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Choosing Creativity: The Role of Individual Risk and Ambiguity Aversion on
Creative Concept Selection in Engineering Design

Christine A. Toh ¢ Scarlett R. Miller

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 and their inadvertent bias against creativity. However, little is actually known
about what factors attribute to the promotion or filtering of these creative concepts during concept selection. To
address this knowledge gap, an exploratory study was conducted with 38 undergraduate engineering students.
This study was 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 individuals ability to generate creative ideas is not significantly related to their
preference for creative ideas during concept selection, but individual risk aversion and ambiguity aversion are
significantly related to both creative concept selection and creative idea generation. Our results also revealed
that first and third-year students’ creative ability are affected differently by varying levels of tolerance for
ambiguity. 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 during
concept selection and provide guidelines for enhancing the design process.
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1 Introduction

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) (Arup n.d.). 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 (Altshuller 1984;
Eberle 1996; Kulkarni, Dow, and Klemmer 2012; Osborn 1957)). Researchers in the field of creativity (Baer et al.
2007; Daly, Mosyjowski, and Seifert 2014) widely accept the definition of creativity as the “production of novel,
useful products” (Mumford 2003), or ideas that are both original and feasible. 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 (Shah, Vargas-Hernandez, and Smith 2003), the creative ideas developed through these methods are
often rapidly filtered out during the concept selection process (Rietzchel, Nijstad, and Stroebe 2006) 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 (Kijkuit, and van der Ende 2007), 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 (Ayag, and Ozdemir
2009).

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 (Hambali et al. 2009; King, and Sivaloganathan
1999). This process helps designers narrow down the solution space (King, and Sivaloganathan 1999) and select the
most promising ideas for satisfying the design goal. Research has shown that highly creative ideas, often defined as
ideas that are both novel and useful (Mumford 2003), contribute the most value to the design process (Fuge, Stroud,
and Agogino 2013), but simply generating creative ideas does not guarantee the creativity of the final design
(Nijstad, and De Dreu 2002; West 2002). Indeed, researchers have argued that the “availability of creative ideas is a
necessary but insufficient condition for innovation” (p. 48) (Rietzchel, Nijstad, and Stroebe 2006), leading to the
conclusion that 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. This
bias against creativity is typically attributed to the uncertainty and risk associated with novel concepts (Rietzschel,
BA Nijstad, and W. Stroebe 2010). This is particularly problematic in engineering education since research
conducted in a variety of disciplines in engineering education, such mechanical, aerospace, chemical, and civil
engineering, has shown that creativity is heavily emphasized and integrated in the engineering classroom (Litzinger
et al. 2011; Richards 1998; Stouffer, Russel, and Oliva 2004; Sullivan, Carlson, and Carlson 2001), but little data
exists on how creativity is integrated into the concept selection stage of design projects. In fact, researchers have
shown that the engineering curriculum discourages student creativity (Charyton, and Merrill 2009) and upper-class
students tend to be less creative than first-year students (Genco, Holtta-Otto, and Seepersad 2012). In other words,
while creativity may be touted in engineering education and the early stages of the design process, individuals may
be unable or unwilling to adopt creative ideas when evaluating concepts. For example, a small number of studies
have shown that individuals often perform poorly at selecting creative concepts even when factors such as concept
feasibility or productivity of the ideation activity are considered (Faure 2004; Putman, and Paulus 2009; Rietzchel,
Nijstad, and Stroebe 2006; Rietzschel, BA Nijstad, and W. Stroebe 2010). Other studies have shown that individuals
prefer conventional solutions due to the uncertainty behind investing in and endorsing novel ideas (Moscovici 1976;
Rubenson, and Runco 1995; Whitson, and Galinksy 2008). These studies provide a foundation for understanding
perceptions and preferences for creativity, but leave a gap in the knowledge base regarding the factors that
contribute to the selection of creative ideas during concept selection.

The goal of this paper is to provide the results of a study aimed at identifying how individual risk aversion
and ambiguity aversion affect an individual’s openness to creative ideas during the concept selection process by
studying 38 undergraduate engineering design students. In addition, this study is exploratory in nature in that it seeks
to identify and investigate factors that have the potential to affect creative concept selection since research is this
space is not yet clearly defined and there is limited prior research on the exact factors that can influence preferences
for creativity in engineering design. 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.
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1.1 Concept Selection in Engineering Design

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 (Hambali et al. 2009; King, and Sivaloganathan 1999).
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 concepts that
do not address the design goal eventually have larger expenses including redesign costs and production
postponement (Huang et al. 2013). This neglect of creative ideas can greatly damage companies that are trying to
survive in the fast-growing market that demands product innovations (Ayag, and Ozdemir 2009). 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 (Rietzchel, Nijstad, and Stroebe 2006).

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 (Kudrowitz, and Wallace 2013). Concepts that were generated in previous stages need
to be selected and synthesized into a final solution in order to address the design goal (Ulrich, Eppinger, and Goyal
2011). 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 (Pahl,
and Beitz 1984), the Analytical Hierarchy Process (AHP) (Marsh, Slocum, and Otto 1993), Pugh’s evaluation
method (Pugh 1991), the Quality Function Deployment (QFD) matrix method (Ter Harr, Clausling, and Eppinger
1993), and the fuzzy set method (Thurston, and Carnahan 1992). Designers typically consider the design robustness,
novelty, production cost, and effectiveness of solutions during this process (Busby 2001). However, while these
concept selection techniques provide a means of comparing ideas based on their ability to meet design specifications
(King, and Sivaloganathan 1999), they often neglect to consider the creativity or uniqueness of each concept as
important selection criteria. Thus, it is not clear how creative ideas are selected during concept selection or what
factors affect the promotion or filtering of these creative concepts during the design process.

One factor that can affect the selection of creative concepts in engineering design is people’s bias against
creativity. Specifically, while creativity is often set as an important goal, researchers have found that individuals in
scientific institutions, organizations, and industry often select conventional ideas over creative ones (Ford, and Gioia
2000; Staw 1995). This preference for conventional design alternatives is often done in an unconscious manner
(Dijksterhuis 2004) and numerous research studies have found that people tend to have an inadvertent bias against
creativity (Bower 1981; Mueller, Melwani, and Goncalo 2011; Rietzschel, BA Nijstad, and W. Stroebe 2010). This
is said to 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 (Amabile 1996). Indeed, as individuals
experience more uncertainty in a situation, their perceptions of creativity quickly become negative (Bower 1981),
since individuals are strongly motivated to avoid uncertainty and failure (Whitson, and Galinksy 2008). On a similar
note, individuals perceive more risk associated with endorsing novel ideas (Rubenson, and Runco 1995) because of
the uncertainty regarding the success and social approval of their decisions (Moscovici 1976). This bias against
creativity plays an important role in engineering education and is one of the multitude of factors that can affect
creative concept selection in the classroom. Researchers have found that students tend to be less creative and
innovative when there is a risk of receiving poor grades (Linnerud, and Mocko 2013). This is despite the fact that
researchers and educators have long since acknowledged the importance of fostering creative thinking abilities and
methods in addition to teaching key engineering concepts (Felder, and Brent 2004). Indeed, researchers have shown
that educators tend to dislike students who exhibit creative behavior, even though creativity is touted as an important
element of learning (Westby, and Dawson 1995). In engineering education, researchers have found that students do
not feel encouraged by their instructors to be creative or open-minded, and often do not search for multiple solutions
to a design problem for fear of failing or receiving poor grades (Kazerounian, and Foley 2007).

Other confounding factors that can influence the selection of ideas and perceptions of creativity during this
stage include ownership bias (Nikander, Liikkanen, and Laakso 2014), the bias to select visually complex concepts
(Onarheim, and Christensen 2012), confirmation bias (Hammond, Keeney, and Raiffa 1998), satisficing (Ball et al.
2001), and task familiarity (Forster 2009). In addition, differences in expertise and learning experience in students of
different educational levels may also influence students’ creative ability and perceptions of creativity since creativity
is typically heavily emphasized and integrated in the engineering classroom (Litzinger et al. 2011; Richards 1998;
Stouffer, Russel, and Oliva 2004). Importantly, individual attributes such as personality traits can play a role in
affecting the selection of creative ideas since the composition of team member personality and disposition is one of
the most important factors in determining team performance (Wilde 1997) and creativity (Somech, and Drach-
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Zahavy 2011). Recent research conducted in engineering design has begun to explore the impact of these factors on
creative concept selection, and show that that team-level personality traits influence creative idea selection
tendencies (Blind for Review). These results add to our understanding of the factors that influence creativity in the
design process, but do not provide information regarding individual-level attributes and their impact on decision-
making. This is important since researchers have shown that team-level attributes are actually complex combinations
of individual-level attributes (McGrath 1998a), and the impact of team-level attributes on team performance or
creativity can be affected by factors such as compatibility of individual attributes (Moos, and Speisman 1962),
diversity of attributes (Belbin 1981; Hoffman, and Maier 1961) or creative confidence (Baer et al. 2007). This
compounding effect of individual-level attributes in the team setting makes it challenging to draw conclusions
regarding innate individual biases or the impact of individual attributes on perceptions of creativity from work
conducted on team-level attributes.

Other factors 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 (Rubenson, and Runco 1995) and their creative abilities
(Dewett 2007; El-Murad, and West 2003). Both risk and ambiguity are important to study in design since many
situations in practice involve a degree of uncertainty (Antonsson, and Otto 1995; Bucciarelli 1988; Sarbacker, and
Ishii 1997; Weck, Eckert, and Clarkson 2007), requiring the decision-maker to take risks during decision-making.
Uncertainty refers to “both the probability that certain assumptions made during design are incorrect as well as the
presence of entirely unknown facts that might have a bearing on the future state of a product or system and its
success in the marketplace” (p. 1) (Weck, Eckert, and Clarkson 2007). By extension, risk can be used to describe the
extent to which there is uncertainty in outcomes given creative effort (Sitkin, and Pablo 1992), where the decision-
maker is required to make decisions with less than perfect information (Sarbacker, and Ishii 1997). Research on
individual attitudes toward risk is important to explore since risk-taking is stated to be an essential element of
creativity due to its ability to encourage the individual to push boundaries and explore new territories (Kleiman
2008). While risk refers to situations where outcomes have a fixed probability of occurring, ambiguity refers to
situations where outcomes have an unknown probability of occurring (Moore, and Eckel 2003), created by missing
information that is relevant and could be known (Fellner 1961; Frisch, and Baron 1988). Research on ambiguity
aversion during design decision making is important since many realistic situations involve both risk and ambiguity
(Heath, and Tversky 1991) and recent studies have shown that an individual’s tolerance for ambiguity is linked to
creativity in problem solving tasks (Charness, and Grieco 2013). Although both risk and ambiguity are important
elements of design decision-making, prior measures of individual risk and ambiguity attitudes (e.g., domain specific
risk-attitudes (Bossuyt et al. 2013; Weber, Blais, and Betz 2002), and preference of ambiguity to risk (Charness, and
Grieco 2013)) were not developed for use in the context of creative concept selection. Thus, their relationship with
risk-taking in a creative task is largely unknown. In addition, the use of more traditional and familiar risk measures
such as utility theory (Boyle et al. 2012a; Boyle et al. 2011a; Han et al. 2012) or prospect theory (Kahneman, and
Tversky 1979) that utilize financial lotteries have not been tested for their relationship to risk-taking in creative
tasks. 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.

While it is clear that both risk and ambiguity aversion are important factors that impact creativity, little
research has been conducted regarding the possible effects that these factors may have on creative concept selection.
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. Prior research
conducted in this area has shown that team-level ambiguity aversion scores impact creative idea selection tendencies
(Toh, and Miller Accepted, October 2015), but do not focus on investigating individual-level attributes and their
impact on decision-making. Therefore, this research seeks to fill these knowledge gaps by exploring the role that
individual risk attitudes and student educational level play in the concept selection process.

1.2 Research Objectives

The goal of this paper is to explore the impact of individual risk attitudes on a creative task. Specifically, this study
seeks to address the following research hypotheses:

Hypothesis 1: Individuals who are more risk prone will generate ideas with more creativity, and this relationship
will be impacted by student education level.
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Hypothesis 2: Individuals who are more risk prone will select more creative concepts, and this relationship will be
impacted by student education level.

Hypothesis 3: Individuals who generate more creative ideas will select more creative concepts, and student
education level will affect this relationship.

These hypotheses are built on our prior research that found that individual-level risk attitudes can affect creative
concept selection and generation in design (Blank for review). The current research hypotheses are summarized in a
research framework diagram depicting the variables of interest as well as potential confounds, see Figure 1.

Risk Attitudes
(Risk Aversion and
Amisgultydversion) H2 Decision-making Con(e.zpt
2 selection
blases method
A :
'I ' /
'/
e , A
,-°" Student ~~. | Propensity for creative concept selection | _ Dfesxgp task
H1 [€--4  educational ! (creativity defined as novelty and quality) amiliarity
Y level E4 - and scope
e A
s‘n \'
A 4 H3 Student Design team
Creative ability motivation dynamics
(participant novelty
and quality)

Figure 1: Research framework showing hypotheses being investigated for this study (H1, H2, and H3), variables of
interest (black), and potential confounds (grey).

2 Methodology

To address these research hypotheses, an exploratory study was conducted with undergraduate engineering students.
Because little data exists on which factors affect creative idea selection, the current study was developed to provide
preliminary evidence of individual factors that impact creative concept selection. During this 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.

2.1 Participants

Thirty-eight undergraduate engineering students participated in this study. Nineteen of the participants were
recruited from a first-year introduction to engineering design course (9 males, 10 females), while the remaining 19
participants were recruited from a third-year mechanical engineering design methodology course (17 males, 2
females). The first-year introduction to engineering design course was a required course for all engineering students
and introduced basic methodologies used throughout the design process to students and consisted of multiple small
design projects. The third-year design methodology course focused on more detailed design methodology techniques
and consisted of a single, more involved design project. Participants in each course were in 3 and 4-member design
teams (five 4-member teams and six 3-member teams) that were assigned by the instructors at the start of the course
in order to balance the a priori advantage of the teams 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. Thus,
design teams were formed in such a manner that the teams were comparable in their baseline design skills at the start
of the course.

2.2 Procedure

The study was completed in 2 phases, see Figure 2.
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Phase 1: Online Survey Phase 2: Design Session

Participants complete

online survey for Participants generate Participants individually
assessing in divié’ual risk ideas to address assess ideas generated
g 1 week later... design goal 3 hours later... by design team

attitudes

Figure 2: Study timeline depicting 2 distinct phases, where participants complete an online survey 1 week prior to
attending a design session.

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 and Appendix C for a full list of the questions. Each survey was coded
according to measures used in standard behavioral economics (Boyle et al. 2012b; Boyle et al. 2011b; Han et al.
2012) in order to capture each individual’s level of risk aversion and ambiguity aversion. Participants were assigned
unique participant identification code for use in the online survey and subsequent design tasks in order to maintain
participant anonymity. This survey was given to the participants one week before the next phase of the study in
order to give participants enough time to complete the survey before the design task. Since risk attitudes have been
considered to be individual attributes that are relatively stable and constant (Goldsenson 1984; Wolman 1989), we
did not anticipate any plausible bias as a result of this assessment prior to the start of the study.

One week after the survey was completed, the participants attended a design session in a typical
engineering classroom. At the start of the session, the researcher introduced the outline of the day’s activities using a
script and participants were asked to develop a device to froth milk. The design problem was given to students on
sheets of paper, and participants were given an opportunity to ask questions about the design task, see Appendix A
for instruction sheets. The researchers answered questions regarding frothed milk, but provided no design
suggestions or additional information to the participants. No prior task was assigned before the design session for
both the first-year and third-year classes. 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 (Kremer,
Schmidt, and Hernandez 2011). 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 (Simpson, and Thevenot 2007; Simpson et al. 2007). 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, and has been used previously in other studies investigating creativity in design (Toh, and Miller
2013a; Toh, and Miller 2013b; Toh, and Miller 2014). Specifically, the design task provided to participants in this
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.”

Participants were given individual sheets of papers and given 20 minutes to individually sketch as many concepts as
possible for a novel milk frother. No discussion was allowed during this individual brainstorming session. While a
recent study on idea generation found that the most creative ideas emerge only after about 9 ideas have been
generated (Kurdrowitz, and Dippo 2013), participants in that study were only provided with 3 minutes to generate
ideas for a significantly less complex problem involving short phrases as opposed to design sketches. In addition,
related research done in cognitive psychology has shown that creative idea generation tapers off at around 9 to 10
minutes of ideation time, corresponding to the typical amount of time given to participants in creative idea
generation tasks in this domain (Beaty, and Silvia 2012; Parnes 1961). Therefore, participants in this study were
given more than this usual amount of time in order to fully explore the extent of creative ideas that our participants
were able to generate for this design problem. They were instructed to sketch only one idea per sheet of paper and
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write notes on each sketch such that an outsider would be able to understand the concepts upon isolated inspection,
see Figure 3.

Flgure 3: Example concepts sketched by participant N250N.

Three hours after the brainstorming session, participants returned for a second design session. Instructions
for this design session were provided to participants on sheets on paper, see Appendix. 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 (Rietzchel, Nijstad, and Stroebe 2006), such as Go/No Go screening (Cooper, and Brentani 1984;
Ulrich, Eppinger, and Goyal 2011), see example concept assessment sheet in Figure 2. While other concept selection
practices in design practice typically do not require designers to make strictly categorical choices such as this, the
procedure was designed in this way since we were primarily interested in participants’ innate preferences and
reactions to creativity during the concept selection process. Once the participant had completed ratings for all of the
ideas from their team member, they shuffled the ideas in random order (to avoid any ordering bias), and 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 4.
Therefore, each team member assessed a total of 4 design sets, corresponding to each member in the deign team.
This idea assessment was conducted individually. Participants did not share their concept assessment sheets during
the activity, and team discussions were not allowed during this activity. This is was done to avoid any potential bias
that may arise from team-based discussions that can affect their initial impressions and opinions of the ideas.

[ Is this idea worth

- b sie puiy considering for
Participant Idea # Brief Description of further design?

code Idea - Do Not
Consider R
Consider
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Figure 4: (left) Order of concept assessment within each design team, and (right) example Concept Assessment
Sheet Completed By Participant O26 TA.

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.

2.3.1 Risk Aversion and Ambiguity Aversion Metrics

Risk and ambiguity aversion for each participant was calculated using methods developed by researchers in standard
behavioral economics (Boyle et al. 2012a; Boyle et al. 2011a; Han et al. 2012). These methods were used since no
metric yet exists for measuring risk taking in creative engineering design tasks. However, since risk behavior has
been shown to vary greatly across situations and domains (Weber 2010; Weber, Blais, and Betz 2002), it is unclear
if these traditional financial risk aversion measurements can be used to measure risk-taking in a creative domain.
Therefore, in order to investigate the link between individual risk attitudes and creativity in concept selection, each
participant was asked to complete an online survey that measured their individual risk attitudes 1 week prior to the
start of the study. Specifically, in order to calculate each participants’ risk attitude scores, the following methods
were used:

Risk Aversion: An individual’s risk aversion was measured using the 10 lottery questions from the risk aversion
online survey (Chronbach’s o = 0.91) taken from research in standard behavioral economics (Boyle et al.
2012b; Boyle et al. 2011b; Han et al. 2012). 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. (Han et al. 2012) and had a range from O (risk prone) to 1 (risk averse). The complete list
of questions for assessing risk aversion and method of calculating individual risk aversion can be found in the
Appendix.

Ambiguity aversion: Ambiguity aversion was measured using 10 lottery questions from the ambiguity aversion
online survey (Chronbach’s a = 0.85). 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. (Borghans et al. 2009). The complete list of questions for assessing ambiguity aversion and the method of
calculating individual ambiguity aversion levels can be found in the Appendix. 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.

2.3.2 Design Creativity and Assessment Metrics

Once the study was complete, two independent raters were recruited to assess the creativity of all 149 ideas
generated in this study based on Shah et al.’s 4 creativity metrics; novelty, quality, variety, and quantity (Shah,
Vargas-Hernandez, and Smith 2003). While many other methods for assessing creativity in design have been
developed, such as Usefulness and Unusualness (Moss 1966), the SAPPhIRE model of novelty (Sarkar, and
Chakrabarti 2011), the Evaluation of Innovative Potential (EPI) (Chulvi et al. 2012), the Creative Product Semantic
Scale (CPSS) (Besemer 1998; O'Quin, and Besemer 2006), and the Consensual Assessment Technique (CAT)
(Kaufman et al. 2008), the Shah, Vargas-Hernandez and Smith (2003) metrics have been widely adopted in the
literature (Lopez-Mesa, and Thompson 2006; Nelson, and Wilson 2009; Oman, and Tumer 2010; Schmidt, and
Vargas-Hernandez 2010; Srivathsavai, and Genco 2010), and have been regarded as a valuable fundamental
approach for assessing idea creativity that is grounded in strong conceptual definitions and is relatively simple to
implement (Hernandez, Okudan Kremer, and Schmidt 2012). In addition, these metrics were chosen for this analysis
due to the time required to assess a large number of generated ideas and the relative ease of implementing the
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assessment method for the current design problem (Oman et al. 2013). Since the variety and quantity metrics in the
Shah, Vargas-Hernandez and Smith (2003) approach are measures for groups of ideas, not individual ideas, only the
novelty and quality metrics were used for the calculation of creativity in this study, as has been proposed in previous
research (Oman et al. 2013; Sarkar, and Chakrabarti 2014). The use of novelty in the current study is also important
given that previous studies have found that novelty is closely related to the variety of an idea set, and that novelty
scores “can be used as an indication of the variety score” (p. 14) (Jagtap et al. 2015) in design ideation studies.

In addition, while previous studies conceptualized creativity as an aggregate of novelty and quality, the
approach used in the current study maintains a distinction between the novelty and quality metrics, treating them as
two separate components of creativity. This was done in order to allow for the analysis of the novelty and quality
components of creativity separately, since the conclusions that can be drawn from methods that increase the
selection of novel ideas may be vastly different from the conclusions that can be drawn from methods that increase
the quality of the selected ideas. Indeed, Shah et al. argues that “since each of them [creativity metrics] measures
something different, we feel that adding them directly makes no sense. Even if we were to normalize them in order
to add, it is difficult to understand the meaning of such a measure... We can also argue that a method is worth using
if it helps us with any of the measures.” (p. 133) (Shah, Vargas-Hernandez, and Smith 2003). Therefore, the two
raters used a 24-question Design Rating Survey (DRS), to assess the novelty and quality of each design, see
Appendix B. This survey helped raters classify the features each design concept addressed, similar to the approach
used in prior studies (Toh, and Miller 2014). The raters were undergraduate students in mechanical engineering who
received extensive training on the design task and rating process. They attended several training sessions where the
rating questions were explained in detail to them, and practice ratings were conducted in order to ensure a
satisfactory agreement between raters. 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 used to compute
design novelty (Toh, Miller, and Kremer 2012a; Toh, Miller, and Kremer 2012b). The remaining 4 survey questions
were used to compute design quality, and helped the raters identify the quality and technical feasibility of the design,
similar to the process used by Linsey et al. (Linsey et al. 2011). The Cohen’s Kappa (inter-rater reliability) was 0.88
for the first 20 novelty 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 (Chrysikou, and
Weisberg 2005; Toh, Miller, and Kremer 2012a; Toh, Miller, and Kremer 2012b). 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)
(Shah, Vargas-Hernandez, and Smith 2003) and was calculated in this study according to Shah et al. (Shah,
Vargas-Hernandez, and Smith 2003). 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:

T-Cj

fi= 5 &)

Where T is the total number of designs generated by all participants and C is the total number of designs that
addressed feature f;, see Figure 5 for an illustration of feature novelty. 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.:

= 2fi
D=3 @
Where fj is the feature novelty of a feature that was addressed in the design and }: i is the number of features
addressed by the design. This computation resulted in a novelty score for each design that reflects each idea’s
relative novelty compared to all other ideas generated in this study, and thus, reflects the degree of originality
of each design compared to every other design generated in this study.
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Figure 5: Illustration of design novelty calculation. See text in section 2.3.2 for details.

Once idea novelty was calculated, each participant’s tendency for selecting creative ideas was captured using
the following metric:

Propensity Towards Novel Concept Selection, Py: This metric is defined as each participant’s tendency towards

selecting (or filtering) novel concepts in the concept selection process. This metric was developed by the
authors in previous studies to assess each team’s tendency towards selecting or filtering creative concepts
during concept selection (Blank for Review). First, the average novelty of selected concepts is computed.
Second, the average novelty of all concepts available to choose from is computed. This step is completed in
order to normalize an individual’s propensity based on the novelty of their teams generated ideas and account
for the fact that different teams generate ideas with varying levels of novelty. Lastly, the quantity from step 1
is divided by the quantity in step 2. This metric is shown in detail in Equation 3.

k
_ Zj=1(DjxC)) l
= —
k Zj:le

Py @)

Where Py is the participant’s propensity for novel concept selection, k is the number of ideas selected by the
participant, | is the number of ideas in their set, and Cj= 1 if the idea is selected and O if the idea is not selected.
In essence, Py 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 novel concept
selection. Py can also be less than 1, indicating an aversion for novel 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 novel concept selection. Table 1 shows examples of high
and low Py scores. All quantities in the calculation of each participant’s Py 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.

Table 1: Py scores received by example participants 1 and 2 when selecting ideas from the pool of ideas
available to choose from.

Available Ideas &g&;‘"d Average Novelty = 0.71
Novelty = 0.55 Novelty=0.67  Novelty=0.86  Novelty = 0.75
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Ideas Selected [ ,T:LF] 0.45
by Participant 1 @E’u Fo = g77 =064
Novelty =0.55
Ideas Selected 071
by Participant 2 Fe = 071 1.00
Novelty = 0.55  Novelty = 0.86

Since 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:

Participant Novelty: The participant novelty metric was used as a measure of each participant’s ability to generate
novel ideas in the idea generation activity. Therefore, this metric determined as the average design novelty of all
the designs each participant generated (Shah, Kulkarni, and Vargas-Hernandez 2000; Shah, Vargas-Hernandez,
and Smith 2003), as seen in Equation 4.

XDj
Pn= T] (4)

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

Idea Quality: Quality is defined as a measure of a concept’s feasibility and how well it meets the design
specifications (Shah, Vargas-Hernandez, and Smith 2003). Similar to Linsey et al. (2011), we measured
quality on an anchored multi-point scale. However, we included an 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 6.

Does it froth milk? }L> 0/4

YES

Is it technically feasible | NO 1/a
to execute?

YES

Is it technically easy to

s 2/4
execute?

YES

Is it a significant improvement| NO 3/4
lover the original design?

YES

4/4
Figure 6: Quality scores assessed using the 4-point scale.
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The quality of each design, j, was then computed using Eqn. 5, where gy is the answer to the k™ quality
question. gk = 1 when the quality question is answered with a ‘yes’, and qx = 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.

3
Q) = H=de )

Propensity Towards Quality Concept Selection, Pqo: This metric was developed by the authors to assess each

participant’s tendency towards selecting or filtering high-quality concepts during concept selection. In
order to calculate this metric, first the average quality of the selected concepts is computed. Next, the
average quality of all concepts available to choose from is computed. Similar to the calculation of Py, this
denominator was created in order to normalize an individual’s propensity based on the quality of their
teams generated ideas and account for the fact that different teams generate ideas with varying levels of
quality. Lastly, the quantity from step 1 is divided by the quantity in step 2. This metric is shown in detail
in Equation 6.

_ Z;{:1(ij ()] l

P 7
¢ k 2j=1Qj

(6)

Where Py is the participant’s propensity for selecting quality ideas during concept selection, k is the
number of ideas selected by the team, | is the number of ideas in their set, and Cj= 1 if the idea is selected
and 0 if the idea is not selected.

Participant Quality: This metric was developed to capture each participant’s level of quality in the generated ideas.

In order to accomplish this, participant quality metric was first calculated as the average design quality of
all the designs each participant generated (Shah, Kulkarni, and Vargas-Hernandez 2000; Shah, Vargas-
Hernandez, and Smith 2003), as seen in Equation 7.

XQj
Where N is the total number of ideas generated by the participant. Team quality was then computed as the
average of the design quality scores for all concepts generated within each design team.

3 Data Analysis and Results

Prior to testing our hypotheses, descriptive statistics were calculated for the developed metrics, see Table 2. In
addition, an outlier analysis was conducted on the novelty and quality of the teams’ generated designs, and no
outliers were identified. SPSS v.22 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 (Faul et al. 2007). 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 is presented in Table 3. The
results of our statistical analysis followed by a discussion of the implications of our findings are presented in the
following sections.

Table 2: Descriptive Statistics of Metrics

Variable Mean Standard Deviation
Number of ideas generated 7.63 2.31
Number of ideas selected 13.26 3.51
Percentage of ideas selected by first-year students 0.60 0.14
Percentage of ideas selected by third-year students 0.69 0.13
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Participant novelty 0.65 0.04
Participant quality 0.85 0.18
Novelty of selected ideas 0.64 0.03
Novelty of ideas available to choose from 0.65 0.02
Quality of selected ideas 0.74 0.14
Quality of ideas available to choose from 0.73 0.13
Risk Aversion Score 0.30 0.27
Ambiguity Aversion Score 0.53 0.31

Table 3: Summary of the significant findings of the multiple regression analyses.

Dependent Variable Independent Variables Statistics

Ambiguity Aversion B 0.155
N p-value <0.042
Participant Novelty Ambiguity Aversion * Educational Level B  -0.104
p-value <0.019

. Model (Risk aversion, ambiguity R 0.333
Propensity for N.OVEI aversion, and educational level) F 2.998
Concept Selection p-value <0.026
Model (Risk aversion, ambiguity R 0.336

. . aversion, and educational level) F 3.036
Propensity for Quality p-value <0025
Concept Selection Risk Aversion * Educational Level B -0.134
p-value <0.041

3.1 (Hypothesis 1) The Relationship Between Individual Risk Attitudes and Creative Ability During Idea Generation

In order to address our first research hypothesis on the relationship between individual risk attitudes and creative
idea generation ability, a multivariate multiple linear regression analysis was conducted with the dependent variables
being participant novelty and quality, 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, individual risk aversion, ambiguity aversion, and educational
level were not significantly related to participant novelty (R? = 0.28, p > 0.10) or quality (R? = 0.19, p > 0.26).
However, both ambiguity aversion (B = 0.16, p < 0.04) and the interaction between ambiguity aversion and
educational level (B = -0.10, p < 0.02) significantly predicted participant novelty. Risk aversion, educational level,
and interaction of risk aversion and educational level were not significant predictors of participant novelty. This
result indicates that our participants’ ability to generate novel ideas was positively related to their individual
tolerance for ambiguity, see Figure 7. It was found that first-year students who were more tolerant of ambiguity
generated ideas with more novelty compared to their less ambiguity tolerant peers. In contrast, the reverse
relationship was found with more experienced students, where third-year students who were more tolerant of
ambiguity generated ideas with less novelty compared to their less ambiguity tolerant peers. However, the students
from the two different courses did not differ in terms of individual creative ability. This result confirms our first
hypothesis and indicates that varying levels of tolerance for ambiguity affects first and third-year students differently
in terms of creative ability.
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Figure 7: The relationship between participant novelty and ambiguity aversion for first-year students and third-year
students.

3.2 (Hypothesis 2) The Relationship Between Individual Risk Attitudes and Selection of Creative Concepts

To address our second research hypothesis on individual risk attitudes and the selection of creative concepts, a
multivariate multiple linear regression analysis was conducted using propensity for novel concept selection (Pn) and
propensity for quality concept selection (Pg) as the dependent variables, 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 weak but statistically significant relationship between the independent variables of
individual risk aversion, ambiguity aversion, educational standing, and participant propensity for novel concept
selection, Py (R? = 0.33, p < 0.03), and participant propensity for quality concept selection, Pq (R? = 0.34, p < 0.03).
Specifically, the interaction effect of risk aversion and educational level was shown to significantly affect Po (B = -
0.134, p < 0.04). No significant relationships were found between the other variables. 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 8. It was found
that first-year students who had higher levels of risk aversion tended to select concepts with higher quality. On the
other hand, third-year students who had lower levels of risk aversion tended to select concepts with lower quality.
This result confirms our second hypothesis and indicates that risk attitudes affect first and third year students
differently in terms of propensity for creative concept selection.
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Figure 8: The relationship between the propensity for quality concept selection and risk aversion scores for first-

year and third-year students.

3.3 (Hypothesis 3) The Relationship Between Creative Idea Generation Ability and the Selection of Creative

Concepts

Our final research hypothesis 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 address this research
hypothesis, a multivariate linear regression analysis was conducted using participant novelty, participant quality, and
educational level as the independent variables and participant Py and Pq as the dependent variables. The interaction
effects between participant creative ability and educational level were also explored. Our results revealed that
participant novelty, quality, and interaction effects with educational level could not predict propensity for novel
concept selection, Py (R? = 0.10, p > 0.65) and propensity for quality concept selection Po (R? = 0.16, p > 0.36),
disconfirming our final hypothesis.

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 3 major findings, presented

in Table 4 with a summary of the possible reasons for the findings.

Table 3: Major findings of this study and a summary of their possible reasons.

Major Findings

Possible Reasons for Finding

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.

This finding may be attributed to confounding factors such as
differences in problem scoping, information seeking, perceptions of
achievement, and intellectual maturity between the two education
levels. Students of different levels may also have different perceptions
of creativity. Therefore, 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.

Third-year engineering students who
were more risk prone tended to select
ideas with higher quality. However, an
inverse relationship was found for first-
year students.

First-year students in this study may have had a lack of awareness of
what constitutes risk in a creative context compared to third-year
students. While attitudes towards risk remain relatively stable through
different situations, perceptions of what constitutes a risky decision
may differ depending on the context. Therefore, students of different
levels may have varying perceptions of risk-taking in a creative task,
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and may respond different based on their perceptions of risk.

Our study found no relationship between | This result may be attributed to the fact that creative idea generation
engineering design student creative | ability is not necessarily coupled with the ability to identify creative
ability in an idea generation task and | concepts during concept selection. Therefore, even if an individual is
propensity for creative idea selection | unable to generate highly novel ideas during idea generation, they may
during concept selection. still be able to contribute to the overall creativity of the design process
in the later stages of concept development.

These results, details of their possible reasons, and their implications for engineering research and education are
discussed next.

4.1 Individual Tolerance for Ambiguity Is Related to Creative ldea Generation Ability

One of the main findings of this study is that tolerance of ambiguity in engineering design students was
found to be related to 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 a variety of contexts
(Charness, and Grieco 2013; Csermelv, and Lederman 2003; Sternberg, and Lubart 1991; Zenasni, Besancon, and
Lubart 2008). 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 result may
be attributed to confounding factors such as differences in problem scoping (Atman 2008), information seeking
(Atman 1999), perceptions of achievement (Waterman, and Geary 1974), and intellectual maturity (Pavelich, and
Moore 1993) between the two education levels. Other factors may have also contributed to this observed effect in
this study, and prior work in other research areas provide a foundation for determining possible reasons for this
finding. Specifically, students of different levels may have different perceptions of creativity in the since creativity
heavily emphasized and integrated in the engineering classroom (Litzinger et al. 2011; Richards 1998; Stouffer,
Russel, and Oliva 2004). Therefore, 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 empirically 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
(Charness, and Grieco 2013; Csermelv, and Lederman 2003; Rubenson, and Runco 1995; Simonton 1988), this
study provides empirical evidence for the presence of these factors during early stage design activities such as
ideation and concept selection. However, it should be noted that the relationship between ambiguity aversion and
creative ability was only moderate in this study, suggesting that financial measures of ambiguity aversion may not
fully capture the relationship between tolerance for ambiguity and creative ability. Although prior research has
shown that attitudes towards the unknown remain relatively stable through different situations (Weber 1999).
However, individual perceptions of what constitutes ambiguity may differ depending on the context (Weber, Blais,
and Betz 2002). Therefore, 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. For example, the impact of the
level of ambiguity found in the generated ideas on the selection of ideas during concept selection should be explored
in order to understand if design-specific attributes can influence creative concept selection.

Another important finding of this study was that varying levels of tolerance for ambiguity affects first and
third-year students differently in terms of creative ability. That is, first-year students were more likely to generate
creative ideas if they were more tolerant for ambiguity, agreeing with prior work that has shown that tolerance for
ambiguity is positively related to creative ability (Sternberg, and Lubart 1991; Zenasni, Besancon, and Lubart 2008).
However, the reverse relationship was found with third-year students where students who were more tolerant of
ambiguity generated ideas with less novelty. This result can be attributed to the different levels of creativity found in
first-year and third-year engineering students (Genco, Holtta-Otto, and Seepersad 2012) due to an engineering
curriculum that discourages creativity as students progress through engineering programs (Charyton, and Merrill
2009). Therefore, in introductory engineering courses earlier in the engineering program, first-year students who are
more tolerant of ambiguity may feel encouraged to think creatively during ideation, whereas third-year engineering
students may have adapted to the engineering curriculum that discourages creativity and may thus feel less
encouraged to think creatively during ideation. This result shows that an increased emphasis on creativity during
design needs to be placed throughout the design process and across educational levels in order to ensure that
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creativity is not discouraged or reduced in students who progress through the engineering program. 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.

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 weak to moderate link between individual risk
attitudes and the concept selection process. Specifically, our results indicate that third-year students 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 (Rubenson, and Runco 1995). Even though people
have a deep-seeded desire to maintain a sense of certainty and preserve the familiar (Sorrentino, and Roney 2000),
the results of this research indicate that third-year students 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, error-free, or useful (Amabile 1996). On the other hand, an inverse relationship was found for first-year
students. That is, first-year students who were more risk prone tended to select less creative ideas in this study.
While confounding factors such as differences in problem scoping (Atman 2008), information seeking (Atman
1999), perceptions of achievement (Waterman, and Geary 1974), and intellectual maturity (Pavelich, and Moore
1993) may have caused this observed difference between educational levels, other factors may have also been
responsible for these findings. Specifically, first-year students in this study may have had a lack of awareness of
what constitutes risk in a creative context compared to third-year students since creativity is heavily emphasized and
integrated in the engineering classroom (Litzinger et al. 2011; Richards 1998; Stouffer, Russel, and Oliva 2004).
Indeed, prior research has shown that while attitudes towards risk remain relatively stable through different
situations (Hsee, and Weber 1999), perceptions of what constitutes a risky decision may differ depending on the
context (Weber, Blais, and Betz 2002). Therefore, students of different levels may have varying perceptions of risk-
taking in a creative task, and may respond different based on their perceptions of risk. The results of this study add
to our understanding of the impact that risk attitudes have on decision-making in design. Specifically, while recent
research has found that team-level risk aversion scores do not impact creative concept selection (Toh, and Miller
Accepted, October 2015), the findings of this study show that individual perceptions and preferences for creative
ideas during concept selection activities are impacted differently by risk attitudes, and are affected by student
education level. Therefore, further work is needed to identify differences in creative risk-taking with engineers of
different education levels and expertise in order to better understand how risk affects decision-making in creative
tasks.

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. These findings are supported by previous research on individual ambiguity
aversion levels, that show that team-level ambiguity aversion scores are related to creative idea generation ability
but not creative concept selection (Blind for Review). These preliminary studies show that ambiguity aversion may
impact both individual and team creative idea generation and concept selection activities in a similar manner in
design education. This result shows that even if team-level attributes are complex combinations of individual-level
attributes (McGrath 1998b), the impact of ambiguity aversion on creative idea generation is similar across levels.
This research also provides a foundation for studying the impact of factors such as compatibility, diversity, and
creative confidence on team-level attributes. Future work should consider both individual and team-level individual
attributes holistically and their impact on creative concept selection in order to gain a better understanding of how
these attributes interact in team decision-making settings.

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 risk-taking in creative 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. This result establishes a relationship between traditional measures of financial risk
attitudes and creative concept selection where there was none before, and supports prior work that has shown that
attitudes toward risk remain relatively stable across situations and domains (Weber 1999). However, the fact that
only a weak relationship was found between these factors indicate that there may be other aspects of risk-taking that
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are present during creative tasks that may influence an individual’s preference for creative ideas that should be
explored in future studies. In addition, since the risk aversion and ambiguity aversion scores were significantly
correlated in this study (r = 0.525, p = 0.001), more research is needed to investigate the independence of risk and
ambiguity factors in creative concept selection.

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,
design researchers 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.

4.3 Participant Creative ldea 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 demonstrates that creative idea generation ability is not necessarily coupled with the ability to
identify creative concepts during concept selection. Therefore, even if an individual is unable to generate highly
novel ideas during idea generation, they may still be able to contribute to the overall creativity of the design process
in the later stages of concept development. This finding is important since engineering students and professionals
can be encouraged to identify and recognize creative ideas in order to support the overall creativity of a design
project. 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. Students and practicing engineers
who are expected to be creative during the design process should focus on creativity during concept generation and
selection in order to truly innovate and break convention. These results are supported by prior research on team
concept generation and selection activities that shows that team-level creative idea generation ability is unrelated to
creative concept selection, indicating that creative idea generation ability is not required for creative concept
selection in both team and individual design activities. 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 (Amabile 1982) in
order to ensure successful selection of these ideas during the concept selection phase of the design process.

4.4 Study Limitations and Future Work

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 limitations is the fact that the participants of
this study were novice designers from first-year and third-year engineering design classrooms. In addition, future
work should explore the generalizability of the results utilizing larger sample sizes and investigating factors such as
team dynamics and participant motivation. Therefore, future studies should investigate the link between individual
risk attitudes and creative concept selection in a controlled laboratory setting, with controls for potential confounds.
In addition, further work is needed to investigate the impact of individual risk attitudes on creative concept selection
with 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. Another aspect of concept selection that should be explored in future studies in the use of other
types of design problems, namely, problems of varying structure. This is important because it is still unknown if
highly structured or open-ended design problems encourage the most creativity during concept selection, and
research that explores this factor in creative concept selection will help add to our understanding of the role of risk-
taking in concept selection. Similarly, research that explores design problems that require different levels of
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innovation will add to knowledge regarding the interaction of these two facets of creativity, since it was found that
novelty and quality were not significantly related in this study (r = -0.043, p = 0.308), indicating that these two
variables assess separate elements of creativity. Work that investigates creative concept selection using different
creativity assessment metrics such as variety and quantity can also provide more knowledge on the impact of risk
attitudes on other potentially differing aspects of design creativity. Future studies that explore the implications of
design task timing and duration on creative concept selection will add to our understanding of decision-making in
design. 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 and potential decision-making biases such as ownership bias.

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.
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Appendix A: Brainstorming and Concept Assessment Instructions

Individual Brainstorming Instructions

Upper management has put your team in charge of developing a concept for a
new innovative product that froths milk in a short amount of time. Frothed milk
is a pourable, virtually liquid foam that tastes rich and sweet. It is an ingredient
in many coffee beverages, especially espresso-based coffee drinks (Lattes,
Cappuccinos, Mochas). Frothed milk is made by incorporating very small air
bubbles throughout the entire body of the milk through some form of vigorous
motion. As such, devices that froth milk can also be used in a number of other
applications, such as for whipping cream, blending drinks, emulsifying salad
dressing, and many others. This design your team develops should be able to be
used by the consumer with minimal instruction. It will be up to the board of
directors to determine if your project will be carried on into production.

Once again, the goal 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.

Sketch your ideas in the space provided in the idea generation sheets. As the
goal of this design task is not to produce a final solution to the design problem
but to brainstorm ideas that could lead to a new solution, feel free to explore the solution space and focus on both the
form and function of the design in order to develop innovative concepts. In other words, generate as many ideas as
possible- do not focus on the feasibility or detail of your ideas. You may include words or phrases that help clarify
your sketch so that your concept can be understood easily by anyone.

For clarity, please use the provided pen to generate your concepts (ie: do not use pencil). Your participant number is
included on each of the provided idea generation sheets. Generate one idea per sheet and label the idea number at the
top of the sheet.
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Individual Concept Assessment

During this activity, you will review and assess the concepts that you and your team have generated to address the
design goal. Once again, the goal of this design problem is to develop concepts for a new, innovative, product that
can froth milk in a short amount of time. Your task is to individually assess all of the generated concepts for the
extent to which they address the design goal effectively, using the following instructions (illustrated in the diagram

below):

¥ 3
)4 2 @
= -

* your idea (stack #1) should come full circle back to you

Shuffle all of the concepts that you have generated in random order. Pass all of the designs you have generated to
the team member sitting to your right.

After receiving the concepts that were passed to you from the team member sitting to your left, rate each concept in
the order that you received them using the rating table provided to you in this booklet. For each concept that you
rate, record the corresponding participant’s number, idea number, and a brief description of the concept (e.g.,
“Double frothing attachments™). You will be given 5 minutes to interpret the designs that you receive without
conversing with your team members. For your reference, definitions of the rating scale items have been provided
below:
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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.

Repeat step 2, passing designs that are already rated to your right, and rate designs that are passed to you from the
left. You will be given 5 minutes to rate each set of design ideas.

Finish rating all the ideas that your team has generated, including yours. You should end this activity with rating all
of the ideas that you have generated.

Appendix B: Design Rating Survey (DRS)

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:

OoOooooo

(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

OoOoOooooon

(If handheld)

4. What material is the device’s body made of?
O Plastic
O Metal
O Other (describe e.g. ‘gel’):
O Not Explicitly Stated

5. How is the device powered?
O Manually powered (e.g. hand pump)
O Electric
O Other, describe:
O Not Explicitly Stated

(if the device is powered by electricity)
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6. What is the device’s electrical source?

AC (Plugs into wall or some other source)
Battery(ies), non rechargeable.
Rechargeable

Solar

Other, describe:

Not Explicitly Stated

ooooono

(if powered by batteries)

7. Where are the device’s batteries inserted?
O At bottom of device with slide cover like example
O At bottom of device with screw cap
O At bottom of device with other (describe):
O Other location, describe:
O Not Explicitly Stated

(if powered by batteries)
8. How are the batteries connected?
O In parallel, like the example
O Inseries
O Thereis only 1 battery.
O Other type of connection, describe:
O 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

Ooooooo

(if the device is powered by electricity)

10. Where is the power switch located?
O On the side, like in the example
O On the side, unlike the example
O Ontop.
O Other, describe:
O Not Explicitly Stated

11. Where is the liquid (milk) stored for frothing?
O Outside of the device, like in the example.
O Inside of the device.
O Other, describe:
O 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?
O It connects the main body or motor of the device to an attachment, as in the example.
O It’s a different size (length or thickness) than the example
O 1t’s made of a different material
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There are multiple rods
It’s a different shape
It’s retractable

Other, describe:

Not Explicitly Stated

ooooao

(if there is a rod)

14. Is there an attachment at the end of the rod?
O Yes
O 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

OO0 OOooooo

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
7
8
9

Bubbles/ air
Microwave/ waves of some type
Chemicals

. Heat

10. Laser

11. Pressure/ pressurized milk

12. Vibrations

13. Magic

e 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

oooooo

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)
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19. Since the concept focuses on the motor, electrical wirings, or the batteries of the device, what part does it focus
on?

O The wires/ connectors

O The motor (e.g. changing DC motor, pump)

O The motor casing/ cover material (e.g. second interior coating to reduce corrosion)
O The batteries

O 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

OoOooo0OoOoooono

21. Does the device froth milk?
o Yes
o No

(if the device froths milk)

22. 1s 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.

(if the device froths milk)
24. Is the concept a significant improvement over the original design?

o Yes.
o No.

Appendix C: Risk and Ambiguity Aversion Measures and Calculation

Measuring Individual Risk Aversion

Risk Aversion is measured using the 10 lottery questions (also found in the online survey link) used in standard
behavioral economics (Boyle et al. 2012b; Boyle et al. 2011b; Han et al. 2012). The goal of the assessment is to
identify the point at which the individual would take the gamble given fixed odds of winning the gamble (i.e., make
the ‘risky’ choice). Potential gamble gains vary randomly within the interval of $20.00 to $300.00.

Risk Aversion Questions

The following questions assess an individual's risk aversion level. Answer the following questions regarding
hypothetical lottery scenarios by specifying whether you prefer a fixed payoff of a specified value, or a gamble of
fair odds with an uncertain payoff of a specified value (i.e., you are equally likely to win the gamble or lose the
gamble).
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10.

Which would you prefer?
0 $15 for sure
o acoin flip in which you get $20 if it is heads, $0 if it is tails.

Which would you prefer?
o0 $15 for sure

0 a coin flip in which you get $100 if it is heads, $0 if it is tails.

Which would you prefer?
0 $15 for sure
0 a coin flip in which you get $80 if it is heads, $0 if it is tails.

Which would you prefer?
0 $15 for sure

o a coin flip in which you get $220 if it is heads, $0 if it is tails.

Which would you prefer?
0 $15 for sure
o a coin flip in which you get $50 if it is heads, $0 if it is tails.

Which would you prefer?
0 $15 for sure

o0 a coin flip in which you get $200 if it is heads, $0 if it is tails.

Which would you prefer?
0 $15 for sure

o a coin flip in which you get $180 if it is heads, $0 if it is tails.

Which would you prefer?
0 $15 for sure

o a coin flip in which you get $250 if it is heads, $0 if it is tails.

Which would you prefer?
0 $15 for sure
o0 a coin flip in which you get $90 if it is heads, $0 if it is tails.

Which would you prefer?
0 $15 for sure
0 a coin flip in which you get $70 if it is heads, $0 if it is tails.

Measuring Individual Ambiguity Aversion

Ambiguity aversion is measured using the 10 additional lottery questions (also found in the online survey link) used
in standard behavioral economics (Borghans et al. 2009; Charness, and Grieco 2013). The goal of the assessment is
to identify the point at which the individual would take the gamble given unknown odds of winning the gamble (i.e.,
make the ‘uncertain’ choice). The individual’s risk aversion can then be calculated using the responses to the risk
aversion questionnaire (see below for details). Potential gamble gains once again vary randomly within the interval
of $20.00 to $300.00 (identical to risk aversion questionnaire).

The following questions assess an individual's ambiguity aversion level. Answer the following questions regarding
hypothetical lottery scenarios by specifying whether you prefer a fixed payoff of a specified value, or a gamble of

unknown odds with an uncertain payoff of a specified value (i.e., it is not known how likely it is for you to win the
gamble, as it could range from not at all likely, to extremely likely).
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1.

10.

Which would you prefer?
0 $15 for sure
0 $20 if you win the gamble with unknown probability and $0 if you do not.

Which would you prefer?
o0 $15 for sure

0 $100 if you win the gamble with unknown probability and $0 if you do not.

Which would you prefer?
0 $15 for sure
0 $80 if you win the gamble with unknown probability and $0 if you do not.

Which would you prefer?
0 $15 for sure

0 $220 if you win the gamble with unknown probability and $0 if you do not.

Which would you prefer?
o0 $15 for sure
0 $50 if you win the gamble with unknown probability and $0 if you do not.

Which would you prefer?
0 $15 for sure

0 $200 if you win the gamble with unknown probability and $0 if you do not.

Which would you prefer?
0 $15 for sure

0 $180 if you win the gamble with unknown probability and $0 if you do not.

Which would you prefer?
0 $15 for sure

0 $250 if you win the gamble with unknown probability and $0 if you do not.

Which would you prefer?
o0 $15 for sure
0 $90 if you win the gamble with unknown probability and $0 if you do not.

Which would you prefer?
0 $15 for sure
0 $70 if you win the gamble with unknown probability and $0 if you do not.

Calculating Individual Risk Aversion

In order to estimate each individual’s risk aversion, the following computations will be conducted:

The gamble option payoff of the ith participant at the jth question, GPj, is

Where Gain; is the gamble gain for question j, and y; is the risk aversion coefficient for participant i.

0.5 x Gain}_“

GPU = 1 — yi

The safe option payoff, is then SPj; defined as
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1=y
3 Safe;

SPy = 1=

Where Safe; is the safe gain for the ji question.

Then, the probability of subject i choosing the gamble at question j, is linked to GPj; and SP;; through the following
logistic function:

logit (P(Yij = 1)) = GP; — SP,

0.5 % Gainjl_yi - Safe}_yi

11—y

logit (P(¥; =1)) =

Where Yj; is the response to the survey by the i participant, for the j™ question. To obtain an estimate of the risk
aversion coefficient y;, the maximum likelihood function of this logistic model is computed.

Calculating Individual Ambiguity Aversion

In order to estimate an individual’s level of ambiguity aversion §;, the following formula is used:
Ambiguity Aversion, §; = AC; — RC;

Where ACi is the gamble gain for the gamble question in the ambiguity aversion questionnaire that the ith
participant first takes (i.e., the cut-off point where the individual prefers taking a gamble over the safe payoff).
Similarly, RCi is the gamble gain for the gamble question in the risk aversion questionnaire that the ith participant
first takes. This method is similar to the method used in Borghans et al.’s work (Borghans et al. 2009) except that
the gamble gains are provided to participants in increments of 10 questions, instead of left up to the participant to
decide.
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