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Abstract

Various aspects of the design process often lead to stress. This study used pre- and post-task
surveys to gather information regarding the designer’s cognitive experience, physiological
response, and perceived sources of stress during concept generation, concept selection, and
prototyping. Results confirmed that design is highly cognitive, and that mental stress is present.
Variability in the results also suggests that a physiological stress component might be present.
Additionally, perceived sources of stress were examined, and recommendations were offered for
instructors of design courses.
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1. Introduction and related work

Work-related stress is widespread; specifically, an increase in work-related stress has been observed in
engineering consultants (Ipsen and Jensen, 2012). Engineering students also experience a significant
level of stress which has been identified as a predictor for negative health measures (Foster and Spencer,
2003). Engineering professionals and students can be typified as knowledge workers (workers in
knowledge-intensive positions), relying on their strong knowledge base and cognitive skills to
accomplish difficult problem-solving tasks. High-level cognitive skills are especially important in the
field of engineering design (Alexiou et al., 2009), which leverages a number of complex cognitive
processes (Alexiou et al., 2009; Dinar et al., 2015). The requisite cognitive complexity found in design is
largely driven by design problems which are constantly evolving, ambiguous, and influenced by both
internal and external pressures (Dym et al., 2005; Kana et al., 2016). All of these factors potentially
contribute to the stress experience of design engineers.

Though increased stress has been observed in engineering professionals and students (Foster and
Spencer, 2003; Ipsen and Jensen, 2012), little research has examined what aspects of engineering are
contributing to that increase in stress. While the stress of professionals and students can be influenced by
many contextual factors (Dunkel-Schetter and Lobel, 1990; Gee et al., 1987), it is more probable that
increased stress is caused by the relatively new demands of engineering work. The skills required for
modern engineering are not the same set of skills that were required of traditional engineers in the past
(Alblawi et al., 2019; Tryggvason and Apelian, 2006). For example, there is an increased focus in
engineering education on developing more abstract skills like innovation and creativity to better prepare
students for 21st century engineering (Spinks et al., 2006; Tryggvason and Apelian, 2006). The presence
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of stress in knowledge workers (Ipsen and Jensen, 2012) suggests that workers in cognitively heavy
professions, like engineering, may experience high levels of stress due to the nature of their work.
Therefore, it is likely that designers would also experience high levels of stress due to the primarily
cognitive focus of their work. This is underscored by the fact that abstract and cognitive skills have
been shown to be core abilities for good designers (Dym et al., 2005).

While much research has examined methods to make engineers better designers (Akhavi and Hayes,
2007; Lukszo and Heijnen, 2007) only recently have studies started to investigate the cognitive
experience of engineers during design (Nguyen and Zeng, 2014, 2017; Tang and Zeng, 2009).
Understanding the cognitive process of design is incredibly important because recent research suggests
that engineering design induces mental stress in engineers that persists even after the design task is
completed (Nguyen and Zeng, 2017). Repeated design projects throughout a career may lead to chronic
mental stress in designers, which could have serious long-term health implications. Mental stress in
design can also effect an engineer in a variety of other ways, including changes to their levels of
creativity and motivation (Hakansson and Térlind, 2014; Nguyen and Zeng, 2012, 2017). It is suggested
that some stress is required for engineers to be motivated and engaged in a design project but that too
much stress during the task may become oppressive (Hakansson and Torlind, 2014). Nguyen and Zeng
(2012) predict that creativity is similarly affected by stress, leading to a U-shaped graph in which
creativity is low when stress is low or high and creativity is high when stress is at a medium level.
Conversely, one study suggest that individual differences, like personality, mediate how stress effects
creativity in designers (Garcia-Garcia et al., 2019). In this way, stress is inescapable and also inextricably
linked to performance.

Work-related stress can have serious negative health consequences and up to 40% of workers
experience work related stress often or very often (Control et al., 1999). Stress, particularly chronic
stress (repetitive stress over a period of time), has been linked to slowed recovery, higher
susceptibility to infections and incurable diseases, lowered immunity, and greater likelihood of
cardiovascular issues (Sharma and Gedeon, 2012). Associated healthcare costs for work-related
stress in the United States are conservatively estimated to be $125 billion USD annually (Goh et al.,
2016). This equates to over $1000 USD per worker per year and up to 8% of the total annual
healthcare costs in the United States (Goh et al., 2016). Work-related stress costs up to $580.32
million in Australia, $2.27 billion in Denmark, $4.36 billion in France, and $703.12 million in
Sweden (Hassard et al., 2018). Workplace stress also contributes to more than 120,000 unnecessary
deaths in the United States, making the issue comparable to the fourth largest leading cause of death
in the United States (Goh et al., 2016).

Not only does chronic work stress have major health consequences, but it is also a leading cause of
burnout (Salvagioni et al., 2017). Burnout has been associated with increased sleep disturbances,
insomnia, a higher likelihood of depression and depressive symptoms, exhaustion, cynicism and
diminished sense of personal accomplishment (Lingard, 2003; Salvagioni et al., 2017). Cynicism
and emotional exhaustion were strong predictors of whether engineers intended to leave their jobs
(Lingard, 2003). It has been estimated that burnout costs United States businesses $300 billion USD
annually (American Institute of Stress, 2018). In addition, it is approximated that as much as 90% of
the total cost of workplace stress is associated with losses in worker productivity, which have not
been directly quantified yet (Hassard et al., 2018).

The current study focuses on identifying the stress signatures experienced by engineering students during
concept generation, concept selection, and prototyping. Previous literature has demonstrated that mental
stress occurs throughout the design process (Nguyen and Zeng, 2017) but it is unknown how each
component (i.e., skill) of the design process contributes to the stress signature. Assessing the design
process as a whole does not provide sufficient nuance on which to construct stress-mitigating
interventions. Towards this end, we address three research questions in the current work:

1. Do subjective cognitive, perceived, and physiological responses vary in response to
different skills used during the design process? If so, what are the unique stress signatures of
these tasks?

Does engineering design induce perceivable physiological changes due to stress?

3. Do students rank perceived sources of stress differently for each design task?

no
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Answering these questions will lead to a deeper understanding of the designer’s experience, which is
crucial to making the design process as effective as possible. Most engineers will go through the
design process hundreds of times throughout their career and it is important to understand the
experience and stress associated with the design process because stress has many negative long-term
health side effects. If the points and characteristics of stress during the design process were
understood, design could be taught with those points in mind, stress of designers could be limited, and
quality of final products from design could be improved.

2. Methodology

In the current study, three separate design tasks were developed for concept generation, concept
selection, and prototyping. These three skills were chosen because they are principal components of
the engineering design process (Dieter and Schmidt, 2012). Data on the stress experience during these
tasks was collected using pre- and post-task surveys.

2.1. Participants

The experimental tasks were completed by introductory engineering students at The Pennsylvania
State University. The three tasks were completed as in-class exercises during a required introductory
engineering design course intended to provide students with a foundation for engineering design
through hands-on team projects that address specified design opportunities. All students were
previously taught concept generation, concept selection, and prototyping in the course before
participating in this study. A total of 25 students participated in this within-subjects study. Due to
student absences 25 students completed concept generation, 22 students completed concept
selection, and 21 students completed the prototyping task. Of the students who entered the study, 19
were 18 years old and 6 were 19 years old, 19 were male and 6 were female, and 19 identified as
white and 6 identified as a minoritized race.

2.2. Procedure

All students signed a written consent form prior to participating in the study in accordance with
institutional review board protocol. All three engineering design tasks were completed individually
by participants during three separate class sessions, and class sessions were not scheduled back-to-
back. Each data collection session was no more than 30 minutes in duration. Before starting each
design task, students watched a short video (less than five minutes) detailing the life of a prominent
engineer (one video was watched per data collection session). The videos served as a resting activity
during which participants’ stress state stabilized. Previous research has confirmed the viability of
using a video for the purpose of a resting activity (Piferi et al., 2000). Videos were carefully chosen
to avoid priming students with respect to the activities involved in the subsequent task. After
completing the resting activity, students completed a pre-task survey that included a modified
version of the raw NASA-Task Load Index (NASA-RTLX) (Hart and Staveland, 1988, 2006) and
the Physiological Arousal Questionnaire (PAQ) developed by Kallen (2002). Previous research
suggests that as mental workload increases (measured using the NASA-TLX), stress also increases
and physiological signs become more prevalent (Fallahi et al., 2016). In addition to the NASA-
RTLX, three extra questions queried how stressed, discouraged, and insecure participants were
feeling due to the task. The NASA-TLX includes these additional measures in the description of
frustration. These questions were added to obtain a more detailed understanding of the designer’s
cognitive experience. To prevent participants from matching their answers for the additional
questions to their answer for frustration, the additional questions were queried before the sixth
measure of the NASA-RTLX (frustration). A specific survey for participants’ state stress was not
including in this study to prevent over surveying during a short time period and because it was
undetermined whether introductory engineering design students would experience cognitive stress
across all aspects of the design process. All survey questions were structured to match the
formatting of the NASA-RTLX.

After completing the pre-task survey students were given instruction for the design task. All design
tasks were ten minutes in duration to prevent time from influencing one task more than another.
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During pilot studies, the complexity of each of the tasks was tuned to match this amount of time. A
display showing the time remaining for the task was always visible in the front of the room to
allow participants to manage their own time during the task. To ensure that the task prompts used
for earlier design tasks did not bias later design tasks, three different, unrelated design task
prompts were used. After each design task, students completed a post-task survey. The post-task
survey consisted of the NASA-RTLX (Hart and Staveland, 1988) with the three additional
questions, the PAQ (Kallen, 2002), a free response question querying if they used any coping
mechanism during the task and if so which ones, and a section in which students could rank their
top five sources of stress from a provided list of stressors developed while piloting this study.
Tasks were derived from previous uses in the literature. The first design task was concept
generation, in which students were asked to brainstorm as many ideas as they could to allow
employees in a company to exercise and work at the same time (Nguyen and Zeng, 2017). The
students completed the post-task survey after the completion of time. The second task was concept
selection. Students were given six designs for accessible drinking fountains (Goldschmidt and
Smolkov, 2006; Goucher-Lambert et al., 2019) and they were asked to complete a decision matrix
(Pugh, 1991) which accounted for various aspects of accessibility. Students were also asked to
choose the best and worst design. After the completion of time, students completed the post-task
survey. During the third task students were asked to prototype a provided design for a device to
immobilize the knee (Goucher-Lambert et al., 2019; Wilson et al., 2010). Students were given the
ten minutes to create and test the prototype using paper and tape. After the completion of time,
students were asked questions about their prototyping experience. Upon conclusion of the
prototyping survey, students completed the post-task survey.

3. Results and discussion

Results are discussed across four subsections: results that are specific to each of the task types;
results regarding the modified NASA-RTLX; results on the perceived sources of stress; and results
on the PAQ.

3.1. Task-specific results

No pre-task differences were found for any of the modified NASA-RTLX or PAQ measures when
Mann-Whitney U tests were used to compare concept generation, concept selection, and
prototyping. During concept generation, students were given the option to sketch, write descriptions,
or both sketch and write to portray their ideas. A linear regression model was used to find predictors
of the number of ideas generated by students during the concept generation task. The number of
predictors in the model was limited due to small sample size and power; method used to convey
ideas was chosen as a predictor due to its significance in previous research (Neumann et al., 2009)
and post-task stress and discouragement were used as predictors because they had the highest post-
task means (Figure 1) out of the four psychological measures in the NASA-RTLX (i.e. stress,
discouragement, insecurity and frustration). In this model, method used to convey ideas and post-
task stress were both identified as significant predictors; F(3, 21) = 3.684, P < 0.5, Adjusted R2 =
25.12%. This suggests that the method used to convey ideas and the amount of stress experienced
during concept generation both effect the number of ideas generated by students during a concept
generation task. Previous literature has demonstrated that sketching ideas can lead to a larger
quantity of ideas (Neumann et al., 2009).

During concept selection, students were asked to select the best and worst design after being told that
their selections may or may not match the results of the decision matrix. When choosing the best
design, 15 students chose the design that had the highest rating in the decision matrix while 6 students
chose a design that did not have the highest rating in the decision matrix. When choosing the worst
design, 19 students chose the design that had the lowest rating in the decision matrix while 3 students
chose a design that did not have the lowest rankings in the decision matrix. These results both suggest
that students consider aspects outside the decision matrix when choosing a best or worst design. This
aligns with prior work in which students were observed to introduce objectives not explicitly included
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in problem statements (Menold et al., 2018). Instructors should help students identify their inherent
biases regarding idea quality to improve their ability to objectively judge designs.

Concept Generation Concept Selection

Menta Physical  Temporal Performance  Effort Stess Discouraged Insecure  Frusturation Menta Physical  Temporal Performance  Effot Stess Discouraged Insecure  Frusturation

Modified NASA-RTLX Measures Modified NASA-RTLX Measures

Prototyping Concept Generation Concept Selection Prototyping
g . Mental Demand Mental Demand Temporal Demand
Effort Effort Effort

Stress Temporal Demand Mental Demand
Temporal Demand Stress Performance
Performance Insecure Stress
Discouraged Performance Physical Demand
Frustration Frustration Frustration

Mental Physicsl  Temporal Performance Effort Stess Discouraged Insecure  Frusturation Insecure Physical Demand Insecure

Modified NASA-RTLX Measures N ) _
Physical Demand Discouraged Discouraged

Figure 1. Modified NASA-RTLX post-task measures and ranking

After prototyping the given design, students were asked various questions about their prototyping
experience. When asked about prototype completion, 5 students reported that they were able to
completely finish the prototype, and 16 students reported that they were not able to. A mean difficulty
of 5.71 (SD = 1.45) was reported when students were asked how easy the prototype was to build (a 10
point scale was used, bounded by very easy to extremely difficult). This moderate perceived difficulty
level suggests that a different factor likely contributed to the low completion fraction. When asked if
they made a mistake during the prototyping task, 6 students reported that they did not, and 15 students
reported that they did. The high number of mistakes made during the prototyping task suggests that
prototyping may be a more novel concept for introductory engineering students compared to concept
generation and concept selection. To ensure that students understand the concept well, instructors
should provide students with various prototyping tools and the chance to complete multiple
prototyping activities (Lauff et al., 2019; Menold et al., 2019).

3.2. Modified NASA-RTLX

All post-task modified NASA-RTLX measures are shown in Figure 1. Each task (i.e., concept
generation, concept selection, and prototyping) has unique post-task modified NASA-RTLX results. It
is confirmed that design is a highly cognitive process (Alexiou et al., 2009; Dinar et al., 2015) because
high rankings for mental demand and effort occurred for all three tasks.

Although it is not meaningful to directly compare the NASA-RTLX results between such disparate
tasks, the ranking of NASA-RTLX measures is suitable for inter-task comparison (see Figure 1). Stress
is ranked 3rd for concept generation, 4th for concept selection, and 5th for prototyping, suggesting that
mental stress is experienced throughout the design process at varying levels. This affirms that studying
the stress experience across an entire design is insufficient for understanding how stress is experienced
during the design process. However, it should be noted that stress decreases in ranking across the design
process. In contrast, temporal demand increases in ranking from concept generation (4th) to concept
selection (3rd) to prototyping (1st). Previous literature has shown that over half of all appropriate ideas
are generated within the first ten minutes of ideation session (Howard et al., 2008) which would align
with lower temporal demand during concept generation. Higher temporal demand during prototyping
may suggest that time-constrained prototyping activities induce a different cognitive experience than
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traditional prototyping due to the increased temporal demand. Frustration, discouragement, and
insecurity were rated low in all three tasks.

3.3. Perceived sources of stress

Students ranked their top five perceived sources of stress from a list of 20 sources of stress developed
while piloting this study. Little information was observable in the choice of fourth and fifth perceived
sources of stress, so the top three sources of stress are summed for each task and presented in Table 1.

Table 1. Perceived sources of stress. The top source of stress for each task is asterisked

Percelved So e oncep eneratio oncep electio Prototyping ota
More than enough time 8 8 0 16
Materials were difficult to use 0 0 14 14
Instructions were hard to follow | 0 1 0 1

I did not know what | was doing 1 1 3 5
Task brief was restricting 3 1 2 6
Too many ideas 1 2 0 3
Task brief was vague 5 2 2 9

I could not choose one 2 12* 0 14
I thought of a better idea 2 1 0 3

I was uninterested in the task 9 5 2 16
I was nervous 2 0 1 3
Not enough ideas 17* 1 1 19
Brief was confusing 0 3 1 4

I made a mistake 1 2 4 7
The task was too easy 2 4 1 7
The task was too hard 1 0 2 3
The instructions were confusing 1 3 1 5

I got stuck on one thing 6 8 7 21
Not enough information was given | 6 8 0 14
Not enough time 5 4 19* 28

The top perceived stressor for concept generation was not having enough ideas, indicating students
preexisting bias towards idea fluency. Many students also reported having too much time as a stressor.
This result matches the results seen in the modified NASA-RTLX of the temporal demand being low,
although some students also reported not having enough time. In order to decrease stress during
concept generation, instructors may want to remind students that there is no prescribed number of
solutions a designer should generate and that they may or may not use all the time allotted to them.
Instructors should also bear in mind, and communicate to their students, that all students are different,
and some may take longer than others to complete a concept generation task. The concept generation
results also indicate that some students prefer more detailed task briefs (other common stressors
included task brief was too vague and not enough information is given). To mitigate this source of
stress, instructors may need to teach students strategies for handling this ambiguity, commonly seen
within design problems (Adams et al., 2003; Dringenberg and Wertz, 2016). Students also reported
getting stuck on one thing, for which instructors may want to provide approaches to overcoming
fixation. Design fixation during concept generation is a complex phenomenon, but many methods,
such as product dissection, have been explored to mitigate its negative effects (Toh et al., 2014).

During concept selection there was again a mix of students who reported that they had too much time
and students who reported not having enough time. Similar to concept generation, many students
reported getting stuck on one thing and they also reported that they could not choose one (this was the
top perceived stressor for concept selection). Strategies should be explored, taught, and practiced to
help students with these situations. It should be noted that a Pugh chart, which is commonly used to
support concept selection, was provided to students in template form for this task. Therefore, it may be
necessary for instructors to teach additional reasoning skills. Ambiguity also caused some students to
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be stressed during concept selection (not enough information was given, and task brief was too vague).
There was more confusion during concept selection compared to the other two tasks. This may be due
to the individual task brief, but this should be confirmed in future research.

The top stressor for prototyping was not having enough time. One interpretation of this result is that
instructors should ensure that students have ample time to finish prototyping tasks and are not unduly
stressed by time constraints. Another interpretation is that instructors should actively educate their
students on time management techniques for both cognitive and physical tasks. Students also reported
being stressed because the materials were difficult to use. To mitigate this source of stress, instructors
should expose students to various materials for this work through a variety of prototyping activities.
Previous stressors observed in concept generation and concept selection were also observed with
prototyping, namely getting stuck on one thing. Strategies for preventing fixation during prototyping
(Walker et al., 2010) should be introduced by instructors. There was an increase in students who did not
know what they were doing. This again suggests that prototyping is a more novel skill in comparison to
concept generation and concept selection and that extra consideration should be given when teaching the
topic. Fewer students reported being uninterested in the task as a perceived stressor for prototyping
compared to concept generation and concept selection. This may be due to the topic of the task brief or
to the more hands-on nature of the task, and further research should try to determine the cause.

3.4. Physiological results

The difference between the pre-task and post-task PAQ measures for each task are plotted in Figure 2. The
PAQ queries nine items including warm/sweaty hands, sweating, feeling your heart beating, feeling hot/short
of breath, dry mouth, tingling sensation in your face/hands, and nervousness (Kallen, 2002). Very little
change in the means of the physiological index measures was observed. There are some differences in the 75"
percentile for certain PAQ measures, especially during prototyping (Figure 2). This may be due to the low
stress of the activities, the duration of the task being too short to induce noticeable physiological stress, or the
difficulty of the participants in noticing physiological changes due to the mainly cognitive nature of the task.
Future research should use wearable sensors to obtain a more objective physiological response for all tasks.

Concept Generation Concept Selection

Rating
Rating

60 <40 -20 0 20 40 60 80
60 40 20 0 20 40 60 80

T T T T T T T T T
Hends  Sweating  Heart Breathe Mouth Tingling  Nervous Hands  Sweating Heart Breathe Mouth Tingling ~ Nervous

PAQ Measures PAQ Measures
Prototyping

Rating

60 <40 -20 0 20 40 60 80

Hands  Sweating Heart Breathe Mouth Tingling  Nervous

Figure 2. Pre-task and post-task differences for modified NASA-RTLX

The spread of responses was much smaller for concept generation compared to concept selection
and prototyping. Concept selection and prototyping have more variability for certain measures
compared to concept generation, especially for heart rate during the prototyping task. The larger
variability in response may suggest that a physiological response is occurring for some individuals.
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This is further supported by the fact that several of the outliers originate from the same individuals.
This may underscore the individual nature of stress response that is predicated on background and
cognitive state.

4. Future work

This study is limited by the relatively small and homogenous (in terms of race, gender, and age)
sample. These results, however, are promising and warrant further investigation into the cognitive
experience of designers during the design process. Since stress was present across all three tasks, a
survey examining the state stress of the participants’ could be used in the future to better understand
what components of stress are prevalent in the stress signature of each task (e.g., the Short Stress
State Questionnaire (Helton, 2004)). This study should be replicated with not only introductory
students, but upper level students and professionals to understand if the perceived sources of stress
change with experience. Individual differences of the students should also be explored as predictors
of stress experience (e.g., gender, race, age, cognitive style). Although the current results suggest
that a physiological response may be present, this information is based on qualitive and self-
reported measures. Therefore, a future replication study should also include wearable physiological
sensors to capture a more reliable, objective measure of the physiological stress response. The
duration of the tasks should also be adapted to better understand how the duration of the task effects
the cognitive load and the stress response. Future work should leverage a variety of task topics and
briefs to ensure that the results being observed are not due to the topic (e.g., accessible water
fountains) but due to the task (e.g., concept selection).

5. Conclusion

Design is a highly cognitive and complex process (Alexiou et al., 2009; Dinar et al., 2015) with
problems that are often complicated and abstract (Dym et al., 2005; Kana et al., 2016). Highly cognitive
tasks, such as those found in design, can cause stress (Ipsen and Jensen, 2012), which has been linked to
negative health consequences (Sharma and Gedeon, 2012). Little research has been conducted to
understand the cognitive experience of designers. This study explored the task-induced stress experience
of introductory engineering students during concept generation, concept selection, and prototyping.
Differences in the modified NASA-RTLX measures were present for each task and confirmed that
design is highly cognitive (Alexiou et al., 2009; Dinar et al., 2015). Modified NASA-RTLX
measures also suggest that stress is present during all three tasks. In addition, perceived sources of
stress were examined for each task and recommendations were offered for instructors of design
courses or courses with a design component. No significant changes were found for the PAQ items,
but increased variability suggests that there might be a physiological stress component in addition to
the self-reported stress component; further research is needed to confirm this. A more
comprehensive understanding of the designer’s cognitive experience can lead to better
teaching/reteaching of design, mitigate negative health consequence and burnout, and lead to more
productive designers.
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