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Introduction: Immersive virtual reality applications are increasingly popular in entertainment, education, and
professional training. While many aim for maximal realism, simplifying the virtual environment may offer
benefits such as reducing mental workload and improving focus on core tasks. However, the impact of different
types of demand on users’ mental workload remains unclear.

Objective: This study explored the impact of visual, auditory, and cognitive demands on users’ mental workload
during a daily living activity in immersive virtual reality.

Methods: Twenty-four participants used a head-mounted display for a virtual shopping task, i.e., picking ten listed
products from a shelf, under different conditions: visual demands (moving characters), auditory demands
(background noise), cognitive demands (simultaneous arithmetic task), and a combination of all three. Mental
workload measures included heart rate, pupil diameter, and self-reported mental demand & effort.

Results: The cognitively demanding secondary task induced the largest mental workload, significantly exceeding
that of auditory and visual demands. For example, on a scale of 1 (low) to 10 (high), self-reported mental demand
& effort was 4.40 for the moving characters, 5.00 for the background noise, 6.67 for the arithmetic task, and 7.17
for the combined condition. Biosignal differences were consistent within participants but were masked by high
inter-individual variability.

Conclusions: In virtual shopping tasks, reducing enforced cognitive demands may be more effective for decreasing
mental workload than reducing non-task-relevant visual or auditory demands.

1. Introduction

Head-mounted displays (HMDs) for immersive virtual experiences
are popular not only for entertainment and gaming, as reflected in the
large number of households that own or have used such a device
(ARtillery Intelligence, 2024; Statista, 2023), but also across diverse
professional domains, including architectural design (Hou et al., 2024),
sports training (Faure et al., 2020; Pastel et al., 2023), surgical training
(Mao et al., 2021; Munawar et al., 2024), exposure therapy for phobias
(Krijn et al., 2004; Spyridonis et al., 2024), and neurorehabilitation (i.e.,
therapy aimed at restoring function after brain injury; Langhorne et al.,
2011; Palacios-Navarro and Hogan, 2021; Specht et al., 2023).

HMDs can offer advantages over conventional 2D screens for expe-
riencing virtual environments, for example by eliciting greater feelings
of enjoyment and presence (Newman et al., 2022). Wenk et al. (2022)
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found that participants made straighter, shorter, and smoother move-
ments when their 3D reaching movements were visualized with HMDs
compared to a 2D screen, likely due to stereoscopic vision, reduced need
for visuo-spatial transformations, and better eye-hand coordination. In
the context of rehabilitation, one advantage of immersive virtual reality
is its ability to provide simulated environments that closely resemble
real-world settings for assessment and intervention, thereby allowing
patients to safely practice complex skills without the associated real--
world risks (Saldana et al., 2020). Furthermore, the computerized na-
ture of these tasks allows for tracking performance and task progress (De
Pasquale et al., 2024; Nath et al., 2022; Stanica et al., 2020). Yet, the
discussion on the necessary level of realism for immersive virtual ex-
periences is still open (e.g., Goncalves et al., 2022). Realism refers to the
degree to which a virtual environment represents its real-world coun-
terpart. This includes auditory, visual, and tactile feedback, which can
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help simulate key perceptual and environmental features of real-life
experiences (Melo et al., 2022).

It is commonly assumed that the more realistic the virtual environ-
ment, the greater the transfer of learning to the real world, although
evidence suggests that the relationship between fidelity and transfer is
more nuanced (Levac et al., 2019). Moreover, previous studies
(Cucinella et al., 2025; Elghoul et al., 2022; Guadagnoli and Lee, 2004;
Levin and Demers, 2021; Sweller, 2020; Van Merriénboer and Sweller,
2005; Wiskerke et al., 2022) indicate that learners should not be over-
stimulated, but rather adequately challenged so that they can perform at
an optimal level of cognitive demand. In the current study, we use the
term “mental workload” to describe the mental cost to the user, a var-
iable we operationalized through self-reports and physiological indices
(Hart and Staveland, 1988). In this context, simplifying the environment
may prove to be a useful solution to increase training effectiveness (cf.
Fisher et al., 2014; Dahlstrom et al., 2009). For example, it is conceiv-
able that when learning to drive, removing visual information (such as
trees and buildings) may enable a reduction of mental workload and
allow the learner to better focus on the core task of keeping the car on
the road, thus learning it more effectively. However, it remains an open
question as to how immersive virtual environments should be simplified
to reduce the mental workload of participants.

Understanding how different task demands influence mental work-
load is important for designing virtual reality systems that adjust envi-
ronmental complexity or task difficulty based on the user's needs. To
examine how different types of supplementary demands affect mental
workload, participants performed a daily activity task in immersive
virtual reality. The selected environment was a digital replica of a su-
permarket, and the chosen task involved shopping. Shopping in
immersive virtual reality has previously been used to assess cognitive
functions, with users memorizing items in a shopping list and then
finding and collecting them (Ouellet et al., 2018), as well as cognitive
and motor functions related to instrumental activities of daily living,
with users navigating a virtual grocery store on an omnidirectional
treadmill while searching for items on a shopping list (Lewis et al.,
2023).

In our study, we chose to manipulate auditory, visual, and cognitive
demands, as shopping typically entails all three types of demands.
Specifically, stores can be noisy and contain various visual distractions
from the primary task, such as other people walking around. Shopping
for products can also be cognitively challenging, such as when having to
remember product prices, the amount of money spent, or, if not avail-
able as a shopping list, which products to purchase.

Wickens’ multiple resource theory (2002) offers a framework for
predicting how these three forms of demands might affect performance.
This theory posits that multitasking becomes challenging when two
tasks draw on the same type of resources (e.g., visual resources, verbal
resources). While research indicates that background sounds can nega-
tively impact task performance (e.g., Doggett et al., 2021) and that vi-
sual complexity can reduce performance in visual tasks (Ragan et al.,
2015), humans may attempt to mitigate the effects of such distractors by
directing their attention toward the primary task. In other words, visual
and auditory demands, such as other people in a shopping environment,
have the potential to compete with the primary visual demands of
shopping (e.g., finding products on the shelves), but active processing of
these distractors is not required, as humans can selectively attend to
relevant task cues (see Wickens, 2021, for a review of attentional
mechanisms). However, retaining items in working memory is inher-
ently demanding and likely to interfere with the primary central pro-
cessing resources required for memorizing and identifying products.
Thus, it can be expected that non-task-related visual and auditory
stimuli will have less impact on task performance, whereas an imposed
cognitive secondary task is likely to be more inhibitory.

In this study, various dependent variables known to be associated
with mental workload were employed. First, we used physiological
measures, including heart rate and pupil diameter. Heart rate is
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traditionally recognized as a measure of physical workload (Hoover
etal., 2012; Tao et al., 2019) and is likely to be elevated during tasks that
require physical movement, such as shopping. In the current study, we
investigated whether simplifying the environment by reducing
non-physical demands has a detectable effect on heart rate. Previous
research has yielded mixed results regarding the impact of cognitive
tasks on heart rate. Some studies, such as those examining physiological
responses during highway driving and when additional cognitive tasks
are introduced, have found that non-physical cognitive tasks did in-
crease heart rate, while other studies have observed related cardiovas-
cular changes such as decreased heart rate variability (Charles and
Nixon, 2019; Hoover et al., 2012; Mehler et al., 2012; Novak et al.,
2010). In contrast, a study involving a computer-based task that com-
bined mental and physical demands found that mental demand did not
significantly affect heart rate variability indices of autonomic activity
beyond the effect of physical demand alone (Garde et al., 2002). The
current study aims to further understand the relationship between
non-physical demands and heart rate, and to provide a clearer under-
standing of physiological responses in daily living scenarios.

Pupil diameter is a commonly used measure of mental workload.
Specifically, pupils dilate during tasks such as performing calculations or
retaining items in working memory, and constrict when those items are
released (De Winter et al., 2021; Kahneman and Beatty, 1966; Marquart
and De Winter, 2015). Pupil diameter also changes in response to visual
(Bradley et al., 2008) and auditory (Partala and Surakka, 2003) stimuli
of an emotionally arousing nature. However, so far, little is known about
the utility of pupil diameter in dynamic tasks like shopping (for excep-
tions, see Ladeira et al., 2020; and for naturalistic visual search, see
Medathati et al., 2020). Using physiological measures such as heart rate
and pupil diameter can potentially offer advantages in future applica-
tions, especially when participants cannot immediately express their
perceived mental workload or in cases where automated adaptation of
the virtual world is desired (Kritikos et al., 2021; Luong et al., 2020). In
addition to these two mental workload measures, we used two standard
measures: self-reported mental demand & effort from the NASA-TLX,
and task completion time as a performance measure (Hart and Stave-
land, 1988; Hertzum, 2022).

In summary, in this experiment, we exposed participants to visual,
auditory, and cognitive demands in a virtual shopping task to investigate
the effects on task performance, perceived mental demand and effort,
and physiological consequences. We expected that the combined visual-
auditory-cognitive demand condition would yield the longest task
completion times, the highest self-reported mental demand and effort,
and the greatest increases in heart rate and pupil dilation compared to
the other conditions. Furthermore, as mentioned above, cognitive de-
mands were expected to be more demanding than visual or auditory
demands, which can be filtered out by the participant.

2. Materials and methods
2.1. Participants

Participants were recruited from TU Delft via word of mouth and did
not receive compensation. All participants provided written informed
consent. The study was approved by the Human Research Ethics Com-
mittee (HREC) of the TU Delft, approval number 2615.

The sample size was determined heuristically, aiming to achieve
complete counterbalancing (all 24 permutations; 4 x 3 x 2 x 1) of the
four experimental conditions. After testing all 24 participants, errors and
incomplete data affected the results for three participants (Participants
2, 4, and 5). Specifically, Participant 2's heart rate could not be
measured for all trials, likely due to incorrect electrode placement;
sound was not activated for Participant 4; and pupil diameter data were
missing for one trial of Participant 5. To ensure complete datasets for all
24 participants, these three were replaced with newly recruited partic-
ipants. The group of 24 participants was composed of university
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students aged 20-25 years (12 women, 12 men).

2.2. Experimental setup

The experiment was conducted in a laboratory room with sufficient
space for participants to move without risk of colliding with objects. The
door was closed and the room lights were on. The room admitted
daylight. The experimental setup included an HMD (HTC Vive Pro Eye,
HTC Corporation, Taiwan) with a field of view of 110° and dual OLED
screens with a resolution of 1440 x 1600 pixels per eye (2880 x 1600
pixels combined), and an HTC Vive tracked controller. The HTC Vive Pro
Eye featured built-in eye-tracking technology; pupil diameter data were
accessed at a frequency of approximately 90 Hz.

The virtual environment was developed using the Unity game engine
(Unity Technologies, USA), version 2021.3.11f1. To connect the HTC
Vive with the Unity software, we used the SteamVR plugin (version
2.7.3, Valve Corporation, USA). The Tobii XR SDK and SRanipal SDK
packages were downloaded and installed in Unity for collecting the eye-
related data (developer.vive.com and hub.vive.com). Shopping products
(e.g., onions, loaves of bread, cases of beer, cartons of milk) and char-
acter avatars (NPC Populator package) were obtained from the Unity
Asset Store. Additionally, two soundtracks were incorporated as audi-
tory stimuli; these were acquired from the Envato Elements store (eleme
nts.envato.com). The headphones of the HTC Vive Pro Eye were used to
play the auditory stimuli.

A TMSi Porti 7 device (TMSi, the Netherlands) using a Bluetooth
connection was used to obtain electrocardiogram (ECG) recordings at a
frequency of 1024 Hz. A lead II configuration was used for electrode
placement. Data were recorded using MATLAB (version R2021b). The
ECG recordings and eye-related recordings were conducted using sepa-
rate software (MATLAB version R2021b for the ECG data, and Unity for
the HTC Vive data). Recordings were approximately synchronized by
manually starting them simultaneously.

A computer, running Windows 10 64-bit edition, executed the task
within the Unity Editor. The computer was equipped with 32 GB of
DIMM DDR4 RAM, an NVIDIA GeForce RTX 3080 GPU (NVIDIA Cor-
poration, USA), and an AMD Ryzen 9 5900X 12-Core Processor at 3.70
GHz (Advanced Micro Devices, USA).

2.3. Virtual grocery shopping task

The task required participants to (1) read ten products from a
shopping list located in the virtual environment, (2) locate and pick up
each product from the shelves in the order displayed on the list, (3) place
the products in a shopping cart situated beneath the shopping list, and,
once the last product was collected, (4) say aloud “Stop”, so the
researcher could end the trial. Participants could move around a walk-
able area that included the shelves with the products, the shopping list,
and the cart (Fig. 1).

Participants grabbed an object by pressing a controller button and
released it by letting go of the same button. The participant's right hand
was displayed as a virtual object in the environment (Fig. 2). A marker in
the virtual hand turned from red to white to indicate to the participants
that they could grab the product, and from white to red once the object
was grasped. Fig. 1 depicts the virtual environment from a remote
perspective, Fig. 2 depicts the virtual environment from the participant's
perspective, while Fig. 3 shows a top view of the virtual environment.

Participants completed the task in four trials. In each trial, ten
designated areas on the shelves were used to position products. For each
of the four conditions, the product sequence on the shopping list and the
product arrangement on the shelves were fixed across participants but
differed between conditions. Participants accessed the same shelf areas
in each trial, but the order in which they collected the ten products
differed between trials, preventing them from memorizing the sequence
of products.
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Fig. 1. The task environment, from a remote perspective.

Fig. 2. The task environment from the participant's perspective. This is a
screenshot from a video recording of the monitor used to display what the
participant saw in the HMD. In this screenshot, the participant has just grabbed
a loaf of bread (product 2 from the list) and is in the process of placing it into
the shopping cart.

2.4. Experimental conditions

The experiment consisted of four different conditions (see Table 1 for
an overview).

Condition “Characters”. Multiple human characters (avatars)
walked through the aisles and behind the shelves. Twelve characters (6
female, 6 male) were placed in the virtual environment. Characters
navigated within six walkable areas delineated by the shelves. The
characters did not interfere with the participant's task but were behind
the shelves and in the neighboring aisle (see Fig. 3).

Condition “Noise”. This condition used two monophonic audio
fragments: one capturing the ambience of a busy supermarket
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Fig. 3. The task environment from a top view. This screenshot, taken from the condition Characters, shows the twelve human characters who continuously walked
along predefined paths in the aisles behind and beside the main shelves. These paths consisted of invisible waypoints, guiding their movement from point to point

throughout the experiment.

Table 1
Overview of the four experimental conditions.

Human characters
walking through the

Background sounds of
a busy supermarket

Counting
backward task

aisles

Condition Yes No No
“Characters”

Condition No Yes No
“Noise”

Condition No No Yes
“Arithmetic”

Condition Yes Yes Yes
“Combined”

(conversations, door openings, etc.) and one containing sounds of cash
registers. The supermarket ambience was presented as non-spatialized
audio, without a defined spatial location. The cash register audio was
rendered as spatialized audio, positioned behind the participant on the
right side at an approximate distance of 4 m. Both fragments were
continuously looped through the HMD headphones. The volume was
maintained at a consistent, comfortable level for all participants.

Condition “Arithmetic”. Each time participants grabbed a product
from the shelves, they were required to mentally count backward from
99, subtract 7 each time, and report the result aloud (for similar pro-
cedures, see e.g., Chen et al., 2023; Runswick et al., 2018). Each trial
required exactly 10 spoken subtraction responses (one per product
grasp).

Serial subtraction creates cognitive demand on working memory and
attention (Bristow et al., 2016), as it requires individuals to hold a
number in mind, perform repeated mental calculations, and sustain
focus over time. Compared with simpler arithmetic tasks (e.g., sub-
tracting by three), subtracting by seven involves more frequent
borrowing operations, which are cognitively more demanding. For
example, the ten steps starting from 99 are: 92 (basic), 85 (borrowing),
78 (borrowing), 71 (basic), 64 (borrowing), 57 (borrowing), 50 (basic),
43 (borrowing), 36 (borrowing), and 29 (borrowing) (for research on
the demands of carry/borrow operations, see Imbo et al., 2007;
Raghubar et al., 2010). Although this task does not replicate memorizing
a shopping list, it imposes a general working-memory and attention load
in a standardized and controlled way across participants. We selected
this task to ensure consistency and to avoid the variability introduced by
more ecologically valid activities (e.g., making phone calls), which can
introduce confounding factors such as timing, language proficiency, or
emotional responses.

Condition “Combined”. This condition combined the previous
three conditions (Characters, Noise, and Arithmetic). In the arithmetic

Table 2
Characteristics of the Characters and Noise in the Combined condition.
Characters
Character type 12 characters (6 male, 6 female) dressed casually.
Character Characters walking through the aisles and behind the shelves.
actions
Character Characters behind and next to the main shelves, at least 4 m from
location the participant's starting point.
Noise
Audio type Ambient busy supermarket, including conversations, laughs,

crowd talk, checkout beeps, footsteps, plastic bags opening, and
door openings.
Audio motion/ Static (non-moving) audio fragments.
state
Audio location Non-spatialized ambient audio and a spatialized sound source
(cashier beeps) located approximately 4 m behind the participant

on the right side.

task, participants started at 101 and had to subtract 7 each time they
took a product. The Combined condition aimed to simulate a simplified
version of a real supermarket experience, incorporating typical sounds
of a busy supermarket and human-like characters walking (see Table 2).

2.5. Dependent measures

The following dependent measures were calculated per completed
trial:

o Self-reported mental demand & effort (1 to 10). After each trial, self-
reported workload was measured using the NASA Task Load Index
(TLX). It consisted of the following six items:

o Mental demand: How mentally demanding was the task?

o Physical demand: How physically demanding was the task?

o Temporal demand: How hurried or rushed was the pace of the task?

o Performance: How successful were you in accomplishing what you
were asked to do?

o Effort: How hard did you have to work to accomplish your level of
performance?

o Frustration: How insecure, discouraged, irritated, stressed, and
annoyed were you?

Participants rated these dimensions on a 10-point scale, ranging from
1 (low) to 10 (high). In the current study, only the mental demand and
effort items were evaluated. The reason for this is that these two items
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consider the mental or cognitive aspects of the task, which are our main
interest.' The two items were averaged to reduce random measurement
error while preserving their shared variance. The decision to combine
mental demand and effort is supported by a meta-analysis indicating
that these two items exhibit the strongest correlation among all fifteen
item pairs (Hertzum, 2022), as well as by other studies that have simi-
larly aggregated these two items (Benoit et al., 2019; Bertrand et al.,
2023; Hess et al., 2016; Johnston et al., 1997; Teodoro et al., 2023). For
completeness, we provide the results of all six TLX items separately in
the Appendix of this paper.

e Task completion time (s). For each trial, we determined the task
completion time, measured from the start of the trial until the tenth
item was placed in the cart.

e Pupil diameter (mm). The mean pupil diameter was determined by
averaging the recorded pupil diameter for both the left and right eyes
and then averaging over the trial duration.

e Heart rate (bpm). A MATLAB implementation of the Pan-Tompkins
QRS Detector, as developed by Sedghamiz (2014), was used to
extract heartbeats from the ECG signal. The Pan and Tompkins
(1985) method involves a sequence of signal processing steps
designed to identify the QRS complexes in an ECG signal. Mean heart
rate per trial was calculated as 60 times the number of detected beats
divided by the ECG recording duration in seconds.

Additionally, after the final trial, participants were verbally admin-
istered eight open-ended questions asking about the clarity of in-
structions (1. Was everything clear? What do we need to improve?),
perceived difficulty (2. What did you experience as the hardest part? and 3.
Which was the most difficult condition?), presence of patterns across
conditions (4. Did you see a pattern?), technical issues (5. Did you
encounter any bugs?), motion sickness and general discomfort (6. Did you
experience motion sickness? What do you think caused it? and 7. Did you
experience any other discomfort during or after the experiment?), and
overall impressions (8. Do you have any other remarks about the experi-
ment?). The experimenter summarized and typed the participants’ ver-
bal responses.

2.6. Experimental protocol

Upon arrival at the experimental room, participants read and signed
the consent form. They were then provided with instructions supported
by a presentation about how to perform during the experiment. In
particular, participants were instructed to collect ten items from a su-
permarket shelf and place them in a cart located on their right, adhering
to a sequence presented on a shopping list positioned above the cart. The
presentation also explained how to use the controller by pointing out
that objects could be grabbed and released using a button. Participants
were verbally instructed to use only their right hand and to keep their
left hand alongside their body throughout the experiment to reduce
artifacts in the ECG recordings. In addition, participants were instructed
to complete the task as accurately and as fast as possible, prioritizing

! The other four items do not measure the facets of workload that directly
relate to our research question. Specifically, for Physical demands, there is no
major difference expected between conditions, as the physical actions required
are the same for all participants (i.e., picking up and placing the ten objects).
Similarly, regarding Temporal demands, the task instructions imposed are
identical for all participants. The Performance item measures how well partic-
ipants believe they are performing the task, which is an outcome measure that
has already been assessed objectively (task completion time). As for Frustration,
this reflects the extent to which someone feels hindered/obstructed, which is
more of an individual evaluation or appraisal of the task, rather than the
workload as we intend to measure it. It can be expected that these facets may be
affected by the experimental conditions, but not in the direct sense that we are
interested in.
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accuracy over speed. Furthermore, participants were informed about
physical safety, warned of potential motion sickness, and were assured
they could halt the experiment should they experience any discomfort.

After the presentation, participants attached the ECG electrodes to
their torso following a lead II configuration. Next, the participants put
on the HMD, and the eye-tracker in the device was calibrated. Partici-
pants began with a 5-min familiarization phase to allow them to accli-
mate to the virtual environment and task. A partially filled shelf was
presented in front of them for interaction and they were invited to ask
questions as needed. They then completed a practice trial where they
performed the shopping task without characters, background noise, or
arithmetic task. Once they added all items from their shopping list to the
cart, they removed the HMD and completed the first NASA-TLX ques-
tionnaire through Google Forms. The practice trial was used solely for
familiarization purposes and was excluded from the analyses.

Next, each participant underwent the four experimental trials, each
trial under a particular condition (i.e., Characters, Noise, Arithmetic, or
Combined) in a counterbalanced order, using all 24 permutations of the
four conditions (complete counterbalancing). Before each trial, the eye-
tracker was recalibrated. Participants were not informed about the
condition characteristics before the trial started. After each trial, par-
ticipants removed the HMD and filled out a NASA-TLX questionnaire
related to the just-performed condition. After the final trial, participants
completed an oral questionnaire regarding their experiences, chal-
lenges, and any discomfort experienced.

The experiment, including intake and questionnaires, lasted
approximately 50 min per participant (Fig. 4).

2.7. Statistical analysis

Comparisons between all six combinations of conditions were con-
ducted using paired-sample t-tests. All analyses were performed in
MATLAB (R2024a). To account for multiple comparisons, we reduced
the critical alpha value to 0.05/6 ~ 0.008.

We used Cohen's d, a commonly used measure that describes the
difference in means relative to the pooled standard deviation s, (Cohen,
1969; Goulet-Pelletier and Cousineau, 2018):

M, - M,
==

d @

s 7\/(n71)5%+(n71)s§7\/235%+23s§
= =

2n—2 46 2

, where s is the variance for Condition 1, s is the variance for Condition
2, and n is the sample size (n = 24).

Note that although our experiment used a within-subjects design, it is
still possible to interpret Cohen's d. This d-value indicates the magnitude
of the differences between conditions without taking into account how
individual participants respond to changes in condition.

Familiarization
(5 min)
Introduction & Practice Main Experiment Questionnaire
Consent Form (5 min) (4 counterbalanced conditions) (5 min)
(15 min) (20 min)

Time (minutes)

Fig. 4. Timeline of the experimental procedure. After providing informed
consent, participants completed a Familiarization phase and a Practice trial
(excluded from analysis). This was followed by the main experiment, which
consisted of four counterbalanced conditions, with the NASA-TLX being
completed after each trial. In the Post-experiment questionnaire phase, par-
ticipants provided qualitative feedback. Durations are approximate.
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We also used Cohen's d,, a measure that corresponds with the paired-
samples t-statistic, and which is defined as the difference in means
divided by the standard deviation of the difference scores between the
two vectors (Faul et al., 2007; Rosenthal, 1991):

d— t _ M
VN Sa

Cohen's d, represents a statistically more optimal way to describe the
magnitude of differences, as it considers how participants' scores change
relative to themselves when transitioning from one condition to another.
Assuming both scores are positively correlated (e.g., participants with a
higher heart rate in Condition 1 will likely also have a higher heart rate
in Condition 2), d, can be expected to be stronger than d.

Thus, reporting both effect sizes provides a more comprehensive
view of the results, where d, indicates the standardized change within
participants, while d describes this change with respect to the variability
from both conditions. A d value of 0.2 was interpreted as a small effect
size, 0.5 as a medium effect, and 0.8 or above as a large effect (Cohen,
1969).

3

Table 3
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3. Results

Table 3 presents descriptive statistics (i.e., means and standard de-
viations), calculated over the 24 participants, along with paired-sample
t-test results for each of the four dependent measures. We included the
effect size (d), which describes the difference between means relative to
the pooled standard deviation, and the within-subjects effect size (d),
which is directly related to the t-statistic.

3.1. Effects of visual, auditory, and cognitive demands on the dependent
measures

To test our hypotheses, we investigated how visual, auditory, and
cognitive demands affected task completion time, self-reported mental
demand & effort, heart rate, and pupil diameter across four experi-
mental conditions.

For task completion time, heart rate, and self-reported mental de-
mand & effort, the arithmetic task, both in isolation (Arithmetic con-
dition) and combined with other demands (Combined condition),
produced statistically significantly higher scores than the Characters and
Noise conditions. Pupil diameter was also significantly larger in the

Means, standard deviations (SD), and results from the paired-samples t-tests, including effect sizes (Cohen's d and d), for the four dependent measures across the

experimental conditions.

Task completion time

Mean (SD) Characters Noise Arithmetic
Characters 61.2s
(10.9)
Noise 65.8 s t = 3.08, p = 0.005
(13.5) (d =0.38,d, = 0.63)
Arithmetic 86.3s t=19.27,p < 0.001 t="7.46,p < 0.001
(16.0) (d=1.83,d, = 1.89) (d=1.38,d, = 1.52)
Combined 87.6s t="7.42,p < 0.001 t=5.81, p < 0.001 t=0.45, p = 0.658
(18.3) (d=1.75,d,=1.52) (d=1.36,d,=1.19) (d = 0.08, d; = 0.09)
Heart rate
Mean (SD) Characters Noise Arithmetic
Characters 101.5 bpm
(12.0)
Noise 101.8 bpm t=10.42,p = 0.675
(12.1) (d =0.02, d, = 0.09)
Arithmetic 107.9 bpm t=4.62,p < 0.001 t=4.33,p <0.001
(14.8) (d=0.47,d, = 0.94) (d = 0.45, d, = 0.88)
Combined 107.3 bpm t=5.12, p < 0.001 t=5.18, p < 0.001 t=—0.44, p = 0.664
(14.49) (d = 0.44, d, = 1.05) (d = 0.41, d, = 1.06) (d = —0.04, d, = —0.09)
Pupil diameter
Mean (SD) Characters Noise Arithmetic
Characters 4.79 mm
(0.59)
Noise 4.84 mm t=2.19,p =0.039
(0.62) (d = 0.09, d, = 0.45)
Arithmetic 4.86 mm t=1.79, p = 0.086 t=10.39, p = 0.699
(0.61) (d=0.12,d,=0.37) (d = 0.03, d; = 0.08)
Combined 4.91 mm t=3.99, p <0.001 t=1.81,p = 0.083 t=1.21,p = 0.238
(0.59) (d =0.20, d, = 0.81) (d=0.11, d, = 0.37) (d = 0.08, d, = 0.25)

Self-reported mental demand & effort (1 to 10)

Mean (SD)

Characters

Noise

Arithmetic

Characters 4.40
(1.78)
Noise 5.00
(1.97)
Arithmetic 6.67
(1.31)
Combined 7.17
(1.38)

t=2.05, p = 0.052
(d=0.32, d, = 0.42)
t=8.33,p < 0.001

(d = 1.45, d, = 1.70)
t=10.23, p < 0.001
(d = 1.74, d, = 2.09)

t=4.77,p < 0.001
(d = 1.00, d, = 0.97)
t=7.52,p <0.001
(d=1.28,d,=1.53)

t=2.50, p = 0.020
(d = 0.37, d, = 0.51)

Note. Statistically significant differences (p < 0.05/6) for the paired-samples t-tests (corresponding to d, < —0.59 or d, > 0.59) are indicated in boldface. The degrees of

freedom (df) for the paired-samples t-tests is 23 in all cases.
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Combined condition than in the Characters condition.

No measure differed significantly between the Combined and
Arithmetic conditions, although self-reported mental demand & effort
showed a moderate positive effect size. Furthermore, the Noise condi-
tion led to a significant increase in task completion time compared to the
Characters condition.

In summary, the results support our hypothesis that cognitive de-
mands result in a higher workload than visual and auditory demands. In
addition, our results indicate that auditory demands exert a stronger
impact on task completion time than visual demands. While our focus
was on mental workload, increases in Temporal demand and Frustration
were also observed (see Appendix A), indicating that the arithmetic task
in the Arithmetic and Combined conditions also elevated non-cognitive
facets of workload compared to the Characters and Noise conditions.

3.2. Effect sizes

Effect sizes in Table 3 indicate that some dependent measures
distinguished between conditions in terms of both the standard effect
size (high d) and the paired effect size (high d,), whereas others differ-
entiated only within-subject (high d; but low d). For example, pupil
diameter is a measure that is sensitive to within-subject changes (high
d;), but shows a small effect relative to the overall pooled variance (low
d). This is illustrated in the scatter plots in Fig. 5, which show the dis-
tribution of the participants’ scores for the Combined and Characters
conditions. For pupil diameter (Fig. 5D), it can be seen that many data
points lie above the diagonal line, indicating that the pupils of most
participants are dilated in the Combined condition relative to the
Characters condition. However, relative to the size of individual
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differences, the effect is small; in the boxplot (Fig. 6), there is little
visible distinction between conditions.

3.3. Post-experiment questionnaire
In the post-experiment questionnaire (see Appendix B for details), all
participants rated the Arithmetic and/or Combined condition as the

most difficult; the Combined condition was most frequently named
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Fig. 6. Boxplots of the pupil diameter for the four experimental conditions. The
boxes extend from the 25th to the 75th percentiles, with the horizontal line
inside the boxes representing the median. The blue cross and its corresponding
numeric value indicate the mean across participants. The markers correspond to
individual participants. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Scatter plots of the four dependent measures (A: Task completion time, B: Mental demand & effort, C: Heart rate, D: Pupil diameter), comparing scores in the
Combined condition to those in the Characters condition. Transparent markers are used to make overlapping data points more visible. The red diagonal lines
represent equal values for both conditions. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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(16/24), with four naming Arithmetic and four naming both. Twenty-
three of 24 participants reported no motion sickness, and one reported
experiencing it slightly. Instructions were largely clear (21/24 reported
full clarity), and most participants did not notice any pattern in the trials
(21/24). Technical issues were rare, limited to occasional object-
interaction quirks (e.g., difficulty picking up onions/leeks, one dis-
appearing item, the cart filling too quickly) and minor visual artifacts
(e.g., blurry corners). Overall feedback was positive; several participants
described the task as fun while suggestions included varying or making
products more distinctive and clarifying whether time pressure was
intended.

4. Discussion
4.1. Main findings

In this study, 24 participants performed a shopping task in an
immersive virtual supermarket under four conditions: visual characters,
auditory background noise, a cognitive arithmetic task, and all three
elements combined. The results show that the cognitive task had a
strong impact on completion time, self-report, and heart rate, whereas
pupil diameter showed a significant increase only for the Combined vs.
Characters conditions. Auditory demands in the form of background
noise also impaired task performance compared to visual demands.

Our findings are consistent with the multiple resource theory
(Wickens, 2002), which suggests that interference occurs when tasks
draw on the same pools of resources. In our study, the arithmetic task
imposed a high load on central processing resources, competing directly
with the cognitive requirements of the shopping task, such as reading,
remembering, and searching for products. In contrast, participants re-
ported comparatively low mental workload in the Characters and Noise
conditions. They likely focused solely on the primary task and filtered
out these supplementary stimuli, akin to the phenomenon of inatten-
tional blindness (Mack and Rock, 1998). Previous studies have reported
similar findings. Redlinger et al. (2022) found that adding visual
game-like features (e.g., background, 3D-depth elements) to an
immersive VR task did not significantly affect task performance when
these demands were irrelevant to task execution. On the other hand,
Fratini et al. (2023) found increased perceived mental workload when
visual and auditory demands were task-relevant, such as in complex
crossing scenarios with higher visual clutter, where participants had to
monitor multiple elements to make decisions. There is also evidence
suggesting that demands may differ in how easily they can be ignored
depending on their sensory modality. In general, irrelevant auditory
stimuli can be difficult to ignore and may interfere with attention and
task performance even when they are not required for task execution
(Grenzebach and Romanus, 2022; Doggett et al., 2021). These findings
suggest that the impact of additional demands depends not only on the
sensory modality but also on their task relevance.

From a design perspective, our results suggest that reducing enforced
cognitive demands may be more effective in decreasing mental work-
load in immersive VR than reducing non-task-relevant visual or auditory
demands. In addition, our results show that auditory noise interferes
more with task performance (as reflected in longer completion times)
than visual distractions. This is probably because auditory demands are
more difficult to filter out, even when they are not required for the task.
Generally, while sensory distractions play a role, demands that are in-
tegral to the task are more likely to increase mental workload than those
that can be readily ignored.

Nevertheless, it is still possible that exposing users to higher levels of
visual and auditory demands could negatively impact their performance
and result in increased physiological activity. If this is the case,
dynamically adjusting these demands could create training environ-
ments better suited to users’ capacities, thereby reducing the risk of
overload and disengagement from the task.
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4.2. Comparison of dependent measures

Besides providing insights into visual, auditory, and cognitive de-
mands, our findings also offer insights into the usability of different
dependent measures. Task completion time was the easiest measure to
obtain, as it was extracted from the simulation. Administering the
NASA-TLX is also straightforward. These two simple measures also
showed the strongest effects between conditions, evident in both the
standard (d) and within-subjects (d,) effect sizes.

Physiological measures, including heart rate and pupil diameter,
required specialized equipment and elaborate procedures. Although
statistically significant effects emerged, they were mainly within-
subject, making it impractical to set absolute thresholds. For example,
a pupil diameter of 4.90 mm or greater cannot, by itself, be taken to
indicate ‘high mental workload’ or used as a basis to simplify task
conditions or provide additional user support. Conversely, applying this
method to performance measures can be more meaningful. For example,
claiming that a task completion time exceeding 100 s indicates slow
performance is a justifiable assertion. Of course, such thresholds are still
sample-specific, and the current mean performance scores cannot be
readily generalized to other groups. Older adults or patients, such as
people with brain injury, are likely to perform these visual-motor tasks
more slowly than the current student sample, with performance further
varying by impairment severity and pathology type.

Another challenge in interpreting physiological measures is the
physiological drift that occurs over the course of an experiment. While
decreases in task time or self-reported workload across trials can be
attributed to learning effects, physiological changes are often more
ambiguous. When sorted by presentation order, mean pupil diameter
decreased steadily across the four trials (4.93, 4.85, 4.84, to 4.78 mm).
While this trend could reflect reduced workload due to task learning
(Sibley et al., 2011), it may also be influenced by physiological habit-
uation effects over time. Despite this source of variability, pupil diam-
eter proved sensitive enough to reveal a statistically significant
difference between experimental conditions (Table 3).

In summary, while heart rate and pupil diameter were sensitive
within participants, substantial inter-individual variability, luminance
and order effects, and possible measurement confounds limit their use-
fulness for setting absolute thresholds or driving adaptation of training
conditions. By contrast, the other measures we used, task completion
time and self-reported mental workload (NASA-TLX mental demand &
effort), are more practical for training: they are simple to collect, showed
the strongest effects in our data, and translate more directly into
actionable decisions (e.g., flagging slow performance or high perceived
load). Accordingly, physiological indices should be applied cautiously to
track relative changes against participant-specific baselines, particularly
in research settings where such baselines can be established.

4.3. Limitations

This experiment has several limitations.

Our study involved an immersive simulation environment where
participants had to carry out search-pick-place actions, a task
important for neurorehabilitation purposes, for example. Real
shopping tasks involve additional activities such as navigation, while
the absence of haptic feedback, known to influence subjective ex-
periences and task performance (Camardella et al., 2023; Frohlich
and Wachsmuth, 2013; Kreimeier et al., 2019; Ozen et al., 2022),
may further differentiate the experimental setting from real-world
shopping. Subtle discrepancies between the virtual and real
worlds, such as time delays and impaired depth cues, may also have
disrupted the perception-action cycle (e.g., Harris et al., 2019).
Future work could replicate this study in a physical mockup to assess
similarities and differences between real and virtual environments.
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e Participants' in-task actions (e.g., grasp events, gaze targets) were not
recorded, which prevented linkage to momentary heart rate or pupil
diameter. The pupil diameter is known to be sensitive to changes in
workload, as shown in the literature (Ahern, 1978; Klingner, 2010;
Marquart and De Winter, 2015). Future research could examine
workload variations during tasks using temporally synchronized
physiological measures, such as comparing visual search for products
on shelves to the motor task of placing them in a cart.

Although participants were exposed to auditory, visual, and cogni-
tive demands, other types of demands may have partially acted as
confounding variables. In particular, the participants' mean heart
rate was considerably higher than a typical resting heart rate, sug-
gesting that the physical demands of shopping could have played a
role. For example, the heart rate in the Combined condition may
have been influenced by participants completing the task at a slower
pace, thereby taking longer to finish. In addition, the arithmetic task
required verbal responses, which may have introduced some addi-
tional physical activity together with the intended cognitive de-
mands. However, verbal (vocal) responses can often be performed
simultaneously with spatial tasks with relatively limited interfer-
ence, because they draw on separate processing codes (Wickens,
2002). Therefore, the longer completion times observed in the
arithmetic task conditions are unlikely to be explained by the ver-
balization itself, but rather by the overall secondary task re-
quirements. Future studies should disentangle the effects of the
physical and cognitive components of the secondary arithmetic task.
Additionally, we acknowledge that factors such as sustained atten-
tion, emotional state, and motivation could have influenced the
participants' heart rate and pupil diameter in our study.

Future research could improve luminance control within the envi-
ronment. The moving characters likely influenced eye movements
and thereby pupil diameter through changes in luminance at the
point of regard. Although the Combined and Characters conditions
used identical character stimuli, the arithmetic task in Combined
may still cause the participant to shift their gaze (e.g., toward the
bright shopping list). Future studies could avoid placing bright
products on the shelves (see De Winter et al., 2021; Kun et al., 2012,
for the importance of controlling for luminance changes in pupill-
ometry) and refrain from using a shopping list displayed on a rela-
tively bright background. Because the HMD was removed between
trials, future studies could control for daylight during these intervals
by conducting the experiment in a windowless room.

Task performance might have been affected by the appearance of the
products and their locations on the shelf. Ambiguous products could
cause confusion, while participants of shorter stature might have
struggled with items on higher shelves. Future studies should address
these issues by standardizing the virtual camera position in Unity
and using more distinct products.

Our experiment included only four conditions, rather than the eight
possible combinations of a fully-crossed 2 x 2 x 2 factorial design.
The lack of a baseline condition and certain combinations (e.g.,
characters + arithmetic) did not allow us to determine with certainty
whether a given effect is due, for example, to visual load alone or to
the combined effect of visual and cognitive load (see, e.g., load
theory of selective attention and cognitive control: Caparos and
Linnell, 2009; Lavie et al., 2004). Such interactions should be
examined in follow-up research using larger sample sizes. Addi-
tionally, a limitation of our study is that we introduced only one level
for each of the visual, auditory, and cognitive demands. Future
research could examine multiple levels of visual demands by
increasing the number and complexity of stimuli, for example, by
progressing from stationary figures to interactive digital signage or
highly mobile characters. For auditory demands, it could involve
transitioning from low background noise to more complex auditory
environments with multiple announcements, background music, and
customer conversations.
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e A final limitation is that the sample consisted of healthy students
from a technical university. We did not assess participants' prior
immersive VR exposure or grocery-shopping frequency. Such back-
ground factors may modulate perceived workload (e.g., via novelty
or domain familiarity) and should be recorded and controlled for in
future studies. While the virtual environment was novel to all, it
could be assumed that participants' overall familiarity with digital
technologies was relatively high. Future studies should involve a
larger and more diverse sample, including adults of various cognitive
abilities and cultural backgrounds, and measure prior experience
with immersive VR to assess potential novelty effects, which have
been shown to influence user performance and satisfaction in IVR
environments (Miguel-Alonso et al., 2023). If this environment is
pursued for neurorehabilitation, patients with conditions that can
cause sensory hypersensitivity, such as sensory sensitivity following
acquired brain injury, should also be included (Thielen et al., 2023).

5. Conclusion

This study, involving 24 participants performing a shopping task in
an immersive virtual environment with heart rate and pupil diameter
measurements, indicates that a cognitive secondary task contributes
most to mental workload and performance costs compared with visual
and auditory demands. Additionally, auditory demands had a greater
effect on completion time than visual demands.

Adjusting the level of realism may prevent overstimulation and help
users focus on the core task at hand. Based on the present results, when
simplifying the task environment to reduce mental workload, priority
should be given to reducing cognitive demands, followed by auditory
demands, and finally visual distractions. The physiological measures
(heart rate, pupil diameter) showed smaller standardized effect sizes (d)
than task completion time and self-reported mental demand & effort.
Therefore, physiological measures should be interpreted against indi-
vidual baselines.
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Appendix A. NASA-TLX results per item

Table Al
Mean scores and standard deviations (in parentheses) for the 6 items of the NASA-TLX for the four experimental conditions.

Characters Noise Arithmetic Combined
Mental demand 4.50 (1.79) 5.33 (2.22) 6.83 (1.34) 7.25 (1.45)
Physical demand 4.50 (2.19) 4.50 (2.15) 4.46 (1.84) 4.83 (1.93)
Temporal demand 5.00 (2.27) 5.33(2.12) 6.38 (1.56) 6.46 (1.72)
Performance 8.25 (0.99) 7.88 (1.51) 6.58 (1.61) 6.62 (1.58)
Effort 4.29 (2.01) 4.67 (1.81) 6.50 (1.41) 7.08 (1.50)
Frustration 2.88 (2.07) 3.08 (2.04) 4.71 (2.12) 5.12 (2.54)

Note. Means and standard deviations were calculated over 24 participants. Items were scored on a scale from 1 (low) to 10 (high).

Table A2
Cohen's d (with Cohen's d; in parentheses) for the 6 items of the NASA-TLX for comparisons with the Combined condition.

Characters vs. Combined Noise vs. Combined Arithmetic vs. Combined
Mental demand -1.69 (-1.82) -1.02 (-1.23) —0.30 (—0.39)
Physical demand —0.16 (—0.24) —0.16 (-0.30) —0.20 (—0.25)
Temporal demand —0.73 (-0.95) —0.58 (—0.72) —0.05 (—0.06)
Performance 1.23 (1.18) 0.81 (0.90) —0.03 (—0.03)
Effort —1.57 (-1.70) —1.45 (-1.52) —0.40 (—0.53)
Frustration —0.97 (—-1.05) —0.89 (—0.91) —0.18 (—0.26)

Appendix B. Post-experiment questionnaire results
The post-experiment questionnaire collected qualitative feedback from all 24 participants.

Table B1
Summary of qualitative feedback collected from each participant after the experiment.

Participant ~ Was everything What did you Did you Did you Did you Did you experience Do you have any The most
clear? What do experience as the see a encounter any experience any other other remarks difficult
we need to hardest part? pattern? bugs? motion sickness? discomfort during about the condition?
improve? What doyouthink  or after the experiment?

caused it? experiment?

1 Fairly clear, Sound with mental No No No Slightly blurry No Combined
better explain math vision, more tired condition
the products later

2 Was clear Math with all sounds No Leek No No Was very fun Combined

and shopping disappeared condition

while grabbing
another one

3 Was clear Everything at the same  No No No No Try different Combined
time products? Always  condition
the same ones
4 Yes, was clear Mental math, neither No No No No No Arithmetic &
was harder Combined
conditions
5 Was clear Mental math with No No No No Well done, label Combined
everything at once placement good condition
6 Was clear Counting down, first No No Not really No No Combined
time harder (101-7) condition
7 Was clear Mental math, 99-7 No No No No No Arithmetic &
difficult Combined
conditions
8 Was clear Sound with mental No No No No No, looked good Combined
math condition
9 Was clear Math with sound Yes No No No Was quite fun Combined
condition
10 Was clear Math while grabbing No No No No Was fun Combined
objects, time pressure condition
with sound
11 Was clear Mental math 99-7 No No No No Looks good, fun Arithmetic
condition
12 Was clear Everything at once No No No No Curious about the ~ Combined
results condition

(continued on next page)
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Table B1 (continued)

Applied Ergonomics 137 (2026) 104781

Participant ~ Was everything What did you Did you Did you Did you Did you experience Do you have any The most
clear? What do experience as the see a encounter any experience any other other remarks difficult
we need to hardest part? pattern? bugs? motion sickness? discomfort during about the condition?
improve? Whatdoyouthink  or after the experiment?

caused it? experiment?

13 Was clear Math + grabbing Similar No No No No Arithmetic
products, 99-7 a bit locations condition
difficult

14 Not clear Mental math with No Leekshardtosee ~ No No No Combined
sound on top condition

15 Was clear Everything at once No No No No No Combined

condition

16 Was clear Math with everything No Leekshardtosee ~ No No Well done, Combined
at once on top detergent unclear  condition

17 Clear Remembering during Same No No No, nothing Clarify if there Arithmetic
math, Arithmetic order was time condition
condition harder than pressure
the Combined
condition

18 Clear Combination of Not Missed grabs, Slightly No Was clear enough ~ Combined
everything noticed blurry corners condition

19 Clear Mental math No Trouble No No No Arithmetic

grabbing onions Combined
conditions

20 Yes, except only Finding products, No Cart filled too No No No Combined
one shelf partial images, quickly condition

multitasking

21 Everything clear ~ Mental math, second No No No No Totally fine Arithmetic
one harder (Arithmetic condition
condition)

22 Everything clear =~ Mental math with No Onion doesn't No No Everything fine Combined
everything look like onion condition

23 Everything clear ~ Math while shopping, No No No No Everything fine Combined
all together condition

24 Clear Math, neither one No No No No Was quite fun Arithmetic &
harder Combined

conditions

Notes. The responses in the table represent a summary of participants' answers to the questionnaire.
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