimetic
design [9, 13, 14], most of which are based on modeling biological knowledge,
may help designers understand the complex biological information of interest.
However, the methods do not fully support mitigating fixation during concept
generation.
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An effective solution to address this challenge may be to educate or train novice
designers to better identify and apply analogies with enhanced awareness of fix-
ation effects. In a meta-analysis of 70 studies on the effects of training programs on
creativity, Scott et al. [45] concluded that the most effective programs were the
ones that fostered the development of cognitive skills and the necessary strategies
to apply them. Specific to biomimetic design, Nelson et al. [46] found that students
who took a biologically inspired design course were able to develop more novel
and diverse concepts than those who did not take the course and solved the same
design problem. Nelson et al. concluded that increased novelty and variety might
be due to the students’ improved analogical reasoning capabilities from the bio-
logically inspired design course.

Training could also work in congruence with existing methodologies of bio-
mimetic design; therefore, we suggest those researching these methodologies study
how designers use the tools. Observational studies on using the tools, such as the
one conducted by Vattam et al. [11] would be an effective approach for this
purpose. For our research, we are interested in conducting more observational
studies to identify characteristics that allow designers to effectively perform
analogical reasoning, and develop training materials or strategies to help designers
take better advantage of biological analogies.

Graphical Representation of Similarity Comparisons

After the initial review of our experimental transcripts, we performed a protocol
analysis to examine trends in participants’ similarity comparisons. The goal was to
graphically represent different levels of similarity comparison, i.e., entity, func-
tion, strategy, occurring over time and see if those representations support our
qualitative observations.

Figure 1 depicts the results of the protocol analysis. The y-axis represents a
similarity comparison index; the index value is calculated using a rolling average
of instances of similarity comparisons over five time segments (50 s). The graphs
visually represent the distribution of similarity comparisons made over time.

In general, more functional-level comparisons coincided with the detection of
relevant strategies. In most cases, the strategy-level comparison occurred right
after or during an increase in functional-level comparisons.

For Groups 5 and 9 of the promotional mailing problem and Groups 4 and 8 of
the wet scrubber problem, entity-level comparisons increased following strategy-
level comparisons. This trend supports our observation of participants trying to
map entity features of the analog, instead of exploring different solutions based on
the detected strategy.

Groups 6 and 7 of the authorized disassembly problem made most comparisons
at the functional-levels. These two groups fixated on the domain knowledge that
was associated with functional aspects of the biological phenomenon. Group 4 of
the wet scrubber problem had a large number of entity-level comparisons. The
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Fig. 1 (continued)

participant who fixated on superficial characteristics of a penguin’s feet was part of
Group 4.

While the graphs were able to support some of our qualitative observations, the
protocol analysis requires refinement. A particular aspect to address is the sub-
jective and inferential nature of the qualitative coding. Adopting formal coding
schemes such as Gero’s [25] FBS could enable more consistent identification of
coded segments. Computational linguistic and statistical analyses could also be
used to perform more in-depth quantitative analysis.

Conclusion

The current study took a qualitative, inductive approach to understand analogical
reasoning in biomimetic design. The interesting observations include:

e Similarity between analogous elements at low levels of comparison, e.g.,
superficial and functional, prevented novice designers from detecting the
overall analogy.

e Domain knowledge can provide readily available associations at low levels of
comparison and induce fixation.
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e Novice designers focus on mapping multiple features of the source analog,
instead of projecting multiple inferences from the identified analogy, perhaps
due to lack of confidence in the analogy.

We believe that analogical reasoning, used in practice for complex design tasks
such as biomimetic design, can be influenced by many cognitive biases. For
instance, we observed that fixation significantly influences the design process,
perhaps more so than the ability to reason with analogy.

Another factor that influenced the results could be that our study involved
novice designers. To generalize these findings to a larger population and wider
context, more natural design situations should be considered for future research,
e.g., include expert designers, perform longer design sessions, allow external
reference sources and personal selection of analogies.

While the current research focused on qualitative observations, we also value
the benefits of quantitative analysis. A number of researchers have well demon-
strated the advantages of numerical and statistical analyses on design protocols. In
particular, Dong [29] suggests quantitative analysis supported with computational
tools opens the possibility of assessing design processes in near real time. Our
future research will also explore different methods of quantitative protocol
analysis.
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Evaluating Methods for Bioinspired
Concept Generation

Michael W. Glier, Joanna Tsenn, Daniel A. McAdams
and Julie S. Linsey

Abstract Bioinspired design, the practice of using biological organisms and
systems to inspire the design of engineering systems, has traditionally been per-
formed without the use of systematic tools or methods to aid the designer. In recent
years however, several tools have been developed to help designers effectively use
bioinspiration for engineering design. These methods include BioTRIZ, functional
modeling, biological keyword searches, and online repositories such as
Asknature.org. This paper briefly reviews some of these methods and presents the
summary of three studies that offer empirical examinations of those methods. In
two studies the methods are taught and used by groups of graduate-level engi-
neering students. The successes and difficulties that the students encountered using
the bioinspired design methods are discussed and evaluated. Additionally, a third
controlled study examines a group of undergraduate mechanical engineering stu-
dents with no formal training in ideation methods. The students were given one of
two design problems and instructed to either generate ideas or to generate ideas
while considering how nature might solve the problem. This controlled study
allows a quantitative analysis of ad hoc approaches to bioinspired design.

Introduction

When designers seek to produce innovative solutions to engineering problems,
they depend heavily on analogies [1]. Designs can be inspired by analogous
systems with functional, strategic, morphological, or other characteristics similar
to the desired solution. Typically in engineering design, designers find analogies
within the engineering domain. In contrast, bioinspired design uses nature to
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inspire design solutions to engineering problems. Nature offers designers an
abundance of time-tested solutions to difficult design problems; solutions that
often use significantly different approaches than their engineering counterparts.

While bioinspired design can inspire innovative design solutions, designers
often have difficulty in identifying pertinent analogies between the engineering and
biological domains. Traditionally, the designer must understand both the engi-
neering and biological systems to draw an analogy between the two [2]. Bioin-
spired design has often been performed informally on a case-by-case basis. Only in
the past several years have formal, systematic methods been developed to aid in
bioinspired design [3].

The paper begins by introducing several methods for bioinspired design, namely
BioTRIZ, functional modeling, and biological keyword searches. With these tools
in mind, the paper summarizes three recent studies on bioinspired design methods.
The first study offers a quantitative comparison of the number of ideas generated by
senior-level mechanical engineering students when solving one of two design
problems, using either no formal idea generation method or a “directed” bioin-
spired approach where the students are instructed to consider how nature might
approach the problem [4]. This will help gauge the efficacy of the directed method
for engineering design and provide a valuable benchmark for future studies that
quantitatively measure ideas generated using more formal bioinspired design
methods. The following two studies evaluate the performance of two groups of
graduate engineering students using some or all of the introduced formal bioin-
spired design methods to solve specific design problems [5]. While research has
been done on the difficulties students encounter as they learn to use bioinspiration
[6, 7], no published work examines the methods discussed here. The results of these
methods are discussed, along with feedback on the methods from the students.

Background

One of the great challenges for designers attempting to use biological systems to
inspire engineering design solutions is the difficulty in drawing useful analogies
between the two fields. A large amount of research has been invested into over-
coming these challenges. Work in design cognition [7-9], design analogies [10-15],
the creation of an array of tools and methods for bioinspired design [10, 16-26], and
efforts in teaching bioinspired design as part of an engineering curriculum [6, 7, 27]
have provided great insight into how to effectively use biology to inspire engi-
neering design. While the majority of these contributions do not have a direct
bearing on this work, [3] offers a thorough review of recent research in tools and
methods for bioinspired design. The following sections describe the development
and methodology of BioTRIZ, functional modeling for bioinspired design, and
biology search tools. Because the first study examines the number of non-redundant
ideas produced for a design problem, a metric for systematically measuring the
number of ideas is also presented.
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BioTRIZ

BioTRIZ is based on Altshuller’s Theory of Inventive Problem Solving (TRIZ)
[28]. By framing a design problem in terms of pairs of conflicting parameters,
TRIZ allows designers to find techniques that have been used to solve similar
conflict in past designs [29, 30]. TRIZ identifies 39 system parameters that
designers may choose to optimize as well as 40 inventive principles (IPs) that can
be used to resolve design challenges. The set of conflicts and solutions is presented
as a 39 by 39 “contradiction matrix”. In each cell, the IPs that other designs have
used to solve the conflicting parameters corresponding to the cell’s row and col-
umn are listed.

Like TRIZ, BioTRIZ condenses design information into a contradiction matrix
that lists IPs used to solve conflicts between system parameters [25]. However,
while TRIZ shows designers how design problems have been solved in technical
and engineering designs, BioTRIZ shows how the problems are solved by natural
systems and is based on the analysis of approximately 500 biological phenomena
[25]. One other important difference between TRIZ and BioTRIZ is that BioTRIZ
groups the 39 system parameters of TRIZ into six fields of operation: substance,
structure, space, time, energy, and information. Consequently, the conflict matrix
for BioTRIZ is a 6 by 6 matrix. However, BioTRIZ does retain the 40 IPs used in
TRIZ. The procedures used to apply BioTRIZ to a design problem are identical to
those used for TRIZ.

Functional Modeling

Functional modeling allows designers to examine a system at a purely functional
level, without concentrating on the system’s physical mechanisms. While this
method is often useful in engineering design, it is particularly useful for bioin-
spired design as it helps designers develop engineering systems that mimic the
functional behavior of biological systems without fixating on specific mechanisms
used by the inspiring biological system. Many of the research efforts in applying
functional modeling techniques to bioinspired design have used the Functional
Basis, as described by Hirtz et al. [34]. Tinsley et al. determined that the Func-
tional Basis is an effective medium for transferring biological design solutions to
the engineering domain [22].

As biological systems tend to be very complex, they can often be modeled at
multiple levels (e.g. cellular vs. organ level). Nagel et al. demonstrated that
defining the category and scale of the model in advance allows designers to
consistently isolate and model those facets of the biological system most appli-
cable to their design [2]. To systematically apply functional modeling to bioin-
spired design, Nagel proposed a seven-step methodology wherein designers would
begin by finding a reference for the biological system of interest, develop an
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understanding of the system’s operation, define a question for the model to answer,
define a category and scale for the model, develop the model within the defined
bounds, and double check the model against a black box model and the defined
question.

Functional modeling’s systematic, detailed approach can help designers find
properties of biological phenomena that may not be apparent with other design
techniques. This technique allows designers to examine biological systems in a
familiar, engineering oriented language; designers that have used functional
modeling for traditional engineering design can simply extend its use to bioin-
spired design rather than having to learn a completely new technique. However,
even with these advantages, designers still face certain challenges.

Simply finding a biological system that is relevant to a design problem poses
significant difficulty to designers without a strong background in biology. Finding
an appropriate reference for the relevant system is non-trivial given the vast
amounts of biological literature available. To accurately model a biological sys-
tem, the designer must have a firm understanding of the biological system. Even
with an accurate and useful functional model, the designer’s creativity is still
necessary to conceptualize a functionally similar engineering system.

Biological Keyword Search

To aid in drawing analogies from nature, information-gathering tools in the form
of bio-keyword searches are used. Relevant biological systems can be identified
using engineering oriented terms and the Functional Basis. The “engineering-to-
biology thesaurus” relates terms from the Functional Basis to biologically
meaningful keywords [18]. After creating a functional model using the functional
basis terms, the terms can be used with the thesaurus to find biological corre-
spondents. A search is then done with a conventional search engine or database on
the biological terms to identify biological systems that can serve as sources of
inspiration for design solutions. By linking general functional terms to more
specific biological terms, the thesaurus helps designers find relevant sources of
biological inspiration for their design problem.

Idea Generation Metric

Comparing the effectiveness of idea generation processes poses many challenges
and requires systematic metrics. One basic measure of ideation process effec-
tiveness is the quantity of ideas produced using the process. Building from the
work of Shah et al. [31, 32] and implemented by Linsey et al. [33], the basic
definition of a single “idea” is something that fulfills at least one function of the
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Functional Basis as described in Hirtz et al. [34]. The complete listing of counting
rules is omitted here for brevity, but can be found in Linsey et al. [33].

To count the number of ideas produced by each participant, the rater must
identify each component in every participant’s design that fulfills one of the terms
in the Functional Basis. A more detailed sketch or description of a solution will
generally identify more features, so a more detailed solution will often have a
larger number of ideas associated with it.

Study Methods

The methods introduced for bioinspired design have the potential to help designers
effectively use nature as a source of inspiration. However, before the methods can
be adopted or successfully taught to students, they need to be evaluated to discover
the difficulties encountered by designers and the effectiveness of the methods. In
this section we will discuss the methods of each study, explaining the studies’
purposes, the demographics of the participants, the problems that were posed to
participants, and the methods used to analyze the results.

Directed Bioinspired Design Method Study

Before claiming that the discussed formal methods can offer great advantages to
the designer, we must first establish a baseline measurement for the natural, ad
hoc, approach that a designer would adopt in the absence of any formal methods.
This study compares the performance of novice designers using no formal idea
generation methods to those using a “directed” bioinspired method. In the directed
method, the participants were instructed to consider how nature would solve the
problem.

The 121 senior-level undergraduate participants in this study were all enrolled
in the first semester of Texas A&M’s Mechanical Engineering capstone design
course. At the time of the experiment, the students had not yet been taught idea
generation methods in the course. Each participant was given one of four design
problem statements, which are shown in Table 1 with the number of participants
that received each statement. There were two design problems and two conditions
per problem. One condition gave the basic design problem and the other instructed
the participant to “imagine how nature would solve the problem”. The statement
for the corn shucker problem included a photograph of an ear of corn with husks
and silks displayed [4].

The participants were instructed to write or sketch their ideas and attempt to
generate as many ideas as possible with the greatest quality and variety possible,
even if those ideas may not be technically feasible. The students were given
50 min to generate ideas and record them with pens and paper.
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Table 1 Problem statements and numbers of participants per condition for the directed method
study

Problem Statement Participants
Bracketed text added for directed condition (Normal/
Directed)

Corn is currently the most widely grown crop in the Americas with the United 24/31
States producing 40 % of the world’s harvest. However, only the loose corn
kernels are used when bought canned or frozen in grocery stores. An ear of
corn has a protective outer covering of leaves, known as the husk, and
strands of corn silk threads run between the husk and the kernels. The
removal of husk and silk to clean the corn is known as shucking corn. Design
a device that quickly and cheaply shucks corn for mass production. {Imagine
how nature would solve this problem}

Customer Needs:

e Must remove husk and silk from corn cob with minimal damage to kernels

e A large quantity of corn must be shucked quickly

e Low cost

Alarm clocks are essential for college students, however often times they will 30/36
wake up a roommate and those around them as well. Design an alarm clock
for individual use that will not disturb others. The clock should be portable
for use in a variety of situations such as on the bus, in the library, or in a
classroom. {Imagine how nature would solve this problem}

Customer Needs:

e Must wake up individual with no disturbance to others

e Must be portable and lightweight

e Electrical outlets are not available as a constant power source

e Low cost

Additions to the statement for the directed conditions are noted within brackets

The collected ideas were rated for quantity using the previously described
metric to determine the total number of non-redundant ideas generated by each
participant. The number of ideas per condition was calculated as the average of the
number of ideas per participant. To ensure that these results were reproducible, a
set of results from ten participants from each condition were independently rated
by a second rater [4].

TRIZ/BioTRIZ Study

In this study, a group of 12 graduate-level mechanical engineering students was
introduced to the BioTRIZ, functional modeling, and bio-keyword search tools
over the course of three 50 min lectures in a graduate design course at Texas A&M
University. Of these students, 7 were actively involved in design-related research.
The course was structured to introduce many different design methods to the
students, who then applied the techniques to a design project as part of the course.

After learning to use TRIZ, the students were issued a simple design problem
and asked to generate solutions using the method. Later, the students were taught
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BioTRIZ and asked to repeat the problem using the new method. The problem
statement asked students to design a wire-tying tool to form rebar reinforcements
for concrete structures. A copy of the problem statement is inset below with the
bracketed text noting the parts that differed between TRIZ/BioTRIZ. Both prob-
lems were given as homework assignments due 1 week after they were assigned.

Concrete is a ubiquitous building material that plays a huge part in building
infrastructure in developing countries. However concrete is, by itself, a very weak
material, particularly under tensile loads. Consequently, concrete structures are
almost always reinforced by pouring the concrete around a framework of steel
reinforcing bars (rebar). The rebar framework is constructed by tying rebars
together with steel wire ties. While these tied joints can be made by sophisticated
automatic tying machines, such machines are expensive and largely unavailable in
the developing world. Instead, the ties are formed by hand with a simple pair of
pliers. This approach is difficult, time consuming, and produces weaker joints that
result in weaker structures.

We wish to design a simple wire-tying tool appropriate for the developing
world. A good design for this tool will be easy to use, easily portable, durable, and
easy to repair with simple tools. Identify the design conflicts in this design in terms
of {the Generalized Engineering Parameters /BioTRIZ’s Fields of Operation}.
{Use the conflicts you identify /Use BioTRIZ} to find Inventive Principles that can
be used to resolve the design conflicts. Finally, use the Inventive Principles to
generate at least one design for a wire-tying tool. Sketch your idea and note where
you have applied the Inventive principles you found.

The collected assignments were later analyzed to find difficulties that the stu-
dents encountered applying TRIZ and BioTRIZ. Each assignment was checked to
ensure that each step of the methods was completed and that the methods were
correctly applied. Further, the resulting solutions from the TRIZ and BioTRIZ
assignments were compared for each participant to uncover similarities and dif-
ferences. Any comments from the students or notes describing their thought
processes were noted and evaluated along with feedback concerning the methods.

Bioinspired Redesign Project Study

In this last study, the introduced bioinspired design techniques were taught to 15
interdisciplinary engineering graduate students at Texas Tech University. The
students averaged 45 years of age and 20 years of industry experience. The
majority of the students were Transdisciplinary Engineering majors, but others
studied Systems Engineering, Mechanical Engineering, and Information Security.
The students were working professionals in engineering fields who were enrolled
in a program that consisted of classes 8 h a day, Friday through Sunday [5].
Bioinspired design methods were taught to the students during one of these
weekend sessions. The students were given a long-term design project to be
completed several weeks after the course. Ten of the students in the class
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submitted the design project. These projects gave us valuable insight into how
students use the bioinspired design techniques and the challenges they face.

The project asked each student to select an engineering system, product, or
technology and to redesign the system using the bioinspired design techniques
taught in the course. Any system was acceptable for the project, but a system with
innovative characteristics and a clear bioinspired component was preferable. After
selecting the system, the students were instructed to pose the design problem in a
solution-neutral manner with clear needs, constraints, and performance expecta-
tions. Students then attempted to find solutions to the design problem using Bi-
oTRIZ and a combination of functional modeling and bio-keyword searches. The
students were asked to carefully document their work as they generated concepts
with these methods. Finally, the students compared the ideas generated by each
method and critiqued of the methods.

The submitted design reports were analyzed to see how well the students were
able to apply the bioinspired design methods. Because the exact format of the
design reports was not specified, the report structures varied greatly. Points where
the methods were misapplied were noted and the students’ accompanying expla-
nations were studied to identify the likely causes of any mistakes. Student feed-
back on bioinspired design was compiled [5].

Summary of Key Results and Discussions

With an understanding of some methods for bioinspired design and the setup of
each study, we can proceed to discuss the relevant results from the studies.
Because the Project study examines both BioTRIZ and functional modeling with
bio-keyword searches, it is broken into two subsections for clarity.

Directed Bioinspired Design Method Study

Figure 1 shows the average number of non-redundant ideas generated for each
problem statement. The error bars indicate one standard error. The ideas were
counted by a single rater using the quantity metric introduced earlier. A second
rater counted results from ten participants from each condition to ensure that
different individuals using the same metric would arrive at similar counts. Using
Pearson’s correlation coefficient, the inter-rater agreement is 0.87. Figure 1 sug-
gests that there is no statistically significant difference between the number of non-
redundant ideas generated using the directed method and using no idea generation
method. A 2-tailed t-test with unequal variances confirms this, giving p-values of
0.58 and 0.34 for the corn shucker and alarm clock problems, respectively [4].
Simply considering nature when generating ideas does not increase the number of
ideas that novice designers produce. This examination does not consider the
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effectiveness of the directed method when the designers have access to specific
examples of analogous biological systems or specialized knowledge of some
inspiring system. Further, we must consider that the directed method may help
designers find solutions of higher quality, variety, or novelty. Nevertheless, this study
suggests that using biological inspiration for engineering design without any formal
approach is not advantageous to the designer. With this baseline measurement for
ideation, more formal bioinspired design methods like BioTRIZ and functional
modeling can be quantitatively compared in future studies. The qualitative results of
the following studies, however, cannot be effectively compared to this experiment.

TRIZ/BioTRIZ Study

The students in this study were very successful in applying both TRIZ and Bi-
oTRIZ. All students were able to identify the relevant needs from the problem
statement, convert those needs into conflicts between engineering parameters or
fields of operation, and use those conflicts to determine IPs through the conflict
matrix. For both TRIZ and BioTRIZ, only one student failed to generate a solution
although it is unclear whether this was due to difficulty in applying the methods or
a misunderstanding of the problem’s instructions.

The students used the same set of design conflicts to find IPs with both TRIZ and
BioTRIZ, but the two methods typically led them to the generation of different
solutions to the problem. However, the students demonstrated that the set of IPs
generated using the two methods could often have common entries, despite the low
similarity between their conflict matrices, as noted by Vincent et al. [25]. Generally,
the common IPs come from different design conflicts. For example, consider
Table 2, which is adapted from one student’s submissions. For a single conflict, no
IPs are shared, but when the pair of conflicts are considered, TRIZ and BioTRIZ
both suggest using IPs 1, 4, 7, and 25. On average, 31 % of the inventive principles
identified by students using TRIZ were also identified when using BioTRIZ.

Despite many overlapping IPs, the students produced different solutions using
the two methods. However, five students produced solutions that were noticeably
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Table 2 Two sets of conflicting parameters, translated into engineering parameters and fields of
operation, and the IPs that can be used to resolve the conflicts. The IPs are identified by number,
as corresponding to Otto and Wood [35]

Conflict Conflicting  Engineering parameter Field of TRIZ BioTRIZ
pair parameter operation  inventive inventive
principles principles
1 Fast Duration of action by Time 1,2, 3, 4, 14, 25, 26, 28
operation moving object 7,38
Small/light ~ Shape Space
weight
2 Simple Reparability Information 3, 10, 16, 1,4,7, 16
Design 23, 25
Small and Flexibility Information
compact
N Va

2 L——
| L

G
SN

Fig. 2 Designs of a wire-tying tool using TRIZ (left) and BioTRIZ (right). The TRIZ solution
uses the principle of segmentation while the BioTRIZ uses the principle of moving in a new
dimension

similar for the two methods. Although different IPs were used to change particular
details, the overall form and operation remained similar. This is likely an example
of design fixation where the designer had a specific design in mind and used the
design method to modify that design. Figure 2 shows an example of this fixation
where the student designed plier-like tools with a rotating head. Although the
solutions use different IPs, the two tools are very similar in their overall operation.

Bioinspired Redesign Project Study

To best organize the discussion of this study, the results are presented in two sub-
sections, one addressing BioTRIZ and the other addressing the functional modeling
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and keyword searches. However, this organization is not necessarily reflective of
how these methods were applied. Some students in this study did use BioTRIZ and
functional modeling with keyword search tools to develop separate, distinct solu-
tions. Others, however, used the methods together to develop a single solution.
Further, it should be noted that even when students used the methods independently,
the use of one design method likely biased the results produced using the other. Given
the nature of this study, it is impossible to isolate these effects. Nonetheless, the study
does demonstrate that the methods can lead designers to different solutions.

BioTRIZ

The students were generally successful in using BioTRIZ to generate ideas. Fol-
lowing the method’s clear procedure, all of the students were able to find Inventive
Principles applicable to their problem. They only seemed to encounter difficulties
after finding the IPs. Three of the students misunderstood the project statement and
stopped after finding the IPs rather than proceeding to generate designs from them.
Of the remaining students, two seemed to be fixated on either the original system
they had selected or related existing solutions, generating variations on the initial
system rather than original ideas. This fixation may be partly due to the fact that
the project was a redesign rather than a blank-slate design [5].

For five of the reports, the solutions generated in BioTRIZ led to concepts that
were a part of the final design rather than creating a complete design. For example,
one student chose to look at generating energy from tidal forces. To resolve the
issue of capturing energy in a small physical space, the student used the IP of
“transition to another dimension” and created a design combining the horizontal
movement of a shark tail and the vertical movement of a dolphin tail, as seen in
Fig. 3. This combined with another of his designs, which was to position the
capture device below water and the generator above to decrease the device’s
exposure to corrosive saltwater.

According to a student critique of the bioinspired design method in the reports,
the students found BioTRIZ to be a new way of evaluating the problem. Three of
the students commented that the method promoted creative and inventive ideas
when trying to resolve the design conflicts. While BioTRIZ can be applied to
challenging problems to find novel solutions, students also said that the method
was easy to implement and straightforward. The students were guided through the
process of finding conflicts and resolving them using the IPs. Three students
remarked that the method was fast and time-efficient, however they also
acknowledged that the quantity and originality in the designs generated using
BioTRIZ was tied to the amount of time and effort applied by the student. Two of
the students suggested that the method would work well when creating an initial
design because the conflicting issues could be found at the beginning and resolved.
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Fig. 3 Bioinspired concepts to capture more energy from a tidal wave, generated with BioTRIZ
(left) and functional modeling (right) [5]

Functional Modeling and Keyword Search

Functional modeling was combined with bio-keyword searches since they both
make use of the Functional Basis, which can be applied to the engineering-to-
biology thesaurus. Unlike BioTRIZ, the successful creation of a functional model
was only completed by seven students and was correctly used by even fewer. The
greatest challenge the students faced was that the majority of the students were not
familiar with functional modeling for engineering design and very few of them
were able to create a useful functional model of their system [5]. While engi-
neering students with some background using functional modeling might find its
use in bioinspired design to be a simple extension of their knowledge, the students
in the study had to learn an entirely new technique and did not have enough
practice to create effective functional models of their systems. The students that
did not fully understand functional modeling tended to have difficulty generating
bio-keyword search terms that yielded useful sources of biological inspiration;
some models were constructed such that they clearly led to the original engi-
neering solution rather than being solution-neutral.

For example, one student chose to re-engineer a flapping-wing design for Micro
Air Vehicles but was not able to produce a useful functional model; the resulting
model contained such functions as “weight” and “speed”, which are not Functional
Basis terms. The search terms derived from this model included each of the design
functions in his functional model and also included items such as “flapping-wing.”

Another issue found during bio-keyword searches was a fixation on the original
design. Once again, this was most likely due to the redesign nature of this project.
However, this was more noticeable than for BioTRIZ because of the record of their
choice in search terms.



Evaluating Methods for Bioinspired Concept Generation 53

Fig. 4 Concept based
directly on a biological
system, instead of drawing an
analogy [5]

Several students did not draw analogies from the biological sources of inspi-
ration they found, but instead directly copied the biological systems. For instance,
one student proposed creating electro-mechanical copies of fish as high-acceler-
ation underwater vehicles. The resultant eel-based design, shown in Fig. 4, dem-
onstrates the student’s replication of an eel found in nature rather than using the
animal as a basis for an analogy. Helms, Vattam, and Goel observed similar
behavior in a study of design teams in an introductory bioinspired design course at
Georgia Tech [7].

Despite the many problems faced by the students in using functional modeling
for bioinspired design, a few students did form useful functional models of their
system and drew effective design analogies from the biological sources. These
students commented that the designs generated using functional modeling were
different from those using BioTRIZ. Returning to the example of the student who
chose to design devices to generate power from tidal energy, a very detailed
functional model was created and four functional requirements were chosen for the
bio-keyword search. From the search, a new concept was created after finding that
combining the action of the dorsal fins and caudal fins on a fish can produce more
thrust. The new design has the same purpose as the one shown in Fig. 3 from
BioTRIZ, but accomplishes it in a new manner. This demonstrates that functional
modeling and BioTRIZ can be used to complement one another rather than
needing to choose one method over the other.

Not surprisingly, the students who had difficulty using functional modeling
found the technique to be much less useful than BioTRIZ. Many observed that
biological solutions from their keyword searches gave them valuable inspiration
for generating new solutions. Using functional modeling required the students to
perform problem segmentation and partition the capabilities of the constituents.
The students pointed out that an in-depth understanding of the problem was needed
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in order to create the functional model. Similar to BioTRIZ, students reported that
investing more time and effort in the functional modeling method would lead to
more design concepts.

Conclusions

Functional modeling, BioTRIZ, and bio-keyword searches all aid designers in
finding design inspiration for engineering systems from natural systems. These
tools can help designers access the vast amounts of design information contained
in nature by giving a systematic approach to finding relevant biological systems
and abstracting their designs to forms more accessible to engineers. We have
examined three studies using bioinspired methods. The first compared an ad hoc
approach to bioinspired design, directing novice designers to consider how nature
might solve a problem, to idea generation without any systematic method. The
second study examined a group of graduate design students taught both TRIZ and
BioTRIZ to find the difficulties they encountered using the method. The final study
showed how a group of working professionals was able to apply bioinspired design
methods in simple design projects.

The first study demonstrated that attempting to use biology to inspire engi-
neering design without the aid of a systematic approach offers the designer no
advantage in producing more ideas. There was no significant difference in the
number of ideas generated by novice designers that considered nature and those
that did not.

The last two studies offered insight into how students apply BioTRIZ. Using
BioTRIZ to identify design conflicts and IPs that can be used to resolve design
conflicts is straightforward and posed no apparent difficulty to the students. The
difficulty lies instead in conceptualizing specific solutions from the very general IPs.
Further, some students saw no practical difference between TRIZ and BioTRIZ and
consequently, saw little reason to use both methods for future designs. If designers
are to adopt a new design method, the method must be useful and also perceived as
useful.

The final study showed that more emphasis needs to be placed on teaching
proper functional modeling. If individuals are already accustomed to functional
modeling, then learning functional modeling for bioinspired design is easier. A
useful functional model of a system would not only aid engineers in general
engineering design, but it would also make the transition to using the technique for
bioinspired design much more simple. It aids students in deconstructing a design
problem into its functional components so that an analogous function in nature can
be more easily found. The use of the functional models and the Functional Basis in
conjunction with the engineering-biology thesaurus proved helpful and example
systems found using the bio-keyword searches were useful sources of inspiration.
The students who understood functional modeling and created a good model were
able to retrieve better results from their search when using the terms from the
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engineering-to-biology thesaurus. While creating a functional model and per-
forming the bio-keyword search takes more time than BioTRIZ, there are a greater
potential number of design concepts due to the considerable amount of information
on biological systems. One item to note is that the importance of drawing anal-
ogies from nature needs to be emphasized rather than trying to replicate nature
directly. Without making use of analogies, a designer loses the opportunity to find
innovative solutions that are inspired by nature at the functional level. The bio-
inspired methods help to reinforce the utilization of analogies, but analysis of the
study shows that the problem of drawing analogies persists.

Future Work

In terms of evaluating idea generation methods, while the quantity metric of the
first study gives a starting point, solutions produced using the directed method
should be analyzed using other metrics such as quality, novelty, and variety [4].
Even the quantity of ideas could be revisited, using a metric based on TRIZ
conflicts rather than using the Functional Basis as a framework.

Learning more about these bioinspired design methods will help reveal how to
most effectively use the methods. The results from these studies were a start, but
the effectiveness of each technique must be measured in a controlled experiment.
Further, students should be tested using standard ideation techniques or bioinspired
methods as they progress through an engineering curriculum in order to observe
the effects of the increasing engineering knowledge and experience. Additionally,
students with domain specific knowledge, such as biology or biomedical majors,
may be better able to draw inspiration from nature than designers without such
background knowledge.
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Role of Personas and Scenarios

in Creating Shared Understanding
of Functional Requirements:

An Empirical Study

Eric Blanco, Franck Pourroy and Serap Arikoglu

Abstract Elicitation of requirements is a key step of the design activity. The
building of a shared understanding of design requirements is essential to the
performance of the design. Personas and scenarios are used in order to define end
users and their needs. Their usage is becoming more and more popular, especially
in Software and System Engineering and Human Computer Interaction (HCI). Our
hypothesis is that scenarios and personas improve shared understanding of func-
tional requirements between co-designers. In order to test this hypothesis, an
empirical study has been undertaken in a laboratory context. This paper presents
the protocol of the study and discusses the indicators used for measurement of
shared understanding.

Introduction

Design is sometime described as “a problem of resolving tension between what is
needed and what can be done” [1]. During the engineering design process, the
design team translates the end user needs into a set of product specifications, a
measurable detail of what the product has to do in order to satisfy them. In this
paper, the word “need” is used in the same sense as Ulrich and Eppinger [2]. That
is to label any attribute of a potential product that is desired by the end user, for
whom the product is designed. Ulrich and Eppinger [2] state that “product spec-
ifications do not tell the team how to address the customer needs, but they do
represent an unambiguous agreement on what the team will attempt to achieve in
order to satisfy the customer needs”. In order to define the product specifications,
functional analysis might be used [3]. Functional analysis builds a standard

E. Blanco (X)) - F. Pourroy - S. Arikoglu
Grenoble-INP, Grenoble, France
e-mail: Eric.Blanco@grenoble-inp.fr

J. S. Gero (ed.), Design Computing and Cognition ’12, 61
DOI: 10.1007/978-94-017-9112-0_4,
© Springer Science+Business Media Dordrecht 2014



62 E. Blanco et al.

language to enable designers to share their viewpoints about needs and constraints.
In functional analysis, the functional requirements refer to the needs and con-
straints. Product specifications are derived from the list of the defined functional
requirements.

However, in the early stages of the new product design process, the end users
are not always defined sufficiently well enough to clearly identify their needs, or
for them to be involved in the design process. Moreover, at the early stages of the
design process, the final product does not yet exist. What do exist are the inter-
mediary objects which help designers to represent, manipulate and translate the
product idea on which they work; such as sketches, diagrams, written specifica-
tions etc. [4, 5]. Even for contract projects it may be difficult to gain access to a
client who is busy or located geographically at distance. Additionally, the
designers generally work under time pressure, which makes it difficult to access
end users to get data or integrate them to the design process. Furthermore,
researchers, who undertake market and user research, are not typically the design
actors, and the results very often comprise ambiguities, uncertainties and gaps that
the designers have to manage.

Consequently, in the case that the information about the users is not available at
the right time or difficult to understand or to remember, each design actor may
interpret the end user needs differently and become sensitive to different product
constraints. This lack of shared understanding of end users and of their needs,
between design actors, may cause difficulties in defining product specifications and
cause non-convergent design processes [6]. To overcome this, support methods
might be used in order to define the end users and their needs in order to improve
shared understanding of functional requirements between design actors. However,
the appropriateness and effectiveness of the various methods is unknown.

In the literature, personas [7] and scenarios [8] are used in order to define end
users and their needs. Their usage is becoming more and more popular, especially
in Software and System Engineering and Human Computer Interaction (HCI) [9].
Our hypothesis is that scenarios and personas can be used to develop and improve
shared understanding of functional requirements between co-designers. In order to
test this hypothesis, an empirical study has been undertaken in a laboratory con-
text. This paper focuses on the protocol of the study and discusses our ability to
find indicators of share understanding.

The paper is organized as follows. In the next section the theoretical back-
ground of the research is explained in detail. Section three discusses how the
empirical study was designed and conducted. Indicators of shared understanding
are discussed in the last section.

Shared Understanding of Requirement

Cooper and Kleinschmidt [10] underline that, for the product success, during the
product definition phase there must be an agreement on: (1) the target market, (2)
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the customers’ needs, wants, and preferences (3) the product concept and (4)
product’s attributes, features, specifications, and requirements. However, it is an
inevitable natural occurrence that there are different points of view between design
actors in the way they interpret the users and their needs. Then, the design actors
have to clarify their views and build a shared understanding.

In a design process, design actors bring with them their own beliefs, respon-
sibilities, language, interests, jargon, and knowledge to the design team. As a result
of this, each actor might see the design object differently within different per-
spectives. This is described as object world by Bucciarelli [11], personnel mental
model by Badke-Schaub et al. [12] or as perspective, heuristics and interpretation
by Page in his model of diversity [13]. All of them referring to distinct theoretical
background but addressing the differences in which the members of a team can see
the world. Bucciarelli’s work comes from a social background, and the term
‘object world” describes the assemblage of social, technical and symbolic com-
ponents that make design possible within specific engineering domains. The
Mental models “are simplification of the world” and “internal working models of
the world” [12]. Thus, a mental model includes the three components of the
diversity model of Page: perspective, heuristics and interpretation. In Page model,
perspective has then a restrictive definition as “a map from reality to an internal
language, such that each distinct object situation, problem or event gets mapped to
a unique word” [13, p. 31]. Even if diversity and existence of diverse perspectives
can be expected for creative problem solving, it is admitted that teams should
“share at least some aspect about the task and the team” [12]. Badke-Schaub for
example claims that “there are strong indices that shared mental models have an
impact on creative problem-solving” (p. 10). Moreover, the importance of shared
understanding in the performance of a design team had been highlighted in design
research (see [14] for an updated literature review). The necessity of constructing
common ground within the team to facilitate collaboration is acknowledged in the
literature. Detienne [15] highlights the importance of creating negotiation mech-
anisms and grounding activity in order to manage the multiple perspectives in
design groups.

The notion of common ground represents the knowledge that actors have in
common and their awareness of this uniformity. Clark and Brennan [16] state that
effective communication requires grounding activity. The grounding activity helps
design actors to co-create the shared representation of the current situation of the
problem, solutions. In a psychological perspective, authors refer to construction of
team mental models, built on the communication based on individual mental
model [12].

This process of building a common ground is also referred to as a framing cycle
[6] or as managing multiple perspectives by Detienne [15]. The frames are defined
as structures of belief, perception and appreciation that guide one’s way of viewing
and attempting to solve it. The framing cycle consists of making individuals’
perspectives explicit, making conflicts salient, and building a common ground. In
the following work, this construction of a shared understanding is detailed into two
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sub-sections: (1) perspective clarification, where the perspectives are explicated
and (2) convergence: which is building a common frame.

Perspective Clarification

As mentioned above, it is important that design actors externalize and commu-
nicate their frames. In the literature, the creation of common ground is reasoned to
improve the effectiveness of communication. Stumpf and McDonnell [17] claim
that: “the team’s interaction to share frames provides a legitimate indication of the
quality of team processes”. Visser [18] also underlines the importance of creating
a common ground during the co-designing activity, with her words: “It is then
essential that designers, who each also have their personal perspective, establish a
‘common ground’”. Then, the design actors can create shared representations,
which “concern agreements, especially on the definition of tasks, states of the
design, references of central notions, and weights of criteria and constraints”.
Different mediums of communication may be used for accomplishing this
purpose, such as, conversation or sketching. For example, in conversation, the aim
is to ensure that what has been said has been also understood. Creation of a
common vocabulary can greatly improve perspective clarification within the team
[19]. Conklin et al. [20] argue that shared displays are also beneficial to clarify the
disagreements in a group: “When ideas and concerns are mediated via a shared
display, challenges to positions assume a more neutral, less personal tone. It helps
participants clarify the nature of their disagreement”. The roles of mediations in
this perspective clarification has been shown in many studies [4, 11, 21-24].

Convergence

It is probably inevitable that there are disagreements within a design team. Posi-
tively, the divergence of opinions can stimulate creative ideas and solutions to the
problems [25]. The diversity can enriched the results of the team [13]. The task
conflicts can enforce team members to realize deeper analysis, which can increase
learning and development of new and creative insights, and lead team to be more
creative [26]. However, when the conflicts are not managed effectively, they can
slow decision-making and keep members away from concentrating on the real
task. They can also increase tension between team members, and cause interper-
sonal conflicts that can be detrimental to the creativity process [25]. Thus, a design
team, which desires to reach an acceptable conclusion to their design task, has to
find ways of resolving, or perhaps avoiding their conflicts [27].

As a traditional point of view, generally accepted opinions are chosen through
negotiation. The notion of negotiation describes the way that the design actors
reach agreement, which is based on argumentation [15]. With argumentation, the
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designers try to “convince themselves and their peers of the sense and validity of a
particular solution, or of the necessity to respect a particular constraint related to
the problem” [28]. As Détienne mentions, negotiation does not force a person to
accept an argument but the conversation, which covers the arguments for and
against a frame, makes it possible to get an agreement. The measure of agreement
is quite difficult. In [12], authors claim that “the measurement of team mental
models should reveal the degree of convergence among team members”. They
explore propositions of the literature to access and measure mental models.
External representations, interviews, team observation and graphics are used to
access to mental models. In the next section, we will detail how we propose to use
external representation to find indicators of convergence and perspective clarifi-
cations without tracking complete mental model, following the works on inter-
mediary objects a mediation of design activity and the roles of objects as external
representations of future product or design problems [21].

Scenarios for Shared Understanding of Functional
Requirements

Despite their popularity, there is no common definition of what the term “sce-
nario” means, their use also varies widely in different design contexts. In this
paper, the term scenario is used in the same sense with Carroll [8], stories about
people and their activities. Each scenario includes the setting, agents/actors who
have specific goals/objectives and sequences of action and events [8]. In the early
stages of the design process, talking about the end users and their actual activities
allow designers to elaborate the requirements, analyze and prioritize them. They
also guide the projected scenarios, which explain the future activities, after the
creation of the new product. In that way the designers evoke new views on defined
needs and define new ones. In other words, scenarios are used to help designers to
focus on end users and their activities and how these activities may be changed
because of a new design. They serve as a communication tool between designers.

In the literature, even if the focus is on end users and their needs, some
researchers prefer to use vague definitions of end users while building scenarios.
For example, in Carroll’s scenarios [8], we do not see the detailed description of
the users; generally just a name or the job description. However, Cooper [7] argues
that by focusing on the behaviors and the goals of specific end users, the designers
can satisfy a particular class of users with similar goals. Cooper proposes the
utilization of personas-representative user archetypes-, to provoke common sense
of categories of end users. Personas are fictional people who have names, details,
and goals. They may be presented in their working and/or living environments and
tied to particular activities that they are practicing. Cooper’s “goal-directed
design” focuses the design effort for achieving persona goals, which covers the
goals of the target market. Cooper points out that, once personas have been created
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then scenarios can be constructed around them. They are used to improve the
power of scenarios. Pruitt and Grudin [29] argue that scenarios are less engaging
and difficult to memorize when not built on personas. They also mention that
personas help to prioritize functions for a product development cycle and facilitate
decision-making process [29]. On this basis, we formulate the hypothesis that
scenario and persona usage might encourage a shared understanding of functional
requirements within a design team. In order to test this hypothesis two questions
are posed:

1. How to test if the design actors converge through a shared understanding of the
requirements during a design meeting?

2. How to evaluate if the scenarios and personas are effective in creating shared
understanding between design actors?

The following section will present the empirical study we had carried out to
answer this questions.

Design of the Empirical Study
Design Situation Observations

Video recording is often used in order to observe and understand the design
activity [30]. Audio and video captures make it possible to ensure reliable analysis.
Hicks et al. [31] proposes a process model in order to realize a structured obser-
vation. This is an iterative approach that involves five main phases: (1) Monitor,
(2) Capture, (3) Analyze, (4) Prepare, and (5) Intervene. In the monitoring phase
the researchers define what will be monitored during the design activity: the actors,
their interaction, the objects, etc. The technology and the tools that will be used for
monitoring are also prepared in this phase. The inputs, outputs, content and
relationships between activities and interactions are then captured in the second
phase. In the third phase the data is analyzed and interpreted. The last two phases
are respectively the preparation of new tools or methods that will have the impact
on the activity and ensuring that those interventions are beneficial.

It is admitted that each situation of design is unique and context embedded.
Comparing and analysing design situations can be difficult. Visser tends to high-
light the generic characteristics of design and different forms of design that appears
in different design situations [32]. Hicks et al. also recommend a fine definition of
the design situation to perform observation. According to Prudhomme et al.’s
model [28], a design situation contains four main elements: task, actor, object and
environment. A design task expresses a goal and the conditions in which work
should be realized, whereas the design object, or the product is the entity on which
designers work. The design actors are the people who are involved into design
process. Finally the environment element is described by the industry, the
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available technical means and the project organization. This model gives a mac-
roscopic view of a design situation. By taking this model as a reference, the
relevant considerations that have to be addressed in an observational research can
be defined. In this research we realized an empirical study in a laboratory envi-
ronment, which is based on the Hicks et al.’s process model. The detail of this
study is presented in the next section.

Framework of the Empirical Study

The empirical study is built in different steps, with two groups of designers. A
control group, which won’t use the scenarios and personas as a method during the
design meeting, was used. Comparing the results of the control group (referred as
group A) and experiment group (referred as group B) might help us to evaluate the
effectiveness of scenarios and personas.

The main design task is completed by individual tasks that allow extracting
individual external representation of requirements. Consequently, three main steps
were defined for the empirical study:

Step 1: An individual step in which each participant builds his own represen-
tation of the product specifications.

Step 2: The design meeting step: during this stage the subjects elicit the
functional requirements collectively. While the experiment group is
asked to use scenarios and personas, the control group is free in the
choice of a working method.

Step 3: A second individual step to make explicit the participants’ representa-
tions of the product after the group meeting. The same representation
media than in the first step has to be used to make the comparison
easier.

In addition, because the participants have to be prepared for the study, a pre-
liminary training phase is required. In these preliminary steps, the participants are
trained to the tools and methods that they will use during the study.

A set of 4 experiments had been run in French and in English. Some of the
experiments were conducted by other researchers to validate the replicability of
the protocol. Not all of these experiments have been analysed today, and in this
paper we focus on one of the experiment realized in U.K. For this reason we can
consider this paper more than a case study as it is studying only one experiment
even if this case is part of a larger experimental protocol.
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The Design Situation

Actors

In this paper, the design actors are the subjects who participated in the study.
Because our focus is to analyze the collective activity, we had to use more than
one participant. Studies showed that in functional analysis teams with more than
5-6 people, tend to be divided into small informal groups with only a core of 3—4
people doing real work [33]. So, we decided to use 4 participants in each of the
two groups (group A and B). The composition of the groups was configured to be
as similar as possible using PhD students and postdoctoral research engineers with
engineering degrees and similar levels of experience. All participants were vol-
unteers and were not remunerated. They were not informed about the research
question. They were told their collective activity would be observed and recorded
(video and audio) as a part of the study. However, after the experiment a pre-
sentation was given to explain the research context and answer to the participant’
questions.

Task

The focused domain of the research is industrial design. We chose to construct a
design meeting typical of the early stages of a new product design process, during
which design actors elicit functional requirements of the new product. It was also
decide to limit the duration of this meeting up to 90 min.

Before the design meeting, the participants are given some time to think
individually about the product idea. They are asked to represent the product idea in
the form of a 5W table (When, Why, Who, What and Where), which provides
information regarding their individual perspectives about the product specifica-
tions. The question How was eliminated from the original SW1H approach
because it could possibly focus the subjects on the technical possibilities, hence
limiting their perspectives. However, the aim of this step was to focus subjects on
generating alternative solutions not creating a specific one (divergence). The
duration of this was fixed to 20 min. Again, after the design meeting the partici-
pants are asked to fulfill a 5W table in order to see if the discussions changed their
individual perspective about the product specifications.

During the design meeting, they are asked to elicit the functional requirements
collectively in the form of a Function-Criteria-Level (FCL) table. As mentioned
before, while the group A was free to use any method(s) they felt appropriate for
defining the functional requirements, the group B was required to use the scenarios
and personas.
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Object

The product to be worked on was a “digital calendar”. The product idea was
chosen from an open innovation web platform. This site allows its visitors to
submit new product ideas, to commit arguments, or to make commentaries about
product ideas. We had three reasons for choosing this design object: (1) We had
the opportunity to analyze from the platform the discussions between the various
contributors to this product idea, which gave us a possible list of requirements,
making it possible to test the acceptability of the experiment; (2) As subjects have
a very limited time for achieving the design task, materials have to be simplified.
So, we have chosen a product idea for which the participants may feel familiar
with and contribute to easily. Nevertheless, we checked that all our subjects were
naive regarding this product idea; (3) The idea was pointed out as the most popular
one on the site, so that we think that it can be interesting for the subjects to work
on it.

Environment

As mentioned in The Design Situation, the environment element is described by the
industry, the available technology and project organization. In this research, because
the study was realized in a laboratory layout, the industry was not considered.

The available technology for the subjects during the design meeting was limited
with the supplied facilities. During the before and after steps of the design
meeting, in order to realize their individual tasks, each subject was provided with a
computer. The previous research on sketches shows that they play an important
role in design process. As Ferguson [34] states: Many features and the qualities of
the objects that a technologist thinks about cannot be reduced to unambiguous
verbal descriptions: therefore, they are dealt with in the mind by a visual, non-
verbal process. Thus, the subjects were also supplied with some draft papers and
pens in each step, in order to allow them to sketch or write freely.

During the design meeting, both of the groups were provided with a computer
for completing FCL table. Group A was also provided with a whiteboard and board
markers that they might use to apply their methods, while as the group B was
supplied with another computer in order to create the personas and scenarios in
PowerPoint format. Because they had a limited time, group B was asked to use
media which is easy to create and manipulate such as text or storyboards. Thus,
they were also supplied with a set of pictures selected randomly from Google’s
image library (which were rooms of a house, an office and a selection of faces) that
might be used for scenario and persona creation.

In terms of the project organization, within each group, one of the subjects was
proposed as the manager of the design meeting according to his/her previous
experience of managing. His/her role was to manage the time, ensure that the tasks
would be realized and organize the relationship between the subjects. The choice
of a manager may have positive or negative effects, which is not within the scope
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Fig. 1 Observatory room view and 4-PIP (group A)

of this paper. Otherwise, all the subjects had all equal rights during the meeting.
The subjects were trained before the experiment with the aid of pre-prepared
material. This included a document containing the explanation of the tools and
methods (in additional to the information supplied to group A, the group B was
informed about scenarios and personas), and examples of their usage. A formation
document was also prepared for the manager in order to explain his/her respon-
sibilities. Both of the documents were sent to subjects three days before the
experiment via e-mail.

Observation Protocol

Monitor

The design meetings of the subjects were video and audio taped. Therefore, an
observatory room was prepared, equipped with video and audio recording facili-
ties. A voice recorder (placed on the table) and three movie cameras recorded the
design activity (see Fig. 1). The movie cameras were installed to capture different
views: a close view of the subjects when sitting at the table, the whiteboard and
overhead view of the table. They were fixed and were not moved or repositioned
during the session for not disturbing the participants. The experimenter and the
recording equipment were situated in a neighboring room that the participants
could not see. For group B, the same experiment layout was used with the dif-
ference that the movie camera recording the whiteboard was removed.

Capture
The outputs of the each step were captured for the analysis phase. The same

process was also followed for group B with the exception described below in step
2. The different steps of the empirical study are captured as follows:
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Step 1:

Step 2:

Step 3:

Analyze

(20 min) The 5SW tables, the sketches, and the rough drafts are captured
in this step.

(1 h 30 min) During the meeting the three camera views and the
computer screen are recorded and mixed into one 4-PIP (four pictures in
picture) combined view (see Fig. 1). A time stamp of the date, the time
in hours, minutes and seconds is included in the video image. Group B’s
4-PIP combined view contains two computer screens (one for the FCM
table and one for the scenarios and personas’ computer) and two camera
views. For group B we also capture the created files for defining sce-
narios and personas. All potential documents produced during this step
are also captured.

This step consists in three sub-steps:

Step 3.1:
(5 min) In this step the subjects are asked to rank the 5 most important
requirements from the FCM table that they collectively created before.
The aim was to know if the subjects of a same group would assign the
same importance to the defined requirements. The individual ranking
tables are captured.

Step 3.2:
(10 min) New vision of the problem: new 5W tables completed
individually by the participants are captured.

Step 3.3:
(10 min) In this last sub-step the structured open question interviews
were realised with the participants. There are three reasons for con-
ducting these interviews: (1) to check if the participant is in agreement
with the group results—i.e. to gather subjects’ individual perspectives
on the FCM table completed collectively; (2) to understand the
argumentation behind their ranking table; (3) to get some comments
and critics on the design tools and methods used during the meeting.
The interviews were audio recorded for a later analysis.

This step of the process model defines how the data captured during the three main
steps of our empirical protocol are analysed. This analysis is performed in two
steps: evaluating the validity of the data, and answering to the research question.

The validity of the data is pointed out by Bryman [35] as a key issue in social
research. The main types of validity are:

e The internal validity: which is concerned with the causal relationship between
the variables and the gathered results. In this research, in order ensure the
internal validity, we have to be sure that the control group did not also use the
scenarios and personas as a method.
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e The measurement validity: the measures gathered from the analyzing method
have to be verified. In our study, the measures are often the result of a coding
process of the raw data (video, transcripts, design deliverables, etc. To control
the validity of this coding process, a double-coding is systematically per-
formed, and the coding results of each coder are compared using the Cohen’s
Kappa Calculations. Cohen’s kappa coefficient is a statistical measure used to
quantify agreement between two raters for categorical items [36].

e The external and ecological validity: the external validity is concerned with the
question of whether the results of a study can be generalized beyond the
specific research context. On the other hand, the ecological validity of the study
is concerned with the questions if the findings are applicable to people’s
everyday settings.

Answering to the research question is here based on a series of indicators that
we defined in order to analyze the captured data. Some of these indicators are
quantitative and some others are more qualitative. Some of them are based on an
internal analysis, requiring an in depth analysis of the whole corpus of the meeting.
Some other indicators stay on an external analysis and are only based on the before
and after-meeting deliverables.

These different indicators are presented in the following section.

Problem of Understanding Between the Design Actors
Convergence

As a first step, we investigate whether scenarios and personas have an impact on
the convergence of the participants to a common perspective in terms of the
requirements. The level of convergence in each group is evaluated through three
indicators in order to make comparisons.

Indicator 1: Similarity of the Ranking Lists

This indicator is defined using the Spearman’s rho (p) coefficient [37]. This
coefficient is used to observe whether the participants agree to each other’s view,
as far as the importance of the functional requirements are concerned. The cal-
culated value of Spearman’s rho varies from —1 to +1 and makes it possible to
compare two by two the ranking lists of each participant. A —1 Spearman’s rho
means a perfect negative correlation, while a +1 Spearman’s rho means a perfect
positive one. A correlation of zero means that there is no relationship between the
two variables.
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Table 1 Spearman’s rho for each pair of participants and group average correlation

Group A Group B
Participants 1 and 2 0.08 0.98
Participants 1 and 3 —0.48 0.32
Participants 1 and 4 —0.48 0.57
Participants 2 and 3 0.30 0.29
Participants 2 and 4 0.30 0.62
Participants 3 and 4 0.77 0.37
Average 0.08 0.53
Strength of the correlation Slight (positive) Moderate (positive)

Table 1 shows the results of these calculations for both groups. The last row
gives the interpreted strength of the correlation following Landis and Koch’s
standards [38].

Thus, in group B which used the scenarios and persona approach, the ranking
lists of the four participants are clearly more coherent than in group A. However,
this result has to be cautiously interpreted since the total number of functions listed
by each group is small (15 for group A and 12 for group B). This means that the
probability that the ranking lists are coherent by chance is high.

Indicator 2: Convergence of the SW Tables

This indicator is based on the analysis of the individual 5W tables made by the
participants before and after the meeting. The idea is to see whether their indi-
vidual representation of the product converged to a common one. In addition,
comparing the SW tables before the meeting makes it possible to see if the par-
ticipants already had common perspectives.

Since a similar idea might be expressed in different words by two participants, a
coding schema was defined in order to associate a unique identifier to each of the
different ideas in the tables. The coding of each table was carried out by two
different coders in order to check the reliability of the schema. This double coding
allows the calculation of Cohen’s Kappa index [38] which measures the level of
agreement between the coders. Table 2 shows the results of this calculation. These
values are generally interpreted as a moderate (0.41-0.60) or substantial
(0.61-0.80) agreement, making it possible to analyse the results of the coding.

These results are presented Table 3. In both groups, we observe a decreasing
total number of ideas that could be a sign of convergence of the two groups after
the meeting. The rate number of ideas shared by all the participants in the group B
is higher than in group A; Even if this rate was already higher before the meeting
for this group B, the increasing is significant.

This second indicator tends to show the potential impact of scenarios and
persona on the convergence of the SW tables. This result has to be confirmed by
other experiments.
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Table 2 Cohen’s Kappa index for the codings of the SW tables

Group A Group B
Before meeting 0.62 0.60
After meeting 0.60 0.68

Table 3 Number of ideas and sharing of these ideas before and after the meeting

Group A Group B
Total number Number of ideas Total number of ideas Number of ideas
of ideas shared by all the shared by all the
participants participants
Before meeting 56 4 (7 %) 48 8 (16 %)
After meeting 37 3 (8 %) 33 9 (27 %)

Indicator 3: Convergence During Verbal Communication

This qualitative indicator is based on analysing the group discussions to see
whether the scenarios and personas had an influence on the way that the
requirements where discussed.

In group B, personas create a common reference, each participant being aware
of whom they are talking about. For example, in the 55th min, participant 3 says
“[...] because when her daughter’s using it, she will be there to support her child
as well.” At this point, everybody knows exactly who the daughter is since she was
previously defined as a persona.

Moreover, the participants used personas as a medium to communicate their
viewpoints. In other words, they made reference to personas, while presenting their
arguments. For example, to support his point of view that the product has to be
portable, in the 40th min of the meeting, participant 1 refers to the persona Emily
and creates a fragment scenario around her: “I think one of the criteria is portable,
isn’t it? So, she can take it into garden and play with her teddy.”

They also evaluated requirements and make decisions by referring to the per-
sonas. For example, in the 12th min of the meeting, participant 1 eliminates the
requirement “reminding the bills” by referring to a specific persona: “I think one
of the usefulness of the calendar is to see when the bills are due and stuff like that.
[...] But he is not going to be using those sorts of things.”

Moreover, usage of personas helped the participants to identify conflicting
requirements. In other words, they realised that a requirement, which can be
essential for a persona might be disturbing for another one. For example, while
discussing about “sharing the personal planning with the other users of the cal-
endar”, participant 1 says referring to the son Clayton: “[...] He wouldn’t use it
then. If he knows that mother can see everything.” A total of nine proposed
requirements were eliminated in similar ways, because they were not appropriated
to one or more personas. The participants clarified and also strengthened their
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arguments based on the personas’ characteristics and on the scenarios created
around them. Due to the fact that all the participants built personas collectively,
this created common references and negotiation process was easier to take
decisions.

In group A, we did not notice such constructions. The participants did not
discuss about, who are the real users of the product. Moreover, there is no elim-
ination of the requirements. The group just focused on listing the functional
requirements. These primary observations, exhibited here by selected quotes,
require deeper investigations for extracting quantitative elements from the
observation. Metrics should also be found for this third indicator.

To summarize on the convergence issue, the first two indicators do not lead to a
cut-and-dried conclusion, giving contradictory results, of at best showing slight
differences which cannot be reliable due to poor-sized samples. On the other hand,
the qualitative analysis of the transcript clearly shows a positive impact of the
scenario and persona on the convergence of the participant to a common
perspective.

Perspective Clarification

Indicator 4: Mutual Awareness

Because the participants can have a good mutual understanding without necessary
sharing a single vision of the design, we also considered the potential awareness of
their agreements/disagreements as an indicator. The latter is based on analysing
the post-meeting interviews of the participants, and more particularly their answers
to the questions of whether in their point of view, their ranking of the functions
would be shared by the group. In the case that their answer was negative, they
were asked to comment on the differences that could exist.

Table 4 presents their answers to these questions. In group A, two participants
think that the ranking lists will be different, which is quite true (see Table 2).
Participant 3 is undecided. Only participant 4 estimates that the group’s ranking
list are similar, except the one of participant 3. In contrast with his assumption,
according to Table 2, participant 4 has a substantial positive correlation with
participant 3. In group B, they commonly imagine that their lists are similar, at
least the first three functions. Analysing their lists shows that two participants have
a common list, but not the same ranking. It comes also that two participants have
the same first three functions in their list. Moreover, two participants claim that
functions F4, F6 and F1 are the fundamental ones and should be listed by
everyone, which is quite true. On the other hand, participant 1 believes that his
ranking order is different from other group members’ one. He is partially wrong in
the sense that he has an almost perfect agreement with participant 2 (p = 0.98).
The differences between the two groups are too narrow to make a clear distinction.
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Table 4 Comments of the participants about their ranking of the functions

Group A Group B
Participant 1 No, I do not think it will be No, I don’t think so. Because they will add
the same functions that will make the product more
complex. I try to keep it simple
Participant 2 Probably not Yes, I think. Because there are fundamental

functions: F6, F4 and F1 that will be
common. In general we will agree
Participant 3 I’'m not sure The first three will be the same. There are
fundamental functions like F6, F1 and F4
Participant 4 Yes, I think so but may be Yes, probably
participant 3 will not
have the same one. The
most important ones
will be functions F1.1
and F2

We consider that in both groups the participants were similarly aware and unaware
of their disagreements and agreements.

Conclusion and Next Steps

The results presented here are from the analysis of one experiment while we
conducted four of them. This paper can be considered as a preliminary case study,
even if we developed a replicable and reliable protocol to estimate the impact of
scenario and persona on the shared understanding of functional requirements. A
description of the design situation was proposed to facilitate the replicability and
double coding was used to ensure the validation of the analysis. We proposed
indicators to measure the share understanding of design actors within the team
involved. Two Indicators are based on external representations produced by the
designers, two indicators are based on conversation analysis and post meeting
interviews.

The study shows that all the groups have difficulties to converge to a common
ranking of the functions identified in the meeting. The correlations calculated,
even when positive, are still moderate according to correlation coefficient. Our
analysis shows that the Scenario and Persona usage influence positively the cor-
relation. But the 5W analysis doesn’t show a strong, unique and common
description of the product to be designed. Even if the group agreed to a list of
requirements in the FCM tables jointly produced, the individual rankings and the
individual representations of the problems mediated by the SW sheet, remain
different. Similarly, the study shows that the groups have difficulties to clarify their
perspectives. The groups are not especially aware of their agreements and
disagreements.
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As a limitation of the analysis, we can mention that the study doesn’t allow to
definitely concluding on the positive impact of scenario and persona on the shared
understanding. The study should be expended, enlarging the number of situations
observed to confirm the observations. The external indicators proposed to measure
shared understanding have to be completed by the analysis of the discussions
during the design meeting. The in-depth study of the verbal interaction is not
presented here, but some preliminary results of the conversation analysis show
qualitative differences between group A and group B. The Scenario and persona
are used as argumentation and for negotiation. The persona serves in the elimi-
nation of some requirements. Thus the study shows also a significant increasing of
the number of functions discussed during the meeting. We also observed that, in
that phase of requirements elicitation, fragments of scenarios are always used by
designers. But changes are observed from designer centered scenario based on
designers’ experience to scenario involving personas. Thus, other impacts of
scenario and persona are highlighted by the study, but their complete analysis
requires new indicators.
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Exploring Designing Styles Using
a Problem—Solution Division

Hao Jiang, John S. Gero and Ching-Chiaun Yen

Abstract This paper presents a measurement-based exploration of designing
styles within the context of different design disciplines and tasks based on the
design cognition of small design teams. Twelve final-year industrial design and
twelve mechanical engineering design students were recruited to form teams of
two. Each team undertook two conceptual product design tasks with different
classes of requirements. Protocols of conversations and observations of design
activities were then examined using an ontologically-based coding scheme.
A problem—solution index was proposed to classify design sessions into problem-
focused and solution-focused designing styles. Results suggest that industrial
design student teams have a designing style that is more focused on the design
problem than mechanical engineering student teams. The same design team may
change its relative focusing on problem or solution in response to different classes
of design requirements.

Introduction

Design cognition is often modeled as a search process across two notional design
“spaces” of problem and solution. However, there is not a consensus on how a
designer’s cognitive processes progress during the designing process. The prob-
lem-solving view of design claims that the designing process commences with an
exploration within the problem space. Goel and Pirolli [1], for example, consid-
ered that designers would engage in an initial problem structuring phase before
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moving into solution development. An alternative school of thought argues that
design thinking is primarily abductive or solution-focused [2]. Designers would
jump into the solution space in the very beginning of the designing process, before
the problem is formulated. In particular, designers need to employ conjectures of
(partial) solutions to analyze the ill-structured or wicked design problems, i.e.,
“analysis through synthesis” [3, 4]. Differing from these two phase-based views,
Schon [5, 6] modeled problem setting (“seeing”) and problem solving (“moving”)
of design as a reflective conversation: designing progresses in cycles of “seeing-
moving-seeing” rather than two distinct phases of problem analysis and solution
development. This interactive view is echoed with a co-evolutionary model of
designing [7, 8].

In addition to the debates about generic design paradigms, the tendency to focus
on problem or solution is subject to the designers’ experience level. Restrepo and
Christiaans [9] and Kruger and Cross’s [10] studies found that more experienced
industrial designers usually follow a problem-focused strategy, which tends to
produce better results. Lloyd and Scott [11], to the contrary, argued that more
experienced engineering designers tended to focus more on solutions (higher
percentage of generative mode actions) than those with less experience. These
conflicting findings imply that designers’ problem or solution focusing may be
specific to design disciplines. No direct evidence can be found regarding this issue
in the current literature.

In order to explore and compare designers’ focus on either problem or solution
spaces between different disciplines and/or circumstances, we need a new mea-
surement independent of particular assumptions about how problem or solution
focus is organized in the design cognitive process. The proposed measurement is
developed within an ontological framework, directly capturing the meta-level
structures of design cognition, i.e., the designing style of a design session, in terms
of problem-focused and solution-focused design issues. This new measurement is
then applied to a protocol study comparing industrial and engineering design
students’ design cognition behind two product conceptual design tasks.

Ontologically-Based Protocol Analysis

The empirical basis for the measurement of problem- and solution-focused
designing styles comes from protocol analyses of design sessions that are coded
using design issues based on the function-behavior-structure (FBS) coding
scheme. A general design ontology, namely, the FBS ontology [12, 13], models
designing in terms of three basic classes of ontological variables: function,
behavior and structure. It creates a useful ground for interpretation of design
cognition across different design domains. A domain-independent coding scheme,
based this ontology, has been developed with six design issues: function (F),
expected behavior (Be), behavior from structure (Bs), structure (S), requirement
(R) and design description (D), Fig. 1.
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Table 1 Mapping FBS

e Problem/solution space Design issue
design issues onto problem -
and solution spaces Problem space = o Requirement (R)
Problem-focused design issues Function (F)
Expected behavior (Be)
Solution space = Behavior from structure
Solution-focused design issues (Bs)

Structure (S)

In the FBS ontology, problem formulation mainly involves reasoning about
requirement, function and expected behavior, while reasoning about structure and
behavior from structure are related to artifacts as a solution to the formulated
problem [12, 14]. The ontologically-based design issues can be categorized into
problem-focused and solution-focused design issues as shown in Table 1. The
FBS-based coding scheme does not code the design description issues with this
view of problem and solution spaces. Description issues are therefore excluded in
the exploration of problem- and solution-focused designing styles.

Problem—Solution Index for the Whole Design Session

The designing styles, or the meta-level structure over the cognitive processes
behind design activities, can be explored at various levels of granularity. It may
refer to an overall characteristic of the entire design session, or a “signature” of a
dynamic process that describes the time-based changes of the designers’ cognitive
focus.

The simplest form is to use a single-value measurement to summarize the
designing style of an entire design session. The problem—solution (P-S) index is
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proposed as a ratio measurement, computing the ratio of the total occurrences of
the design issues concerned with the problem space to the sum of those related to
the solution space, Eq. (1).

Problem—rel i R,F,B
P—S index — > (Prob em—re ated ¥ssues) _ > (R,F,Be) ()
> (Solution—related issues) > (Bs,S)

The P-S index value quantifies the relative focusing on problem or solution. We
define a design session with a P-S index larger than 1 as one with a problem-
focused designing style, and a session with a P-S index value less than or equal to
1 as one with a solution-focused style.

Sequential Problem—Solution Index Across Design Session

Designing is a dynamic process. A single value for the P-S index for the entire
session will collapse any time-based changes. A fractioning technique is incor-
porated in this study to tap into the designing styles within a design session [15, 16].
A preliminary exploration of the dynamic nature of designing styles can be
undertaken in two halves of the design protocols. The finer subdivision of the
design session eventually leads to a sequential P-S index delineating the trajectory
of cognitive progression during the design session.

Here the entire design session is divided into 10 consecutive non-overlapping
sections each with an equal number of design issues. The P-S index for each
section is calculated. A sequence of temporally ordered P-S indexes is read as a
“signature” of dynamic designing style.

A Comparative Study Applying the Problem-
and Solution-Focused Measurements

The proposed measurements for problem- and solution-focused designing styles
are then applied to a protocol study comparing final-year undergraduate industrial
design (ID) and mechanical engineering design (ME) students’ design cognition in
various classes of conceptual design requirements [17]. The design experiment
used 3 x 2 mixed-model factorial design. The design discipline is a between-
subjects factor. The type of design tasks is a within-subjects factor. Each design
team undertook two conceptual design tasks in this study. Four main hypotheses
related to students’ problem- and solution-focused designing styles are proposed to
be tested in this research:

1. All design sessions demonstrate a common pattern of designing behavior,
independent of the variables of discipline and type of task;



Exploring Designing Styles Using a Problem—Solution Division 83

2. There are significant inter-disciplinary differences between the designing styles
of ID and ME teams;

3. A design team’s designing style will be different when designing for different
classes of design requirements; and

4. There are two mutually exclusive hypotheses about the designing style of
mixed teams consisting of both ID and ME participants:

4a. Mixed teams will exhibit a designing style that is the average of ID and ME
teams’ designing styles; or

4b. Mixed teams will exhibit a designing style that is different from either ID
or ME teams’ designing styles.

Participants

Twenty-four final-year undergraduate design students (12 ID and 12 ME) from the
National University of Singapore participated voluntarily in this research. All
participants had finished the taught courses and were involving in their final-year
projects at the time of the experiment. All of them had at least three years of design
exercises/projects experience and some had intern experience in design firms.
According to the pre-test questionnaire and follow-up interviews, they all claimed
to have above-average design expertise among their classmates. Five ID students
were award winners of international/regional design competitions.

The unit of experiment was a two-person design team. Literature has identified
that, to deal with the increasing complexity of contemporary context, product
design had shifted from predominantly individual activity towards predominantly
team-oriented activity [18]. Two participants, either from the same discipline or
different ones, were paired to work collaboratively in two conceptual design
exercises. The factor of design discipline therefore has 3 states: ID, ME and Mixed
teams.

Experiment Tasks

Two conceptual design tasks were used based on Keinonen’s taxonomy of product
development concepts and visionary concepts [19]. The first task, Task CM, was to
design a coffee maker for the existing market. It simulated a typical initial stage of
a normal new product development (NPD) process. Designers were expected to
consider practical factors related to a NPD project, e.g., market and user analysis,
supporting technology and resources.

The second task was to design a next-generation personal entertainment system/
device for the year 2025 (Task PES). It was a visionary task beyond the normal
NPD time frame and with open-ended requirements. In terms of the three-pronged
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nature of a design problem that consists of determined, undetermined and un-
derdetermined elements [20], Task PES faced a very limited amount of deter-
mined/unalterable factors. Designers were expected to use design concepts as a
tangible means to explore future scenarios.

Ontologically-Based Protocol Segmentation and Coding

The participants’ conceptual design activities (including conversations and ges-
tures) were audio and video recorded, and then segmented and coded using the
FBS ontologically-based protocol coding scheme [15]. Each segment in a FBS-
coded protocol was strictly assigned only one of the six design issues. There are no
overlapped or multi-coded segments. If an utterance was identified to contain more
than one design issue, it was further segmented. Those utterances that did not fit in
any of six the FBS categories were marked as “other” (O). These non-design
issues were discarded in the following analysis.

The FBS-based protocol segmentation and coding process involves subjective
judgments. It used the Delphi method to minimize coder bias and improve the
coding reliability [14, 21]. Each set of design protocols was separately segmented
and coded twice. An arbitration process was then undertaken to resolve previous
coding disagreements and improve the quality of final coding.

After arbitration, the re-categorization of the design issues into the problem-
related issue and solution-related issue was automatically assigned based on the
mapping shown in Table 1. Some coding examples are presented in Table 2.

Results

As a consequence of the FBS-based segmentation and coding, the observation of
design activities were converted into a sequence of design issues, and then
problem- and solution-focused issues, which become the foundational data for the
subsequent analyses of ID and ME students’ designing styles.

Reliability of the FBS-Based Protocol Coding

The use of the Delphi method results in three sets of FBS-coded protocols, i.e., two
separate rounds of coding and an arbitrated coding. The agreement between the
arbitrated and the second coding (M = 89.1 %, SD = 1.7 %) is significantly
higher than with the first coding (M = 80.6 %, SD = 3.7 %) The improvement of
reliability reflects the “process gain” enabled by the Delphi method. As the dis-
agreements in the first two rounds of coding have been resolved in the arbitration
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Table 2 Coding examples

# Segmented protocol Design issue® P-S space”
1 We need to consider that this product expects R Ps
to be launched in 3 years
2 In terms of material, what do you think is the F Ps
future trend
3 This should be used like reading a book Be Pg
4 So the smell can come out from here Bs Ss
5 Here is a dispenser ... S Ss
6 (Draw a dispenser) D N/A
7  Should we plan out storyboard first or should we draw first? O N/A

# The symbols for FBS design issues are the same with Fig. 1
® Ps problem-related issue; Ss solution-related issue; N/A not applicable

process, the following analyses are performed on the arbitrated protocols, which
are considered to be the most reliable dataset.

Descriptive Statistics

Each design session’s occurrences of design issues were normalized by dividing
them with the total number of design issues in that session. The normalized design
issue distributions are shown in Table 3 and Fig. 2.

ID sessions had the highest percentages of function issues and then followed by
the Mixed sessions and ME sessions. ID sessions also had higher percentages of
expected behavior issues than these other two groups. ME sessions had the highest
percentages of the solution-related issues and ID sessions had the lowest ones.

For inter-task comparisons, Task PES tended to have more function and
expected behavior issues than Task CM, whereas the percentage of structure issues
in Task CM was higher than that in Task PES.

Problem—Solution Indexes Charactering the Whole Sessions

The values of P-S index for each design session are shown in Table 4. The
problem-focused sessions are highlighted by bold fonts. The results are also
plotted in Fig. 3, against a line at the value of 1.00 for the P-S index signifying the
boundary between problem-focused and solution-focused designing styles.

ID PES sessions had significant higher P-S index values than other sessions,
demonstrating a strong tendency of focusing on problem-related issues. The P-S
index value of ID CM sessions are around the threshold of problem—solution
division. The designing styles of the rest sessions were solution-focused, as
indicated by the relatively low P-S index values.
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Table 3 Normalized distribution of design issues (%)

H. Jiang et al.

Design issues Requirement Function Expected  Behavior from Structure Description

Groups (R) (F) behavior Structure (Bs) (S) (D)
(Be)

IDCM Mean 0.9 23.6 15.6 20.7 20.3 19.0
SD 04 2.8 4.2 3.8 1.7 6.7
ID PES Mean 1.5 28.0 23.1 15.7 132 18.7
SD 06 39 2.9 24 33 4.4
Mix Mean 0.9 17.9 12.7 274 21.5 19.6
CM SD 04 7.9 1.0 6.6 3.0 2.3
Mix Mean 1.5 17.3 144 27.2 18.0 21.6
PES SD 0.5 29 3.6 8.4 4.5 52
ME Mean 1.8 114 13.5 28.0 28.3 16.9
CM SD 04 6.0 3.7 3.2 8.2 5.4
ME Mean 1.1 12.1 15.6 31.2 19.8 20.1
PES sSD 04 2.9 6.2 7.2 29 7.0
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The aggregated P-S index values are presented in Fig. 4, against the boundary
of the index value equal to 1. This indicates that ID teams generally focused more
on the design problem than did the mixed and ME teams.

The designing styles of ID sessions were significantly different between the two
tasks, from near equal focus on both problem and solution for the CM task to a



Exploring Designing Styles Using a Problem—Solution Division 87

Table 4 Values of P-S index

Groups Value of P-S index for each team Mean Std. Dev
1 2 3 4
ID CM 0.90 1.01 1.13 0.88 0.98 0.11
ID PES 2.04 2.32 1.74 1.40 1.88 0.39
Mix CM 0.95 0.36 0.89 0.53 0.68 0.28
Mix PES 0.48 0.76 0.77 1.01 0.76 0.22
ME CM 0.28 0.34 0.55 0.80 0.49 0.23
ME PES 0.56 0.75 0.46 0.54 0.58 0.12
2.50
2.00 —
9 !
% 1.50 L Problem-
£ - focused style
D 100 |- — _ —
o = M —
= — Solution-
0.50 = — i = focused style
0.00

IDCM IDPES MixCM Mix PES MECM ME PES

Fig. 3 Values of P-S index and designing styles

highly problem-focused designing style for the PES task. The mixed and ME
teams did not show this behavior.

Problem—Solution Indexes in Fractioned Design Protocols

The division of the entire session’s design protocol into two halves provides a
preliminary understanding into the development of design cognition within a
design session, Fig. 5. Mann-Whitney U tests and Wilcoxon Signed Ranks test
were then applied to produce inter-session and within-session comparisons.

Inter-session Comparisons
The inter-session comparisons of P—S indexes between different disciplinary teams

and between different tasks are summarized in Table 5. In the first half of the
design sessions’ protocols, each disciplinary design team showed a similar
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Table 5 Inter-session comparisons of P—S indexes in the fractioned protocols

Group First half of design session Second half of design session
ID teams ID CM =~ ID PES ID CM < ID PES

Mixed teams Mix CM ~ Mix PES Mix CM =~ Mix PES

ME teams ME CM ~ ME PES ME CM < ME PES

Task CM ID CM > Mix CM ~ ME CM ID CM ~ Mix CM ~ ME PES
Task PES ID PES > Mix PES > ME PES ID PES > Mix PES ~ ME PES

~ not significantly different
> significantly larger than
< significantly smaller than

designing style between the two tasks. When progressing to the second half of the
design session, ID and ME teams significantly focused more on problem in the
Task PES than they did in the Task CM. The P-S indexes of the mixed teams’
sessions were not significantly different between the two tasks.
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Figure 5 and Table 5 also indicate that, in the second half of Task CM sessions’
protocols, there were no significant differences between ID, mixed and ME teams’
P-S index values. For the remaining halves, the ID sessions had a much higher P—
S index than the other two groups. The mixed teams’ P-S index was also sig-
nificantly higher than ME teams in the first half of Task PES sessions.

Within-session Comparisons

Comparing the first and second halves of design sessions’ P-S indexes indicates
that all design sessions’ cognitive focus in the first half was more on the problem
than in the second, with the exception of the ME PES sessions, Table 6.

Sequential Problem—Solution Division and Indexes

After subdividing the entire design session into 10 non-overlapping sections, most
groups’ sequential P-S division was found to have a significant negative corre-
lation to the fractioned protocol sections, Table 7. As the percentage of problem-
related issues and P-S index are two representations of the same set of mea-
surements, their correlation coefficients with time and the p-values were the same.
The decreasing focusing on problem, measured in sequential P-S indexes, was
consistent with the P-S indexes in two halves of design session, Table 6. ME PES
sessions’ decreasing trend was not statistically significant.

The mean sequential percentage of problem-related issues can be plotted
against their fractioned sections along with the boundary of the P-S division of
50 %, Fig. 6. The corresponding P-S indexes are presented in Fig. 7. These two
figures can be read as “signatures” of design dynamics over a design session.

Preliminary Test of Hypotheses

This section presents a qualitative test in response to the four main hypotheses
about whether designers’ tendency to focus on problem or solution is affected by
design teams’ disciplinary backgrounds and the nature of design requirements.
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Table 6 Comparing P-S indexes

between the first and

H. Jiang et al.

second halves of design sessions’

protocols

Task Task PES

Discipline p-value (1-tailed) 7. Statistics p-value (1-tailed)
ID teams 0.034" —1.826 0.034"

Mixed teams 0.034" —1.826 0.034"

ME teams 0.034" —0.365 0.358

“p<0.05

Table 7 Correlation between sequential problem issues and fractioned sections

Group Spearman’s tho  Sig (2-tailed)  Slope (Problem-issue %)  Slope (P-S index)
ID CM —-0.914 0.000" —0.090 —1.586
ID PES —0.732 0.000" —0.050 —0.641
Mix CM  —0.724 0.000" —0.056 —0.425
Mix PES  —0.629 0.000" —0.048 —0.254
ME CM —0.518 0.001" —0.043 —0.124
ME PES  —-0.218 0.176 —0.015 —0.092
p < 0.005
100
90
~ 80
9 ID CM
Tn’ 70
g 60 = = |DPES
g 50 Mix CM
S 40 Mix PES
)
g 0 ME CM
& 20
------ ME PES
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3 4
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Fig. 6 Sequential distributions of problem-related issues (%)

General Trend From More Problem-Focused
to More Solution-Focused

Hypothesis 1 is that there are similarities between design sessions in terms of the
designing style, which are independent of specific design disciplines and tasks.
Figures 6 and 7 demonstrate that, despite fluctuations, designers’ cognitive focus
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Fig. 7 Sequential P-S indexes along the fractioned 10 sections of session

on design problems decreased along with the progression of designing. All ses-
sion’s linear estimation lines for their sequential P-S division and P-S indexes
were negative, Table 7.

This supports the argument that there is a regularity in design cognition tran-
scending specific parameters of designing [15]. However, the decreasing focus on
problem is a relatively weak pattern. Some sessions only demonstrate a small
tendency to move more towards a solution-focus, as their correlation with the
fractioned sections was not significant, Tables 5 and 7.

Inter-disciplinary Differences

Hypothesis 2 is that teams with different disciplinary backgrounds result in dif-
ferent designing styles. According to Restrepo and Christiaans [9], Kruger and
Cross [10] and Lloyd and Scott’s [11] findings, ID teams may focus more on
problem-related issues and ME teams tend to be more solution-focused. The
evidentiary support for this hypothesis is demonstrated by both the single-value P—
S indexes and sequential P-S division.

In both tasks, as shown in Fig. 4, ID teams have the highest overall P-S indexes
and ME teams present the lowest values. Figures 6 and 7 show that the curves of
the ID sessions are generally above the curves of the ME sessions.

In general, ID teams’ designing style focuses more on the design problem, and
ME teams have a more solution-focused style. However, the identified inter-dis-
ciplinary differences do not have the same significance between the two tasks.
Figures 5 and 6 show that ID teams demonstrate two distinct designing styles
between the two tasks. The problem-focused designing style dominated in the ID
PES session, and they gradually shifted from the problem-focused designing style
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to a solution-focused one during the Task CM sessions. ME teams, to the contrary,
show a strong solution-focused designing style for both tasks. They give problem-
related issues an equal emphasis to solution-related ones in the beginning of the
design sessions, Figs. 6 and 7. This result implies that ID teams may lend them-
selves more to a designing style change in response to the change of design tasks,
whereas ME teams adopt one designing style to cope with different classes of
requirements.

Inter-task Differences

The test of Hypothesis 2 has already involved Hypothesis 3, i.e., the designing
style of one team may change in accordance to the requirement changes. Table 4
and Fig. 4 indicate that ID and ME teams both show a higher P-S index in Task
PES than Task CM. Figure 5 and Table 5 further show that the inter-task differ-
ences occurred in the later stages of design sessions; for each disciplinary team,
there was no significant difference of P-S indexes in the first half of the design
session.

The best-fit line of Task PES’s sequential P—S division is also found to have a
smaller slope value than that of Task CM, Table 7. The decrease of problem focus
progresses at a slower rate in Task PES. The graphs of sequential P-S division,
Figs. 6 and 7, show that Task CM and Task PES of ID and ME teams each start
with a similar focus on the problem, but their designing styles differ as the design
session progresses. In the latter part of the design sessions, designing for Task
PES, the focus on problem is relatively larger than that of Task CM.

A qualitative assessment of video recording and transcripts [17] indicates that
the formulation of design problem is revisited periodically in the latter episodes of
Task PES session. The ill-defined, open-ended design task may require more effort
on problem reframing. The same behavior is rarely observed in the relatively well-
defined Task CM.

Averaging ID and ME Styles in the Mixed Teams

Hypotheses 4a and 4b are mutually exclusive, i.e., whether or not Mixed teams
will exhibit a designing style that is the average of ID and ME teams’ designing
styles. Tables 3, 4 and Fig. 4 show that in most measurements of Mixed teams, the
design issues, P-S index value and best-fit line slope of sequential P-S division,
the behavior of Mixed teams is always between that of ID and ME teams.
Figures 6 and 7 show finer-grained results about the time-based change of
cognitive focus in the P-S division. These two figures show that in the beginning
of the design session (i.e., the first two fractioned sections), Mixed teams resemble
the ID teams’ designing style, deploying their primary focuses on the design
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problem. With the progress of designing, Mixed teams exhibit a designing style
similar to ME teams, as evidenced in the interwoven curves of Mixed and ME
teams in the latter 5 fractioned sections. This suggests that ID and ME students
may make a stronger contribution in the problem formulation and solution
development respectively.

Another finding about Mixed teams is the relative stability of their designing
style. The paired-sample Wilcoxon Signed Rank test indicates that Mixed teams’
P-S indexes are not significantly different between the two tasks. Visual presen-
tations of sequential P-S division in Figs. 6 and 7 also demonstrate a similar
trajectory between Task CM and Task PES.

Conclusion

This paper presents a novel measurement of designing styles through reinter-
preting the FBS design issues [15, 16] through the dichotomy of problem and
solution spaces. Compared to a set of design issues, the single-value P-S division
can facilitate an efficient comparison between groups, in particular in the cases
involving more than two groups. The translation of the design issues into cognitive
focuses on problem and solution, another commonly used terminology in design
research, also provides a connection between the FBS-based protocol studies with
non-FBS-coded design research.

This new P-S division measurement is then applied to a set of results from an
experiment, which examines the effect of design discipline and the type of task on
the style of designing. It is found that ID teams tend to have problem-focused
designing styles and ME teams have a very solution-focused style. A small design
team’s designing style may shift while designing with different classes of
requirements. The same group of designers tends to focus more on design problem
when they deal with open-ended design requirements.

These results also imply that, simply grouping people from different disciplines
may result in a designing style mixing the characteristics of those disciplines. An
efficient multidisciplinary design team may require team building efforts to make it
happen.

Due to the explorative nature of this study, these findings are tentative and
limited by the small sample size in this experiment. Future studies with a larger
sample size are needed to generalize these findings and provide more insights in
the relevant areas.

In addition, ontological design processes are a consequence of the FBS-based
protocol segmentation and coding, defined as transitional processes between pairs
of design issues [15, 16]. Categorizing ontological design processes into problem-
focused and solution-focused design processes may provide a new perspective to
examine designing styles.
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Mitigating Design Fixation Effects
in Engineering Design Through Product
Dissection Activities

Christine Toh, Scarlett Miller and Giil Kremer

Abstract Design fixation plays an important role in design idea generation, and
has been found to be complex in its definition and implications. Identifying the
factors that influence fixation is crucial in understanding how to improve design
pedagogy and mitigate fixation effects. One way to potentially mitigate fixation is
through product dissection activities as this activity has been shown to increase
creativity and design exploration in engineering design. However, since product
dissection has not been studied in terms of design fixation, it is unclear if, or how,
this type of activity influences fixation. In addition, although prior work studied
product dissection in a team environment, it did not study how individual factors
such as personality attributes influence one’s involvement, or exposure to the
dissection. This is an important factor to study in order to understand how team-
based dissection activities influence design fixation because the participation of
each team member can be affected by factors such as personality traits. Therefore,
this study explores the interaction between product dissection, personality traits,
and design fixation in an engineering design class setting. It was found that design
fixation was indeed impacted by extraversion and conscientiousness personality
traits when adjusting for semester standing and exposure to the dissection activity.
These findings implicate personality in the product dissection activity, as well as
suggest product dissection as a way to mitigate design fixation. By understanding
these interactions, the overall design process can be enhanced, as well as our
understanding of design cognition.
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Introduction

Hertzberger [1] once said that “Everything that is absorbed and registered in your
mind adds to the collection of ideas stored in the memory: a sort of library that you
can consult whenever a problem arises. So, essentially the more you have seen,
experienced, and absorbed, the more points of reference you will have.” This
saying finds truth in the field of engineering design, where the field has changed
from a design from scratch environment to a design through synthesis environ-
ment, where designers transform, combine, or adapt elements of existing designs
in order to generate new ideas [2, 3]. However, the use of examples can also
negatively impact the design process in the form of design fixation [4], a poten-
tially limiting adherence to existing examples. That is, the information that
designers ‘absorb and register’ in their mind have the potential to fixate them
during the design process. Furthermore, because design fixation occurs across
different levels of expertise [5] and contexts [6], it is important to understand how
different activities affect fixation during the design process. The development of
methods that reduce fixation effects is important in enhancing the overall design
process, as well as contributing to our understanding of design cognition.

One way to potentially mitigate fixation is through product dissection, as dis-
section has been shown to increase creativity and design exploration in engi-
neering design [7]. However, since product dissection has not been studied in
terms of design fixation, it is unclear if, or how, this type of activity influences
fixation. In addition, although prior work [8] studied product dissection in a team
environment, it did not study how individual factors such as personality attributes
influence one’s involvement or exposure to the dissection activity. This is
important because not every team member participates equally in design activities,
[9] and thus, could have varying levels of fixation based on their exposure level.
This involvement could vary due to individual factors such as personality attri-
butes. Therefore, the purpose of this paper is to two-fold. First, we seek to
understand how individual factors such as personality attributes affect exposure
time in team-based dissection activities. Second, we aim to explore the impact of
product dissection activities on design fixation in a team environment.

Design Fixation

Familiarity with the design fixation literature is important in understanding the
purpose of this study. Anecdotal and historical accounts have shown that even the
most creative ideas are developed through minor extensions of familiar concepts
[10]. Therefore, design examples, or known solutions to a design problem, can
serve as a catalyst for design activities by stimulating idea generation and orienting
the designer to the problem space [11]. Although this mapping of old to new can
facilitate progress, it can also limit an individual’s ability to ‘think outside the box’
or move beyond familiar concepts to develop something truly unique.
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Jansson and Smith [12] were the first to study fixation effects in design. They
hypothesized that designers who were shown pictorial examples prior to idea
generation would experience a mental block, reducing access to other ways of
solving the problem. Their work validated this theory, when they found that
designers in the example condition reused more features from the example set
compared to those who were not. This was found to be true for both novice
(students) and expert (practitioners) designers even when example features were
deemed inappropriate. They defined this lack of flexibility in the design process as
design fixation, or a “blind and sometimes counter-productive adherence to a
limited set of ideas in the design process”. Follow up studies also reported similar
findings on the fixation effects of examples during the design process [13—16].

While these studies highlight the presence of fixation in design, other research
has shown the complex nature of fixation. For example, Purcell and Gero [6] found
that although designers can get stuck on existing examples, design fixation might
be dependent on variables such as the designer’s domain knowledge. Tseng et al.
[17] also explored the complexity of design fixation and found that the timing and
analogical similarity of the examples presented impacted fixation effects. Other
studies indicate that design fixation is all-pervasive in that it even affects experts in
the field that are aware of the limiting effects of design examples. For instance,
Linsey et al. [5] showed that engineering design faculty who research fixation
effects can become fixated during the design process, without even realizing that
fixation is happening. These studies highlight the complexity of fixation and the
variety of effects that can impact the type and strength of fixation that occur during
the design process.

Although the evidence that design fixation occurs is quite compelling,
researchers believe that it may be possible to overcome constraining effects by
providing participants with de-biasing instructions [13] or by providing useful
analogies [14]. The results from these studies highlight the possibility of miti-
gating fixation effects caused by examples, but require additional information
(instructions and analogical operators) to be provided during the design activity to
de-fixate the designers, which is hard to replicate in prototypical design situations.
In other words, design tasks rarely come with de-biasing instructions or analogical
operators that effectively mitigate the effects of fixation. Furthermore, because
fixation happens in an unconscious manner [18], it is not always easy to perform
an intervention at the design stage. Nevertheless, these works direct the field to
focus on methods of mitigating design fixation effects, starting with understanding
the factors that contribute to fixation in existing design activities. Therefore, the
goal of this study is to understand how product dissection activities, a tool fre-
quently used during the re-design process, affects fixation. Product dissection is
particularly alluring for mitigating fixation effects as it can be implemented
without specificity to the problem (no de-biasing instructions or analogical oper-
ators need to be generated), and the products for use in dissection activities are
generally available to the designers.
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Product Dissection

Product dissection is often utilized during the design process as a way to system-
atically uncover opportunities for re-design [7]. Designers take apart or analyze all
components and subcomponents of a product [19], adding to the understanding of its
structure and properties, and uncovering opportunities for product improvement
[20]. Ultimately, the goal of dissection is to improve the maintainability and reli-
ability of a product, implement new technologies, and increase the functionality of
the product [21] through the examination, study, capture, and modification of
existing products. As such, the role of product dissection in design is important in
enhancing the design process and improving the quality of the generated designs.

The benefits of product dissection activities are realized in both industry and
academia. At the industry level, companies perform product dissection to provide
competitive benchmarks and gain knowledge and insight of a particular product.
At the classroom setting, product dissection provides students insight into industry
practice [20] and ‘hands-on’ experience [22]. One study on dissection has shown
that students that perform product dissection in a team environment are more
creative, develop more ideas, and explore both the form and function of a design
compared to those that do not [7]. This deeper exploration of the design space as a
result of dissection activities suggests that product dissection could have a con-
structive effect on design fixation, and has implications for designers beyond the
classroom setting. In addition, the literature shows the successful implementation
of product dissection activities in engineering design classrooms and highlights the
growing importance of hands-on experiences in engineering education [19, 20],
and [23]. This is important because it contributes to the overall understanding of
the design process as it is implemented in industry, and can help enhance the
quality of the generated designs in various settings.

Although these studies highlight the utility of product dissection activities
during the design process, they neither investigated how this type of activity
affects fixation, nor how individual factors such as personality mediates involve-
ment in dissection activities. In this paper, we respond to this research gap.

Team Performance and Personality

Although product dissection may be a useful tool for mitigating fixation, it is often
conducted in a team environment, and therefore, all team members may be
affected differently by the dissection activity due to team involvement. This
unequal involvement in design activities could be attributed to individual factors
such as personality, which could result in varying levels of fixation based on their
exposure to the dissection activity. However, the role of personality traits on
design fixation or team product dissection activities has not been explored in the
literature. Therefore, it is important that we study personality attributes as they
relate to the exposure to the dissection activity and design fixation.
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The Big Five Factors of Personality (Five Factor Model) framework developed
by Costa and McCrea [24] is used extensively in the literature, and is recognized as
a reliable measure of personality. This model of personality states that personality
has five dimensions: Neuroticism, Extraversion, Openness to Experience, Agree-
ableness, and Conscientiousness. These attributes have been shown to play a
significant role in small team performance [9], a setting that is common in engi-
neering design. For instance, those that score high on agreeableness tend to engage
in teamwork, are more cooperative, and have a higher quality of personal inter-
action, while those who score high in neuroticism often do not cooperate in a team
environment [25]. The extraversion personality trait has also been positively
linked to successful team performance [26], while conscientiousness has been
shown to be negatively correlated with social loafing [27]. Therefore, we
hypothesize that personality attributes will effect team dynamics and social loaf-
ing, and thus, individual exposure to the product dissection activity.

The purpose of this study is to assess how personality traits affect team per-
formance and exposure time in a product dissection activity. This is important
because personality is hypothesized to impact design fixation in team environ-
ments. By examining the role of personality in engineering design, the overall
design process can be enhanced, adding to our understanding of design cognition.

Research Objectives

The purpose of this study is then two-fold. The first is to examine the relationship
between product dissection activities on design fixation. The second objective is to
explore the implications of individual personality attributes on the exposure to
product dissection activities in team design projects. It is hypothesized that the
personality of an individual is correlated to the product dissection process in a
team environment, and ultimately, affects the design fixation effects encountered
by individual team members. To test these hypotheses, an exploratory study was
conducted in a first-year engineering design classroom involving a product dis-
section activity and a re-design of an electric toothbrush. The results obtained from
this study will be used to contribute to the understanding of how team-based
dissection activities influence design fixation, and to identify new research paths
that extend the knowledge of de-fixating methods, even in a team environment.

Exploratory Study to Examine Design Fixation
Participants

The participants in this experiment were undergraduate students in a first year
engineering design course at a large northeastern university. There were 76
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students (61 males, 15 females) that participated in this study from three different
sections of the course. Each section consisted of 4-member design teams. Teams
were assigned by the instructor based on prior expertise and knowledge of engi-
neering design so as to balance the performance of the teams. This was accom-
plished through questionnaires that were given at the start of the semester that
asked about student proficiencies in the following areas: 2D and 3D modeling,
sketching and engineering design experience.

Personality measures for each participant were captured prior to the start of the
study using the short Five Factor Model (FFM) online questionnaire (Short Form
for the IPIP-NEO (International Personality Item Pool Representation of the NEO
PI-R™) [28)).

Procedure

The design teams were tasked with redesigning an electric toothbrush for increased
portability. Two of the three sections (44 students) re-designed the Oral-B
Advance Power 400 electric toothbrush while the other sections (32 students)
redesigned the Oral-B Cross Action Power electric toothbrush, both seen in Fig. 1.

Each team was given 90 min during one class period to perform a product
dissection of the electric toothbrush they were assigned to redesign. During this
activity, participants were asked to develop a bill of materials for each subcom-
ponent and identify the team member that led each individual part dissection. In
total, 18 participants dissected the brush head, 15 dissected the body, 19 partici-
pants dissected both categories, and 3 participants did not participate in the dis-
section for these two categories. The dissected toothbrushes are shown in Fig. 2.

A week later, the participants attended a brainstorming session, where each team
member was given 30 min to generate as many ideas as they could for the re-
designed toothbrush without consulting the other participants. The participants were
not informed of the brainstorming session prior to its start. During the brainstorming
session, participants were asked to sketch as many concepts as possible, writing
notes on each sketch such that an outsider would be able to understand the concepts
upon isolated inspection. Participants were asked to focus their ideas on two of four
categories: brush head, body design, energy mechanism and power supply/acces-
sories (Example in Fig. 3). Each team had to select two team members to develop
ideas in each of the four categories. As an example, team member 1 may have
developed ideas for the brush head and power supply, team member 2 the brush head
and energy mechanism, team member 3 the energy mechanism and body design and
team member 4 the body design and power supply. For this paper we will be
focusing on only the ideas developed for the brush head and the body design. In
total, 18 participants generated ideas for the brush head, 15 for the body design, 19
participants generated ideas for both categories, and 3 participants did not generate
ideas for these two categories. On average, participants generated 3 ideas for the
toothbrush body and 4.5 ideas for the toothbrush head.
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Fig. 1 Electric toothbrushes used for the design project. Left Oral-B cross action power, right
Oral-B advance power 400

Fig. 2 Dissected electric toothbrushes

Metrics

To quantify the degree of design fixation for the ideas developed, the metrics
developed by Linsey et al. [5] were utilized including: (1) number of ideas, (2)
number of same features (number of times features from the example solution
appear in generated concepts), and (3) percent fixation (percentage of features
from the example solution that appear at least once in participant solutions). In
order to develop metrics 2 and 3, two independent raters were recruited to judge
each idea based on the method developed by Linsey et al. [5].
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Fig. 3 Sequential concepts generated for the body design by participant 23

Thirty-one questions were developed to access the similarity of the design ideas
developed by the students to the original toothbrush’s body design and brush head
design, including characteristics such as similarity in shape or size. These ques-
tions were developed using the principles of exploratory qualitative analysis [29],
and initially were tested against the design concepts to ensure that all the variations
present in the designs were addressed. Subcategories within each category (brush
head and body) were also generated in order to organize the rating process, as seen
in the Appendix.

Two independent raters were asked to rate each generated idea using a scale
ranging from 1 = Agree because it is explicitly shown visually AND in
writing, 2 = Slightly agree because it is shown either only visually OR only
in writing, 3 = Slightly disagree because it is shown either only visually OR only in
writing, 4 = Disagree because it is explicitly shown visually AND in writing, and
5 = Notexplicitly stated. Ratings with an affirmative response (1 or 2) were rated as
similar, and thus, fixated, in the analysis of the data, while negative ratings (3 and 4)
were not. The rating scale was developed in order to account for the variation in
design presentation, with design ideas presented visually, in writing, or both.

This rating scheme was developed through discussions and training sessions
with the raters in order to develop an intuitive and reliable scale. In addition, a
design benchmarking handbook was developed to assist the raters in identifying
key fixation points, as well as act as a reference during the rating process. The
inter-rater reliability was 85.2 % when the responses were grouped using method
described above (1 or 2 = fixated, 3 or 4 = not fixated). Disputes were settled in
conference between the raters as was done previously by Chrysikou and Weisberg
[30]), and a Cohen’s Kappa of 0.759 was achieved for the rating method.

In order to examine the effects of the dissection activity on the amount of
fixation present in the designs, several metrics were defined:
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# Parts Exposure: The number of parts each participant dissected within each
category (brush head and body design). In order to examine
the exposure of each participant compared to their team
members, this metric was ranked for each team member (1—
4). A participant with a score of 4 dissected the most parts in
their design team.

# Ideas: The number of ideas each participant generated for each
category (brush head and body design).

# Same Features:  The number of features in the generated concept that were
deemed similar to the original design by the raters. For this
study, an answer of options 1 or 2 by the rater were
considered as features similar to the original design, and
rating statements that were answered using options 3 and 4
were considered as features that were different than the
original design.

% Fixation: The # of similar features divided by the number of questions
rated by the coders for each design (excluding the questions
deemed not explicitly stated, or option 5). Examples of
designs that were rated and considered non-fixated (low %
fixation) compared to the original design are shown in

Table 1.

Statistical Analysis

In order to address our first hypothesis that exposure to the dissection activity
affects design fixation, an MANOVA was performed with the independent vari-
ables of # parts exposure for both the brush head and the body design and the
dependent variables of % fixation, # of ideas, and # of same features. The exposure
variable was taken as combination of exposure to both the brush head dissection
and the body design dissection, where there were 18 participants that dissected the
brush head alone and 15 participants that dissected the body design alone. There
were 19 participants that dissected both the brush head and body of the toothbrush,
and were considered separately for the purposes of this analysis. Therefore, the
total sample size for the analysis was 76.

In order to address our second hypothesis that personality attributes effect
exposure to product dissection activities in team design projects, and thus design
fixation, a second analysis was completed. The five personality traits were ana-
lyzed for their effects on the product dissection activity by performing a Pearson
two-tailed significance test between the personality traits and the # of parts
exposure.
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Table 1 Example designs rated as non-fixated with responses for the corresponding rating
statements using the rating scale discussed above

Rating statements Similar/different from original design

Gt T

Sana_ a4l
Oral-h
.

Hel)" roediy bivsh f bigdies
The idea has the same location and Agree Disagree

number of brush heads
The idea has the same shaped brush head Agree Disagree
The idea has the same bristle length, Agree Disagree

hardness, and/or direction on the brush

head

The idea generates the same number of ~ Not Explicitly Stated Agree
movement types (only rotation,
rotation AND vibration, etc.)

The idea has the same type and/or range of Not Explicitly Stated Disagree
brush head movement (rotational/
translational/vibrational/angle of

rotation)

The idea’s brush head is similar to the Agree Disagree
original design

The idea performs the same functions (no Agree Agree
toothpaste, no tongue scraper, no floss)

The idea’s general characteristics are Agree Disagree
similar to the original design

# of similar features (1 or 2 response) 6 2

# questions not rated as a 5 6 8

% Fixation 100 25.0

Ratings of 1 or 2 were rated as ‘agree’ whereas 3 or 4 were rated as ‘disagree’

Finally, an MANCOVA was performed with the dependent variable being %
fixation, # of ideas, and # same features, and the independent variable being the 5
personality traits analyzed independently. The covariates for all 5 ANCOVAs were
semester standing and # parts exposed for both the brush head and body designs.
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Semester standing was chosen as a covariate in order to achieve statistical control
of extraneous or ‘nuisance’ variables [31-33], and # parts exposed was chosen as a
covariate in order to isolate the effects of different exposure time to the dissection
activity. Profile plots were generated by categorizing the personality traits into 3
groups (lowest, average, highest), with cut-off scores being half a standard devi-
ation from the mean, as was done previously by Garcia et al. [34].

SPSS v 20.0 was used to perform all of the statistical tests. The level of
significance was 0.05.

Results

We hypothesized that exposure to dissection activity would affect the fixation
effects encountered during the idea generation activity. The test for equality of
covariance matrices between # parts exposure and % fixation and # ideas was
performed and passed (p > 0.5). Therefore, a MANOVA was conducted on these
variables. The results revealed that the relationship between # parts exposed for the
brush head designs and both the % fixation and # ideas was significant
(F = 2.80, p < 0.03; Wilk’s A = 0.854, partial g2 = 0.076), but the relationship
between # parts exposed for the body designs and % fixation and # ideas was not
significant (F = 2.04, p < 0.09; Wilk’s A = 0.890, partial g2 = 0.057).

To examine these relationships further, follow-up univariate tests were per-
formed on the # parts exposed for the body designs. Prior to testing, the % fixation
and # ideas variables were found to have homogeneity of variances (p > 0.5). Post
hoc comparisons using the Tukey HSD test indicated that the mean # ideas for the
group that ranked 2 in # parts exposed for the brush head designs (M = 4.43,
SD = 1.612), was significantly different (p < 0.03) from the group that ranked 3
in # parts exposed for brush head designs (M = 6.50, SD = 1.732). Additionally,
the mean # ideas for the group that ranked 1 in the # parts exposed for the brush
head designs (M = 4.55, SD = 0.783) was also significantly different (p < 0.4)
from the group that ranked 3 (M = 6.50, SD = 1.732). In other words, those that
were exposed to more parts during the dissection activity produced more ideas
during the idea generation activity. This relationship indicates that team members
that perform the brunt of the dissection activity in their team appeared to have
generated more ideas.

The second question we sought to address was if exposure to a product dis-
section activity in a team environment was impacted by individual personality
attributes. The personality distribution of our participants can be seen in Fig. 4.

Our correlation test between the # parts exposed (both ranked and unranked) for
each part (brush head and tooth brush body) and the personality traits revealed that
for the brush head design, while extraversion (r = 0.25, p < 0.05) was signifi-
cantly correlated with # parts exposure (see Table 2). This means that people who
score high in extraversion dissected more brush head parts than those that scored
low in extraversion. There were no significant correlations for the body design,



106 C. Toh et al.

Fig. 4 Personality trait

distribution of the P
participants
Agreeableness —
Conscientiousness l——.l.._._‘
Neuroticism T

Openness iE——

0 20 40 60 B0 100
Personality Trait Score

indicating that personality did not play a factor in the number of parts the indi-
vidual dissected for that category.

To further our analysis, a test for the homogeneity of covariance was per-
formed. The results revealed that extraversion (p > 0.6), agreeableness (p > 0.4),
conscientiousness (p > 0.4), neuroticism (p > 0.3), and openness (p > 0.3) did not
differ on the covariates of # parts exposure and semester standing. This indicates
that assumption of homogeneity of covariances was not violated. Therefore, a
second analysis was performed with n MANCOVA and these attributes.

The MANCOVA results indicated a significant relationship between extraver-
sion and both % fixation and # ideas (F = 1.643, p < 0.02; Wilk’s A = 0.095,
partial €2 = 0.692), when we adjusted for semester standing and the number of parts
the participant was exposed to during the dissection activity (see Table in Appen-
dix). Further tests also revealed a significant relationship between conscientiousness
and both % fixation and # ideas (F = 1.590, p < 0.03; Wilk’s A = 0.107, partial
&2 = 0.672) and openness and both % fixation and # ideas (F = 1.662, p < 0.02;
Wilk’s A = 0.204, partial &> = 0.549). MANCOVAs using the agreeableness and
neuroticism personality did not reveal any significant results. Therefore, post hoc
tests were only performed to explore the univariate effect of % fixation and # ideas
on the extraversion, conscientiousness, and openness personality traits. These tests
revealed that openness significantly affected the # of ideas generated (F = 2.05,
p < 0.02). Marginally relationships were found between extraversion on the # of
ideas generated (F = 1.76, p < 0.05) and between conscientiousness and the %
fixation (F = 1.72, p < 0.06), as seen in Table 3.

In order to explore these relationships in more detail, profile plots were gen-
erated for each of the relevant relationships, as seen in Table 4. Based on the
MANCOVA and profile plots, the following results were found: Individuals who
scored low on extraversion had the highest # ideas, followed by those that scored
the highest, and then those that scored the average. Another trend was found for
the conscientiousness personality trait. Individuals that scored average on con-
scientiousness had the lowest % fixation compared to those that scored the lowest
or highest. When the openness personality trait was used, it was found that those
that scored the lowest on openness had the highest # ideas, those that scored
average had the second highest # ideas, and those that scored the highest on
openness had the lowest # ideas.
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Table 4 Profile plots of Estimated marginal means of % fixation and # ideas versus Extra-
version, Conscientiousness, and Openness
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All profile plots had covariates evaluated at semester standing = 1.93, # parts exposed for brush
head = 1.45, # parts exposed for body design = 1.37

These results indicate that there is some type of relationship between the per-
sonality attributes of individuals within an engineering design team and the
amount of fixation experienced and the number of ideas generated. In addition,
differences in both semester standing and exposure to the dissection activity
resulted in differences in the amount of fixation experienced by each participant.

Conclusion

The purpose of this paper was to explore the interaction between product dis-
section, personality traits, and design fixation in engineering design. We hypoth-
esized that fixation effects could potentially be mitigated through product
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dissection activities as this activity has been shown to increase creativity and
design exploration in engineering design. However, since product dissection has
not been studied in terms of design fixation, it was unclear if, or how, this type of
activity influences fixation. It addition, since product dissection is often performed
in a team environment, individuals may have different interactions with the dis-
sected parts based on aspects such as personality. Therefore, a study was con-
ducted in a first year engineering design class to understand how personality
attributes affects exposure time and design fixation.

The results from our study indicate that individual personality traits can affect
the amount of exposure to the dissection activity. In particular, we found that the
more extraverted an individual was, the more involved they were in the dissection
activity. This was unsurprising as prior research has shown that extraversion has
been positively linked to successful team performance [26]. However, our results
not only linked these personality attributes to exposure to the dissection activity,
but also highlighted the potential role of certain personality traits in the amount of
fixation experienced by the participant as well as the number of ideas generated.
Specifically, we found that individuals that scored high on openness tended to
generate significantly less ideas. The extraversion and conscientiousness per-
sonality trait were also found to play a marginally significant role on the amount
of fixation and number of ideas generated. These results are important because
they implicate personality in design fixation expression, and hence, a significant
factor in the overall design process. In addition, our results showed that indi-
viduals who scored high on extraversion were likely to be more exposed to the
dissection activity. Therefore or results show that the exposure to the dissection
activity is related to personality attributes of team members and also affects
design fixation.

While personality traits were found to play a role in the fixation experienced by
the participants, other factors such as semester standing and exposure to the dis-
section activity were also found to affect the personality-fixation relationship.
However, our original analysis showed no statistically significant relationship
between exposure to the dissection activity and design fixation. On the other hand,
it was found that exposure to the dissection activity tended to encourage partici-
pants to generate more ideas. These findings agree with previous studies that have
found design fixation to be complex, and as a result, can be impacted by many
factors (such as personality and exposure to dissection activities) in subtle and
multi-faceted ways.

These findings generally support our hypothesis that personality traits and
product dissection activities impact design fixation effects. They also highlight the
positive effect of product dissection activities in a team environment, but also raise
interesting research questions concerning the exact nature of this relationship.
Although our study reveals a relationship between personality traits and exposure
to the dissection activity, this was only true for the brush head dissection activity,
and not for the body design dissection activity. One possible reason for this dis-
crepancy is the difference in level of familiarity and prior exposure to the concepts
associated with the part. In other words, it is possible that the participants were
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more familiar with the concept of improving the ergonomics of the toothbrush
handle, but were less familiar with the concept of improving the brushing effi-
ciency of the toothbrush head. Therefore, upon dissecting the brush head part,
participants gained more familiarity with the part and were inspired to create a
better design. In addition, the use of semester standing as a covariate in the
analysis indicates a significant impact of experience within engineering on
design fixation.

From this study, the complex nature of individual difference and personality
traits is recognized as both a limitation and something to leverage in engineering
design research. In other words, because our participants could not be randomly
prescribed personality traits, the current work is an exploratory study and lacks the
power of a fully experimental design. Similarly, because we were unable to control
for exposure to the dissection activity directly, the results of the study could have
been influenced by other confounding variables such as drawing participants from
different sections of the course. We attempted to adjust for other confounding
variables, such as semester standing in this study, but future studies should explore
design fixation in a controlled environment, as well as include other confounding
variables as covariates in the analysis. Therefore, the effect of this activity on
design fixation has to be examined in-depth in future studies to gain a better
understanding of its role in the design process.

Overall, our results show that design fixation effects are indeed related to the
exposure to a dissection activity and individual personality traits of designers. This
has important implications for engineering design research, because it builds on
our understanding of cognitive processes as it applies to idea generation, and thus,
the overall design process. Future studies should explore the relationship between
idea generation techniques of both the form and function of a product on design
fixation. The effects of different personality traits on different idea generation
techniques should also be examined for its impact on design fixation in order to
provide a deeper understanding of how design activities impact design fixation.

Appendix

See Table 5.
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Table 5 Rating Statements developed for the brush head designs and body designs

Brush head design

1
2
3

15
16

Brush head

Neck

General
characteristics

Body design

1
2
3
4
5
6
7
8
9

10
11

12
13
14
15

Battery access

Power activation

General
characteristics

The idea has the same location and number of brush heads
The idea has the same shaped brush head
The idea has the same bristle length, hardness,
and/or direction on the brush head
The idea generates the same number of movement types
(only rotation, rotation AND vibration, etc.)
The idea has the same type and/or range of brush head movement
(rotational/translational/vibrational/angle of rotation)
The idea has the same operating speed
The idea’s brush head is similar to the original design
The idea has a neck that is the same shape and size
The idea has a neck that has the same rigidity and flexibility
The idea has a neck that has the same appearance (solid, single piece)
The idea’s neck design is similar to the original design
The idea has the same overall size
The idea uses the same materials
The idea performs the same functions (no toothpaste,
tongue scraper, flosser)
The idea connects with the rest of the toothbrush in the same way
The idea’s general characteristics are similar to the original design

The idea uses the same method to remove and access the battery(ies)
The idea has the same battery access location
The idea’s battery access design is similar to the original design
The idea uses the same type of power button
The idea has the same power button location
The idea’s power activation design is similar to the original design
The idea has the same shape
The idea uses the same method of providing grip
The idea uses the same materials
The idea has the same number of components
The idea has the same functional features. (no power indicator,
no tongue scrubber, no flashlight)
The idea has the same size and weight
The idea has the same color
The idea has the same level of portability
The idea’s general characteristics are similar to the original design




112 C. Toh et al.

References

1. Hertzberger H (1991) Lessons for student in architecture. Uitgeverij, Rotterdam
2. Eckert C, Stacey M, Earl C (2005) Reasoning by references to past design. In: International
workshop on studying designers. Proceedings of international workshop on studying
designers
3. Eckert C, Stacey M (2000) Sources of inspiration: a language of design. Des Stud
21:523-538
4. Jansson DG, Smith SM (1991) Design fixation. Des Stud 12:3-11
5. Linsey JS, Tseng I, Fu K, Cagan J, Wood KL, Schunn C (2010) A study of design fixation, its
mitigation and perception in engineering design faculty. J] Mech Des 132:41003
6. Purcell AT, Gero JS (1996) Design and other types of fixation. Des Stud 17:363-383
7. Grantham K, Okudan G, Simpson T, Ashour O (2010) A study on situated cognition: product
dissection’s effect on redesign activities. International Design Engineering Montreal, Quebec
8. Lamancusa J, Jorgensen JE, Fridley JL (1996) Product dissection—a tool for benchmarking
in the process of teaching design. In: Frontiers in education conference, Salt Lake City, UT
9. Mann RD (1959) A review of the relationships between personality and performance in small
groups. Psychol Bull 56:241-270
10. Ward TB, Smith SM, Finke RA (1999) Creative cognition. In: Sternberg RJ (ed) Handbook
of creativity. Cambridge University Press, New York, pp 189-212
11. Dugosh KL, Paulus PB, Roland EJ, Yang H (2000) Cognitive stimulation in brainstorming.
J Pers Soc Psychol 79:722-735
12. Jansson D, Smith S (1991) Design fixation. Des Stud 12:3-11
13. Chrysikou EG, Weisberg RW (2005) Following in the wrong footsteps: Fixation effects of
pictorial examples in a design problem-solving task. J Exp Psychol 31:1134-11448
14. Linsey JS, Tseng I, Fu K, Cagan J, Wood KL, Schunn C (2010) A study of design fixation, its
mitigation and perception in engineering design faculty. J Eng Des 132:1-12
15. Perttula M, Sipila P (2007) The idea exposure paradigm in design idea generation. J Eng Des
18:93-102
16. Marsh RL, Ward TB, Landau JD (1999) The inadvertent use of prior knowledge in a
generative cognitive task. Mem Cogn 27:94-105
17. Tseng I, Moss J, Cagan J, Kotovsky K (2008) The role of timing and analogical similarity in
the stimulation of idea generation in design. Des Stud 29:203-221
18. Linsey JS, Wood KL, Markman AB (2008) Modality and representation in analogy. Artif
Intell Eng Des Anal Manuf 22:85-100
19. Wood KL, Jensen D, Bezdek J, Otto KN (2001) Reverse engineering and redesign: courses to
incrementally and systematically teach design. J Eng Educ 90:363-374
20. Lamancusa J, Gardner JF (1999) Product dissection in academia: teaching engineering the
way we learned it. In: International conference on engineering education. Ostrava, Czech
Republic
21. Sage AP (2001) Systems reengineering. Wiley, Hoboken, NJ
22. Brereton MF (1998) The role of hardware in learning engineering fundamentals: an empirical
study of engineering design and dissection activity. In: Mechanical engineering 1998.
Stanford University, Palo Alto
23. Simpson TW, Thevenot HJ (2007) Using product dissection to integrate product family
design research into the classroom and improve students’ understanding of platform
commonality. Int J Eng Educ 23:120-130
24. Costa PT, McCrea RR (1992) Revised NEO personality inventory (NEO PI-R) and NEO five-
factor inventory (NEO-FFI). Psychological Assessment Resources, Odessa, Fla
25. LePine JA, Van Dyne L (2001) Voice and cooperative behavior as contrasting forms of
contextual performance: evidence of differential relationships with big five personality
characteristics and cognitive ability. J Appl Psychol 86:326-336



Mitigating Design Fixation Effects in Engineering Design 113

26.

217.

28.

29.

30.

31

34.

Driskell JE, Goodwin GF, Salas E, O’Shea PG (2006) What makes a good team player?
Personality and team effectiveness. Group Dyn Theor Res Pract 10:249-271

Hoon H, Tan ML (2008) Organization citizenship behavior and social loading: the role of
personality, motives, and contextual factors. J Psychol 142:89-108

Johnson J (n.d.) Short form for the IPIP-NEO (international personality item pool
representation of the NEO PI-R™). Cited 2011; available from http://www.personal.psu.
edu/j5j/IPIP/ipipneo120.htm

Ogot M, Okudan-Kremer G (2006) Engineering design: a practical guide. Trafford
Publishing, Bloomington

Chrysikou EG, Weisberg WW (2005) Following the wrong footsteps: fixation effects of
pictorial examples in a design problem-solving task. J Exp Psychol 31:1134-1148

. Colvin CR (1993) Childhoold antecedents of young-adult judgability. J Pers 61:611-635
32.
33.

Kenny DA (1994) Interpersonal perception: a social relations analysis. Guildford, New York
Vogt SD, Randall C (2003) Interpersonal orientation and the accuracy of personality
judgments. J Pers 71:265-295

Garcia LF, Aluja A, Garcia O, Cuevas L (2005) Is openness to experience and independent
personality dimension. J Individ Differ 26:1-7


http://www.personal.psu.edu/j5j/IPIP/ipipneo120.htm
http://www.personal.psu.edu/j5j/IPIP/ipipneo120.htm

Design Fixation: A Cloak of Many Colors

Robert J. Youmans and Tomasz Arciszewski

Abstract The term design fixation is often used interchangeably to refer to sit-
uations where designers limit their creative output because of an overreliance on
features of preexisting designs, or more generally, an overreliance on a specific
body of knowledge directly associated with a problem. In this paper, we argue that
interdisciplinary interest in design fixation has led to increasingly broad definitions
of the phenomenon which may be undermining empirical research efforts, edu-
cational efforts to minimize fixation, and the transdisciplinary distribution of
knowledge about fixation effects. To address these issues, the authors recommend
that researchers consider categorizing fixation phenomena into one of three clas-
sifications: unconscious adherence to the influence of prior designs, conscious
blocks to change, and intentional resistance to new ideas. Next, we distinguish
between concept-based design fixation, fixation to a specific class of known design
concepts, and knowledge-based design fixation, fixation to a problem-specific
knowledge base. With these distinctions in place, we propose a system of orders of
design fixation, recommend methods for reducing fixation in inventive design, and
recommend areas that are in need of further research within the field of design
science.

The Importance of Design Fixation

The concept of design fixation, originally defined as a blind adherence to a set of
ideas or concepts limiting the output of conceptual design [1], has for 20 years
provided researchers from a variety of backgrounds with a compelling, important,
and uniquely cross-disciplinary design phenomenon to study. The research is
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compelling because design fixation limits a designer’s creative thoughts and
actions by anchoring them in the past at the stage of design when creative thinking
may have its greatest effect. Design fixation research is also important because
innovative products and systems catalyze advances in medicine, art, and science
[2], often leading to large financial rewards [3]. Design fixation is thought to affect
the mental processes of a designer at the earliest stages of the design process, a
period when the architectures of final designs are established, technologies are
chosen, and the bulk of the costs (often upwards of 70 %) for a product are
committed [4]. In engineering terms, fixation occurs during the conceptual design
process, a time during which any given final design outcome is extremely sensitive
to the assumptions and chosen strategies of the designer. Fixation during con-
ceptual design can prevent a designer from developing feasible design concepts
with consequences ranging from minor duplications of technology to the inability
of a corporation to change at the same pace as industry, leading to organizational
failure [5].

The Many Shades of Design Fixation

Interest in what design fixation is, why it occurs, and how it can be avoided has
created a bloom of cross-disciplinary research activity, but the “boundary-spanning
character” [1] of the phenomena has served as something of a double-edged sword.
On the one hand, the interdisciplinary nature of the phenomenon has brought
together designers, cognitive scientists, engineers, computational modelers, archi-
tects, educators, and many others around the emerging field of design science, the
scientific study of designing [6]. Design science has revealed important insights
into the design fixation phenomena. For example, researchers now speculate that
design fixation may occur because of interactions between associative long-term
memory systems and working-memory capacity limitations [7]. Researchers also
know that some forms of design fixation can be reduced when designers take short
breaks [8], use physical materials to prototype [2], incorporate formal design
heuristics [9], and potentially, as they adopt computer-based design tools [10].
However, the interdisciplinary nature of design fixation research has also made
it increasingly difficult to determine whether or not researchers are all studying the
same behavioral phenomenon. Consider one example of design fixation taken from
an empirical psychology study where design and engineering students were
recruited to compete in a ‘Puzzle Box Design Contest’ [2]. The contest gave
engineering students 90 min to design two original tools that could be operated by
hand to retrieve small objects that had fallen into the bottom of a box. Tool designs
were restricted to specific rules that prohibited designers from reaching inside the
box with their hands, touching the sides of the puzzle box, and so on, and a large
cash prize was offered to whoever could create the most original tool design that
did not break these rules. Before beginning their own design efforts, participants
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completed a practice task where they built duplicates of two preexisting tools that
had supposedly been created by previous participants. In fact, the preexisting tools
were a part of the experiment, and contained ten fixation features, easily recog-
nizable design characteristics that could be used to objectively detect fixation
effects in later designs. Notably, several of the fixation features of the preexisting
tools were negative, that is, they were intentionally designed to break the rules of
the design competition. Surprisingly, the results of the study revealed that many of
the subsequent student designs not only demonstrated high levels of fixation, but
they demonstrated fixation to negative fixation features that broke contest rules,
disqualifying them from the contest.

Now consider a second case, that of a structural engineer who is designing a
beam under bending. Although structural engineers are trained to consider a
variety of structural system’s construction methods and materials, a common
problem for them is their tendency to exploit a single problem-specific body of
knowledge to the exclusion of the others they have been trained to employ. This
concept, referred to as a vector of psychological inertia by engineers, refers to a
phenomenon in inventive engineering whereby a designer or a group of designers
fixate on a specific class of design concepts, resulting in a tendency to solve
engineering problems in the same way over and over again [11, 12]. An engineer
who is designing a beam under bending might be said to be following a vector of
psychological inertia if she repeatedly designs structures using reinforced concrete
beams in spite of the availability of prestressed concrete beams, steel beams, or
other potential solutions that do not utilize reinforced concrete beams.

Do both the first and second scenarios represent cases of design fixati