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ABSTRACT

Designers are experiencing greater mental demands given the complexity of design tools, necessitating
the study of cognitive load in design. Researchers have identified task- and designer-related factors that
affect cognitive load; however, these studies primarily use self-reported measures that could be
inaccurate and incomplete. Little research has tested the accuracy and completeness of self-reported
measures and we aim to explore this gap. Towards this aim, we seek to answer the question: How does
cognitive load vary based on the different design representations used, and do these differences depend
on the measure of cognitive load? From our results, we see that the design representations vary in the
range of cognitive load experienced by designers when using them. Moreover, this role of the range of
cognitive load variance was observed given our use of pupil diameter. These findings call for the use of
a multi-modal approach for measuring cognitive load with the combined use of subjective (e.g., self-
report) and objective measures (e.g., physiological measures), as well as the use of both retrospective
(e.g., self-report) and concurrent measures (e.g., physiological measures).
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1 INTRODUCTION

The field of engineering design is becoming increasingly complex through the emergence of new
technological developments, such as additive manufacturing (Simpson et al., 2016) and machine
learning (Panchal et al., 2019). These advancements largely benefit designers as they help designers
execute complex tasks in relatively simple ways (Gann et al., 2004) and enhance the effectiveness of
the design process (Gardan, 2016). However, these technologies pose new challenges to designers due
to phenomena such as choice overload (Erhan et al., 2017) and innovation overload (Herbig and
Kramer, 1992). That is, designers must now sift through large quantities of information and data to
make design decisions. These challenges could, in turn, contribute to cognitive overload, wherein
designers reach their neural processing limits and can no longer effectively perform the task at hand
(Calpin and Menold, 2022). Given these greater mental demands, there has emerged a need to study
designers' cognitive load in light of these advanced design and manufacturing technologies.

Motivated by this need, researchers have studied cognitive load across different stages of the design
process. For example, Calpin and Menold (2022) find that the early stages of the design process (e.g.,
concept generation) could require higher levels of cognitive load compared to later design stages (e.g.,
prototyping). Moreover, they posit that while differences in cognitive load could impact conceptual
design performance, this impact is not as significant on prototyping performance. Therefore, the
different stages in the design process could impose different levels of cognitive load on designers and
one possible source of these differences could be the design representations used in these stages.

Design representations play an important role in engineering design as they provide designers with a
medium to translate their domain knowledge and skills into solutions (McKoy et al., 2001). Prior work
suggests that design representations vary in the affordances they provide to designers. For example,
while higher-fidelity representations tend to be used more in geometry- and manufacturing-focused
decision-making, low-fidelity representations could suffice in conceptual decision-making (Hannah et
al., 2012). Additionally, design representations have also been shown to require different and
sometimes non-interchangeable cognitive skills such as spatial visualization (Sorby, 1999).

Motivated by the differences in the affordances offered by different design representations and the
cognitive skills required in employing them, researchers have also studied the impact of using these
design representations on designers' cognitive load. For example, in a within-subjects study, Bilda and
Gero (2007) find that during a design task, designers experienced higher cognitive load when they
were not allowed to sketch compared to when they were allowed to sketch. In a similar study, Nolte
and McComb (2021) find that generating a concept and building a physical model required the highest
amount of cognitive load. Contrary to these findings, Mohamed-Ahmed et al. (2013) observe that
CAD, sketching, and prototyping required similar cognitive loads. These findings further reinforce the
notion that design representations could play an important role in determining the cognitive load
imposed in different stages of engineering design.

Collectively, this research on cognitive load in design has emphasized the importance of measuring
designers' cognitive load, particularly to identify the design tasks that impose the greatest levels of
cognitive demands. However, the range in cognitive load within and across different design tasks
remains little explored. Additionally, an overwhelming number of these design studies use self-report
measures, which might not be sufficient to quantify cognitive load (de Waard and Lewis-Evans,
2014). This over-emphasis on self-reported measures has resulted in alternative methods, such as
physiological markers (e.g., pupil diameter and heart rate), being seldom used despite their efficacy in
providing an objective and concurrent measurement. Furthermore, given this scarce use of
physiological measures, their role and utility in design cognition research remain little explored.

Our aim in this paper is to explore this research gap by answering the research question (RQ): How
does cognitive load vary based on the different design representations used, and do these

differences depend on the measure of cognitive load? We hypothesize that the NASA-TLX global
scores and pupil diameter would vary across the four design representations (i.e., sketching, writing,
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CAD modelling, and build simulation). This hypothesis is based on prior work where some design
representations were found to be more cognitively demanding than others (Nolte and McComb, 2021).
However, the directionality of this relationship is uncertain since other research (e.g., by Mohamed-
Ahmed et al. (2013)) has observed no differences in cognitive load across design representations.

2 EXPERIMENTAL METHODS

To answer our RQ, we conducted an experimental study at a small private liberal arts college in the
north-eastern United States of America. The experimental protocol was reviewed and approved by the
Institutional Review Board before it was conducted, and its details are discussed next.

2.1 Participants

Fourth-year mechanical engineering students (N=10) were recruited to participate in this study. When
asked about their gender identity, 20% of participants self-identified as female, 70% as male, and 10%
as non-binary. Only fourth-year students were included in the study to ensure that they all had prior
exposure to CAD (Fusion 360™) through a second-year course on design and manufacturing.
Participation was voluntary and each participant received a $20 gift card as compensation.

2.2 Procedure

The study was conducted in the spring semester of 2022 and comprised two stages: (1) a DfAM task,
and (2) a post-intervention survey. Informed consent was obtained from the participants before the
experiment was conducted. The details of each stage of the experiment are discussed next.

2.2.1 Design for additive manufacturing task

Participants were individually tasked with completing a 60-minute DfAM task. We chose to perform
an open-ended design task as opposed to a fully controlled experiment motivated by the need to study
design in different naturalistic contexts and environments, as suggested by Reich (2022). Specifically,
we provided participants with the following design prompt:

Design a fully 3D-printable solution to enable hands-free viewing of content on a smartphone.
You can design your solution to fit any phone of your choice. Your design should use the least
amount of print material possible and print as fast as possible.

The design task was similar to the open-ended design task proposed by Prabhu et al. (2020b), with few
explicit manufacturing constraints and functional requirements. This design task was chosen as it does
not require domain expertise as everyone is familiar with the problem context of a cell phone holder.
Additionally, this task did not have many restrictions, which allowed participants to use a wide range
of principles to solve the stated problem. Despite being open-ended, we prescribed some constraints in
the task to provide some guidance to the participants' concept generation. This decision was informed
by the findings of Onarheim (2012), who suggest that a combination of inflexible and flexible
constraints fuels creativity by providing direction to the design process without restricting creative
freedom.

During the design task, participants wore the Tobii Pro Glasses 3 eye tracker which recorded data
every millisecond. The calibration and recording procedure outlined by Tobii Pro was followed to
ensure that accurate and precise data were collected. Since the eye tracker can only be used on
participants who do not wear corrective glasses, we attempted to recruit participants who could
perform the task without prescription glasses. However, when recruiting, participants were given the
option to wear contact lenses. Since this experiment occurred during the COVID pandemic, most
participants wore their face masks; however, participants were given the freedom to remove their
masks if they felt comfortable (e.g., to avoid fogging the glasses).

During the design task, participants had access to a ruler, a protractor, a calculator, plain paper, and
writing instruments. No music or internet searching was allowed unless it involved searching for basic

information such as dimensions and unit conversions. As outlined in the design task, participants were
expected to create a fully completed CAD model and a build file for the solution by the end of the
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task. In the case that participants were not familiar with creating a build file, they were provided a
how-to guide on PrusaSlicer, a 3D build simulation software (guide available here:
sites.lafayette.edu/kidd-lab).

2.2.2 Post-intervention survey

After completing the design task, participants were asked to complete a post-intervention survey. This
survey consisted of four NASA-TLX (Hart and Staveland, 1988) assessments to evaluate the
participants' perceived cognitive load when working with the four possible design representations: (1)
sketching, (2) writing notes, (3) designing a CAD model, and (4) simulating an AM build. Participants
were asked to report cognitive load for each stage on six sub-components: (1) mental demand, (2)
physical demand, (3) temporal demand, (4) performance, (5) effort, and (6) frustration. Participants
were asked to report their perceived cognitive load on each sub-component on a 20-point scale with 1
= "low" to 20 = "high" (see Section 2.3.1 for details about the NASA-TLX and its sub-components).

2.3 Metrics and coding scheme
The data collected was evaluated using the metrics discussed next.

2.3.1 Self-reported cognitive load

We used the NASA-TLX questionnaire as our self-report measure for cognitive load. The NASA-TLX
uses a multi-dimensional approach to measure cognitive load, making it a preferred method of mental
workload assessment in a vast array of contexts (Hart, 2006). We chose to use the NASA-TLX
because of its high reliability, sensitivity to different levels of mental workload, and ease of use
(Devos et al., 2020; lkuma et al., 2009; Rubio et al., 2004; Wierwille and Eggemeier, 1993). As
outlined in Table 1, the NASA-TLX is composed of six sub-components, each of which contributes
information independent of the other sub-components (Hart and Staveland, 1988). This unique
structure of the NASA-TLX provides a clear advantage over its counterpart questionnaires, such as the
SWAT (Reid and Nygren, 1988) which do not give sub-component level scores (Rubio et al., 2004).

We made comparisons at the global level of workload using an unweighted score because Hart and
Staveland (1988) found that the weighted score does not greatly improve the statistical sensitivity of
the experimental variables. Additionally, the unweighted workload score has been found to be more
reliable and sensitive than the weighted workload score (Devos et al., 2020; Ikuma et al., 2009).

Table 1. Definitions of the six sub-components from the NASA task load index

Sub-Component Description

Mental Demand How much mental and perceptual activity was required (e.g., thinking,
deciding, calculating, remembering, looking, searching, etc.)? Was the task
easy or demanding, simple or complex, exacting or forgiving?

Physical Demand How much physical activity was required? Was the task easy or demanding,
slow or brisk, slack or strenuous, restful or laborious?

Temporal Demand  How much time pressure did you feel due to the rate of pace at which the
tasks or task elements occurred? Was the pace slow and leisurely or rapid and
frantic?

Performance How successful do you think you were in accomplishing the goals of the task
set by the experimenter (or yourself)? How satisfied were you with your
performance in accomplishing these goals?

Effort How hard did you have to work (mentally and physically) to accomplish your
level of performance?
Frustration How insecure, discouraged, irritated, stressed, and annoyed versus secure,

gratified, content, relaxed, and complacent did you feel during the task?

2.3.2 Eye tracking as a measure of cognitive load

In addition to self-reported cognitive load, we used eye tracking as a source of physiological
measurement of cognitive load. Eye tracking is a reliable and non-intrusive measure of mental
workload that enables the remote collection of several eye movement parameters, such as pupil
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dilation and frequency of fixations (Cowley et al., 2016). Of these measures, we used pupil diameter
given the significant evidence of its positive relationship to cognitive load (Beatty, 1982; Beatty and
Lucero-Wagoner, 2000; Cabestrero et al., 2009; Hess and Polt, 1964; Kahneman, 1973).

Once collected, the data were processed using Tobii Pro Lab. We used the fixation gaze filter that
groups raw gaze points into fixations based on whether the eyes remain focused on the same location.
The use of the fixation gaze filter results in an average of two to three fixations per second. We chose
the fixation gaze filter because it is more appropriate for situations involving still movements (e.g.,
looking at a computer screen), compared to the attention gaze filter (Tobii Pro AB, 2022).

From the collected recordings, we exported the measured pupil diameter of each eye per fixation.
Next, we performed factor analysis on the left and right pupil diameter to reduce dimensionality and
identify one latent factor to represent cognitive load. We chose factor analysis as it can effectively
uncover underlying factors in the data while still retaining possible variance in the original variables
(Alavi et al., 2020). Before performing factor analysis, we tested the assumptions of the analysis.
Specifically, the sampling adequacy of the data was assessed using a Kaiser-Meyer-Olkin (KMO)
measure > 0.50 (Kaiser, 1974), and we determined that the two variables were correlated for every
participant using Bartlett's test of sphericity (p < 0.05; Tobias and Carlson, 1969). Since we performed
factor analysis on two variables, only one latent factor was suggested (eigenvalues > 1). This one-
factor model explained a cumulative 97.4% of the variance and was accordingly labelled 'Latent Pupil
Diameter'. The factor analysis was performed independently for each participant. The internal
consistency and reliability of the factor were assessed through Cronbach's a > 0.90 (Cronbach, 1951)
across all participants. After performing factor analysis, we calculated four descriptives of the latent
pupil diameter: (1) mean, (2) maximum, (3) minimum, and (4) variance (maximum-minimum). These
descriptives were calculated for the time each participant spent using each design representation (i.e.,
sketching, writing, CAD modelling, and build simulation). These descriptives of the latent pupil
diameter were used as representative metrics for cognitive load measured using eye tracking.

2.3.3 Coding scheme for designers' use of design representations

In addition to the two methods of cognitive load assessment, we aimed to determine how cognitive
load varies based on the design representation used. Therefore, we qualitatively coded the four design
representations for each fixation using Tobii Pro Lab. We created four 'Areas of Interest,
corresponding to a design representation: (1) sketching, (2) writing, (3) CAD modelling, and (4) build
simulation. We subsequently coded each fixation point according to the specific area of interest
observed in the dataset. Initially, two reviewers (two undergraduate students) independently coded
10% of the eye-tracking data using the codebook presented in Table 2. Upon observing acceptable
inter-rater reliability (Cohen's Kappa = 0.94; Hallgren, 2012), the primary reviewer coded the
remaining data.

3 DATA ANALYSIS AND RESULTS

Our aim in this paper is to answer the RQ: How does cognitive load vary based on the different design
representations used and do these differences depend on the measure of cognitive load? We
hypothesized that there would be differences in cognitive load—both, self-reported and eye-tracked—
across the four design representations (i.e., sketching, writing, CAD Modelling, and build simulation).
To test this hypothesis, the data collected from the experiment were analysed using quantitative
methods. Parametric tests were used, and we performed the analyses using a statistical significance
level of a = 0.05 and a 95% confidence interval. Data from all 10 participants were used in the final
analysis and no participants were excluded from the analyses.

Specifically, we computed a series of mixed linear model regressions (MLMR). In each regression
model, the four latent pupil diameter descriptives (i.e., mean, maximum, minimum, and variance) and
the NASA-TLX global scores were taken as the dependent variables, and the design representation
(i.e., sketching, writing, CAD modelling, build simulation) was used as the independent variable. We
chose the MLMR because it is suitable for repeated measures analyses with missing data and small
sample sizes (Magezi, 2015). From the results of the five regressions summarized in Table 3 and
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Figure 1, we observed that the maximum, minimum, and variance of latent pupil diameter varied
significantly based on the design representation being used. However, no significance was observed
for the mean of latent pupil diameter or NASA-TLX global score.

We performed pairwise comparisons on the variables that demonstrated significance to test differences
in latent pupil diameter and NASA-TLX global scores between specific design representations. Before
performing the post-hoc analyses, we tested the groups for their equality in variances using the F-test.
From the results, we observed an unequal variance between our groups and therefore, we used
Tamhane's T2 statistical method, a parametric post-hoc test for normally distributed data with unequal
group variances (Tamhane, 1979). From the results of the post-hoc analyses, we see that the
comparison of CAD modelling and writing for the variance of latent pupil diameter was statistically
significant (p < 0.01). We also observed a significant difference between CAD modelling and
simulating the build for the variance of latent pupil diameter (p < 0.04). Additionally, there was a
significant difference between CAD modelling and writing for the scaled minimum of latent pupil
diameter (p < 0.05). No other statistically significant pairwise comparisons were observed. The
implications of these results are discussed in the next section.

Table 2. Codebook of the four design representations with definitions and examples
Sketching Writing Notes CAD Modelling Build Simulation

R

Any activity in

An activity in Any activity in which the  Any activity in which

which the which the participant: the participant:
participant: participant: - looked at the computer - looked at the computer
- drew a shape - underlined or screen with Fusion screen with PrusaSlicer,
- wrote dimensions wrote letters, 360T™, - looked at the printed
of a drawn shape, or  numbers, and - measured their phone PrusaSlicer guide,

- measured their symbols (except when designing a CAD - looked at the keyboard
phone in between dimensions). model, or or their sketches/notes
periods of sketching. - looked at the keyboard when simulating their

or their sketches/notes AM build, or

when designing a CAD - looked at the screen

model. with Fusion 360™ when
simulating their build
(e.g., saving the CAD
model as an STL file).

Table 3. Statistical summary of the mixed linear model regression analysis

Latent Pupil Diameter Mean Standard Error Fisher's z p

Mean -0.05 0.20 -0.23 0.82

Maximum -0.41 0.18 -2.23 0.03

Minimum 0.44 0.19 2.29 0.02

Variance (min - min) -0.86 0.20 -4.42 0.00

NASA-TLX Global Score -0.46 0.31 -1.48 0.14
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Figure 1. Comparing the descriptives of latent pupil diameter and NASA-TLX global scores
across the four design representations (* indicates p < 0.05)

4 DISCUSSIONS AND IMPLICATIONS OF RESULTS

Our aim in this paper is to investigate differences in cognitive load when designers use different
design representations and test whether these differences depend on the measure of cognitive load.
The key finding from our experimental study is that design representations vary in the range of
cognitive load required by designers when utilizing them. That is, although we did not see any
significant differences in the mean, minimum, or maximum pupil diameter, we did see differences in
the variance in pupil diameter (i.e., maximum - minimum).

This finding suggests the importance of variance as a descriptive statistic for pupil diameter as it can
capture aspects of cognitive load that other descriptives cannot. This finding supports previous
research by Hershaw and Ettenhofer (2018) who found that peak-based metrics (e.g., maximum and
variance) are more reliable and sensitive compared to average-based metrics. However, few studies
using pupil diameter to measure cognitive load have included variance in their analyses; instead,
average-based metrics of pupil diameter are commonly used (Hershaw and Ettenhofer, 2018).
Therefore, this finding presents an opportunity for the future use of variance as a metric for pupil
diameter.

Additionally, we see that designers’ pupil diameter showed a greater variance when they generated a
CAD model of their solution compared to when they wrote notes or simulated their AM build. This

finding suggests that cognitive load is experienced along a spectrum that varies based on the design
representation. However, the NASA-TLX global score might not capture this cognitive load spectrum.
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Therefore, solely comparing the NASA-TLX global score across design representations is insufficient;
instead, a supplemental measure that can account for variance in cognitive load, such as pupil diameter,
must be used. This finding, thus, reinforces the advantages of using multiple methods to effectively
measure cognitive load.

Taken together, our findings highlight the disadvantages of using a global score for NASA-TLX as a
sole measure of cognitive load; accordingly, we provide three recommendations for the future study of
cognitive load in design. First, we find that pupil diameter is inconsistent with the NASA-TLX global
score. This inconsistency could be due to the use of a global score since it cannot adequately capture the
subtleties of the different dimensions of cognitive load. Therefore, future research should explore
participants' accuracies in self-evaluating their cognitive load using the individual NASA-TLX sub-
component scores. Secondly, we suggest using a multi-modal approach for measuring cognitive load. To
maximize the benefits of this approach, we recommend the combined use of subjective (e.g., self-report)
and objective measures (e.g., physiological measures), as well as the use of both retrospective (e.g., self-
report) and concurrent measures (e.g., physiological measures). Finally, we observe differences in the
range of pupil diameter depending on the design representation under consideration. This finding
suggests that designers’ cognitive load could exist on a spectrum and therefore, we suggest measuring
cognitive load using the variance in pupil diameter instead of a single-point measure.

5 CONCLUSIONS, LIMITATIONS, AND DIRECTIONS FOR FUTURE WORK

Our aim in this paper was to investigate differences in cognitive load when designers use different design
representations and test whether these differences depend on the measure of cognitive load. From our
results, we see that design representations vary in the range of cognitive load experienced by designers
when utilizing them. This finding suggests the importance of variance as a metric for pupil diameter,
mostly because it can capture the spectrum of cognitive load better than the other pupil diameter
descriptives and the NASA-TLX global score. This finding calls for the use of the multi-modal approach
for assessing cognitive load.

While this finding provides important insights into the measurement of designers’ cognitive load, our
study has some limitations, presenting directions for future work. First, we measured pupil diameter to
understand cognitive load, but not all observed pupillary responses are solely due to changes in cognitive
load. For example, prior research suggests that factors such as luminance (Cherng et al., 2020),
emotional processing and attention levels (Peinkhofer et al., 2019), decision-making (Murphy et al.,
2014), and metacognitive confidence (Lempert et al., 2015) could cause changes in pupil diameter.
Therefore, researchers should separate the various factors of pupillary responses so that only the relevant
pupillary information corresponding to cognitive load is extracted. Second, we qualitatively coded each
visual fixation according to the four AQIs (i.e., design representations) using our codebook presented in
Table 2. Although we coded the fixations based on our collective interpretation of the AOIs, the
designers may have perceived the AOIs differently when they were completing the NASA-TLX
guestionnaire. This limitation would have influenced our comparisons between pupil diameter and the
NASA-TLX score based on the design representation. Future research could combined the use of eye
tracking with a think-aloud protocol (Gero and Milovanovic, 2020) to collect designers' perceptions.
Additionally, the AOIs only captured the design representation used without considering the purpose of
employing the design representation. Prior research suggests that different design representations afford
designers the ability to apply different bodies of domain knowledge (Hannah et al., 2012). Therefore,
future research will test correlations between design representations and the DfFAM knowledge applied
by the designers using these representations. Finally, our study had a small sample of participants. This
limitation is particularly exacerbated since not all the participants used each of the four design
representations, therefore, providing fewer data points for analysis. Despite the small sample size, we
believe that given the highly granular data obtained from eye-tracking, our findings could make an
important contribution, especially when compared against suggested sample sizes suggested for
interview- and field study-based research (Cash et al., 2022).
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