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ABSTRACT
While creativity is recognized as an essential component of the design process, much is
still unknown about the factors that lead to the generation and flow of creative ideas through the
design process. This is important because creative ideas are often filtered out during this process
due to people’s inadvertent bias against creativity, decreasing the likelihood of innovation that is
crucial for long-term economic success. Therefore, research is needed that examines how
variations in commonly utilized design activities affect creative idea generation and how factors
such as an individual’s risk attitudes, the structure of the problem, and representations of concept
creativity affect the flow of creative ideas during the concept selection stage of the design
process. In this thesis, the results of three experimental studies with 136 engineering students are
reported. The results of this thesis show that participants who interact with physical examples
generate ideas with less novelty and focus less on the functional aspects of design compared to
participants who interact with pictorial examples.
The first study was developed to understand the impacts of different types of designerproduct interactions that are commonly practiced in engineering. This study showed that
participants who interact with examples in a more meaningful way (through product dissection)
also produce ideas with more variety than those who merely visually inspect them. The second
and third studies of this thesis were geared at investigating the factors that impact creative idea
selection during concept selection in engineering design. These studies show that participants
who are more prone to risk-taking are found to select more creative ideas during concept
selection. On the other hand, participants who are more tolerant of ambiguity tend to generate
ideas with more novelty than participants who are less tolerant of ambiguity. Lastly, the results
show that the structure of the problem and the representation of creativity presented to
participants can also influence the selection of creative ideas during the design process. Overall,
the results of this thesis add to our understanding of the factors that contribute to the flow of
creative ideas from concept generation to concept development. They also provide empirical
evidence for the link between risk-taking attitudes and perceptions of creativity in engineering
design. Finally, the results of this thesis are used to develop guidelines and recommendations for
encouraging the generation and selection of creative ideas in engineering design that help
enhance the flow of creative ideas throughout the design process.
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Chapter 1

Introduction
Creativity is a vital component of engineering design since it captures the fundamental
spirit of engineering- to create something new [1]. The engineering design profession places
heavy emphasis on the development of unique, unconventional, and ultimately, creative solutions
to problems that span across technical, societal, and global contexts [2] due to the economic
impact of creativity [3]. Because of the importance of creativity in engineering design,
researchers have focused on developing formal idea generation techniques such as Brainstorming
[4], TRIZ [5], and C-Sketch [6] instead of studying the impact of naturally occurring design
practices. One of the problems with implementing these methods on a wide-scale is the fact that
they often require additional information to be provided at the start of the idea generation
activity, or they require the implementation of specific techniques during ideation. Because of
these hindrances, many designers opt not to use formal ideation methods because the
burdensome steps involved in these methods often bring about “doubt, ambiguity, and a lack of
perseverance that can lead people to abandon the creative process.’’ (p. 366) [7]. For this reason,
it is important to understand the influence of currently practiced design techniques and factors
that influence the design process in order to gain a better understanding of creative product
development as it occurs in situ to ensure wide-spread adoption of creative engineering practices.
In addition to investigating the factors that lead to the generation of creative ideas,
research is also needed that explores the role of the concept selection process in mediating the
flow of these creative ideas through the design process. To date, few research studies have
explored the impact of creativity after idea generation, when the design team is tasked with
quickly screening hundreds of concepts and selecting the ideas that address the design goal [8].
Since the concept selection process is primarily used to identify concepts that should move
forward in the design process from a pool of candidate concepts [9], it can be seen as the ‘gate
keeper’ of creative ideas. Engineering designers and engineering companies who select high
quality and highly innovative concepts during this process increase their likelihood of product
success and radical innovation, while those who select poor concepts have larger expenses
including redesign costs and production postponement [10]. This neglect of creative ideas can
1

greatly damage companies that are trying to survive in the fast-growing market that demands
product innovations [3]. Thus, it is important that research in engineering design shift its focus to
identifying factors that lead to the promotion of creative ideas through the concept selection
process in order to increase the likelihood of innovation, which is crucial for long-term economic
success [3]. Factors such as the designer’s own attitudes toward risk-taking, problem structure,
and creativity representation can affect the perception and selection of creative ideas during the
design process. Therefore, research is needed that examines the factors that promote and inhibit
the flow of creative ideas through the design process.
The goal of this thesis is to investigate the generation and flow of creative ideas through
the concept generation and concept selection stages of the design process. To that end, this thesis
seeks to explore the impact of example modality and visual representation on creative idea
generation in engineering design. In addition, the concept selection process is examined through
the lens of creative idea selection in order to determine the factors that lead to the selection of
creative concepts that were generated in previous stages. Thus, factors such as risk and
ambiguity attitudes, problem structure, and creativity representation are examined for their
impact on the selection of creative concepts. The results from this thesis contribute to our
understanding of the factors that lead to creative idea generation and selection and help us
formulate recommendations for improving the flow of creative ideas in engineering design.

1.1 Background & Motivation
The field of design places heavy emphasis on the development of unique,
unconventional, and ultimately, creative solutions to problems that span across technical,
societal, and global contexts. As such, research in engineering design has focused on developing
methods to enhance creative idea development during the early phases of conceptual design
through the development and study of ideation tools (see for example [4-6, 11]). While these
formalized idea generation techniques help the designer explore a larger variety of ideas and can
encourage novel thinking directions, practicing designers often utilize existing examples during
the early stage of the design process to aid in the development of novel ideas through the
transformation, combination or adaption of elements of existing products [12, 13]. However, the
impact of variations in designer-product interactions have yet to be thoroughly investigated,
2

leaving it unclear which formats of examples are most useful in different design contexts.
Universal application without systematic assessment of these variants is problematic because
without this knowledge we do not know which types of designer-product interactions promote
cognitive stimulation and the flow of useful ideas, or which methods inhibit this process. It is
essential that such a knowledge gap be filled given parallel research in the area of design
fixation, which has shown that interacting with examples can limit creative thinking by fixating
designers on the features in the example solution.
In examining the factors to lead to creative idea generation, researchers in the field of
engineering design have investigated the impact of 2-dimensional examples on design creativity.
These studies have shown that exposing designers to pictorial examples prior to idea generation
can limit design novelty and increase design fixation [14-17]. In addition, other researchers have
shown that the level of detail and richness in visual stimuli provided to participants can impact
the originality of ideas generated [18]. Furthermore, studies that explore the differences between
exposure to textual examples and exposure to pictorial examples have shown that example
modality affects the number of re-used features during idea generation [19].
Beyond the study of 2-dimensional examples, research that investigates the use of 3dimensional examples in the design process can provide valuable information on the impact of
these examples on design cognition. While explorations of the impact of 3D examples has been
limited, earlier studies have shown that exposure to physical models can improve a designer’s
understanding and comprehension of the concept [20, 21] and help them produce more ideas [22]
compared to exposure to 2D representations. Case studies conducted in engineering industry
provide compelling evidence that prototypes can provide inspiration and encourage the
generation of new ideas during the design process [23]. Other studies conducted in engineering
education have found that design teams that use prototypes in the early phases of design were
more successful since physical prototypes “provide unique and various ways of acquiring
approximations for upcoming technical and functional constraints” (p. 1283) [24]. This result is
supported by other similar studies that have revealed that the time spent on early prototyping
practices is positively related to design outcomes [25]. Other research has identified the benefits
associated with 3D interactions like product dissection (see for example [1, 26]) such as
increased novelty and reduced fixation effects. However, these studies did not compare their
findings to other forms of physical interactions bringing to question if it was the product
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dissection activity or purely the physical interaction with the product that aided designers. This
lack of knowledge of the utility of 2D and 3D examples is problematic for both the
understanding of design activity as well as for developing more effective design tools.
In exploring the role of factors that influence creativity in the natural design process,
other processes and activities practiced after ideation should also be investigated. This is because
while the goal of formal idea generation techniques is to help designers generate a large quantity
of effective solutions and expand the explored solution space, the creative ideas developed
through these methods are often rapidly filtered out during the concept selection process with
few making it to commercialization. Since the concept selection process is primarily used to
identify concepts that should move forward in the design process from a pool of candidate
concepts, it can be seen as the ‘gate keeper’ of creative ideas. Thus, it is important that research
in engineering design shift its focus to identifying factors that lead to the promotion of creative
ideas through the concept selection process in order to increase the likelihood of innovation,
which is crucial for long-term economic success [3].
Concept selection is considered one of the most crucial components of the design process
because the direction of the final design is largely determined at this stage. This process helps
designers narrow down the solution space and identify the most promising and effective final
concepts to address the design goal. In other words, for innovation to occur, creative ideas must
be identified and selected through the concept selection process. However, creative ideas are
often filtered out during this process because of people’s inadvertent bias against creativity [27],
which is attributed to the uncertainty and risk associated with novel concepts [28]. While
creativity may be touted in the early stages of the design process, designers may be unable or
unwilling to adopt creative ideas when evaluating concepts. Thus, research is needed that
explores the relationship between creative ideas and their successful selection in the concept
selection phase of the design process. Importantly, the following questions should be addressed:
Do formal concept selection techniques that emphasize feasibility and effectiveness encourage or
obstruct the selection of creative ideas? Does the designer’s awareness of the concept’s creativity
in the concept selection process help or hinder the selection of creative ideas? Research that
addresses these questions will help the engineering design community understand the process of
creative concept selection as well as the factors that affect designers’ perceptions and preference
for creativity during concept selection.
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One of the factors that can influence the selection of creative concepts during the design
process is an individual’s attitude toward risk since risk-taking attitudes have been shown by
prior research to affect an individual’s perception of creativity [29]. In the context of creativity,
risk can be used to describe the extent to which there is uncertainty about whether potentially
significant or disappointing outcomes will be realized given creative effort [30]. Researchers
have argued that risk-taking is an essential element of creativity since it encourages the
individual to push boundaries and explore new territories [31]. In addition to risk attitudes, an
individual’s tolerance for ambiguity is also important to study in the design context since many
realistic situations involve both risk and ambiguity [32]. Studies have shown that a tolerance for
uncertainty is a requirement for creativity, especially in scientific domains [33]. While it is clear
that both risk and ambiguity inversion are important factors that impact creativity, little research
has been conducted regarding the possible effects that these factors may have on the creative
concept selection.
In addition to risk and ambiguity behaviors, other factors can impact the creative concept
selection process. In the engineering design literature, most studies exploring creativity utilize
highly-structured design problems presented to participants. These studies provide us with more
understanding of the cognitive mechanisms involved in creative design through the use of
controlled and structured design tasks. Using well-defined problems during design experiments
allow for objectivity and an easier comparison of the solver’s solution and the “correct” solution
[34]. However, ill-structured, or open-ended problems are the most common design problems
encountered by engineers [35]. These problems typically involve multiple domains of
knowledge, and there are often no known algorithms or instructions for accomplishing the design
goal. This gap between the highly-structured problems studied in the literature and the openended problems found in practice lead to a lack of knowledge regarding the transfer of these
experimental findings to everyday problems [36].
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1.2 Objective
The objective of this thesis is to investigate the generation and flow of creative ideas
through the concept generation and concept selection stages of the design process. To that end,
this thesis seeks to explore the impact of example modality, visual representation, risk and
ambiguity attitudes, problem structure, and creativity representation on the generation and
selection of creative concepts. Specifically, the three major goals of this thesis are identified as
follows:
Goal 1: Investigate the role of example modality and visual representation on the generation of
creative concepts by student designers. Since research in psychology has shown that visual
representations that are richer and more detailed improve understanding and comprehension
compared to less detailed representations [20, 21], research that investigates how different
interactions with examples impact ideation can add to our understanding of design cognition and
creativity.
Goal 2: Explore the role of individual risk and ambiguity attitudes on the selection of creative
concepts in design. Researchers in other fields have shown that risk-taking [37] and ambiguity
aversion [38] are linked to creativity in problem solving tasks, but much is still unknown about
how risk and ambiguity attitudes relate to perceptions and preference for creativity in the
engineering design context. Therefore, research that provides empirical evidence on the impact
of these factors on creative concept selection can help researchers and educators better
understand how to structure and utilize design practices to enhance engineering creativity.
Goal 3: Understand the impact of other task-specific factors such as problem structure and
creativity representation on the selection of creative concept selection. Research in engineering
education and design methodology provides compelling evidence to suggest differences in
design thinking while solving open-ended design problems [39] or utilizing formalized concept
selection methods [40]. However, there exist little data on how these factors affect the selection
of creative concepts during concept selection.
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1.3 Summary of Thesis Papers
The 3 manuscripts presented in this thesis address the research goals outlined above.
Specifically, the first manuscript, submitted for consideration to the ASME Journal of
Mechanical Design, found in Chapter 2, investigates the impact of example modality and visual
representation on the creativity and focus of generated designs during the ideation stage. The
second paper of this thesis, submitted for consideration to Research in Engineering Design and
found in Chapter 3, seeks to understand the impact of individual risk aversion on propensity for
creative concept selection. The final paper of this thesis, to be submitted for consideration to
Design Studies, and found in Chapter 4, investigates the effects of risk aversion, creativity
representation, and problem structure on the selection of creative concepts in engineering
students. Summaries of these papers are presented next, followed by a general discussion of the
findings and implications to engineering practice and instruction.

1.3.1 Paper I – The Impact of Example Modality and Physical Interactions on Design
Creativity
Submitted for consideration to the ASME Journal of Mechanical Design, Jan 2014
The first manuscript produced as part of this thesis explores the role of example modality
and visual representation on the generation of creative ideas in engineering design. Prior studies
have shown that the use of examples is pervasive in design, with many different formats of
examples available for the designer to choose from. However, the impact of variations in
designer-product interactions have yet to be thoroughly investigated, leaving it unclear which
formats of examples are most useful in different design contexts. Studies have shown that 2D
examples can negatively impact idea generation by fixating designers on features found within
the example set, thereby reducing the creativity of design outcomes. While these studies have
provided a foundation for research on example-usage practices, they are focused on uncovering
the fixating effects of pictorial or textual information without any comparison to exposure to 3D
examples. Thus, it is unclear how the modality of the example affects design cognition. In
addition, different types of physical interactions can result in vastly different levels of
information content available to the designer, potentially affecting design creativity. Therefore,
7

this study seeks to experimentally examine the impact of example modality and visual
representation on individual idea generation abilities in novice designers.
To address this research gap, a controlled study was conducted with 89 first-year
engineering design students that were tasked with designing a device that could froth milk. In the
study, the participants were exposed to an example milk frother and were assigned to the
pictorial condition, the visual inspection condition, or the product dissection condition.
Participants then generated ideas for a milk-frothing device, and the novelty, variety, and
functional focus of the generated ideas were computed. The results of this study reveal that
participants who interacted with the physical example produced ideas that were less novel and
less functionally focused than those who interacted with the 2D representation. Additionally, the
results showed that participants who dissected the product produced a higher variety of ideas
than those that visually inspected it. From these results, we recommend that engineering
instructors delay the use of physical examples during the early stages of conceptual design in
order to help students retain a higher level of design creativity. Furthermore, deeper-level
physical interactions such as product dissection are helpful for mitigating the loss of creativity
due to exposure to physical examples, indicating that methods that encourage more detailed and
thoughtful interactions with existing examples should be implemented in design education and
practice in order to increase creativity during ideation.

1.3.2 Paper II – Choosing Creativity: The Role of Risk And Ambiguity Aversion On Creative
Concept Selection in Engineering Design
Submitted for consideration to Research in Engineering Design, April 2014
The goal of the second manuscript in this thesis is to understand the impact of individual
factors such as risk attitudes on the selection of creative concepts in engineering design. While
creativity is often seen as an indispensible quality of engineering design, individuals often select
conventional or previously successful options during the concept selection process due to the
inherent risk associated with creative concepts. Surprisingly, prior research has shown that this
preference for conventional design alternatives is often done in an unconscious manner and is
attributed to people’s inadvertent bias against creativity. While we know that designers may
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prematurely filter out creative ideas, little is actually known about what factors attribute to the
promotion or filtering of these creative concepts during concept selection.
To explore the role of risk aversion, ambiguity aversion, creative ability, and student
educational level, an empirical study was conducted with 38 first-year engineering students.
Participants’ risk aversion and ambiguity aversion was assessed prior to the study using
measures from behavioral economics. During the study, participants were asked to brainstorm
ideas for a device that can froth milk. Participants then formed 3 and 4-member design teams and
evaluated the ideas generated by their team members for its effectiveness in addressing the
design goal. Participants’ ability to generate creative ideas during ideation and their propensity
for selecting creative ideas during concept selection was calculated and analyzed in relation to
risk aversion, ambiguity aversion, and educational level.
The results from this study indicate that an individual’s ability to generate creative ideas
is unrelated to their preference for creative ideas during concept selection. However, the results
showed that individual risk aversion and ambiguity aversion are significantly related to creative
concept selection and creative idea generation respectively. Lastly, student educational level was
found to play a role in the relationship between tolerance for ambiguity and creative idea
generation ability. These results add to our understanding of creativity during concept selection
and provide guidelines for enhancing the design process to encourage design creativity.

1.3.3 Paper III – Investigating the Factors that Affect the Selection of Creative Ideas in
Engineering Design
To be submitted for consideration to Design Studies, April 2014
The final manuscript produced as part of this thesis explores the role that risk aversion,
creativity representation, and problem structure plays in the selection of creative concepts
through an empirical study with engineering students. Most concept selection techniques focus
on evaluating individual concepts for their ability to meet design specifications, and often neglect
to consider the creativity or uniqueness of each concept. This is problematic because creativity
has long been regarded as an important aspect of innovation and can lead engineering designers
to better design outcomes. The different levels of focus on creativity during	
   the concept
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generation and concept selection phases suggest that even the most creative ideas that are
generated may not be chosen in the concept selection stage. Furthermore, other factors such as
risk aversion, the representation of concept creativity, and the structure of the design problem
have been shown to affect the perception of creativity and the design process. Therefore, this
study seeks to examine the concept selection process through the lens of creative concept
selection in order to identify the factors that can impact designers’ perceptions and preference for
creative concepts.
A controlled study was conducted with 9 engineering undergraduate students who were
either risk averse, risk neutral, or risk prone. The participants were tasked with performing 3
concept selection activities that were each highly structured, moderately structured, and openended. The representation of creativity was also varied between the 3 concept selection tasks
through the use of 3 conditions: a condition where participants were provided with creativity
metrics for each design, a condition where participants used Pugh’s Concept Evaluation Method,
and a control condition without these tools. A semi-structured interview was conducted after the
study in order to provide a qualitative basis for interpreting the quantitative results.
The results from this study indicate that participants who were more risk prone selected
more creative ideas during concept selection compared to their risk neutral and risk adverse
peers. In addition, open-ended design problems and formalized concept selection methods (such
as Pugh’s Method) encouraged the selection of these creative ideas. The results from the semistructured interviews provided further insights into these findings and help us gain a better
understanding of the factors that impact the creative concept selection process. Thus,
implications for engineering research and education as well as recommendations for design
instruction are presented in an effort to improve the effectiveness and creativity of final design
outcomes.
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Abstract
Interacting with example products is an essential and widely practiced method in engineering
design, yet little information exists on how the representation (pictorial or physical) or
interaction a designer has with an example impacts design creativity. This is problematic because
without this knowledge we do not understand how examples affect idea generation or how we
can effectively modify or develop design methods to support example usage practices. In this
paper, we report the results of a controlled study with first year engineering design students
(N=89) developed to investigate the impact of a designer’s interaction with either a 2D pictorial
image or a 3D product (through visual inspection or product dissection activities) and the
resulting functional focus and creativity of the ideas developed. The results of this study reveal
that participants who interacted with the physical example produced ideas that were less novel
and less functionally focused than those who interacted with the 2D representation. Additionally,
the results showed that participants who dissected the product produced a higher variety of ideas
than those that visually inspected it. These results contribute to our understanding of the benefits
and role of 2D and 3D designer-product interactions during idea development. We use these
findings to develop recommendations for the use of designer-product interactions throughout the
design process.
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2.1 Introduction
Examples are commonly used in engineering design as a means to aid in the development
of novel ideas through the transformation, combination or adaption of elements of existing
products [1, 2]. Prior studies have shown that the use of examples is pervasive in design [3, 4],
with many different formats of examples available for the designer to choose from. However, the
impact of variations in designer-product interactions have yet to be thoroughly investigated,
leaving it unclear which formats of examples are most useful in different design contexts.
Universal application without systematic assessment of these variants is problematic because
without this knowledge we do not know which types of designer-product interactions promote
cognitive stimulation and the flow of useful ideas, or which methods inhibit this process. It is
essential that such a knowledge gap be filled given parallel research in the area of design
fixation, which has shown that interacting with examples can limit creative thinking by fixating
designers on the features in the example solution [5].
Several studies have investigated the impact of 2D and 3D examples on design creativity.
These studies have shown that exposing designers to pictorial (2D) examples prior to idea
generation can limit design novelty and increase design fixation [5-8]. In addition, other
researchers have shown that the level of detail and richness in visual stimuli provided to
participants can impact the originality of ideas generated [9]. Furthermore, studies that explore
the differences between exposure to textual examples and exposure to pictorial examples have
shown that example modality affects the number of re-used features during idea generation [10].
While explorations of the impact of 3D examples has been limited, earlier studies have
shown that exposure to physical models can improve a designer’s understanding and
comprehension of the concept [11, 12] and help them produce more ideas [13] compared to
exposure to 2D representations. Case studies conducted in engineering industry provide
compelling evidence that prototypes can provide inspiration and encourage the generation of new
ideas during the design process [14]. Other studies conducted in engineering education have
found that design teams that use prototypes in the early phases of design were more successful
since physical prototypes “provide unique and various ways of acquiring approximations for
upcoming technical and functional constraints” (p. 1283) [15]. This result is supported by other
similar studies that have revealed that the time spent on early prototyping practices is positively
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related to design outcomes [16]. Other research has identified the benefits associated with 3D
interactions like product dissection (see for example [17, 18]) such as increased novelty and
reduced fixation effects. However, these studies did not compare their findings to other forms of
physical interactions bringing to question if it was the product dissection activity or purely the
physical interaction with the product that aided designers. This lack of knowledge of the utility
of 2D and 3D examples is problematic for both the understanding of design activity as well as
for developing more effective design tools.
In this paper, we report the results of a controlled experiment that aims to understand and
compare the impact of designer-product interactions on idea development by studying 89 firstyear engineering students. The study consisted of a product interaction activity and an idea
generation session. The results of this study contribute new understanding of how example
modality and different forms of designer-product interactions impact the functional focus and
creativity of the resulting designs. Based on these results, we derive recommendations for the use
of designer-product interactions during the design process.

2.2 Background
2.2.1 Example Modality and Visual Representation in Engineering Design
Due to the importance of example usage in design, there has been considerable research
focused on the impact of examples on the engineering design process. Specifically, studies have
shown that 2D examples can negatively impact idea generation by fixating designers on features
found within the example set, thereby reducing the creativity of design outcomes [6, 19]. While
these studies have provided a foundation for research on example-usage practices, they are
focused on uncovering the fixating effects of pictorial or textual information without any
comparison to exposure to 3D examples. Thus, it is unclear how the modality of the example
affects design cognition.
In order to respond to this research gap, studies have begun to uncover the difference
between examples presented in 2D (textual or pictorial) and 3D (prototypes, example products)
form. These studies have found that exposure to physical models can improve the functionality
of the generated ideas [20], help designers develop more ideas [13], and reduce the number of
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features reused during idea generation [21]. However, research has also found that interacting
with a non-functioning 3D model can also fixate designers [13]. Similarly, research done by
Viswanathan and Linsey have shown that the increased effort and time invested into prototyping
physical models can reduce design creativity [22], suggesting that the type of designer-product
interaction can affect design outcomes. Research in the field of cognitive psychology has
provided some insights into why variations in ideation may occur between 2D and 3D sources.
For instance, research has shown that visual representations that are richer and more detailed
improve understanding and comprehension compared to less detailed representations [11, 12]
because of the diverse store of spatial information acquired by the individual. This deeper
understanding directly relates to the way information is stored in memory; the richer the
stimulation provided by the example the more likely it is to activate nearby concepts in the
semantic network, and hence, aid in idea generation [23].
While physical examples have the potential to activate closely related concepts in the
corresponding semantic network, they may leave weakly associated nodes inactivated. This is
problematic because these nodes are said to help designers develop ideas with the most variety
and creativity [24]. As a result, physical interactions may limit the scope of the explored solution
space by acting as a constraining example. On the other hand, pictorial examples may help
activate concepts in long term memory that are not as strongly associated to the example due to
the less detailed and more abstract nature of the designer-product interaction [24-26]. While
these findings provide a cognitive basis for exploring the impact of 2D versus 3D interactions,
the impact of example modality has yet to be investigated.
From these results, it can be seen that changes in example modality can be powerful in
shaping design cognition and consequently, design outcomes. However, results in this area have
been inconclusive as to whether 2D or 3D representations promote or hinder idea generation
abilities. Therefore, this study seeks to experimentally examine the impact of example modality
on individual idea generation abilities in novice designers.

17

2.2.2 Physical Interactions in Engineering Design

While physical interactions with 3D examples are common in engineering design and can
serve to help designers gain a better understanding of the solution space [27], the impact of
different types of physical interactions has yet to be investigated. This is problematic because
different types of physical interactions can result in vastly different levels of information content
available to the designer. For example, visual inspection is a tool commonly used in engineering
design to benchmark existing products based on quality or aesthetics [27] and to gain an
understanding of its physical structure. While visual inspection is a relatively efficient method
for evaluating existing products and their respective strengths and weaknesses [27], it is
considered a surface-level interaction because it does not allow designers to uncover the internal
structure or working mechanisms of the example design. On the other hand, product dissection,
which involves systematically taking apart products to uncover opportunities for re-design [28],
is considered a deep-level interaction because it provides a broader scope of visual cues and
allows for more mental imagery. While both visual inspection and product dissection are used
widely in academic and industrial practices (see discussions in [29] [30]), the variations in the
information content available to the designer may serve to influence ideation abilities.
Research on information processing and semantic memory networks provides rationale
for why variations in physical designer-product interactions may result in different design
outcomes. Specifically, product dissection differs from visual inspection in that it provides a
deeper understanding of the product and encourages designers to consider previously ignored
aspects. Therefore, by dissecting a product, the designer may be able to uncover relevant pieces
of information and provide more cognitive stimulation to designers [31]. In addition, product
dissection exposes the designer to more detailed aspects of product, which may increase
understanding of its working mechanisms and broaden the semantic network associated with a
particular physical example [25]. In other words, dissection could help designers activate nodes
that were previously too distant to be activated by a surface-level physical interaction. This
broader scope of visual cues present during product dissection may also allow for more mental
imagery, which has been shown to result in creative discovery [32].
While this cognitive perspective of information processing serves as a basis for our work,
there is little research that compares the impact of physical designer-product interactions.
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Product dissection, however, has received some recent attention in the literature. Importantly,
studies have shown that team-based product dissection can reduce fixation effects [33], increase
design novelty [34] and encourage designers to focus on functional aspects during idea
generation [28]. This is significant because product functionality is regarded as an essential
component of engineering design [27]. However, because product dissection has not been
compared to other forms of physical designer-product interactions, it is unclear if this positive
effect is due to product dissection or merely the physical interaction with the product. Therefore,
this study seeks to compare product dissection and visual inspection in order to uncover the
effect of physical interactions on idea generation in novice designers.

2.3 Methodology
The goal of this paper is to explore the impact of example representations on design
creativity in engineering education. Specifically, this study was designed to understand how
creativity and functional focus during idea generation is impacted by; (1) exposure to example
design solutions (2D and 3D); and (2) the type of interaction a designer has with design solutions
during the design task (either through visual inspection or product dissection). To answer these
questions, a controlled study was conducted with 89 first year engineering students (62 males, 27
females) between the ages of 18 and 21 (mean of 18.4). The participants were recruited from 10
sections of a first-year undergraduate engineering design course and received extra credit for
participating in the study. The study took place on three consecutive days.

2.3.1 Procedure
At the beginning of the study, participants were informed that the goal of the study was to
investigate the impact of designer-product interactions on design creativity. They were not
informed, however, that there were different types of interactions being tested in the study. Once
the purpose was explained, participants completed an informed consent document. Next,
participants performed a design exercise, described in detail in the following sections.
One of the most elusive challenges of design research is selecting a task that is both
representative of the design area and appropriate for the research questions being explored [35].
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The design task chosen in the current study was selected to represent a typical project in a
cornerstone, or first year, engineering design course. In these courses, students are typically
directed to redesign small, electro-mechanical consumer products that are equally familiar, or
unfamiliar, to the student designers [36, 37]. This type of task is often selected because of the
minimal engineering knowledge students have in these early courses. In order to ensure our
participants were equally familiar with the product being explored, our design task went through
pilot testing with first-year students prior to deployment. Specifically, the design task provided to
participants in the current study was:
“Your task is to develop concepts for a new, innovative, product that can froth milk in a
short amount of time. This product should be able to be used by the consumer with
minimal instruction.”
Participants were also provided with a brief explanation of frothed milk, methods of
producing frothed milk, and its applications. Once participants read the description, the study
proceeded in 2 stages.
In the first stage, participants were provided with a milk frother (IKEA article number
100.763.20) in either 2D (pictorial example, N = 31) or 3D (physical example, N = 58) form, see
Figure 2-1. Those that received the physical product were given 20 minutes to complete either a
visual inspection (N = 28), or product dissection (N = 30) activity. Participants were randomly
assigned to one of these conditions (pictorial, visual inspection, and dissection) prior to the start
of the study and each participant performed their assigned activity at the same time and location
as participants in the same experimental condition. The procedures for these conditions were as
follows:
Pictorial: Participants in this condition were given 5 minutes to examine a 6 x 2 inch pictorial
example of the milk frother and a brief description of the product, see Figure 2-1.
Participants in this condition were exposed to the product and its general characteristics,
but they were not allowed to physically interact with the product. They were, however,
allowed to view throughout the design task (phase 2).
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This condition was used as the ‘control’ in our study because our goal was to understand
how different types of example exposure and interactions impact idea creation. This
question differs from prior work that has used no exposure to examples (e.g. [5]) as their
control condition due to our research focus. Therefore, all of the participants in our study
were exposed, in some respect, to the example product.

Figure 2-1: Pictorial example provided to participants in the control condition.

Visual inspection: Participants in this condition were given 20 minutes to interact with the milk
frother and were tasked with sketching the front, side and top view of the product.
Participants were also asked to benchmark the milk frother by providing written
descriptions of the product based on its aesthetics, functionality, durability, and ease of
use. This activity was modeled after typical engineering practices where designers
systematically assess existing examples in order to gain information on competitor’s
products [27]. For example, Participant 51 described the milk frother (after inspection) to
be, “Very easy to use. It fits easily in hand and has a simple on/off button. It is also
lightweight.
Dissection: Participants in this condition were given 20 minutes to dissect the milk frother and
identify its 12 components. During this process, participants completed a bill of materials
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that included the part name, quantity, Subtract and Operate Procedure (SOP) effect
(ability of the product to function without that part), material, and rough estimates of
dimensions. Participants were also asked to complete a functional layout diagram that
involved physically arranging the components of the frother on a single sheet of paper,
describing each component’s function, and illustrating how the components connected
with one another, see Figure 2-2. This activity was developed in order to simulate the
construction of an exploded view, an activity typically done in conjunction with
dissection to enhance understanding [38].

Figure 2-2. A dissected milk frother (top), and a section of the Bill of Materials of the milk frother
(bottom) completed by participant 67 in the product dissection condition.
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Once the assigned stage 1 activity was completed, stage 2 of the study began. In this
stage, participants were provided with numbered sheets of papers and given 20 minutes to sketch
as many innovative concepts as possible for a novel milk frother, sketching only 1 idea per sheet.
Participants were informed that the goal of the task was not to produce a final solution to the
design problem but to brainstorm ideas that could lead to a new solution. As such, they were
encouraged to explore the solution space and focus on both the form and function of the design,
see Figure 2-3 for an example concept. At the conclusion of the study, participants were asked
not to discuss the study for a period of one week following their participation.
It should be noted that participants in each condition were allowed to interact with their
example milk frother during brainstorming. Thus, even though exposure to the pictorial example
was relatively brief in the no interaction condition, participants were allowed to refer back to the
2D image at any time during the idea generation session.

Figure 2-3. Example Brainstorming Sketch By Participant 48.

2.3.2 Metrics
Once the study was complete, two independent raters were recruited to assess the
creativity and functional focus of the 715 concepts using a 24-question Design Rating Survey
(DRS). Both raters were required to attend a training session on design example rating prior to
rating the ideas in this study. During the training session, raters were instructed on the intent
behind each of the 23 questions on the survey and were required to practice rating example
designs with the 23 question online survey. Once the training sessions were completed, the raters
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completed the ratings of the 715 concepts generated in the study, which took approximately 50
hours per rater.
The DRS was developed by the authors in prior studies [39] based on a detailed
examination of the features found in the generated designs and the original product used in the
study. The first 20 questions on the DRS were used to help the raters classify the features each
design concept addressed. This was done according to the feature tree approach used in previous
studies [33, 34]. Nine of these questions focused on the functional aspects of the designs (e.g.,
how is the device powered?), while 10 focused on form-based aspects (e.g., is the device
handheld?). The remaining 4 survey questions helped the raters identify the quality and technical
feasibility of the design, similar to the process used by Linsey et al. [40] (details below). The
Cohen’s Kappa (inter-rater reliability) was 0.87 for the first 20 questions, and 0.89 for the
remaining 4 quality questions. Any disagreements were settled in a conference between the two
raters as was done in previous studies investigating creativity [33, 34, 41].
The results from these concept evaluations were used to calculate Shah et al.’s creativity
metrics: novelty (functional- and form-based), variety, quantity, and quality. In addition, the
number of frothing methods explored, and functional foci were computed. Although the design
task specifically stated that participants should brainstorm ideas that could lead to a new solution
and that they should not focus on finalized ideas, we hypothesized that the method of interaction
with the example could impact the quality of the design ideas generated. This is because prior
work has shown that product dissection encourages participants to have a more functional focus
during idea generation[28], and engineers tend to focus on these technical aspects of designs
instead of creative aspects during idea creation [42]- [43]. Therefore, design quality was used as
a metric for comparison.
The metrics used in this study were thus calculated as follows:
Novelty: Novelty is the “measure of how unusual or unexpected an idea is compared to other
ideas” (p. 117) [44]. The novelty metric was used as a proxy for design creativity in this
study since novelty has been recognized as crucial in engineering design, where the field
emphasizes the generation of ideas that are new, unexpected [45], and thus, valuable
[46]. In fact, parallel research in psychology typically considers novelty synonymous
with creativity [47, 48]. For this study, novelty was broken into functional- and form-
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based novelty since research in engineering design has acknowledged that design
functionality is an integral component of design creativity [28, 49] and previous studies
have claimed that product dissection can positively influence the functional focus of a
design [28]. In this study, functional novelty, 𝑁𝑓, was developed and used to identify the
degree of originality of the functional aspects of the generated designs. The calculation
of this metric was based on the methods and concepts developed by Shah et al. [44]
because it has become a gold standard for measuring novelty in engineering design tasks
(see [17, 34, 50]). Specifically, functional novelty was computed by referencing the 9
functional questions on the DRS and using Equation 1; where 𝐶!! is the total number of
designs that addressed functional feature 𝑖! the same way, and T is the total number of
designs produced by all participants. If a functional feature was addressed in the same
way many times by participants in this study (e.g., powered by batteries), it received a
lower novelty score. If a functional feature was addressed only a few times (e.g.,
powered by solar panels), it received a higher novelty score. Each jth design’s functional
novelty score is then computed as an average over the total number of functional
features, kf, that the design addressed.

𝑁𝑓!

=   

!! !!!!!
!
!

!!

(1)

Similarly, we defined form-based novelty to be a measure of how unusual or unexpected
the form-based aspects of an idea are compared to other ideas. In contrast with functional
novelty, this metric seeks to assess the design’s degree of originality and uniqueness in
terms of the external and aesthetic elements of the design since research has argued that
aesthetics play a crucial role in the success of a design [51, 52]. This was accomplished
by referencing the 11 form-based questions on the DRS. The form-based novelty metric,
𝑁𝑔, was calculated similar to the functional novelty metric, but used the features from the
11 form-based questions on the DRS instead. Specifically, the metric was calculated
using Equation 2; where 𝐶!! is the total number of designs that addressed functional
feature 𝑖! in the same way and T is the total number of designs produced by all
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participants. Therefore, if a form-based feature was addressed in the same way many
times by participants in this study, it received a lower novelty score than another formbased feature that was addressed less often by participants in this study. Each jth design’s
form-based novelty score is then computed as an average over the total number of formbased features, kg, that the design addressed.

𝑁𝑔! =   

!! !!!!!
!
!

!!

(2)

Both the functional and form-based novelty of each design is averaged over all designs
that a participant generated in order to compute the participant’s functional and formbased novelty scores. Example calculations can be found in previous papers that have
used the same approach for assessing design novelty (see Toh et al. [17] for details).
Participant Variety: Variety is defined as a measure of the extent to which the solution space is
explored during idea generation [44]. The variety metric was calculated by first
computing the variety of the ideas with respect to each individual feature addressed by
the participant using Equation 3; where bq is the number of options addressed for
question q by all of the participant’s ideas, and N is the total number of ideas generated
by the participant.
!

𝑉! =    !!

(3)

The variety of ideas produced by each participant is then computed as the average variety
of all addressed questions, Q, as seen in Equation 4:
𝑉! =

!
!!! !!

!

Quality: Quality is defined as a measure of a concept’s feasibility and how well it meets the
design specifications [44]. Similar to Linsey et al. [40], we measured quality on an
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(4)

anchored multi-point scale. However, we included one additional question to the quality
scale in order to capture the improvement of the generated concept over the original
design. The quality metric was calculated using the raters’ answers to the final 4
questions on the 24-question survey, see Figure 2-4.

Figure 2-4. Quality scores assessed using the 4-point scale.

The quality of each design, j, was then computed using Equation 5, where qk is the
answer to the kth quality question. Qk = 1 when the quality question is answered with a
‘yes’, and qk = 0 when the quality question is answered with a ‘no’. The quality score for
each participant is then obtained by computing the average quality scores of all designs
that the participant generated.

𝑄! =   

!
!!! !!

!
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(5)

Quantity: This metric was computed for each participant by counting the total number of idea
sheets completed by each participant in the brainstorming activity. As stated previously,
each participant was instructed to put only one idea per sheet of paper.
Number of Frothing Methods: We defined the number of frothing methods to be the solution
space of frothing methods explored by participants during idea generation. While novelty
assesses the originality of the explored solution space, this metric sought to assess the
extent of the exploration with regards to the functional elements of the design [28]. The
number of frothing methods was calculated using the response to question 16 on the DRS
and Equation 6; where 𝑏! = 1 if the participant used the fth frothing method, and 𝑏! = 0 if
the participant did not use that frothing method. There were a total of 13 frothing
methods explored in this study by the participants. As an example, participant 3
developed 7 ideas and those ideas frothed milk by either stirring in one direction, using
steam, or shaking the milk. Therefore, the number of frothing methods explored was 3.
!"
!!! 𝑏!   

𝑀! =

(6)

Functional Focus: We defined functional focus to be a measure of the extent to which
participants explored functional aspects during idea generation. This metric is important
for capturing the participants’ focus on the functional aspects of the product since prior
research has argued that product functionality is an integral part of product design [28,
49]. Functional focus was calculated using the responses to the 9 questions from the DRS
that focused on functional aspects. The functional focus of each design, j, was then
computed using Equation 7; where fk is the response to the kth functional focus question;
fk = 1 when the functional question is addressed in the concept, and fk = 0 when it is not
addressed. This score is then averaged over all the concepts generated by each
participant.

𝐹! =   
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2.3.3 Data Analysis
Due to the unequal sample sizes between our three conditions, a Levene’s test was used
to assess equality of variances. The results revealed that the sample variances were
heterogeneous, meaning the variances in each group were approximately equal. Thus, Welch’s ttests were used in the remainder of our analyses.
Specifically, in order to investigate our first research question on the impact of example
modality, independent t-tests were calculated using SPSS v.20 with the independent variable
being the example modality (2D or 3D) and the dependent variables being the functional novelty,
form-based novelty, quality, quantity, # of frothing methods, and functional focus. Similarly, ttests were calculated using the dependent variable of the type of designer-product interaction
(virtual dissection or visual inspection) and the same independent variables as the previous test.
A corrected significance level of 0.007 (Bonferroni) was used for the analyses in order to
maintain a family-wise error rate of 0.05.

2.4 Results and Discussion
The results from the t-tests are summarized in Table 2-1. The following section outlines
these results with reference to our research questions.

Table 2-1: Summary of Welch’s t-test results for the functional novelty, form-based novelty, variety, quantity,
quality, # of frothing methods, and functional focus metrics.

Dependent Variable
Functional Novelty
Form-Based Novelty
Participant Variety
Participant Quantity
Quality
# Frothing Methods
Functional Focus

Research Question
1. Effect of example modality 2. Effect of the type of designer-product
interaction
t
df
P-value
t
df
P-value
4.56
78.52
< 0.001
0.56
53.28
0.580
10.34
86.91
< 0.001
-7.86
54.74
< 0.001
4.39
58.85
< 0.001
-2.35
54.44
0.023
-1.03
82.23
0.306
0.98
49.29
0.333
-0.55
82.48
0.580
2.16
43.36
0.036
3.77
57.93
< 0.001
0.20
56.0
0.844
0.30
76.05
0.765
3.46
54.10
< 0.001
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2.4.1 The Impact of Example Modality
Our first research question focused on the impact of the modality of the designer-product
interactions on design outcomes. The t-test results revealed that example modality had a
significant effect on functional novelty (t = 4.56, p < 0.001), form-based novelty (t = 10.34 p <
0.001), variety (t = 4.39, p < 0.001) and # of frothing methods (t = 3.77, p < 0.001); see Figure
2-5 and Figure 2-6 for means and standard deviations of each condition. No significant
differences were found in the quantity, quality, and functional focus metrics between the 2D and
3D conditions, see Figure 2-5. These results show that participants who interacted with the 2D
example (pictorial example) produced concepts with higher functional novelty, form-based
novelty, variety, and explored a larger number of frothing method in their ideas compared to
participants who interacted with the 3D examples, see Figure 2-5 and Figure 2-6.

Figure 2-5. Means and standard deviations of functional novelty, form-based novelty, and variety of participants
that were exposed to 2D and 3D examples.
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Figure 2-6. Means and standard deviations of variations in frothing method of participants that were exposed to 2D
and 3D examples.

These results support prior research that has argued that physical (non-functioning)
models tend to fixate designers on features of the model compared to pictorial examples [13].
The richer and more detailed representation of the physical examples in this study is likely to
have limited the scope of the explored solution space by acting as a constraining example [2426]. On the other hand, pictorial examples may not constrain creative thinking due to the more
abstract nature of this type of less detailed interaction. While this finding supports prior work, it
also contrasts the results of Youmans [53] who found that physical (non-functioning) models can
reduce the number of reused features during idea generation. The complexity of the design task
used in this study may serve to provide rationale for this finding as prior work has shown that
design problem complexity can play a crucial role in mediating the fixating effects of
interactions with physical models, with more complex design problems encouraging more design
fixation than simpler design problems [20]. The results of this study also highlight the impact
that example modality can play on design creativity in novice engineers. While studies have
explored the impact of pictorial examples [5, 41, 54], and physical examples [13, 21] on design
creativity in isolation, this study provides a direct comparison between these example modalities,
providing a more holistic interpretation of the impact of examples on design creativity.
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2.4.2 The Impact of Designer-Product Interactions on Form-Based Novelty and Functional
Focus
Our second research question focused on the impact of the type of physical interactions
on design outcomes. The t-test results revealed that the type of designer-product interaction had a
significant effect on form-based novelty (t = -7.86, p < 0.001) and functional focus (t = 3.46, p <
0.001), see Figure 2-7 for means and standard deviations of each condition. There were no
significant differences in functional novelty, variety, number of frothing methods, quantity, and
quality between groups that performed the visual inspection and the dissection of the products,
see Table 2-1.
These results indicate that individuals in the product dissection condition generated ideas
with more form-based novelty than participants in the visual inspection condition. This result
agrees with prior research that shows that product dissection exposes the designer to more
detailed and previously-ignored aspects of product [31]. This may increase understanding of its
working mechanisms and broaden the semantic network associated with a particular physical
example [25]. In other words, dissection could help novice designers activate nodes that were
previously too distant to be activated by a surface-level physical interaction. This broader scope
of visual cues present during product dissection may also allow for more mental imagery, which
has been shown to result in creative discovery [32]. Therefore, participants in the dissection
condition were able to access these more detailed and relevant cues, allowing them to generate
ideas with more novelty than participants in the visual inspection condition.
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Form-based  Novelty  and  Functional  Focus

M  =  0.61,  SD  =  0.03

M  =  0.28,  SD  =  0.06

M  =  0.68,  SD  =  0.03

M  =  0.22,  SD  =  0.06

Figure 2-7. Means and standard deviations of form-based novelty and functional focus scores of participants in the
visual inspection and product dissection conditions.

Another important finding of this study is that participants who visually inspected the
product produced ideas with a higher functional focus compared to participants who dissected
the product, contrasting prior work [28]. There are several potential reasons for this difference
that should be explored in future work. First, the products dissected in these two studies varied in
their complexity: participants in the current study dissecting a relatively simple milk frother
while participants in Grantham et al.’s [28] study dissected a coffee maker. Therefore,
differences in these study’s results may be attributed to the complexity of the product dissected.
Another difference in these studies was the metric used to evaluate functional focus. The current
study utilized a feature tree approach to identify the functional focus of the designs while the
prior study analyzed morphological charts developed by participants. This variability in
measuring functional focus may impact the results from these two studies bringing to attention
the need for more standardized metrics. Therefore, future work is needed to standardize the
approach used to access functional focus and develop reliable metrics that can be utilized across
disciplines and product complexity.
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The results of this study have important implications for prior research on product
dissection as a product improvement method in engineering education. Because product
dissection had not been experimentally compared to other forms of physical interactions or 2D
pictorial representations, it was unclear if the positive effects of product dissection found in prior
work [33, 34] was caused by the dissection activity or merely the physical interaction with the
product. The results of the current study suggest that while variations in physical interactions can
influence design outcomes, physical interactions in general can impede idea production in novice
engineers. However, more research is needed to understand this complex relationship.

2.5 Conclusion
The current study was developed to explore the impact of example modality and visual
representation on the design ideas generated by engineering students. Our results provide several
important implications for example-usage practices in engineering education and the direction of
design research. First, our results show that physical examples have the ability to reduce design
novelty and variety. Based on our results, we recommend that engineering design instructors
delay the use of physical examples during the early stages of conceptual design in order to help
students retain a higher level of design creativity. Instead, it is recommended that engineering
students perform an initial round of brainstorming using only pictorial examples in an effort to
broaden the solution space explored. Second, our results show that product dissection encourages
more form-based novelty but less functional focus compared to visual inspection in engineering
students. This finding contrasts the results of prior work in engineering design that has argued
that product dissection encourages an increased focus on the functional aspects of design [28].
However, the complexity of the product dissected and the means of measuring functional focus
varied in these two studies and thus more investigations are needed to truly understand the
impact of physical designer-product interactions on the functional focus of the generated designs.
This is important because designers interact with physical examples frequently, and yet the
underlying factors that influence physical interactions impact on design creativity are largely
unknown. Finally, our results show that great care should be taken in selecting the method of
interacting with example designs in the early stages of conceptual design since these interactions
can greatly impact design outcomes.
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While this study showed that example modality affects the creativity and functional focus
of design outcomes, future work is needed that explores the impact of example modality,
problem complexity, scale, and domain of design problems in tangent to identify the relationship
between these factors. In addition, while most prior studies on design fixation have explored the
re-use of negative or flawed design features [5-7], this study shows that designers also fixate on
effective features from the example set. The results of this study suggest that design fixation may
have both negative and positive effects on design outcomes depending on the features of the
example set. Therefore, future work comparing the use of examples from different modalities
should investigate the exposure to examples of varying effectiveness in order to gain a better
understanding of the role that examples play on design outcomes. Further research is also needed
to investigate the impact of example modality on experienced designers. Studying interactions
with examples in the context of engineering industry will provide insights into the effect that
currently practiced design techniques have on idea generation with expert designers. Similarly,
studies conducted with professional engineers in more natural design settings (outside of
controlled experimental settings) will provide more insights into the role that example modalities
play in engineering design amidst other sources of inspiration and over longer time periods.
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Abstract

While creativity is often seen as an indispensable quality of engineering design, individuals often
select conventional or previously successful options during the concept selection process due to
the inherent risk associated with creative concepts. Surprisingly, prior research has shown that
this preference for conventional design alternatives is often done in an unconscious manner and
is attributed to people’s inadvertent bias against creativity. Thus, concept selection can be seen as
the gatekeeper of creativity. While we know that designers may prematurely filter out creative
ideas, little is actually known about what factors attribute to the promotion or filtering of these
creative concepts during concept selection. The current paper describes an empirical study
conducted with 38 undergraduate engineering students aimed at investigating the impact of
individual risk aversion, ambiguity aversion, and student educational level on the selection and
filtering of creative ideas during the concept selection process. The results from this study
indicate that an individual’s ability to generate creative ideas is unrelated to their preference for
creative ideas during concept selection. However, the results showed that individual risk aversion
and ambiguity aversion are significantly related to creative concept selection and creative idea
generation respectively. Lastly, student educational level was found to play a role in the
relationship between tolerance for ambiguity and creative idea generation ability. These results
highlight the need for a more directed focus on creativity in engineering education in both
concept creation and concept selection. These results also add to our understanding of creativity
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during concept selection and provide guidelines for enhancing the design process to encourage
design creativity.

3.1 Introduction
“Creativity helps you consider multiple angles instead of just one, and it helps create
bridges between different fields of knowledge and between innovation and the tried-and-true.”
(p. 7) [1]. This is especially true in the field of engineering design where boundary-breaking
advancements and innovations are heavily emphasized. As such, research in engineering design
has focused on developing methods to enhance creative idea development during the early
phases of conceptual design through the development and study of ideation tools (see for
example [2-5]). While the goal of these formal idea generation techniques is to help designers
generate a large quantity of effective solutions and expand the explored solution space [6], the
creative ideas developed through these methods are often rapidly filtered out during the concept
selection process [7] with few making it to commercialization. Since the concept selection
process is primarily used to identify concepts that should move forward in the design process
from a pool of candidate concepts [8], it can be seen as the ‘gate keeper’ of creative ideas. Thus,
it is important that research in engineering design shift its focus to identifying factors that lead to
the promotion of creative ideas through the concept selection process in order to increase the
likelihood of innovation, which is crucial for long-term economic success [9].
Concept selection is considered one of the most crucial components of the design process
because the direction of the final design is largely determined at this stage [10, 11]. This process
helps designers narrow down the solution space [12] and select the most promising ideas for
satisfying the design goal. Therefore, creative ideas must be identified and selected through the
concept selection process [7]. However, creative ideas are often filtered out during this process
because of people’s inadvertent bias against creativity, which is attributed to the uncertainty and
risk associated with novel concepts [13]. Therefore, while creativity may be touted in the early
stages of the design process, designers may be unable or unwilling to adopt creative ideas when
evaluating concepts. However, there is little empirical data on what factors contribute to the
selection of creative ideas during concept selection, leaving a gap in the research knowledge
base.
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The goal of this paper is to provide the results of an empirical study devoted to
identifying how individual risk aversion and ambiguity aversion to an individuals openness to
creative ideas during the concept selection process by studying 38 undergraduate engineering
design students. The results from this study add to our understanding of what factors influence
the selection of creative ideas during the concept selection process and outlines new research
opportunities in this area

3.1.1 Concept Selection in Engineering Design
Sir Ove Arup said it best when he stated that, “Engineering problems are under-defined,
there are many solutions, good, bad and indifferent. The art is to arrive at a good solution. This is
a creative activity, involving imagination, intuition, and deliberate choice” (para. 6) [14]. This is
why concept selection is considered one of the most crucial components of the design process
because the direction of the final design is largely determined at this stage [10, 11]. Engineering
designers and engineering companies who select high quality and highly innovative concepts
during this process increase their likelihood of product success and radical innovation, while
those who select poor concepts have larger expenses including redesign costs and production
postponement [15]. This neglect of creative ideas can greatly damage companies that are trying
to survive in the fast-growing market that demands product innovations [9]. Therefore, it is
crucial that research efforts be geared at understanding what factors influence the filtering or
promotion of creative ideas through the concept selection process [7].
The first stage of the concept selection process occurs directly after concept generation
when the design team is tasked with quickly screening hundreds of concepts and selecting the
ideas with most promise to move forward in the design process [16]. Concepts that were
generated in previous stages need to be selected and synthesized into a final solution in order to
address the design goal [17]. Thus, initial concepts are evaluated for their strengths and
weaknesses and for their ability to fulfill customer needs. Since the selection of concepts can be
seen as a highly subjective process, various formalized methods have been developed by
researchers in engineering design that aim to systematically select the most optimum concepts
from a pool of candidate concepts. Examples of widely used concept selection methods include
Utility Theory [18], the Analytical Hierarchy Process (AHP) [19], Pugh’s evaluation method
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[20], the Quality Function Deployment (QFD) matrix method [21], and the fuzzy set method
[22]. While these concept selection techniques provide a means of comparing ideas based on
their ability to meet design specifications [12], they often neglect to consider the creativity or
uniqueness of each concept as important selection criteria. Further confounding the study of
creative concept selection is the fact that companies typically modify these formal concept
selection techniques, leaving it unclear how creative ideas are objectively perceived and
evaluated during the concept selection phase of the design process.
Researchers have also shown that individuals in scientific institutions, organizations, and
industry are often biased against creative ideas despite setting creativity as an important goal [23,
24]. Surprisingly, this preference for conventional design alternatives is often done in an
unconscious manner [25] and is attributed to people’s inadvertent bias against creativity [13].
This is said is occur because while practical ideas are generally considered valuable, individuals
tend to be more uncertain about whether a novel idea is practical, error-free, or useful [26]. On a
similar note, individuals perceive more risk associated with endorsing novel ideas [27] because
of the uncertainty regarding the success and social approval of their decisions [28]. The
conflicting role of creativity in the concept generation and selection phases suggest that more
research is needed to explore the factors that lead to the decreased role of creativity in the later
phases of design. Other confounding factors that influence the selection of ideas during this stage
include individual bias such as ownership bias and the bias to select visually complex concepts
[29]. Individual attributes such as an individual’s attitudes towards risk and ambiguity have also
been shown by prior research to affect an individual’s perception of creativity. Furthermore,
since creativity is typically heavily emphasized and integrated in the engineering classroom [1,
30, 31], differences in expertise and learning experience in students of different educational
levels may also influence students’ creative ability and perceptions of creativity. Therefore, this
research fills these knowledge gaps by exploring the role that risk attitudes and student
educational level play in the concept selection process.
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3.1.2 Risk Attitudes and Concept Selection
While individuals have been shown to have an inherent bias against creative ideas, other
factors such as individual risk attitudes can also play an important role in an individual’s
assessment of creative ideas. In the context of creativity, risk can be used to describe the extent
to which there is uncertainty about whether potentially significant or disappointing outcomes will
be realized given creative effort [32]. Researchers have argued that risk-taking is an essential
element of creativity since it encourages the individual to push boundaries and explore new
territories [33]. Convention-breaking innovations are considered risky when assessed by its
likelihood of failure, but these innovations are often hugely successful after commercialization,
and result in significant payoffs to stakeholders and sponsoring organizations [34].
Prior theoretical research in psychology includes risk-taking as a factor that contributes to
individual creativity [35], but few empirical studies have directly investigated the link between
risk-taking and creativity. Nevertheless, these results highlight the importance of risk-taking in
encouraging innovation. However, because people have a deep-seeded desire to maintain a sense
of certainty and preserve the familiar [36], individuals may prematurely filter out novel ideas
during the concept selection process regardless of merit in order to reduce risk. In addition,
evidence from psychology has shown that individual risk behavior can vary greatly across
situations and domains [37, 38], resulting in a need for detailed investigations of risk-taking
behavior specific to the engineering design context. Understanding the influence of individual
risk attitudes (e.g., an individual’s tendency towards or away from risky alternatives) on creative
concept selection is vital for promoting the flow of creative ideas throughout the design process.
In addition to risk aversion, ambiguity aversion has also been studied in the context of
creativity. While risk aversion is often calculated using situations where outcomes have a fixed
probability of occurring, ambiguity aversion is calculated in situations that are more uncertain, or
where outcomes have an unknown probability of occurring [39]. Ambiguity is significant to the
study of decision making since many realistic situations involve both risk and ambiguity [40].
Therefore, researchers have focused on studying the link between ambiguity aversion and
creativity. Studies such as those done by Charness and Greico [41] have shown that an
individual’s tolerance for ambiguity is linked to creativity in problem solving tasks. Similarly,
other studies reveal that an individual’s tolerance to ambiguity is positively correlated with
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creative performance [42, 43]. In fact, studies have shown that a tolerance for uncertainty is a
requirement for creativity, especially in scientific domains [44]. While it is clear that both risk
and ambiguity inversion are important factors that impact creativity, little research has been
conducted regarding the possible effects that these factors may have on the creative concept
selection.
One of the main obstacles to overcome when exploring the relationship between risk,
ambiguity, and creative concept selection is identifying a method for appropriately measuring
individual risk and ambiguity attitudes in creative design tasks [38]. While there are a variety of
ways to measure risk and ambiguity attitudes such as through the calculation of risk propensity
[45], domain specific risk-attitudes [38], and preference of ambiguity to risk [41], their
relationship to risk in a creative task is largely unknown. In addition, the use of traditional
engineering design risk measures such as utility theory [46-48] or variants such as prospect
theory [49] that use financial lotteries to determine risk and ambiguity attitudes have not been
tested for their relationship to risk-taking in creative tasks. The advantages of using traditional
measures of risk aversion are many, including, but not limited to the high adoption rate and
familiarity of these measures in existing design research. Therefore, work is needed that explores
the relationship between traditional measures of personal financial risk attitudes on risk-taking in
a creative context in order to bridge the gap between risk attitudes in these different domains.
Therefore, while the literature provides compelling evidence for the influence of risk on
creativity, the lack of research on risk attitudes in creative tasks limits our understanding of how
individual risk attitudes relate to the filtering of creative concepts during the selection process. In
addition, the use of traditional measures of financial risk aversion from behavioral economics
remains largely unexplored for its use in the context of creativity. Thus, this paper seeks to fill
this research gap by empirically testing the relationship between risk attitudes and creativity in
the concept selection process in engineering design and investigates the relationship between
traditional financial measures of risk with risk-taking in the creative context.
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3.1.3 Research Objectives
The goal of this paper is to explore the impact of individual risk attitudes on risk attitudes
in a creative task. Specifically, this study seeks to answer the following research questions:
RQ1: Is there a relationship between individual risk aversion, ambiguity aversion, and the
creativity of the individual’s generated ideas during an ideation task? Our hypothesis is
that individuals who are more risk prone will generate ideas with more creativity since
prior work argues that risk-taking [35] and ambiguity aversion [41] are linked to creativity
in problem solving tasks. In addition, since creativity is heavily emphasized and integrated
in the engineering curriculum [1, 30, 31], differences in student expertise and experience
are anticipated to affect engineering design students’ creative ability in engineering.

RQ2: How does individual risk aversion and ambiguity aversion relate to the selection or
filtering of creative concepts during concept selection? Our hypothesis is that individuals
who are more risk prone will select more creative concepts since prior research has shown
individual risk attitudes [27] and tolerance for ambiguity [44] can affect one’s perception
of creativity. Student educational level is also anticipated to affect perceptions of
creativity in engineering design due to differences in student learning experience [30] and
thus, play a role in the relationship between risk attitudes and preference for creative
ideas.
RQ3: Is there a relationship between one’s ability to generate creative ideas and preference for
creative ideas during a concept selection task? Our hypothesis is that creative idea
generation ability is unrelated to creative concept selection since people have a deepseeded desire to maintain a sense of certainty [36] and may prematurely filter out novel
ideas during the concept selection process regardless of merit in order to reduce risk.
Similar to the previous research hypotheses, student educational level is hypothesized to
affect the relationship between creative idea generation ability and preference for creative
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ideas since differences in student learning experience and knowledge [30] can affect
perceptions and preference for creative ideas.

3.2 Methodology
To address these research questions, a controlled study was conducted with first-year
engineering students. During the study, participants were asked to complete an idea generation
task and a concept selection activity. The details of this study are provided in the following
sections.

3.2.1 Participants
	
  
Thirty-eight first-year engineering students (26 males, 12 females) participated in this
study. Nineteen of the participants were recruited from a first-year introduction to engineering
design course, while the remaining 19 participants were recruited from a third-year mechanical
engineering design methodology course. Participants in each course were in 4-member design
teams that were assigned by the instructors at the start of the course based on prior expertise and
knowledge of engineering design. This team formation strategy was used to balance the a priori
advantage of the teams [50] through questionnaires given at the start of the semester that asked
about student proficiencies in 2D and 3D modeling, sketching and the engineering design
process.

3.2.2 Procedure
One week prior to the start of the study, participants were given a brief introduction to the
purpose and procedure of the study and were asked to complete an informed consent document.
Once the IRB form was completed, participants were directed to an online survey that assessed
individual risk aversion and ambiguity aversion using a set of 20 lottery questions (10 each for
risk and ambiguity aversion), see the metrics section of this paper for a description of the
questions. Each survey was coded according to measures used in standard behavioral economics
[46-48] in order to capture each individual’s level of risk aversion and ambiguity aversion.
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Participants were assigned unique participant identification code for use in the online survey and
subsequent design tasks in order to maintain participant anonymity.
One week after the survey was completed, the participants attended a design session where
they were asked to develop a device to froth milk. One of the most elusive challenges of design
research is selecting a task that is both representative of the design area and appropriate for the
research questions being explored [51]. The design task chosen in the current study was selected
to represent a typical project in a cornerstone, or first year, engineering design course. In these
courses, students are typically directed to redesign small, electro-mechanical consumer products
that are equally familiar, or unfamiliar, to the student designers [52, 53]. This type of task is
often selected because of the minimal engineering knowledge students have in these early
courses. In order to ensure our participants were equally familiar with the product being
explored, our design task went through pilot testing with first-year students prior to deployment.
Specifically, the design task provided to participants in the current study was:
“Your task is to develop concepts for a new, innovative, product that can froth milk in a short
amount of time. This product should be able to be used by the consumer with minimal
instruction. Focus on developing ideas relating to both the form and function of the product.”
Once the design problem was read and understood, each participant was provided with
individual sheets of papers and given 20 minutes to individually sketch as many concepts as
possible for a novel milk frother. They were instructed to sketch only one idea per sheet of paper
and write notes on each sketch such that an outsider would be able to understand the concepts
upon isolated inspection, see Figure 3-1.

Figure 3-1: Example concepts sketched by participant N25ON.
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Three hours after the brainstorming session, participants returned for a second design session
where they were provided with a stack of ideas (anonymous) from one of their team members
and were given 20 minutes to individually assess all of the concepts generated by their team
members by categorizing each concept as follows:
Consider: Concepts in this category are the concepts that will most likely satisfy the design
goals; you want to prototype and test these ideas immediately. It may be the entire design
that you want to develop, or only 1 or 2 specific elements of the design that you think are
valuable for prototyping or testing.
Do Not Consider: Concepts in this category have little to no likelihood of satisfying the
design goals and you find minimal value in these ideas. These designs will not be prototyped
or tested in the later stages of design because there are no elements in these concepts that you
would consider implementing in future designs.
These two categories were chosen to simulate the rapid filtering of ideas that occur in the
concept selection process in industry [7], see example concept assessment sheet in Figure 3-2.
Once the participant had completed ratings for all of the ideas from their team member, they then
passed the ideas clockwise to the next team member. This process was repeated until all the
design concepts generated within each design team was assessed by all team members, including
each team member’s own ideas, see Figure 3-2. Therefore, each team member assessed a total of
4 design sets, corresponding to each member in the deign team.
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Figure 3-2: (right) Order of concept assessment within each design team, and (left) example Concept Assessment
Sheet Completed By Participant O26TA.

3.2.3 Metrics
In order to investigate the impact of risk attitudes on the creativity of the selected designs,
several metrics for measuring risk attitude, concept assessment, and design creativity were
developed. These metrics are described in detail in the following sections.

3.2.3-1 Risk Aversion and Ambiguity Aversion Metrics
Participant risk attitudes were measured in two domains: risk aversion and ambiguity aversion.
Risk and ambiguity aversion for each participant was calculated using methods developed by
researchers in standard behavioral economics [46-48] while social risk behavior was assessed
using 8 survey questions from Weber et al.’s psychometric risk assessment scale [38]. The social
domain of risk was selected for this study because of its relevance with team interactions and
group design activities. These metrics were calculated in the following manner:
Risk Aversion: An individual’s risk aversion was measured using the 10 lottery questions from
the risk aversion online survey taken from research in standard behavioral economics [4648]. An example question is “Which would you prefer? $15 for sure, or a coin flip in which
you get $ [an amount greater than $15] if it is heads, or $0 if it is tails?” Potential gamble

50

gains vary randomly within the interval of $20.00 to $300.00, where monetary increments
were determined through a series of pilot tests with engineering students. The individual risk
aversion index was then calculated according Han et al. [48] and had a range from 0 (risk
prone) to 1 (risk averse).
Ambiguity aversion: Ambiguity aversion was measured using 10 lottery questions from the
ambiguity aversion online survey. The goal of the assessment was to identify the point at
which an individual would take the gamble given unknown odds of winning the gamble (i.e.,
make the ‘uncertain’ choice). An example question is “Which would you prefer? $15 for
sure, or $20 if you win the gamble with unknown probability and $0 if you do not?”
Ambiguity Aversion was then calculated according to Borghans et al. [54]. Similar to risk
aversion, the individual’s ambiguity aversion could range from 0 to 1, with lower ambiguity
aversion scores indicating more tolerance for ambiguity.

3.2.3-2 Design Creativity and Assessment Metrics
Once the study was complete, two independent raters were recruited to assess the creativity
of the 149 concept ideas created in the study using a 24-question Design Rating Survey (DRS).
The first 20 questions on the DRS were used to help the raters classify the features each design
concept addressed, similar to the feature tree approach used in previous studies [55, 56]. The
remaining 4 survey questions helped the raters identify the quality and technical feasibility of the
design, similar to the process used by Linsey et al. [57]. The Cohen’s Kappa (inter-rater
reliability) was 0.88 for the first 20 questions, and 0.86 for the remaining 4 quality questions.
Any disagreements were settled in a conference between the two raters as was done in previous
studies investigating creativity [55, 56, 58]. The results from these concept evaluations were used
to calculate the novelty of the generated designs as follows:
Idea Novelty: Novelty is the “measure of how unusual or unexpected an idea is compared to
other ideas” (p. 117) [6] and was calculated in this study according to Shah et al. The novelty
metric was used as a proxy for design creativity in this study since novelty has been
recognized as crucial in engineering design, where the field emphasizes the generation of
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ideas that are new, unexpected [59], and thus, valuable [60]. In fact, parallel research in
psychology typically considers novelty synonymous with creativity [61, 62]. In order to
assess the amount of novelty in the designs generated by each participant, the novelty of each
feature was calculated first. This feature novelty is defined as the novelty of each feature, i,
as it compares to all other features addressed by all the generated designs. Feature novelty, 𝑓! ,
can then vary from 0 to 1, with 1 indicating that the feature is very novel compared to other
features. The method of computing 𝑓! , is shown in Equation 1:

𝑓! =   

!!!!

(1)

!

Where T is the total number of designs generated by all participants and C is the total number
of designs that addressed feature 𝑓! . The novelty of each design, j, is then determined by the
combined effect of the Feature Novelty, 𝑓! , of all the features that the design addresses.
Because Dj is computed for all the features addressed by a design, the novelty per design is
computed as an average of feature novelty, as seen in Equation 2.

𝐷! =   

!!
!

(2)

Once the study was complete, two independent raters were recruited to assess the
creativity of the 149 concept ideas created in the study using a 24-question Design Rating Survey
(DRS). The first 20 questions on the DRS were used to help the raters classify the features each
design concept addressed, similar to the feature tree approach used in previous studies [55, 56].
The remaining 4 survey questions helped the raters identify the quality and technical feasibility
of the design, similar to the process used by Linsey et al. [57]. The Cohen’s Kappa (inter-rater
reliability) was 0.88 for the first 20 questions, and 0.86 for the remaining 4 quality questions.
Any disagreements were settled in a conference between the two raters as was done in previous
studies investigating creativity [55, 56, 58]. The results from these concept evaluations were used
to calculate the novelty of the generated designs as follows:
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Idea Novelty: Novelty is the “measure of how unusual or unexpected an idea is compared to
other ideas” (p. 117) [6] and was calculated in this study according to Shah et al. [6]. In
order to assess the amount of novelty in the designs generated by each participant, the
novelty of each feature was calculated first. This feature novelty is defined as the novelty
of each feature, i, as it compares to all other features addressed by all the generated designs.
Feature novelty, 𝑓! , can then vary from 0 to 1, with 1 indicating that the feature is very
novel compared to other features. The method of computing 𝑓! , is shown in Equation 3:
𝑓! =   

!!!!

(3)

!

Where T is the total number of designs generated by all participants and C is the total number of
designs that addressed feature 𝑓! . The novelty of each design, j, is then determined by the
combined effect of the Feature Novelty, 𝑓! , of all the features that the design addresses. Because
Dj is computed for all the features addressed by a design, the novelty per design is computed as
an average of feature novelty, as seen in Equation 4.

𝐷! =   

!!

(4)
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Where fi is the feature novelty of a feature that was addressed in the design and

𝑖 is the number

of features addressed by the design.
Once idea novelty was calculated, each participant’s tendency for selecting creative ideas was
captured using the following metric:
Propensity Towards Creative Concept Selection, Pc: This metric is defined as each participant’s
tendency towards selecting (or filtering) creative concepts in the concept selection process.
When developing this metric, the following items were considered:
1. Participants should receive a high score for selecting a large number of creative ideas
from their idea set.
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2. Participants should receive a low score for not selecting creative ideas if they are present
in the idea set.
3. Participants must not be penalized for the lack of highly novel ideas within their idea set
as long as they select the most novel ideas in their set.
Once these guidelines were established, the metric was developed as follows: First, the
average novelty of selected concepts is computed. Second, the average novelty of all
concepts available to choose from is computed. Lastly, the quantity from step 1 is divided by
the quantity in step 2. This metric is shown in detail in Equation 5.

𝑃! =
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Where 𝑃! is the participant’s propensity for creativity during concept selection, k is
the number of ideas selected by the participant, l is the number of ideas in their set, and Cj = 1
if the idea is selected and 0 if the idea is not selected. In essence, Pc measures the proportion
of novel idea selection out of the total novelty of the ideas that were developed by the design
team. This metric can achieve a value greater than 1 if the average novelty of the selected
ideas is higher than the average novelty of the available ideas, indicating a propensity for
creative concept selection. Pc can also be less than 1, indicating an aversion for creative
concept selection. A score of 1 indicates that the participant chose a set of ideas that, on
average, had the same level of novelty as the ideas that were provided to them, indicating no
propensity towards creative concept selection. All quantities in the calculation of each
participant’s Pc score excluded ideas generated by the participants themselves. This was done
in order to remove any personal bias the participants may have had for or against their own
generated ideas.
Finally, because we were also interested in the relationship between developing novel
ideas and selecting novel ideas during the concept selection process, the novelty of each
participant was also calculated as follows:
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Participant Novelty: The participant novelty metric was used as a measure of each participant’s
creative ability in the idea generation activity. Therefore, this metric determined as the
average design novelty of all the designs each participant generated [6, 63], as seen in
Equation 6.

𝑃! =   

!!
!

(6)

Where N is the total number of ideas generated by the participant.

3.3 Data Analysis and Results
Prior to testing our hypotheses, descriptive statistics were calculated for the developed
metrics, see Table 3-1. SPSS v.20 was used to analyze the findings with a significance level of
0.05. A post hoc power analysis was conducted using the software package, GPower [64]. Three
predictor variables and a sample size of 38 were used for the statistical power analyses. For
moderate effect sizes of f 2 = 1.0, the statistical power for this study was calculated as 0.99.
Therefore, it can be concluded that there was more than adequate power to detect moderate or
large effect sizes. A summary of the significant statistical findings are presented in Table 3-2.
The results of our statistical analysis followed by a discussion of the implications of our findings
are presented in the following sections.
Table 3-1: Descriptive Statistics of Metrics
Variable
Number of ideas generated
Number of ideas selected
Participant novelty
Novelty of selected ideas
Novelty of ideas available to choose from
Risk Aversion Score
Ambiguity Aversion Score

Mean
7.63
13.26
0.65
0.64
0.65
0.30
0.53

Standard Deviation
2.31
3.51
0.04
0.03
0.02
0.27
0.31
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Table 3-2: Summary of the significant findings of the multiple regression analyses.
Dependent Variable
Participant Novelty

Propensity for
Creative Concept
Selection

Independent Variables
Ambiguity Aversion

Statistics
Coefficient, B
-0.053
p-value
< 0.049

Ambiguity Aversion *
Educational Level
Model

Coefficient, B
p-value
R2
F (5,32)
p-value
Coefficient, B
p-value

Risk Aversion

-0.096
< 0.038
0.310
2.871
< 0.030
-0.049
< 0.015

3.3.1 (RQ1) The Relationship Between Individual Risk Attitudes and Creative Ability During
Idea Generation
In order to address our first research question on the relationship between individual risk
attitudes and creative idea generation ability, a multiple linear regression analysis was conducted
with the dependent variable being participant novelty and the independent variables being risk
aversion, ambiguity aversion, and the educational level of the student. This last independent
variable was chosen in order to account for differences in experience and engineering knowledge
that may exist between the students in the first-year introduction to engineering design course
and students in the third-year design methodology course. In addition to investigating the main
effects of the independent variables, interaction effects between both risk aversion and
educational level, and between ambiguity aversion and educational level were also explored. Our
results revealed that when taken together, the independent variables were not significantly
related to participant novelty (R2 = 0.24, p > 0.10). However, both ambiguity aversion (B = 0.05, p < 0.05) and the interaction between ambiguity aversion and educational level (B = -0.10,
p < 0.04) significantly predicted participant novelty. Risk aversion, educational level, and
interaction of risk aversion and educational level were not significant predictors of participant
novelty, see Table 3-2. This result indicates that our participants’ ability to generate novel ideas
was positively related to their individual tolerance for ambiguity, see Figure 3-3. However, the
students from the two different courses did not differ in terms of individual creative ability.
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Figure 3-3: The relationship between participant novelty and ambiguity aversion for first-year students (orange) and
third-year students (blue).

3.3.2 (RQ2) The Relationship Between Individual Risk Attitudes and Selection of Creative
Concepts
To address our second research question on individual risk attitudes and the selection of
creative concepts, a multiple linear regression analysis was conducted using propensity for
creative concept selection (Pc) as the dependent variable and individual risk aversion, ambiguity
aversion, and the educational level of the student as the independent variables. Similar to our
previous analysis, interaction effects between both risk aversion and educational level, and
between ambiguity aversion and educational level were also explored. The results showed a
significant relationship between these independent variables taken together and participant
propensity for creative concept selection, Pc (R2 = 0.31, p < 0.03). Specifically, risk aversion (B
= -0.05, p < 0.02) was shown to significantly affect Pc. No significant relationships were found
between Pc and both ambiguity aversion and educational level. These results indicate a
significant positive relationship between risk-taking in the financial domain and risk-taking in
the creative domain as demonstrated through participant propensity for creative ideas during
concept selection, see Figure 3-4. However, the students from the two different courses did not
differ in terms of propensity for creative concept selection.

57

Figure 3-4: The relationship between the propensity for creative concept selection and risk aversion scores for both
first-year and third-year students.

3.3.3 (RQ3) The Relationship Between Creative Idea Generation Ability and the Selection of
Creative Concepts
Our final research question sought to understand if there was a relationship between
one’s ability to generate creative ideas and preference for creative ideas during a concept
selection task. To answer this research question, a linear regression analysis was conducted using
participant novelty and educational level as the independent variables and participant Pc as the
dependent variable. The interaction effects between participant novelty and educational level
were also explored. Our results revealed that these variables were not significantly related (R2 =
0.17, p > 0.10), see Figure 3-5.
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Figure 3-5: The relationship between the propensity for creative concept selection and participant novelty for both
first-year and third-year students.

3.4 Discussion
The main goal of this study is to investigate the relationship between individual risk
attitudes, creative idea generation ability, and the selection or filtering of creative concepts. Our
results revealed the following:

•

Third-year engineering design students with a higher tolerance for ambiguity generated
ideas that were more novel. However, an inverse relationship was found for first-year
students.

•

Risk aversion is positively related to engineering design students’ propensity for creative
idea selection during a concept assessment task.

•

There is no relationship between engineering design student creative ability in an idea
generation task and propensity for creative idea selection during concept selection.

These results and their implications for engineering research and education are discussed next.
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3.4.1 Individual Tolerance for Ambiguity Is Related to Creative Idea Generation Ability
One of the main findings of this study is that tolerance of ambiguity in engineering
design students was found to be predictive of their ability to generate novel ideas. This finding is
supported by studies in the other fields that show a positive correlation between an individual’s
tolerance to ambiguity and creativity in divergent thinking tasks and self-assessments [43].
However, an inverse relationship was found for first-year students in this study. In other words,
first-year students that were more tolerant of ambiguity were less likely to generate highly novel
ideas. This finding can be attributed to differences in the expertise and learning experience found
between students of different levels that can lead to differences in their ability and perception of
creativity in the engineering classroom. Specifically, first-year students may not yet be able to
recognize the ambiguity present in a design problem, or may be unable to associate risk and
ambiguity with creativity to the same extent as the third-year students in this study. Future work
is needed to explore the role that expertise and experience play in the creative design process,
particularly with higher-level graduate engineering students and industry professionals.
This study is the first of its kind to experimentally investigate the link between individual
risk aversion, ambiguity aversion, and creative ability in an engineering design context. While
previous studies have shown that attitudes toward risk and ambiguity can play an important role
in perceptions of creativity and creative performance [27, 35, 41, 44], this study provides
empirical evidence for the presence of these factors during early stage design activities such as
ideation and concept selection. However, our results suggest that more appropriate measures and
techniques for assessing tolerance for ambiguity in the creative context need to be developed and
validated for use in creativity research. In addition, while this study was conducted in an
engineering educational setting, the results highlight the need to develop new studies directed at
understanding the role of risk-taking in both educational and industrial practices.

3.4.2 Individual Risk Aversion Affects Creative Concept Selection
While prior work on risk attitudes have identified risk-taking as an important factor in
encouraging creative performance, this study is the first of its kind of demonstrate a link between
individual risk attitudes and the concept selection process. Specifically, our results indicate that

60

participants who are more risk prone tend to select ideas that are more creative during concept
selection, highlighting the role that risk plays in both creative idea generation ability and
perceptions of creativity [27]. Even though people have a deep-seeded desire to maintain a sense
of certainty and preserve the familiar [36], the results of this research indicate that participants
who are more prone to taking risks perform less filtering of these novel ideas during concept
selection, even though there may be uncertainty about whether a novel idea is practical, errorfree, or useful [26].
The results of this study also show that ambiguity aversion is not significantly related to
an individual’s propensity for creative concept selection, indicating that tolerance for ambiguity
is important for creative concept generation, but not for creative concept selection for
engineering design students. Similarly, participant educational level was found to not
significantly predict their propensity for creative concept selection, suggesting that participants’
perception and preference for creative ideas is unaffected by the knowledge and learning
experience gained in the engineering classroom.
Another important implication of this result is that traditional measures of financial risk
aversion developed in behavioral economics can be used as a proxy for creativity in design tasks.
While prior work in engineering design provides little basis for measuring creativity during
concept selection, the risk aversion metric utilizing financial gamble gains was able to predict an
individual’s propensity toward creative concept selection in an engineering design setting.
From this study, several recommendations and directions for future research can be
presented. First, methods that encourage risk-taking or identify what risk taking is in early-phase
concept develop in engineering education should be developed and implemented to encourage
the selection of creative concepts. Second, this study provides empirical evidence regarding the
link between traditional measures of financial risk aversion and risk-taking in creative tasks in
engineering education. Therefore, by using traditional measures of financial risk aversion,
researchers in engineering design education can investigate the filtering and selection of creative
ideas in the design process and develop methods and techniques that encourage the selection of
these creative ideas.
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3.4.3 Participant Creative Idea Generation Ability is Unrelated to Creative Concept Selection
To address the research gaps in the engineering creativity literature, our study sought to
investigate the relationship between individual creative idea generation ability and the selection
of creative concepts in an engineering education context. Our results indicate that creative idea
generation ability is unrelated to an individual’s tendency for selecting creative concepts during
concept selection. That is, an individual’s ability to generate creative concepts does not
necessarily increase the selection of creative ideas in the later stages of the design process.
This result indicates that teaching or encouraging creative concept generation is not
sufficient for ensuring the selection of these creative concepts during the later stages of the
design stage. Therefore, methods and techniques for encouraging creativity that span across all
phases of the design process is essential for increasing design creativity and future research
should focus on developing frameworks and methodologies for assessing and selecting creative
ideas during concept selection. In addition, the results of this study highlight the fact that
methods of encouraging creative idea generation should also be evaluated for their ability to
generate creative ideas that are both novel and usable [65] in order to ensure successful selection
of these ideas during the concept selection phase of the design process.

3.5 Conclusion
The current study was developed to understand the relationship between individual risk
aversion, ambiguity aversion, educational level, creative idea generation ability, and propensity
toward creative concept selection. Our results highlight the fact that an individual’s attitude
towards risk and aversion can affect their creative idea generation ability and propensity for
selecting creative ideas. It was also found that student educational level plays a role in the
relationship between ambiguity aversion and creative idea generation ability. However, the
generation of creative ideas is not necessarily indicative of creativity during concept selection.
Therefore, techniques for encouraging creativity in both concept generation and concept
selection should be developed to increase design creativity as a whole.
While this study showed relationships between risk attitudes and creative concept
selection, there exist several limitations that should be noted. The most important of these
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limitations is the fact that the participants of this study were novice designers from a first-year
engineering design classroom. In addition, while this study was a pilot study that sought to
explore creativity in the concept selection process, it should be noted that the low sample size
limits the generalizability of the findings. Therefore, future studies should explore the impact of
individual risk attitudes on creative concept selection with more participants who are upper-class
engineering students and practicing engineering designers. Further work should also explore the
selection of creative concepts in the context of discussion-based concept selection activities
among team members, as is typically done in engineering design practice. Lastly, since this study
focused on the selection of other team members’ ideas, further analysis of each participant’s
assessment of their own generated design concepts will provide insights into individual
perceptions of creativity during the concept selection process.
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Abstract
The process of selecting effective concepts that address the design goal has been recognized as
an important part of the design process since this process has been shown to greatly affect the
quality of the final designs. However, little is known about the factors that lead to the selection
of creative ideas during design, resulting in a lack of knowledge about the flow of creative ideas
throughout the design process. This is important because convention-breaking innovations
contribute to success in commercialization even though research has shown that designers often
have an inadvertent bias against creative ideas due to uncertainty about its success. Therefore,
this study seeks to examine the concept selection process through the lens of creative concept
selection in order to identify the factors that can impact designers’ perceptions and preference for
creative concepts. A controlled study was conducted with 9 engineering undergraduate students
that varied in terms of their level of risk aversion. The participants were tasked with performing
three concept selection activities that differ in terms of problem structure and creativity
representation, and a semi-structured interview was conducted after the study to provide a
qualitative basis for interpreting the results. The results from this study indicate that participants
who were more risk prone selected more creative ideas during concept selection compared to
their risk neutral and risk averse peers. In addition, open-ended design problems and formalized
concept selection methods (such as Pugh’s Method) encouraged the selection of these creative
ideas. The results from the semi-structured interviews provided further insights into these
findings and help us gain a better understanding of the factors that impact the creative concept
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selection process. Implications for engineering research and education are also discussed as well
as recommendations for design instruction are presented in an effort to improve the effectiveness
and creativity of final design outcomes.

4.1 Introduction
Concept selection has the potential to greatly impact the quality of design outcomes and
is considered an essential phase during engineering design [1]. In fact, concept selection
consumes nearly 60-80% of costs in the design process [2] and involves that selection and
synthesis of concepts that address the design goal [3]. As such, researchers have focused on
developing frameworks for systematically analyzing the early stages of the design process.
Primarily, research in this area has focused on developing and studying formal concept selection
techniques such as Utility Theory [4], the Analytical Hierarchy Process (AHP) [5], Pugh’s
evaluation method [6], and the Quality Function Deployment (QFD) method [7]. While these
concept selection techniques provide a means of comparing ideas based on their ability to meet
design specifications [8], they often neglect to consider the creativity or uniqueness of each
concept as important selection criteria.
Interestingly, research has shown that there is an unconscious preference for conventional
design alternatives among individuals in scientific institutions, organizations, and industry [9,
10] that can be attributed to people’s inadvertent bias against creativity [11]. This is said to
occur because while practical ideas are generally considered valuable, individuals tend be more
uncertain about whether a novel idea is practical, error-free, or useful [12]. On a similar note,
individuals perceive more risk associated with endorsing novel ideas [13] because of the
uncertainty regarding the success and social approval of their decisions [14]. The conflicting role
of creativity in the concept generation and selection phases suggest that more research is needed
to explore the factors that lead to the decreased role of creativity in the later phases of design.
Research that analyzes the concept selection process from the perspective of creativity can help
to uncover the factors that affect the selection of creative concepts in the decision making
process.
Concept selection is used as a method to narrow down the solution space from the
hundreds of ideas developed during idea generation in order to identify the most promising and
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effective final concepts to address the design goal [8]. While design novelty, or the extent to
which the concept is original [15] and uncommon [16], is often stressed during the idea
generation process, it often receives little attention in the concept selection process. Instead,
designers often focus on design quality, or the concept’s feasibility and how well it meets the
design specifications [17], rather than its creativity [9]. This is problematic because engineering
designers and engineering companies who select high quality and highly innovative concepts
during this process increase their likelihood of product success and radical innovation, while
those who select poor concepts have larger expenses including redesign costs and production
postponement [1]. This neglect of creative ideas can greatly damage companies that are trying to
survive in the fast-growing market that demands product innovations [18]. Therefore, it is crucial
that research efforts be geared at understanding what factors influence the filtering or promotion
of creative ideas through the concept selection process [19].
Therefore, the goal of this study is to empirically investigate factors such as individual
risk aversion, ambiguity aversion, problem structure, and creativity representation for their effect
on the selection of creative concepts during the concept selection phase of the design process.
This was accomplished through a controlled study with undergraduate engineering design
students who were tasked with performing concept selection activities. The results of this study
contribute to our understanding of the flow of creative ideas throughout the design process and
provide a basis for the development of effective concept selection methods that encourage
creativity in concept selection.

4.1.1 Concept Selection
The first stage of the concept selection process occurs directly after concept generation
when the design team is tasked with quickly screening hundreds of concepts and selecting the
ideas with most promise to move forward in the design process [20]. Concepts that were
generated in previous stages need to be selected and synthesized into a final solution in order to
address the design goal [3]. Thus, initial concepts are evaluated for their strengths and
weaknesses and for their ability to fulfill customer needs. Since the selection of concepts can be
seen as a highly subjective process, various formalized methods have been developed by
researchers in engineering design that aim to systematically select the most optimum concepts
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from a pool of candidate concepts. Examples of widely used concept selection methods include
Utility Theory [4], the Analytical Hierarchy Process (AHP) [5], Pugh’s evaluation method [6],
the Quality Function Deployment (QFD) matrix method [7], and the fuzzy set method [21]. Of
these five concept selection methods, Pugh’s method for concept evaluation is seen as the
simplest and easiest to integrate in the industrial design setting [8], which is important since
formalized methods are not commonly adopted in design practice due to the perception that these
methods are burdensome and thus, detract from the creative process [22].
While these concept selection techniques provide a means of comparing ideas based on
their ability to meet design specifications [8], they often neglect to consider the creativity or
uniqueness of each concept. This is problematic because creativity has long been regarded as an
important aspect of innovation and can lead engineering designers to better design outcomes
[23]. The disjointed focus on creativity during the concept generation and concept selection
processes suggest that even if creative ideas are generated, they may not be selected for further
development. Thus, research is needed that explores the relationship between creative ideas and
their successful selection in the concept selection phase of the design process. In addition, the
designer’s awareness of a concept’s creativity and use of formalized concept selection techniques
that emphasize feasibility and effectiveness should be investigated for its impact on the creative
concept selection process. Research that addresses these knowledge gaps will help the
engineering design community understand the process of creative concept selection as well as
the factors that affect designers’ perceptions and preference for creativity during concept
selection. Thus, one of the goals of this study is to investigate the impact of different
representations of creativity on the selection of creative concepts during concept selection.

4.1.2 Risk Aversion in the Design Process
While the type of evaluation method chosen for use during concept selection can affect
individual bias against creativity, other factors can also affect the selection of creative designs
during concept selection. Researchers have long since acknowledged the importance of risktaking in encouraging creativity [24]. Risk-taking is an essential element of creativity since it
encourages the individual to push boundaries and explore new territories [25]. Risk can be
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defined as a variability in outcomes [26], and risk taking propensity, or attitudes toward risk, is
considered an individual trait [27]. Convention-breaking innovations are considered risky when
assessed by its likelihood of failure, but these innovations are often hugely successful after
commercialization, and result in significant payoffs to stakeholders and sponsoring organizations
[28]. Furthermore, there have been a number of studies that demonstrate the link between risktaking and creative potential, showing that individuals with low risk aversion tend to have more
creative potential when compared to individuals who are highly risk averse [29]. Thus, these
results highlight the importance of risk-taking in encouraging innovation, which is crucial to
successful engineering design.
Although risk-taking has been acknowledged in the creativity literature as a vital
component of innovation, there exists compelling evidence that risk-taking is not wholly
encouraged in engineering design practice. In engineering industry, individuals in decision
making positions are often risk averse, and are likely to select conventional and previously
successful options [9]. In addition, research has shown that preferences for design alternatives
can be made unconsciously by these team leaders [30], further allowing risk behaviors to
dampen the creative process. This is problematic because it is important that managers encourage
risk-taking and uncertainty in order to foster innovation at the workplace [31]. Thus, techniques
that encourage risk-taking and creativity have been explored by researchers in the engineering
design domain, and typically involve ideation techniques such as Brainstorming that encourage
divergent thinking and instruct designers to withhold judgment [32]. The goal of these creativityinducing ideation techniques is largely to generate ideas that are highly creative, with the hopes
that they proceed to later stages of the design process for implementation. However, there is no
research to date that explores how these highly creative ideas are selected at later stages by
project managers, or what factors may impact this process. In other words, since risk behavior
has been linked to creativity, how does the risk behavior of the individual affect the selection of
highly creative concepts in an engineering design context? Thus, research is needed that explores
the relationship between individual risk aversion and the selection of creative concepts during
the design process.
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4.1.3 The Impact of Problem Structure
In addition to risk behaviors, the structure of the design problem can also impact the
creative concept selection process. In the engineering design literature, most studies exploring
creativity utilize highly structured design problems presented to participants. These studies
provide us with a better understanding of the cognitive mechanisms involved in creative design
through the use of controlled and structured design tasks. Using well-defined problems during
design experiments allow for objectivity and an easier comparison of the solver’s solution and
the “correct” solution [33]. However, ill-structured, or open-ended problems are the most
common design problems encountered by engineers [34]. These problems typically involve
multiple domains of knowledge, and there are often no known algorithms or instructions for
accomplishing the design goal. This gap between the highly-structured problems studied in the
literature and the open-ended problems found in practice lead to a lack of knowledge regarding
the transfer of these experimental findings to everyday problems[35].
Problem structure can be defined as the extent to which the problem parameters are
known to the problem solver [36]. In other words, an ill-defined problem, or an unstructured
problem, has “vaguely defined goals, multiple solutions, multiple paths, and unstated
constraints” (p. 20) [37]. While there exist little empirical data on the impact of problem
structure on designers’ perception or preference for creative concepts, research in engineering
education has heavily emphasized the inclusion of regularly scheduled ill-structured problems in
the engineering curricula in order to develop and nurture creative problem-solving skills in
engineering students [38]. In fact, researchers in engineering education have found that openended design problems force engineering students to think creatively and ultimately develop an
appreciation for creative problem solving in engineering [39]. Thus, it is clear that the structure
of the design problem can greatly influence the design process and should be studied for its role
in concept selection. This is important because ill-structured problems are the most relevant to
the study of engineering design practice, and can provide insights into the effects of problem
framing and structure on design creativity. Thus, this study responds to these research gaps by
exploring the role of risk aversion, problem structure, and creativity representation in the concept
selection process as it relates to engineering design.
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4.1.4 Research Questions

The main goal of this research is to investigate the role of design creativity in concept
selection in engineering design. Thus, the following research questions are addressed in this
study:
RQ1: How does individual risk aversion affect an individual’s propensity for creative idea during
concept selection? Our hypothesis is that individuals who are more risk prone will select
more creative concepts since prior research has shown individual risk attitudes can affect
one’s perception of creativity [13].
RQ2: How does the structure of the design problem impact an individual’s propensity for
creative idea during concept selection? Our hypothesis is that the structure of the design
problem will play a role in the concept selection process since ill-structured, or open-ended
problems are the most common design problems encountered by engineers [34], and prior
research has found that open-ended design problems force engineering students to think
creatively and ultimately develop and appreciation for creative problem solving in
engineering [39].
RQ3: How does the representation of the concept’s creativity affect an individual’s propensity
for creative idea during concept selection? Our hypothesis is that the designers’ awareness
of a concept’s creativity can influence the concept selection process since creativity has
long been regarded as an important aspect of engineering design that can influence the
success of design outcomes [23].
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4.2 Methodology
In order to answer our research questions, a controlled design experiment was conducted
with 9 engineering undergraduate students at a large northeastern university. Participants were
asked to perform 3 concept selection activities and participate in a semi-structured interview
after the study. The details of the study including the participants, procedures, experimental
design, and metrics are presented in the following sections.

4.2.1 Participants
The participants in this study were 9 undergraduate engineering students (7 males, 2
females) recruited through engineering design classes and engineering list-serves. All
participants had a basic familiarity with engineering concept selection and common concept
selection methods. While the number participants involved this study are low, the number of data
points obtained is significantly higher since each participant performed the concept selection task
3 times (see procedure section for details). In addition, since the nature of this study is
exploratory in nature, the implications of this study serve as a starting point for future research
involving more participants.

4.2.2 Procedure
Prior to the start of the study, candidate participants were asked to answer a brief prescreening survey that assessed individual risk aversion. Risk Aversion was measured using 10
lottery questions used in standard behavioral economics [40-42]. The individual risk aversion
index is then calculated using the methods described in the experimental design section of this
paper. Three participants that scored low on risk aversion (risk prone), three that scored medium
on risk aversion (risk neutral), and three that scored high on risk aversion (risk averse) were
selected for participation in this study.
Once all participants were recruited, individual participants were asked to attend a 60minute study session. At the start of the study, participants were given a brief overview of the
study, and any questions were answered. An IRB informed consent document was then signed
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and participants were provided with the first problem description, randomly assigned from 3
problem descriptions according to the experimental design (see experimental design section for
details). After participants read the problem description, they were given instructions for a
concept assessment activity that was randomly assigned to each participant according to the
experimental design prior to the start of the study. In all three conditions, participants were
presented with 9 concepts that addressed the design goal and varied in terms of its level of
novelty and quality. They were then asked to assess all of the concepts by categorizing each
concept in the following categories: (1) definitely prototype, (2) potentially prototype, and (3) do
not consider. Participants also ranked each idea for its effectiveness in addressing the design goal
(1 being the best, 9 being the worst) by placing post-it notes on each idea. The three categories
were chosen to simulate the rapid filtering of ideas that occur in the concept selection process in
industry [19], where designers are tasked with quickly screening hundreds of concepts and
selecting the ideas with most promise to move forward and prototype in the design process [20],
see example categorized ideas in Figure 4-1.

Figure 4-1: Concepts categorized in to the definitely prototype, potentially prototype, and do not consider categories
by participant 5

This process of reading the problem description and performing a concept selection
activity was repeated 2 more times for each participant, with the problem description and
concept selection activity varying in random order according to the experimental design. In order
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to motivate participants to select concepts carefully and thoughtfully, participants were informed
that the participant who selected the most effective concepts for addressing the design goals
would receive monetary compensation ($20 gift card), as judged by a design expert. After all
three concept selection activities were completed, each participant was asked to complete a 5question semi-structured interview on the effects of risk-taking, problem structure, and creativity
representation during concept selection. An example of an interview question was: “Do you feel
like risk-taking is important when selecting concepts to move on to later stages of the design
process? Why or why not?” A full list of the interview questions can be found in Appendix 2.

4.2.3 Experimental Design
The study was a 3 (risk aversion) x 3 (problem structure) x 3 (creativity representation)
factorial design. As previously stated, participants were randomly assigned a problem structure
and creativity representation condition before the study began. Each participant completed all 3
concept selection tasks, one for each problem description, corresponding to three levels of
problem structure (highly structured, moderately structured and open-ended). This resulted in a
total sample size of 27. The levels for the different factors are described in detail below.
4.2.3-1 Risk Aversion
An individual’s risk aversion was measured using the 10 lottery questions from the risk
aversion online survey taken from research in standard behavioral economics [40-42]. An
example question is “Which would you prefer? $15 for sure, or a coin flip in which you get $ [an
amount greater than $15] if it is heads, or $0 if it is tails?” Potential gamble gains vary randomly
within the interval of $20.00 to $300.00, where monetary increments were determined through a
series of pilot tests with engineering students. The individual risk aversion index was then
calculated according Han et al. [42] and had a range from 0 (risk prone) to 1 (risk averse).
Participants that received risk aversion scores in the highest 20% compared to other participants
were classified as risk averse individuals, participants that received risk aversion scores in the
lowest 20% were considered risk prone individuals, and participants in the middle 60% range of
risk aversion were considered risk neutral individuals. This method of classifying individuals
according to risk aversion was used previously by Han et al. [42].
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4.2.3-2 Problem Structure
Each participant completed a concept selection activity for 3 design problems that had
different levels of structure ranging from highly structured design problems, to open-ended
design problems. The order in which participants completed the concept selection activities for
the design problems were randomized to eliminate ordering effects. The design problems are
described in detail in Table 4-1.
Table 4-1: Design problems presented to participants in order of problem structure
Problem
Structure
Highly
Structured

Design Problem

Description

Design of an
electric toothbrush
power source

Moderately
Structured

Design of a milk
frother

Open-Ended

Design of mobile
device solutions
for reducing
pedestrian
accident rates

Imagine yourself as a project manager for a design team that is
developing concepts for a new, innovative portable power source for
an electric toothbrush. Your task is to review and select the best
concept from a pool of candidate concepts that your design team has
generated.
Imagine yourself as a project manager for a design team is that
developing concepts for a new, innovative, product that can froth
milk in a short amount of time. Your task is to review and select the
best concept from a pool of candidate concepts that your design
team has generated.
Imagine yourself as a project manager for a design team that is
developing solutions that would address all or some of the issues
associated with this increased accident rate. Your task is to review
and select the best concept from a pool of candidate concepts that
your design team has generated.

4.2.3-3 Creativity Representation
For each of the provided problem descriptions, participants were asked to perform one of
three different types of concept selection activities. These concept selection activities consist of a
control condition, a creativity metrics condition, and a Pugh’s Method condition. The three
different conditions are discussed in detail below:

A. Control Condition:
Participants in the control condition were asked to rank the 9 candidate concepts for each
of the three design problems in the order that they feel addresses the design goal most
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effectively. Once this was completed, they were asked to select the concepts that they felt should
move on to later stages in the design process (prototyping). No additional information on the
design ideas were provided, and no other evaluation activities were performed.
B. Creativity Metrics Condition
Participants in the creativity metrics condition were presented with concepts and their
corresponding creativity metrics. In order to generate these creativity metrics, 84 concepts
addressing each of the design problems were generated prior to the study (total of 252 concepts),
and were rated for their novelty and quality using Shah et al.’s method, as has been done in
previous studies [43, 44]. The details of the novelty and quality computations can be found in
prior papers [44, 45]. The Cohen’s Kappa (inter-rater reliability) was 0.88 for the milk frother
problem, 0.76 for the electric toothbrush problem, and 0.96 for the pedestrian accidents problem.
As was done in previous studies investigating creativity [44, 46, 47], any disagreements in the
answers for the rating questions were settled in conference between the two raters once all
original ratings were complete.
Once all the generated concepts were rated for their novelty and quality, the designs were
categorized into 3 groups according to their scores on novelty and quality. Half of the standard
deviation above the mean was used as the cut-off point for the 3 categories, and the values are
shown in Table 2. For the quality metric, designs that scored a 0.33 or below were considered
“low quality”, designs that scored 0.67 were considered “medium quality”, designs that scored
1.0 were considered “high quality”, see categorization values in Table 4-2.

Table 4-2: Ranges of high, medium, and low novelty and quality metrics for the 3 different design problems.

Novelty

Quality

High Novelty
Medium Novelty
Low Novelty
High Quality
Medium Quality
Low Quality

Milk Frother
Design Problem
0.69-0.75
0.61-0.66
0.41-0.49
0 - 0.33
0.667
1.0

Electric Toothbrush
Design Problem
0.88
0.72-0.75
0.34-0.45
0 - 0.33
0.667
1.0
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Pedestrian Accidents
Design Problem
0.85-0.91
0.65-0.73
0.59-0.62
0 - 0.33
0.667
1.0

From the 84 designs, 9 concepts were selected consisting of all possible combinations of
novelty and quality scores (e.g., high novelty and low quality, medium novelty and high quality,
etc.) for all 3 designs problems. Participants in this condition then viewed these 9 designs with
the corresponding novelty and quality ratings, and were asked to select concepts that they feel
should move on to later stages in the design process, as was described in the procedure section.
C. Pugh’s Method Condition:
Participants in the Pugh’s Method condition were asked to rate each of the 9 candidate
concepts for the three design problems using Pugh’s Evaluation Method. This method was
chosen for its simplicity [8] and relevance to current engineering design practice, since design
teams typically evaluate concepts using Pugh’s method [48]. Specifically, participants were
asked to perform comparisons of the concepts using 4 preferred evaluation criteria (determined
prior to the start of the study), in order to evaluate the relative effectiveness of each concept, see
Table 4-3C for an example. Participants were then asked to select concepts that they feel should
move on to later stages in the design process.
Table 4-3: Example Pugh Chart for evaluating concepts for the milk frother design problem.
Concept
Relative Importance
1
2
3
4
5
6
7
8
9

Efficiency
0.37
-1
1
0
-1
1
0
0
1
B

Ease of use
0.32
0
1
0
-1
-1
0
-1
1
A

Aesthetics
0.15
0
0
0
1
0
0
0
-1
S
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Cost
0.16
1
-1
1
1
-1
-1
1
0
E

SUM

RANK

-0.21
0.53
0.16
-0.38
-0.11
-0.01
-0.16
0.54
0.00

8
2
3
9
6
5
7
1
4

4.2.4 Metrics
In order to investigate the factors that influence a designer’s preference for creative ideas
during concept selection, each participant’s tendency for selecting creative ideas was captured
using the propensity for creative concept selection metric developed for use in previous studies
(see [49] for discussion). This metric is developed as follows:
Propensity Towards Creative Concept Selection, Pc: This metric is defined as each participant’s
tendency towards selecting (or filtering) creative concepts in the concept selection process.
When developing this metric, the following items were considered:
1. Participants should receive a high score for selecting a large number of creative ideas
from their idea set.
2. Participants should receive a low score for not selecting creative ideas if present in their
idea set.
3. Participants must not be penalized for the lack of highly novel ideas within their idea set
as long as they select the most novel ideas in their set.
Once these guidelines were established, the metric was developed as follows: First, the
average novelty of selected concepts is computed. Second, the average novelty of all concepts
available to choose from is computed. Lastly, the quantity from step 1 is divided by the quantity
in step 2. This metric is shown in detail in Equation 1.

𝑃! =

!
!!!(!! ×  !! )

!

  ×  

!
!
!!! !!

(1)

Where 𝑃! is the participant’s propensity for creativity during concept selection, k is the
number of ideas selected by the participant, l is the number of ideas in their set, and Cj = 1 if the
idea is selected and 0 if the idea is not selected.
In essence, Pc measures the proportion of novel idea selection out of the total novelty of
the ideas that were available to choose from. This metric can achieve a value greater than 1 if the
average novelty of the selected ideas is higher than the average novelty of the available ideas,
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indicating a propensity for creative concept selection. Pc can also be less than 1, indicating an
aversion for creative concept selection. A score of 1 indicates that the participant chose a set of
ideas that, on average, had the same level of novelty as the ideas that were provided to them,
indicating no propensity towards creative concept selection.

4.2.5 Data Analysis
To address our research questions, a 4-way ANOVA was conducted with the dependent
variable being propensity for creative concept selection and the independent variables being the
individual risk aversion, problem structure, and creativity representation factors. Since the design
of this experiment was a one-half fractional factorial experiment, only 2 factor interactions were
investigated in this analysis. Therefore, interaction effects between risk aversion and problem
structure, between risk aversion and creativity representation, between ambiguity aversion and
problem structure, and between ambiguity aversion and creativity representation were included
in the analysis.
In addition to the quantitative analysis, the post-study interview results were analyzed
using principles of directed content analysis [50] in order to validate and extend the findings of
our quantitative analysis. A multi-level coding scheme was developed in order to capture
participants’ perceptions and opinions regarding creative concept selection, as is typically done
in design research investigating the design thinking process [51]. At the highest level, four
general themes were developed in accordance with the research questions:
1.

Participants’ risk attitudes in the engineering context (risk averse, risk neutral, or risk
prone).

2.

The effect of risk attitudes (if any) on the concept selection process and the perception of
creative ideas.

3.

The impact of problem structure (highly structured, moderately structured, and openended) on the concept selection [51] process and perception of risk during the creative
concept selection process.

4.

The influence of creativity representation (no creativity representation, creativity metrics,
and Pugh’s Method) on the creative concept selection process.
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We systematically analyzed the transcripts from the semi-structured interviews for
instances of participants discussing or commenting on these four general themes. After analyzing
the interviews using this general coding scheme, we further coded participants’ responses into
sub-categories that captured the nuances of each response according to valence (positive reaction
or negative reaction), and according to the usefulness of the presented data (useful or not useful).
For example, statement such as “If you don’t take risks, you won’t be able to revolutionize
things” was categorized as content that supported the sub-category of “positive effects” under the
general category of “Risk has an effect”. The general themes as well as the sub-categories of
these themes are shown in Figure 4-2. These results provide rationale for the quantitative
findings of the study and help us gain a better understanding of the impact that these factors can
play on the thinking process of student designers in engineering.
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Figure 4-2: The multi-level coding scheme developed to identify themes found during the semi- structured
interviews and the number of participants in the study who responded in a manner consistent with each theme.
Participants often utilized both Pugh’s Method and the Creativity Metrics during concept selection, resulting in an
overlap in the number of participants for these themes.
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4.3 Results & Discussion
The results of the ANOVA analysis are summarized in Table 4-4. From this analysis, risk
aversion, problem structure, and creativity representation were found to relate significantly to
propensity for creative concept selection. Ambiguity aversion and the interaction effects were
found to not significantly impact propensity for creative concept selection. The findings of our
quantitative analysis and the content analysis of the interview questions are presented in detail in
the following sections according to our research questions.

Table 4-4: Summary of significant ANOVA results.
Factors
Risk Aversion
Problem Structure
Creativity Representation

Propensity for Creative Concept Selection
F
Sig.
5.56
0.04
12.50
0.01
5.75
0.04

4.3.1 The Relationship Between Individual Risk Aversion and Propensity for Creative Concept
Selection
Our first research question sought to investigate the relationship between risk aversion
and propensity for creative concept selection. Our hypothesis was that risk aversion is
significantly related to propensity for creative concept selection, and this was confirmed by the
statistical results, see Table 4. Tukey post-hoc tests revealed that participants who were risk
prone had a significantly higher propensity for creative concept selection when compared to
participants who were risk neutral, see Figure 4-3. No other significant differences were found
between participants who were risk neutral and risk averse, or between participants who were
risk prone and risk averse.
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Figure 4-3: Mean propensity for creative concept selection for participants who were risk prone, risk neutral, and
risk averse.

The results of the content analysis conducted on the semi-structured interview data
revealed that 7 out of 9 participants felt that risk played a role in the creative concept selection
process, see Figure 4-2. Specifically, 6 participants felt that risk-taking was important for
encouraging creativity and the overall success of the design process, whereas only 1 participant
felt that risk-taking could be detrimental to the design process. Participants that advocated risktaking in the design process commented that taking risks in the engineering design context was
crucial for innovation and moving the field forward. Specifically, Participant 3 noted, “if you’re
not able to take risks, then you won’t be able to revolutionize things and make innovations that
people haven’t thought of before.” Similarly, Participant 5 asserted that risk-taking is important
in the decision making process of design since “if there is no risk than there is not going to be
any new products that were going to come out.” Participant 8 believed that risk-taking was
instrumental to breaking convention when he said, “By taking risks, you get out of the current
convention. By getting out of the current convention, you are able to get out of the box and
invent something new. If everyone sticks to the convention, we would be in a stagnant society.”
Importantly, only Participant 3 and 6 recognized that their attitudes toward risk could impact
their selection of creative ideas during the design activity. For example, Participant 3 noted that
they “could have put it [a very novel idea] in potentially [prototype], if I wasn’t so risk averse.”
Our quantitative and qualitative analysis show that risk attitudes and risk-taking are important
factors that influence the perception and selection of creative ideas during design.
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4.3.2 The Impact of Problem Structure on Propensity for Creative Concept Selection
Our second research question sought to find a link between the structure of the design
problem and participants’ propensity for creative concept selection. Our hypothesis was that
problem structure would significantly affect participants’ propensity for creative concept
selection, and this was confirmed by our statistical results, see Table 4-4. A Tukey post-hoc test
revealed that participants’ propensity for creative concept selection differed significantly
between the highly structured and the moderately structured design problem. Specifically,
participants were more prone to selecting creative ideas for the moderately structured design
problem (design of a milk frother) than for the highly structured design problem (design of a
power source for electric toothbrushes), see Figure 4-4. No significant differences were found
between the open-ended and moderately structured problem or between the open-ended and
highly structured design problem.

Figure 4-4: Mean propensity for creative concept selection during the highly structured, moderately structured, and
open-ended design problem.

The results from the content analysis also revealed that 7 of our 9 participants believed
that the structure of the design problem played a significant role in their decision making during
the concept selection process, see Figure 4-2. Specifically, 4 of the 9 participants believed that
open-ended problems lead to more risk-taking and encouraged the selection of less novel ideas.
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Participants that believed that open-ended problems encouraged risk-taking asserted that this was
largely due to the narrower scope of generated solutions present during the highly structured
design problem. For example, Participant 7 noted, “For the structured [design problem], I was
picking conventional because they were all focusing on the pretty much the same ideas but
different ways of going about it.” Similarly, Participant 8 commented that for highly structured
design problems, “people still want to stick with the conventional because there is still no better
alternative in a way.” In contrast, participants had a larger variety of concepts to choose from
when selecting concepts that addressed an open-ended design goal that could have a wide variety
of design solutions. On the other hand, 3 participants felt that highly structured problems lead to
more risk-taking during concept selection. Participant 3 noted that “the more structured one, the
toothbrush one, it made me think a lot more into it than the other two problems”. Therefore,
participants (such as Participant 6) were “less risky with the open-ended problems.” These
results highlight the complex role that problem structure plays in the design process and show
that participants’ level of risk-taking during creative concept selection can be affected by the
structure of the problem.

4.3.3 The Influence of Creativity Representation on Propensity for Creative Concept Selection
Our last research question sought to find a link between participants’ preferences for
creative ideas and the representation of design creativity during the concept selection activity.
Our hypothesis was that creativity representation would significantly impact participants’
propensity for creative concept selection, and this was confirmed by our statistical results, see
Table 4-4. Post-hoc Tukey tests showed that there were significant differences in propensity for
creative concept selection between the control condition and the design activities where
participants used Pugh’s Method for Concept Evaluation. Specifically, the use of Pugh’s Method
led to an increase in propensity for creative concept selection compared to the condition where
no creativity representation was used, see Figure 4-5.
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Figure 4-5: Mean propensity for creative concept selection for the control condition, the creativity metrics
condition, and the Pugh’s Method condition.

The results from the content analysis revealed that 7 out of 9 participants found the use of
Pugh’s Concept Evaluation Matrix helpful during the concept selection activity. Most
participants used this formalized method for comparing and contrasting closely matched designs
and for encouraging a deeper level of thought during the decision making process. For example,
Participant 1 noted that the Pugh Matrix “was helpful comparing some of them, side by side for
the closer ones.” Similarly, Participant 5 remarked that “The Pugh chart just helped me compare
and contrast them more and I thought about them more than just when there was nothing, it was
just the description, it was me basing things off of what I already knew.”
In contrast to the formalized Pugh’s Method for Concept Evaluation, the presentation of
each concept’s creativity metrics during concept selection led to a more intuitive and numerical
representation of the concepts. Specifically, 7 out of the 9 participants found the use of the
creativity metrics helpful during concept selection, see Figure 4-2. For example, Participant 3
made the comment: “it [creativity metrics] made me compare them more numerically. It was
kind of a better comparison than just thinking about it in my head. I feel like if there were
numbers written down, I would think about it more.” Similarly, Participant 5 noted that “the
creativity metrics helped because it gave me something else to go off of like more numbers.” In
addition to providing a numerical basis for decision making during concept selection, it also
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provided participants with several aspects to consider – the novelty and quality of the design.
These metrics were viewed as opposing aspects of early-phase design since the uniqueness of the
idea was perceived as being in tension with the practicality or technical feasibility of the idea.
For example, Participant 9 relied heavily on the quality metrics presented during the activity,
noting that “It [the creativity metrics] made me put it up higher in the ranking if it had good
quality.” Similarly, Participant 1 commented: “The quality was a big influence, novelty not as
much… If it’s good quality, then it’s going to be much more likely that it will sell and you’ll
make profit.” These results show that the representation of creativity and the tools used during
the concept selection process have the ability to change the way that participants perceive and
think about the design goal, thereby influencing the selection of creative ideas during design.

4.3.4 Implications for Design Research and Education
From both the qualitative and quantitative results of this study, several important
implications and conclusions can be drawn for encouraging creativity during the design process.
Discussions of these implications are described in the following sections.

4.3.4-1 Risk-Taking is Instrumental in Creative Concept Selection
The results from our analyses show that risk-taking is an important element of creative
concept selection. These results are supported by prior research that has shown that risk-taking is
an essential element of creativity since it encourages the individual to push boundaries and
explore new territories [25]. While the participants used in this study were engineering students,
their comments on risk-taking in engineering echoes the general consensus of research on
engineering practice that states that convention-breaking innovations can seem risky in terms of
the likelihood of failure, but are often hugely successful after commercialization. Importantly,
this study is one of the first of its kind to relate financial risk measures derived from traditional
behavioral economics with risk-taking behavior in the design context. Therefore, this research
serves as a launching point for future research in design that seeks to investigate risk-taking in
the engineering design context.
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In addition to contributing to the research in engineering design, this study also provides
empirical evidence for several key improvements that can be implemented in engineering
instruction to increase creative concept selection. First, since participants who are more risk
prone tend to select ideas that are more creative, methods that encourage appropriate risk-taking
during the concept selection process should be explored and studied. By emphasizing and
focusing on the concept selection stage of the design process, researchers and designers can
ensure that creative ideas successfully pass through the ‘gate-keeper’ of creative ideas- the
concept selection stage of the design process. In addition, the results from the qualitative analysis
of the interviews conducted during this study show that while designers may recognize the
importance of risk-taking during the creative design process, few designers may be aware that
their aversion towards risk during the concept selection process which can lead to an
unconscious bias against novel ideas. Therefore, design practices and activities in engineering
industry and education that make designers aware of their individual attitudes toward risk can
increase self-awareness of their bias against creativity and as a result, bring them one step closer
to selecting creative ideas during concept selection.

4.3.4-2 Problem Structure Plays an Important Role in Design Thinking and Creativity
The second contribution of this study is an increased understanding of the role that
problem structure plays in the creative design process. This is important because most studies
exploring creativity in design utilize highly structured design problems presented to participants.
However, ill-structured, or open-ended problems are the most common design problems
encountered by engineers [34]. Therefore, this study adds to our understanding of the differences
in creative concept selection during highly structured and open-ended design problems. Our
findings show that more open-ended design problems resulted in a higher average preference for
creative concepts during concept selection. This result agrees with prior findings that show that
open-ended design problems force engineering students to think creatively and ultimately
develop an appreciation for creative problem solving in engineering [39]. Participants in our
semi-structured interviews echoed these findings by noting the open-ended design problems
provided a larger variety of solutions to the problem, thereby opening up the design space and
encouraging creative thinking. On the other hand, some participants felt that highly-structured
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design problems were more constrained and allowed more critical thinking that could lead to
more creative design outcomes.
These results highlight the duality of open-ended design problems, especially in an
engineering education setting, where the lack of structure can induce creative thinking but can
also result in a loss of critical and technical detail that comes with the rigor of a highly
constrained design goal. From the results of this study, exposure to both open-ended and highlystructured design problems can encourage creative thinking in engineering design students.
Therefore, methods and practices that encourage the focus on both creative problem solving and
technical rigor can lead to the development of well-rounded creative and technical thinking skills
in engineering students.

4.3.4-3 Creativity Representation Affects Designers’ Concept Selection Process
The last goal we sought to address in this research was to investigate the relationship
between the type of task or creativity representation presented during concept selection and the
selection of creative ideas. Our results revealed that creativity representation plays a critical role
in affecting the thought process and problem framing that our participants engaged in.
Specifically, we found that Pugh’s Method encouraged the selection of more creative concepts
compared to the other methods of creativity representation. This result was echoed by the semistructured interview when participants commented that formalized methods such as Pugh’s
Evaluation Method focused on the methodological comparison of concepts with one another,
leading participants to rethink preconceived notions about designs and consider the design
parameters more critically. On the other hand, providing participants with the numerical
creativity metrics of each design lead them to consider the originality and feasibility of the
concepts, potentially resulting in more focus on the feasibility and practicality of the concepts.
Therefore, design approaches that orient the designer to the design goal will encourage
designers to think critically about the concept and can lead to more creative concept selection.
However, it should be noted that formalized methods such as Pugh’s Concept Evaluation Method
is often viewed as time consuming and burdensome which can lead to low adoption rate of these
practices [22]. Therefore, other methods of analyzing and reflecting on generated concepts that
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are intuitive and easy to adopt should be explored in order to address this need in engineering
design.

4.4 Conclusions
The main goal of this study was to examine the concept selection process through the
lens of creativity. To that end, a controlled experimental study was conducted that sought to
identify the factors that affected designers’ perceptions and preference for creative ideas during
concept selection. The results of this study identify aspects of the concept selection process that
have a significant impact on creative concept selection. In particular, individual risk attitudes,
problem structure, and creativity representation were found to impact participants’ preference for
creative concepts. These findings provide significant contributions to research in engineering
design and education and provide a basis for improving engineering instruction in order to
creative concept selection.
While this study demonstrated important links between individual risk attitudes, problem
structure, and creativity representation, a larger study involving more students and professional
designers will enable the results of this research to be generalized to larger populations. In
addition, the flow of creative concepts in concept selection activities that involve design teams
should be analyzed since design is being recognized and taught as a team process in engineering
[52]. Designers’ own view of their generated ideas should also be examined since prior research
has shown that individual biases can impact the concept selection process [53]. Lastly, future
research should explore the development of intuitive, unobtrusive, and effective concept
evaluation methods that can help encourage critical thinking of the design problem and the
selection of creative ideas during design.
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Chapter 5

Discussion & Contributions

The need and importance of creativity in engineering design practice and education is
undisputed. This thesis was developed to investigate the generation and flow of creative ideas
through the concept generation and concept selection stages of the design process. The first
manuscript of this thesis, presented in Chapter 2, investigates the role of example modality and
visual representation on the development of novel ideas in engineering education students. The
second manuscript of this thesis, presented in Chapter 3, focuses on the impact of risk aversion,
ambiguity aversion, creative ability, and student educational level on the selection of creative
concepts in the engineering classroom. The third manuscript of this thesis, presented in Chapter
4, revisits the impact of individual risk aversion on creative concept selection in a controlled
factorial study with engineering students. In addition, a summary of these studies and their
findings are explored in Chapter 1.
The findings of this thesis provide empirical evidence on factors that lead to the
generation and selection of creative concepts in engineering design. This is important because
while creativity has been heavily emphasized in the concept generation phase of the design
process, research that investigates the selection of these creative concepts in the later stages of
the design process will add to our understanding of the flow of creative ideas throughout the
design process. The findings of this thesis provide the following contributions to research in this
area:
1. This thesis contributes to the improved understanding of the impact of example modality
and visual representation on creative idea generation in engineering design students.
From the results of the first study, it was found that physical examples reduced design
novelty in engineering design students, whereas deeper-level physical interactions such
as product dissection increased variety in idea generation.
2. This thesis also provides empirical evidence for the link between individual risk aversion
and preference and selection of creative concepts, and between individual tolerance for
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ambiguity and the generation of creative concepts in engineering design. These findings
are important because they are the first of its kind to draw a link between financial risk
measures and creativity in engineering design. Specifically, the results showed that
individual tolerance for ambiguity is important for the generation of creative ideas, and
risk-taking attitudes are positively related to the selection of these creative ideas during
concept selection. In addition, the results indicate that traditional measures of financial
risk aversion developed in behavioral economics can be used as a proxy for creativity in
design tasks. Therefore, by using traditional measures of financial risk aversion,
researchers in engineering design education can investigate the filtering and selection of
creative ideas in the design process and develop methods and techniques that encourage
the selection of these creative ideas.
3. The results of this thesis showed that an individual’s creative ability during ideation does
not necessarily relate to an individual’s preference for creative ideas during concept
selection. This result indicates that teaching or encouraging creative concept generation is
not sufficient for ensuring the selection of these creative concepts during the later stages
of the design stage.
4. This thesis adds to our knowledge on the impact of problem structure and creativity
representation on risk-taking and problem framing in concept selection tasks.
Specifically, more open-ended design problems resulted in a higher average preference
for creative concepts during concept selection, and formalized methods such as Pugh’s
Evaluation Method led participants to rethink preconceived notions about designs and
consider the design parameters more critically.
The results from all three studies of this thesis allow us to develop and recommend
guidelines for encouraging the generation and selection of creative ideas in engineering design
that help enhance the flow of creative ideas throughout the design process. Specifically, we
recommend that engineering instructors delay the use of physical examples during the early
stages of conceptual design in order to help students retain a higher level of design creativity.
Furthermore, deeper-level physical interactions such as product dissection are helpful for
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mitigating the loss of creativity due to exposure to physical examples, indicating that methods
that encourage more detailed and thoughtful interactions with existing examples should be
implemented in design education and practice in order to increase creativity during ideation. In
addition to methods of increasing creative idea generation, techniques for encouraging creativity
that span across all phases of the design process is essential for increasing design creativity and
future research should focus on developing frameworks and methodologies for assessing and
selecting creative ideas during concept selection. Lastly, methods and practices that encourage
the focus on both creative problem solving and technical rigor can orient the designer to the
design goal will encourage designers to think critically about the concept and can lead to more
creative concept selection.
While the results of this thesis add to our understanding of the impact that example
modality, visual representation, risk aversion, ambiguity aversion, problem structure, and
creativity representation have on creative concept generation and selection, future work is
needed that explores larger scale design problems in different engineering domains to expand the
findings of research in this area. Further work should also explore the selection of creative
concepts in the context of discussion-based concept selection activities among team members, as
is typically done in engineering design practice. Since the last 2 studies of this thesis focused on
the selection of other team members’ ideas, further analysis of each participant’s assessment of
their own generated design concepts will provide insights into individual perceptions of
creativity during the concept selection process. In addition, further research is also needed to
investigate the impact of interactions with examples and individual risk attitudes on experienced
designers. Studying these factors in the context of engineering industry will provide insights into
the effect that currently practiced design techniques individual attributes have on idea generation
with expert designers. Lastly, future research should explore the development of intuitive,
unobtrusive, and effective concept evaluation methods that can help encourage critical thinking
of the design problem and the selection of creative ideas during design.
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Appendix A
Milk Frother Rating Questions
* represents a functional question
1. Is the device handheld?
o Yes, it’s handheld
o No
o Not Explicitly Stated
(if not handheld)
2. If the device is NOT handheld, what does it look like?
!
!
!
!
!
!

it has a stand (for the counter-top)
its goes in or is attached to a cup (includes a handle)
it goes in or is attached to a bowl (does not include a handle)
it goes in or is attached to a pitcher/ blender
It’s attached to a coffee maker-type device
Other, describe:__________________

(If handheld)
3. Since the device is handheld, what does the handheld surface look like?
! It closely resembles the example
! It has a different size (longer, shorter, thinner, wider, etc) than the example
! It has finger grips
! It has an ergonomic grip
! It is held differently than example.
! It is rounded/ curved.
! Other, describe (e.g. ‘gun shape’) : _____________________
! Not Explicitly Stated
(If handheld)
4. What material is the device’s body made of?
! Plastic
! Metal
! Other (describe e.g. ‘gel’): _____________________
! Not Explicitly Stated
*5. How is the device powered?
! Manually powered (e.g. hand pump)
! Electric
! Other, describe: _________________
! Not Explicitly Stated
(if the device is powered by electricity)
*6. What is the device’s electrical source?
! AC (Plugs into wall or some other source)
! Battery(ies), non rechargeable.
! Rechargeable
! Solar
! Other, describe: _________________
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! Not Explicitly Stated
(if powered by batteries)
*7. Where are the device’s batteries inserted?
! At bottom of device with slide cover like example
! At bottom of device with screw cap
! At bottom of device with other (describe): __________________
! Other location, describe: ______________________
! Not Explicitly Stated
(if powered by batteries)
*8. How are the batteries connected?
! In parallel, like the example
! In series
! There is only 1 battery.
! Other type of connection, describe: _______________
! Not Explicitly Stated
(if the device is powered by electricity)
*9. How is the device turned on?
! By toggle switch, like in the example
! By push button
! By a switch (unspecified type)
! By selecting a speed.
! Other, describe: __________________
! NA
(if the device is powered by electricity)
10. Where is the power switch located?
! On the side, like in the example
! On the side, unlike the example
! On top.
! Other, describe: ___________________
! Not Explicitly Stated
11. Where is the liquid (milk) stored for frothing?
! Outside of the device, like in the example.
! Inside of the device.
! Other, describe: ____________________
! Not Explicitly Stated
12. Is there a rod in the design?
o Yes
o No
(If there is a rod in the design)
13. What does the device’s rod look like?
! It connects the main body or motor of the device to an attachment, as in the example.
! It’s a different size (length or thickness) than the example
! It’s made of a different material
! There are multiple rods
! It’s a different shape
! It’s retractable
! Other, describe: __________________
! Not Explicitly Stated
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(if there is a rod)
14. Is there an attachment at the end of the rod?
! Yes
! No
(if there is an attachment at the end of the rod)
15. How does the attachment (at the end of the rod) differ from the original design?
! It doesn’t
! It’s a different size
! There are multiple attachments
! It is made of a different material.
! It has a different amount of flexibility.
! It has a different shape, describe (e.g. metal spokes, beater, propeller, paddle, etc):
________________________
! It is oriented differently on the device
! Other, describe: _________________
! Not Explicitly Stated
*16. What method does the device use to froth the milk?
1. Stirring, like in the example.
2. Steam
3. Spinning (a container of milk)
4. Pumping
5. Shaking or vibrating the entire body of milk
6. Bubbles/ air
7. Microwave/ waves of some type
8. Chemicals
9. Heat
10. Laser
11. Pressure/ pressurized milk
12. Vibrations
13. Magic
• Not Explicitly Stated
(If frothed by stirring)
*17. What kind of motion does the device use to stir the milk?
!
!
!
!
!
!

Circular, in 1 direction, like the example.
Circular, in multiple directions
Up and down
Side to Side
Other, describe: ___________________
Not Explicitly Stated

*18. Does the concept focus on motor, electrical wirings, or the batteries of the device?
o Yes
o No
(if the concept focuses on the motor, electrical wirings, or batteries of the device)
*19. Since the concept focuses on the motor, electrical wirings, or the batteries of the device, what part does it focus
on?
! The wires/ connectors
! The motor (e.g. changing DC motor, pump)
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! The motor casing/ cover material (e.g. second interior coating to reduce corrosion)
! The batteries
! Other, describe: _____________________
20. What additional features are included in the concept?
! Lid
! Interchangeable attachments (e.g. whisks)
! Design (colors, etc.)
! Noise level change
! Waterproof
! Sensor
! Adds flavor
! Different speed settings
! Other, describe: ___________________
! Not Explicitly Stated
21. Does the device froth milk?
o Yes
o No
(if the device froths milk)
22. Is the device technically feasible (is it possible to make it)?
o Yes
o No
(if the device is technically feasible)
23. Is the concept easy to execute (is it easy/plausible to manufacture and implement it)?
o Yes, even if it may be slightly more complicated.
o No, it is either unreasonable to make, or you would never use it to froth milk.
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Appendix B
Semi-structured Interview Questions
1. In what way, if at all, did the Pugh chart and creativity/quality metric information change
your approach to the concept selection task? If so, how?
2. How, if at all, do you think your process differed for selecting and ranking concepts between
the highly structured problem which was the power source for toothbrush and the open-ended
problem which was walking around campus? Why?
3. Do you think that risk-taking is important when selecting concepts to move forward in the
design process? Why or why not?
4. Do you feel like you are generally more risk averse (where you try to avoid uncertain
outcomes), risk neutral (where risk doesn’t impact your decision-making), or risk prone
(where you like to take chances in order to achieve better outcomes)? Give an example in the
context of engineering design.
5. Describe how you perceive your attitude towards risk affected how you ranked the ideas
during concept selection. What other factors do you think play a role in this process?
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