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Abstract

Introduction Stress is a growing public health concern, with urban environments strongly influencing stress levels. Experi-
mental approaches simulating human motion (i.e., walking) in virtual urban environments may constitute a promising ave-
nue to assess environmental effects on stress. This study aims to systematically examine the ability to induce and measure
psychological and physiological stress responses during walking in immersive virtual urban environments. It includes two
sub-experiments: one comparing average stress levels between an urban park and a street, and one assessing momentary
stress responses to a siren stimulus.

Methods Fifty adults residing in Luxembourg experienced virtual walks through a park and a street, in a randomized cross-
over design, as well as a walk through the street with a siren stimulus. Physiological responses (electrodermal activity
(EDA), heart rate (HR), and pupil diameter) were recorded continuously, while self-reported stress and emotional percep-
tions were assessed after each session via in-VR questionnaires.

Results Participants reported significantly lower self-reported stress and more positive emotional engagement in the park
compared to the street. The standard deviation of HR was higher in the street, possibly indicating higher stress levels, while
average pupil diameter was larger in the park, reflecting heightened emotional arousal. Other biomarkers showed no signifi-
cant differences. Pupil diameter and EDA effectively detected momentary stress after the siren stimulus.

Conclusions Combining virtual environments with a walking simulator and biosensors provides a novel, effective method to
study environmental impacts on stress. Findings contribute to identifying stress-inducing urban environments and develop-
ing stress reduction interventions.
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1 Introduction
P4 Reza Aghanejad

reza.aghancjad@liser.lu Stress negatively impacts mental and physical health

(Ribeiro Santiago et al. 2020). It is a major contributor to
mental disorders, autoimmune, infectious and cardiovascu-
lar diseases, and some cancers (Schneiderman et al. 2005;
Wirtz and von Kénel 2017). Stress further increases the
likelihood of adopting unhealthy behaviors such as smok-
ing, alcohol and substance use, physical inactivity, and
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unhealthy diet (Khaled et al. 2020), which may influence
chronic diseases. As stress prevalence has risen over the
last decade (Ribeiro Santiago et al. 2020), prevention has
become a public health priority.

Exposure to daily life environments plays an important
role in shaping population stress levels (Fernandes et al.
2021; Berto 2014). Many studies have provided strong evi-
dence of the positive effect of exposure to nature on stress
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(Shuda et al. 2020; Berto 2014; Yao et al. 2021; Twohig-
Bennett and Jones 2018; Kondo et al. 2018), often explained
by the stress reduction theory (SRT) (Ulrich 1983). SRT,
utilizing its psycho-evolutionary framework, elucidates how
natural environments are anticipated to reduce psychologi-
cal and physiological stress. The theory posits that the evo-
lution of humans in natural environments over a long time
has led to the development of adaptive responses to natural
features (e.g., vegetation, water), such that exposure to these
elements elicits immediate, unconscious affective responses
that enhance psychological, physiological and behavioral
stress responses. Ulrich’s original laboratory experiment
demonstrated faster and more complete stress recovery in
natural compared to urban settings across physiological
responses, accompanied by increased positive affect (Ulrich
et al. 1991). Subsequent evidence has been synthesized in
several reviews. They consistently conclude that exposure
to nature reduces both perceived and physiological stress,
including evidence from laboratory and field studies (Berto
2014; Shuda et al. 2020; Yao et al. 2021; Kondo et al. 2018).
Although less central to stress per se, the Attention Resto-
ration Theory (ART) (Kaplan and Kaplan 1989) offers a
complementary cognitive perspective. According to ART,
environments that lack certain restorative qualities—such
as fascination, a sense of being away, extent (richness and
coherence), and compatibility with individuals’ goals—fail
to support the recovery of depleted attentional resources.
Urban environments, which lack these qualities, are less
restorative than natural settings that effortlessly capture
attention and support recovery. Moreover, urban environ-
ments characterized by continuous environmental demands
(e.g., noise, crowding, and visual complexity) impose
increasing loads on cognitive resources. These heightened
demands can lead to mental fatigue (Kaplan 1995), which in
turn increases vulnerability to stress (Kaplan 1995; Ulrich
et al. 1991), or—when the demands exceed an individual’s
coping capacity—can directly induce stress (Evans and
Cohen 1987; Cohen 1978). In contrast to natural environ-
ments, evidence on the effects of other urban environmental
characteristics on stress is quite limited (Weber and Trojan
2018) and includes mainly urban environmental stressors
such as urban density (Baumann and Brooks-Cederqvist
2023; Kno et al. 2017), traffic intensity and noise (Kou et
al. 2020; Tao et al. 2020; Yang and Matthews 2010). Con-
sidering that 68 percent of the world’s population is pro-
jected to live in cities by 2050 (United Nations 2018), and
acknowledging the scarce and unequal opportunities for
regular contact with nature, there is a need to better under-
stand the stressful or restorative qualities of everyday urban
landscapes.

Studies investigating the effect of urban environments on
stress use either field experiments (Birenboim et al. 2019a, b;
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Tyrvéinen et al. 2014; Ojala et al. 2019; Olszewska-Guizzo
et al. 2020), which offer greater ecological validity, or lab-
based experiments (Van den Berg et al. 2014; Helena Nordh
et al. 2013; Helena Nordh and @stby 2013; Xinxin Wang
et al. 2016; Jiang et al. 2015; Ho and Chiu 2021; Reece et
al. 2022; Martinez-Soto et al. 2019), which are considered
to have higher internal validity for causal inference (Biren-
boim et al. 2019a, b). Virtual reality (VR) technology, with
its highly realistic and immersive environments, emerges as
a potential solution to the long-standing dilemma of balanc-
ing experimental control and ecological validity (Birenboim
et al. 2021). Immersive virtual environments (IVEs) enable
highly controlled, lab-based experiments while mimicking
real-world complexity and realism (Birenboim et al. 2021).
To date, only a few experimental studies using IVEs have
focused on the restorative effect of contemplative/static
exposure to natural scenes (e.g., green and blue spaces)
(Anderson et al. 2017; Xiaobo Wang et al. 2019; Gao et al.
2019; Tabrizian et al. 2018; Hedblom et al. 2019; Calogiuri
et al. 2018; Hian et al. 2021; Annerstedt et al. 2013). Alter-
native experimental methods include window/facade views
(Elsadek et al. 2020, 2019), photographs (Mahamane et al.
2020), and videos (Reece et al. 2022; Xinxin Wang et al.
2016), and are limited by a two-dimensional sensory experi-
ence (Xiaobo Wang et al. 2019) and the typically stationary
postures involved (e.g., sitting or standing still). However,
exposure to urban environments mostly occurs while indi-
viduals are moving through space. This movement may
affect individuals' emotional responses through spatial
sequence arrangement and shifting scenario sequences (Li
et al. 2016). Therefore, considering human movement while
studying the effect of environmental exposure on stress is
of importance. It ensures that stress responses are measured
in realistic, dynamic interaction with environments. IVEs
make it possible to implement locomotion devices such as a
walking simulator in lab-based experiments, increasing eco-
logical validity by mimicking individuals’ real-world expe-
rience of moving through urban environments. Compared to
walking-in-place (Batistatou et al. 2022; Hian et al. 2021),
joystick-driven movement (Hian et al. 2021), or teleporta-
tion (instantly jumping from point to point using a control-
ler), treadmill-based walking generates greater immersion
and a stronger sense of presence (Boletsis and Cedergren
2019). It also helps mitigate the likelihood of cybersickness,
which is a form of motion sickness arising from sensory
conflicts between visual and vestibular inputs in VR (Rea-
son and Brand 1975).

Previous experimental studies examining the effect of
environments on stress mostly relied on either psychologi-
cal (Honey-Rosés and Zapata 2023; Beute and de Kort 2018;
Tao et al. 2020; Lindal and Hartig 2013; Helena Nordh et
al. 2013; Helena Nordh and @stby 2013) or physiological
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(Walker et al. 2016; Jiang et al. 2014; Kitabayashi et al.
2015; Engelniederhammer et al. 2019; Zhang, Danish, et al.
2022; Zhang et al. 2022; Benita and Tunger 2019; Anner-
stedt et al. 2013) stress measurements. Psychological mea-
sures directly capture individuals’ perceptions and feelings
(Corneille and Gawronski 2024) however, they are suscep-
tible to self-report and social desirability biases (Reece et al.
2022; Birenboim et al. 2019a, b). On the other hand, physi-
ological measures offer insights into participants' autonomic
responses; though, they are at risk of external interferences
(Bi 2025). These interferences can result in mismeasure-
ment, particularly in ambulatory studies (Bigazzi et al.
2021; Bi2025). Very few studies combined both stress mea-
surement when assessing the relationships between envi-
ronments and stress, and reported mixed evidence. Notably,
Beil and Hanes (2013) highlighted inconsistencies between
two measurements, reflecting the complexity of stress
responses. This lack of concordance between the two mea-
surements was also reported by Reece et al. (2022). Con-
sidering that physiological autonomic responses may differ
from conscious self-reported responses (Beil and Hanes
2013), implementing both as complementary measures can
ensure a more comprehensive and accurate understand-
ing of the environment-stress relationships (Baumann and
Brooks-Cederqvist 2023; Beil and Hanes 2013).
Physiological stress responses are closely tied to the
activity of the autonomic nervous system (ANS) (Jansen
et al. 1995). Through its two branches—the sympathetic
and parasympathetic nervous systems—the ANS regulates
bodily functions such as cardiovascular activity, respiration,
sweat gland activity, digestion, pupillary responses, and
sexual arousal (Kreibig et al. 2007). Accordingly, physi-
ological signals from the ANS derived from different bodily
systems can be used to infer an individual’s stress responses
(Birenboim et al. 2019a, b). Among them, heart rate (HR)
and electrodermal activity (EDA) are most commonly used
in stress research (Moser et al. 2023; Yu et al. 2018), in part
because they can be recorded reliably and non-invasively in
ambulatory settings (Birenboim et al. 2019a, b). The sympa-
thetic activity during a fight-or-flight response in situations
perceived as overwhelming increases heart activity to pre-
pare for action (Kreibig et al. 2007), whereas the parasym-
pathetic activity induces a lower HR (Taelman et al. 2009).
An elevated HR is associated with stress (Kim et al. 2018;
Taelman et al. 2009) and emotions of anger, anxiety, embar-
rassment, fear, happiness, joy, and surprise (Birenboim et
al. 2019a, b). Lower HR, on the other hand, is linked to a
state of serenity and emotions such as acute sadness, affec-
tion, and contentment (Kreibig 2010). EDA reflects changes
in skin conductance driven by sweat gland activity, which
is regulated by the sympathetic nervous system. Raw EDA
signals are typically divided into two components: (1) the

tonic component, or skin conductance level (SCL), reflect-
ing the baseline level of skin conductivity, and (2) the phasic
component, or skin conductance responses (SCRs), reflect-
ing phasic increases in conductivity amplitude of skin. High
EDA levels are linked to psychological stress and negative
emotions, whereas lower levels are associated with calm or
restorative states (Healey and Picard 2005; Kreibig 2010).

IVEs enhance the quality of both psychological and phys-
iological measurements. They allow questions to be asked
within immersive environments while participants are still
wearing the headset. This ensures that participants respond
in the moment, rather than recalling their feelings afterward,
thus limiting recall biases (Birenboim et al. 2021). More-
over, IVEs make it possible to implement advanced behav-
ioral and physiological measurements through eye-tracking
technology. They specifically enable measuring pupil diam-
eter as an indicator of emotional arousal (i.e., low or high)
(Skaramagkas et al. 2023; Bradley et al. 2008; Steinhauer et
al. 2022; Partala and Surakka 2003; Raiturkar et al. 2016)
and cognitive load (Skaramagkas et al. 2023; Mathot 2018;
Steinhauer et al. 2022; Kret and Sjak-Shie 2019). Pupil
diameter provides a valuable real-time index of how indi-
viduals respond to emotional or cognitive demands in their
environment. An increase in pupil diameter, after account-
ing for luminance effects, indicates heightened sympathetic
arousal or increased cognitive activity. This response cap-
tures both emotional arousal (Bradley et al. 2008; Raiturkar
et al. 2016) and mental workload (Mathét 2018; Steinhauer
et al. 2022; Eckert et al. 2022; Skaramagkas et al. 2023),
thus offering a sensitive measure of engagement with envi-
ronmental stimuli. In addition to this, studies often mea-
sure an average stress level within a specific time window,
overlooking stress detection at specific moments in space
and time. Therefore, the integration of multiple sensors and
physiological responses is particularly useful for studies
that aim to distinguish between momentary stress responses
at specific time points and overall stress levels over longer
exposure duration.

The aim of this study is to systematically examine the
ability to induce and measure psychological and physiologi-
cal stress responses during walking in immersive virtual
urban environments. The setup combines immersive virtual
environments and an omnidirectional treadmill to simu-
late realistic urban walking experiences and is equipped
with an external biosensor measuring HR and EDA, a
head-mounted display (HMD) recording pupil diameter,
and in-VR questionnaires to capture both physiological
and psychological stress responses. To achieve this aim,
we conducted an experiment that comprised two comple-
mentary sub-experiments. The first sub-experiment com-
pared exposure to two contrasting urban environments—an
urban park and an urban street—to test the ability to detect
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differences in average stress levels, experienced over a lon-
ger exposure period, across two environments. The second
sub-experiment, independent of the first one, exposed par-
ticipants to the same urban street, with an acute stress stimu-
lus (a fire truck with a siren sound appearing from behind) to
test the ability in detecting momentary physiological stress
responses—referred to as the moment of stress (MOS). By
leveraging this innovative approach, we aim to enhance
understanding of how environmental characteristics influ-
ence both average and momentary stress responses, and
to contribute to the methodological advancement of stress
research in urban studies.

Based on the primary aim of the study and prior empiri-
cal evidence, we formulated the following hypotheses for
the two sub-experimental conditions:

Sub-experiment 1 (average stress levels):

H1: Participants will report lower perceived stress follow-
ing exposure to the park compared to the street.

H2: Pupil diameter will be smaller in the park compared
to the street, reflecting lower sympathetic arousal and cog-
nitive load. The park’s restorative qualities are expected
to elicit calm, effortless engagement, whereas the street’s
continuous environmental demands (e.g., noise, car traf-
fic) should evoke greater autonomic activation and mental
effort, leading to larger pupils.

H3: Heart rate responses will differ between environments:
the average HR will be lower in the park compared to the
street, reflecting reduced physiological stress, while the
standard deviation of HR will be higher in the street, indi-

cating greater variability due to stressful characteristics of

the street environment.

H4: Electrodermal activity will, on average, be lower in the
park relative to the street across all derived indexes, includ-
ing tonic (e.g., SCL) measures and phasic (e.g., SCR) mea-
sures, reflecting reduced sympathetic activation in the park.
The standard deviation of EDA will be higher in the street,
indicating greater variability of stress responses.

Sub-experiment 2 (moment of stress):
H5: Exposure to the fire-truck siren sound will elicit a sig-
nificant increase in pupil diameter, reflecting heightened
sympathetic arousal in response to the acute stressor.
H6: Exposure to the fire-truck siren sound will elicit a sig-

nificant increase in EDA, reflecting heightened sympathetic
arousal in response to the acute stressor.

@ Springer

2 Method
2.1 Participants

This pilot study included 50 participants recruited through
convenience sampling in April 2024. Recruitment was con-
ducted via flyers distributed on the university campus and
emails sent through the Luxembourg Institute of Socio-
Economic Research (LISER) and University of Luxem-
bourg mailing lists. Based on the literature (Elsadek et al.
2020; Baumann and Brooks-Cederqvist 2023), we assumed
a medium effect size of Cohen’s d=0.50 for a within-sub-
ject repeated-measures analysis, with a statistical power of
0.90 and a significance level of 0.05, resulting in a required
sample size of 36 participants. To account for potential par-
ticipant loss due to technical or other reasons, we aimed to
recruit 50 participants.

Inclusion criteria required participants to be adults,
aged 1865 years, residing in Luxembourg, with normal
or corrected-to-normal vision and hearing, no color blind-
ness, self-reported non-pregnancy, and the ability to walk
independently without assistive devices. Exclusion criteria
included self-reported diagnoses of heart disease, irregular
heartbeat, respiratory diseases, mental disorders, or symp-
tomatic systemic sweating, as well as current medical treat-
ment or medication for these conditions. Fluency in either
French or English was also required. These criteria were
assessed through an online eligibility questionnaire com-
pleted by participants prior to the study.

One participant was excluded from the entire sample for
not following instructions during the experiment, leaving a
final sample of 49 participants. Written informed consent
was obtained from all participants following a detailed
explanation of the study procedures. Participants were
informed of their right to withdraw at any time without con-
sequences, and the confidentiality of their data was ensured.
The study protocol was approved by the LISER research
ethics committee (LISER REC/2021/024.FRAGMENTY/S).
Participants were compensated with a €20 gift voucher for
their time and participation.

2.2 Materials

Three IVEs were developed through a third-party company
using Unity®, a game engine software, and presented via
the HTC Vive Pro Eye HMD. Participants performed walk-
ing tasks on the Virtualizer ELITE 2 omnidirectional tread-
mill (See Fig. 1), which allowed for a more realistic sense
of walking within the IVEs (Birenboim et al. 2019a, b). To
meet the study’s goals, two typical yet contrasting urban
environments were created—an urban park and an urban
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Fig. 1 The physical setup of the experiment showing the omnidirec-
tional treadmill and VR headset (left), and screenshots of the four vir-
tual environments used in the study. Top middle: Neutral environment;

street—in addition to a more neutral environment used to
train the participant to walk in VR.

Neutral Environment: This neutral environment simu-
lated the neighborhood where the VR laboratory is located.
It featured low pedestrian and vehicle traffic and minimal
ambient noise, providing a controlled setting for partici-
pants to acclimate to the VR setup without confounding
stimuli (See Fig. 1).

Urban Park: The park environment was designed as a
typical naturalistic green space within an urban setting. It
featured a closed-loop path, grassy areas, a central pond
with a fountain, benches, and diverse vegetation (trees,
bushes, flowers, etc.). Ambient birdsong enhanced the sen-
sory experience, while virtual people animated with walking
movements contributed to the environment's realism. This
environment was used to assess average stress responses in
a restorative setting.

Urban Street: Representing a typical urban street seg-
ment with heightened environmental stressors characterized
by a densely built area with monotonous high-rise buildings,
moderate to high traffic, and urban noise. Features such as
overflowing bins, visible litter, “danger” traffic signs, and
the absence of green spaces emphasized its stressful nature.
This environment was used both to measure and compare
average stress levels with the park environment and to
detect moments of acute stress during a siren event. For the
latter, a fire truck with a loud siren was introduced into the
urban street environment during a separate session to simu-
late a realistic acute stressor.

Top right: Urban park; Bottom middle: Urban street; Bottom right:
Urban street with the fire truck included

A figure illustrating screenshots of the park, street, and
street with the fire truck during the siren event is presented
in Fig. 1.

Physiological responses were measured using two
devices. The HMD was used to measure pupil diameter. The
Empatica E4 wristband continuously monitored HR, and
EDA, providing complementary data for analyzing stress
responses. In addition to these physiological measures, psy-
chological responses were measured using questionnaires
administered within the VR environment.

2.3 Procedure

The experiment was conducted at the LISER VR labora-
tory in Belval. Recruitment began with the distribution of
flyers and emails containing a link to an online eligibility
questionnaire. Interested individuals completed the ques-
tionnaire, which collected demographic information and
assessed inclusion criteria. Eligible participants selected
a convenient time slot from a list of available sessions.
Upon arrival at the laboratory, participants read an infor-
mation sheet, signed a consent form, and were fitted with
the Empatica E4 wristband. The overall experiment com-
prised two complementary sub-experiments designed to
evaluate different aspects of stress responses. An overview
of the experimental design, including the sequence of walk-
ing and resting sessions, is shown in Fig. 2. The experi-
ment consisted of three phases: 1) habituation, 2) the first
sub-experiment involving exposure to park and street ses-
sions in a random order to assess average stress levels in
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Physiological measures: The wristband measures bio signals continuously throughout the experiment
The Pupil diameter is measured during the Park, Street, and Siren VR sessions.
Psychological measures: 1he 1-item self-reported stress level and SD
adjectives questionnaires are filled out twice within virtual environments.
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Fig.2 Overview of the experimental design including the two sub-experiments

two contrasting urban environments, and 3) the second sub-
experiment involving the siren session to detect moments
of stress. The total session lasted approximately 70 min.
Five-minute rest periods were incorporated throughout the
experiment to allow for physical and physiological recov-
ery, mitigate potential cybersickness, and minimize carry-
over effects between environments. During the rest periods
throughout the experiment, participants also completed
additional questionnaires on potential covariates.

Habituation phase. The habituation phase was designed
to help participants habituate to the treadmill and the VR.
It familiarized participants with the setup before the main
experiment, minimizing the impact of novelty on partici-
pant behavior. This phase consisted of three walking ses-
sions interspersed with rest periods to allow for physical
and physiological recovery. Participants began with a 2-min
treadmill acclimation walk without the HMD, followed
by a 2-min walk while wearing the HMD to adjust to the
immersive VR experience. Finally, participants completed
a 3-min walk in the Neutral environment. Before starting
the main experiment, the eye-tracking calibration provided
by the HMD was conducted to ensure accurate pupil diam-
eter measurements. Following calibration, participants were
exposed to a black screen and a white screen for 5 s each to
collect baseline data for normalizing pupil diameter values
based on screen brightness.

Sub-experiment 1 (Average stress level assessment).
To assess average stress levels, the experiment employed
a within-subjects design in which each participant experi-
enced two conditions: urban park and urban street (without
siren sound). A randomized crossover approach was used
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to control for order effects, with participants randomly
assigned to one of two groups. One group started with the
park session followed by the street, while the other group
experienced the street session first and then the park. Self-
reported questionnaires assessing stress level and environ-
mental perception were administered immediately after
each VR session while participants remained wearing the
HMD.

Sub-experiment 2 (Moment of stress assessment). The
second sub-experiment (structured as a within subject
design) session was designed to simulate an acute—but
realistic—stress event. We implemented the event only
in the urban street environment. This choice was made
because the purpose was to validate the ability of the setup
to capture acute physiological stress responses in an urban
scenario, rather than to compare the acute response between
environments. To avoid influencing stress responses in the
earlier sessions, this session was conducted at the end of the
experiment. During this session, a virtual fire truck with a
loud siren was programmed to appear from behind the par-
ticipant at the 20th second of a 1-min walk. The siren lasted
7 s and was calibrated to be noticeable without being overly
jarring. The fire truck siren was selected as an acute auditory
stimulus designed to induce momentary stress, as sudden
alarm sounds have been shown to evoke immediate physi-
ological stress responses such as increased heart rate and
cortisol release (Hall et al. 2016). After the session, partici-
pants completed the same self-reported questionnaires for
stress and environmental perception, administered within
the VR environment while wearing the HMD.
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Debriefing and compensation. At the end of the experi-
ment, participants completed a questionnaire on a PC
assessing their cybersickness. This was followed by a brief
debriefing session, during which participants were provided
with an overview of the study’s objectives and given the
opportunity to ask questions. Participants were thanked
for their time and effort and were compensated with a €20
voucher.

2.4 Measures
2.4.1 Stress markers

Stress markers in this study encompassed both biosignals
and self-reported psychological stress measures.

Psychological Measures: Self-reported stress was
assessed through a single-item question on a 5-point Lik-
ert scale: "How stressful did you find the environment?”.
Emotional perceptions of the environments were evaluated
using the Semantic Differential (SD) questionnaire (Elsadek
et al. 2020, 2019), which comprised nine opposite adjec-
tive pairs (e.g., Comfortable vs. Uncomfortable) rated on a
5-point Likert scale ranging from -2 to+2. Both perceived
stress and SD responses were assessed in VR, using HMD
to answer questions via the direction of the participant’s
gaze, immediately after each VR walking session.

Physiological Measures: Biosignals were recorded using
the Empatica E4 wristband and the HMD. The Empatica E4
wristband continuously recorded EDA and HR throughout
the entire experiment, including walking, resting, and habit-
uation phases. Pupil diameter was recorded only during the
urban park, urban street, and siren VR walking sessions.
Derived stress measures included specific metrics for each
biosignal, as detailed in Table 1. The HR was excluded from
the MOS analysis because Empatica provides HR values
averaged over 10-s spans (Empatica 2021). This temporal
smoothing reduces sensitivity to second-by-second changes
required for detecting momentary stress responses. To
account for brightness effects in the pupil diameter measure-
ment, the luminance levels of the VR screens during the VR
walking sessions were recorded via Unity® software. These
data were used to normalize pupil diameter values, ensuring
that observed changes were not influenced by environmen-
tal brightness variations.

2.4.2 Covariates

Measures of presence and perceived exertion were collected
after each walking session, as these variables could directly
influence participants’ responses. Spatial presence was mea-
sured using the Spatial Presence Experience Scale (SPES)
(Hartmann et al. 2016), which comprises eight items on a

5-point Likert scale ranging from 1 (=I do not agree at all)
to 5 (=1 totally agree), with higher scores indicating stronger
feelings of presence in the virtual environment. Perceived
exertion was assessed with a modified Borg’s Perceived
Exertion scale (Borg 1998), which uses a 620 rating scale,
with higher values indicating greater effort.

Additional questionnaires were administered either
before the walking sessions or during rest periods on a PC to
gather data on potential covariates and participant character-
istics. Before the walking sessions, participants completed
questionnaires assessing sociodemographic (age, sex, edu-
cational level, main activity, and cultural background), envi-
ronmental preferences, modes of transportation, experience
with VR, well-being (WHO-5) (WHO-5 2024), and 1-item
sleep quality. During the rest periods, additional assessments
included chronic stress (PSS10) (Cohen et al. 1983), qual-
ity of life (WHOQOL-BREF) (WHO 2012), and personal-
ity traits (BFI-10) (Rammstedt and John 2007). At the end
of the experiment, participants completed a questionnaire
about their cybersickness using the CSQ-VR (Kourtesis et
al. 2023) and awareness of the study objective.

2.5 Data preprocessing

Data synchronization: All IVE events were automatically
logged during the experiment, including the start and stop
times of each session, the onset of the MOS (fire truck with
siren), brightness values, and pupil data. These event mark-
ers were exported in log files with precise time stamps.
Using these time stamps, we synchronized the IVE log
with the biosensor recordings (HR and EDA). In addition,
the experimenter manually recorded clock times for events
outside of the IVE (e.g., rest sessions, habituation phase).
These non-IVE events were subsequently aligned with the
IVE and physiological data. This procedure ensured accu-
rate temporal alignment (to the second) between all events
and physiological measurements.

Pupil Diameter: The preprocessing of pupil diameter
data involved several steps to ensure data quality and reli-
ability. First, data from six participants were excluded due
to failures in eye-tracking calibration and recording errors,
resulting in a final sample of 43 participants. Blink artifacts
were addressed by performing linear interpolation (Sege
et al. 2020; Wang et al. 2018), where missing pupil values
during detected blinks were replaced using the pre- and
post-blink values. To minimize noise, a fifth-order Butter-
worth low-pass filter with a cutoff frequency of 10 Hz was
applied (Raiturkar et al. 2016). Additionally, a second low-
pass Butterworth filter with a cutoff frequency of 5 Hz was
applied before down sampling to 10 Hz to avoid aliasing.
The mean pupil diameter of the left and right eyes was com-
puted at each sampling point. To account for the delayed
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Table 1 Biosignals and derived Biosignals Definition and  Stress biomarkers (Indexes) Expected direction Pur-
stress biomarkers mechanism pose
of
use
EDA A parameter EDA average (EDA_avg): The higher the EDA_avg, the Aver-
that describes Mean of EDA during a greater the stress (Birenboim et al.  age
autonomic session 2021) stress
changes in the level
skin’s electrical  EDA standard deviation The higher the EDA_stdv, the Aver-
properties and is (EDA_stdv): Standard greater variability of stress age
divided into two  deviation of EDA duringa  responses (Birenboim et al. 2021)  stress
componentSZ session level
- Skin Con- EDA amplitude: The second- A significant increase leads to a MOS
ductance Level 4, second amplitude of EDA  peak in the EDA values in the
(SCL) presence of a stimulus (Kyriakou et
- Skin Conduc- al. 2019)
ggle{g“p ONSES " Skin Conductance Level The higher the SCL, the greater the Aver-
(SCL_avg): Mean of SCL stress(Cai et al. 2023) age
during a session stress
level
Number of significant Skin A greater number of significant Aver-
Conductance Responses™ SCR is associated with higher age
(nSCR): Frequency of stress levels (Birenboim et al. stress
significant phasic responses  2019a, b) level
during a session
Amplitude Sum (AmpSum): Greater SCR amplitude is associ-  Aver-
Sum of significant SCR ated with higher stress levels age
amplitudes in pS during a (Birenboim et al. 2019a, b; Benita  stress
session and Tuncger 2019; Lee et al. 2024)  level
Phasic Maximum (Phasic- A greater maximum value of Aver-
Max): Peak amplitude of the significant SCR is associated with  age
largest SCR in uS during a  higher stress levels (Lee et al. 2024; stress
session Birenboim et al. 2019a, b) level
HR Measures the Average Heart Rate (HR Higher HR values are associated Aver-
number of heart- avg): Mean of heartbeats per with stressful states (Taelman et al. age
beats per minute, minute during a session 2009; Kim et al. 2018) stress
regulated by level
sympathetic and  Heart Rate standard devia-  The higher the HR_stdv, the greater Aver-
parasympathetic  tion (HR_stdv): Standard variability of stress responses age
branches of the  deviation of heart beats per  (Birenboim et al. 2021) stress
ANS. Increases  minute during a session level
under stress due
to heightened
sympathetic
EDA =electrodermal activ- activity
ity, MOS =moment of stress, Pupil The measure- Average Pupil Diameter Dilated pupils are associated with ~ Aver-
SCL =skin conductance level, Diameter  ment of the (Pupil_avg): Mean pupil the process of emotionally engag-  age

pupil's size,
which changes
in response

to emotional,

SCR =skin conductance
response, LS =microsiemens,
ANS=autonomic nervous sys-
tem, HR =heart rate. * Signifi-

cant SCRs are skin conductance cognitive, and
responses exceeding a threshold environmental
stimuli

of 0.04 uS (Xiang et al. 2021)

by-second changes in pupil
diameter

diameter during a session ing stimuli (Bradley et al. 2008) stress
and cognitive load (Mathot 2018)  level
Pupil Amplitude: Second- A significant increase leads to a MOS

peak in pupil values in the presence
of a stimulus

physiological response of the pupil to brightness changes,
a lagged brightness value was calculated by shifting the
recorded brightness levels by 0.5 s (Eckert et al. 2022).
Pupil diameter values were adjusted for brightness effects
using a linear regression model (Raiturkar et al. 2016), and
the residuals from this model were normalized to ensure
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non-negative values. This adjustment ensured that pupil
diameter measurements accurately reflected physiological
responses rather than environmental lighting variations.
Electrodermal Activity: Raw EDA data were first
inspected for values below 0.01 pS, which indicated a loss
of contact between the skin and the electrode and were
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excluded (Winz et al. 2022). A moving window of 10 s was
applied to detect motion artifacts, defined as signal changes
exceeding three standard deviations, which were flagged
for removal (Xiang et al. 2021). Missing values were then
addressed using linear interpolation to ensure continuity in
the time series. To reduce high-frequency noise caused by
factors such as movement, respiration, or device-related
issues, a first-order Butterworth low-pass filter with a cut-
off frequency of 5 Hz was applied (Kyriakou et al. 2019).
The preprocessed EDA data were subsequently imported
into Ledalab (Benedek and Kaernbach 2010), a MATLAB-
based tool for skin conductance analysis (Benita and Tunger
2019; Lee et al. 2024; Cai et al. 2023). Four EDA features
(Birenboim et al. 2019a, b; Lee et al. 2024) were abstracted
using Ledalab’s continuous deconvolution analysis (CDA)
with default parametric settings (Winz et al. 2022; Huang et
al. 2020; Cai et al. 2023; Xiang et al. 2021; Lee et al. 2024).

2.6 Data analysis

All analyses were conducted using R version 4.4.1 (Posit
team 2024), with statistical significance set at a p-value
threshold of<0.05.

Analysis of Average Stress Levels: For each participant,
the mean of all stress biomarkers was calculated over the
three-minute exposure to each environment (park and
urban street) and combined with psychological stress mea-
sures to create a condition-level data frame. For EDA and
HR, the standard deviation of values during each environ-
ment was added as well. Each stress marker was analyzed

Table 2 Participants' characteristics (N=50)

Variables Mean Variables Mean
(SD)/n (SD)/n
(%) (%)
Sociodemographic Cultural Background,
Characteristics n (%)
Age, mean (SD) 31.2(8.8) European 29 (58%)
Female, n (%) 25(50%) Non-European 21 (42%)
Education Level, Virtual Reality Expe-
n (%) rience, n (%)
Secondary 7 (14%)  Sometimes/Very often 7 (14%)
education
Undergraduate 14 (28%) Rarely 22 (44%)
Graduate 21 (42%) Never 21 (42%)
PhD 8(16%)  Current Living Envi-
ronment, n (%)
Main Activity, n Downtown or city 18 (36%)
(%) center
Student 14 (28%) Suburbs 12 (24%)
Student and 19 (38%) Small town or village 20 (40%)
employed
Employed 13 (26%) General Health
Unemployed 4 (8%) Chronic Stress, mean 16.7

(SD) (63)

separately. The normality of the data was assessed using
the Shapiro—Wilk test. Based on the results, either paired
sample t-tests or Wilcoxon signed-rank tests were applied
to compare stress levels between the two environments. A
one-sided test was used for all comparisons, reflecting the
hypothesis that participants would exhibit higher average
stress levels in the urban street environment compared to
the park. Cohen’s d, and the rank-biserial correlation (ry,)
were calculated as measures of effect size for parametric
and non-parametric pairwise tests, respectively. To account
for potential confounders, linear mixed-effects models
(LMMs) were employed using the Ime4 package in R.
These models included environment (park vs. street) as a
fixed effect, covariates and their interaction terms when sig-
nificant at p-value<0.05, and participant ID as a random
effect to account for repeated measures within individuals.
Additionally, Kendall's rank correlations were calculated to
assess the concordance between all stress markers within
each condition separately.

Analysis of Moments of Stress (MOS) Related to the
Siren Onset: Temporal changes in pupil diameter and EDA
were analyzed using an LMM, with the Time as a qua-
dratic predictor to capture potential non-linear trends and
participant ID as a random effect to account for repeated
measures within individuals. Based on visual inspection of
the time-series plot, three key time points were identified:
TO (siren onset), T1 (peak), and T2 (first local minimum
after peak). Data points between TO and T2 were included in
the analysis. Additionally, to determine whether physiologi-
cal responses at T1 differed significantly from TO0, post-hoc
pairwise comparisons were conducted.

3 Results
3.1 Descriptive statistics

Table 2 summarizes participant characteristics (N=50).
The participants included 25 women and 25 men; their ages
ranged from 18 to 57 years, with a mean age of 31.2 years
(SD=8.8). The majority were students (66%), and they had
either rarely or never experienced VR. Cybersickness was
assessed at the end of the experiment using the CSQ-VR, an
eight-item questionnaire on a 7-point Likert scale ranging
from 1 (=Absent feeling) to 7 (=Extreme feeling) (Kourte-
sis et al. 2023). Participants reported a mean score of 1.80
(SD=0.87), corresponding to absent to very mild symp-
toms on average. This likely reflects the combined effects of
treadmill-based locomotion, habituation, and rest sessions,
even among individuals with limited prior VR experience.
Due to hardware problems (i.e., calibration and recording
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issues), E4 and pupil data were only available for 48 and 43
participants, respectively.

3.2 Average stress level comparison: urban park vs.
urban street

Table 3 shows participants’ psychological and physiologi-
cal responses to the park and street environments, testing
Hypotheses 1 to 4.

Psychological Responses: Wilcoxon signed-rank tests
revealed that participants reported significantly lower per-
ceived stress levels in the park (M=0.27, SD=0.73) com-
pared to the street (M =2.29, SD=1.14, Z=5.655, p<0.001,
n=49,r,=0.95, 95% CI [0.90, 0.97]). Additionally, ratings
from the Semantic Differential Questionnaire consistently
indicated more positive perceptions of the park across all
nine adjective pairs. Participants evaluated the park as sig-
nificantly more comfortable, relaxing, likable, cheerful,
beautiful, colorful, attractive, safe, and pleasing compared
to the street.

Physiological Responses: As indicated in Table 3, the
t-test revealed that participants had a significantly higher

standard deviation of HR in the street (M=8.14, SD=3.93)
compared to the park (M=5.72, SD=3.47, t=3.546,
p<0.001, n=48, d,=0.50, 95% CI [0.20, 0.80]). The mean
of pupil diameter showed significant differences between
environments as well, as participants had lower pupil diam-
eter in the street (M=0.83, SD=0.33) compared to the
park (M=1.51, SD=0.41, t=-13.808, p<0.001, n=43,
d,=—2.07, 95% CI [-2.60, —1.54]). Other stress biomarkers
(HR average and all EDA-derived) did not show any signifi-
cant differences between the park and the street.

The potential confounding effects of exposure order,
as well as covariates such as SPES, walking exertion, and
sociodemographic, were analyzed. SPES scores were above
the scale midpoint in both environments (street: M=3.40,
SD=0.57; park: M=3.56, SD=0.64). Walking exertion
ratings were comparable across environments (street:
M=12.19, SD=1.63; park: M=11.94, SD=1.69), corre-
sponding to moderate exertion on average. The results of
the LMMs revealed that none of these variables confounded
the relationship between urban environments and stress.
Kendall's rank correlation was computed to evaluate the
consistency between stress markers for each environment

Table 3 Comparison of all Park Street Test (Paired, 1tail) Effect size
psychological and physi- Mean(SD) Test p-Value (95% CI)
ologlcal responses between two Statistic
environments
Psychological
Self-reported stress level
I found the environment 0.27 (0.73)  2.29(1.14) Z=5.655 <0.001 0.95(0.90,0.97)
stressful
Semantic Differential
Ratings
Comfortable 1.63 (0.67) —1.02(1.05) Z=-5.796 <0.001 —0.97(-0.99,-0.95)
Relaxing 1.39(1.04) -0.78(1.07) Z=-5.294 <0.001 -0.89(—0.94,-0.81)
Likable 1.73 (0.49) —1(1.06) Z=-5974 <0.001 -0.99 (—0.99,—0.98)
Cheerful 1.35(0.83) —124(08) Z=-598 <0.001 —0.99(—0.99,-0.98)
Beautiful 1.73(0.57) —139(0.81) Z=-6.093 <0.001 -1.00(—1.00,—1.00)
Colorful 1.63 (0.64) —1.41(0.96) Z=-5905 <0.001 —1.00(—1.00,—0.99)
Attractive 1.43 (1.1) -1.31(0.89) Z=-5.872 <0.001 —0.99(—0.99,-0.97)
Safe 1.71 (0.71) —-0.53(1.08) Z=-5.791 <0.001 -0.98(—0.99,-0.96)
Pleasing 1.73(0.6)  —1.22(1.01) Z=-5968 <0.001 —1.00(—1.00,—1.00)
Physiological
Electrodermal Activity
EDA average 2.06 (2.94) 2.24(3.1) Z=-0.051 0.522 —0.01 (=0.32,0.31)
EDA standard deviation 0.29(0.33) 0.34(0.41) 7=0.492 0.313 0.08 (—0.24,0.39)
SCL average 1.92 (2.8)  2.05(2.93) Z=-0.113 0.547 -0.02(-0.33,0.3)
nSCR 37.67 (45.1) 41.79 (48.2) Z=1.103  0.137  0.14(=0.19,0.43)
AmpSum (uS) 8.9(13.56) 12.2(24.65) Z=1.253 0.107 0.20 (—0.13,0.48)
PhasicMax (uS) 0.5 (0.59) 0.53 (0.68) 2=0.265 0.398 0.04 (—0.28,0.35)
SCL=skin conductance level, Heart Rate
nSCR=number of significant HR average 83.51 85.25(12.59) t=0.81 0211  0.12(=0.17,0.4)
skin conductance responses, (12.88)
AmpSum=sum of significant HR standard deviation 572(347) 8.14(3.93)  t=3.546  <0.001 0.50(0.20,0.80)
SCR amplitudes, Phasic- o
max =peak amplitude of the Pupil Diameter
largest SCR, pS=microsiemens Pupil average 1.51 (0.41) 0.83(0.33) t=—13.808 <0.001 —2.07(—2.60,—1.54)
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separately (see Supplementary file A). Self-reported stress
and SD questions negatively correlated in both environ-
ments, supporting the expected inverse relationship. The
strong correlations were also found between EDA-derived
biomarkers in both environments. Only in the street envi-
ronment did average HR weakly correlate with the standard
deviation of HR and all EDA-derived biomarkers. However,
no significant correlations were observed between self-
reported stress and biomarkers.

3.3 Moments of stress assessment: siren sound in
an urban street

This session examined the effect of a fire truck siren sound,
acting as an acute stressor, on participants' physiological
(i.e., pupil diameter and EDA) responses, testing H5 and
H6. We expected to observe a clear peak in both pupil diam-
eter and EDA following the siren onset. Figure 3 shows the
second-by-second changes in mean (a) pupil diameter and
(b) EDA before and after the stressor. Both measures exhib-
ited an initial increase following the siren onset (TO=19),
with pupil dilation responding immediately, whereas EDA
showed approximately four to five-second delay, reaching
the peak (T1), and a subsequent decline to T2.

Pupil Diameter Response: The linear mixed-effects
model (LMM) revealed a significant non-linear effect of
time on pupil diameter (Time*: p<0.001). The results indi-
cate an inverse-U curvilinear pattern of change in response
to the siren. As shown in Fig. 3a, pupil diameter increased
following the siren onset (T0O=19 s), reaching a peak at
T1=23 s, before declining. Pairwise comparisons confirmed
a significant increase in pupil diameter from TO to T1 (esti-
mate=—0.141, SE=0.039, p<0.001). The result supports
the hypothesis that the siren elicited a dilation response fol-
lowing the stressor.

EDA Response: Similarly, the EDA response followed an
inverse-U curvilinear trend, as indicated by the significant
quadratic effect in the LMM analysis (Time%: p=0.008).
As illustrated in Fig. 3b, EDA showed a delayed increase
after TO. The EDA data revealed a peak response approxi-
mately 10 s after the onset of the stressor, with an average
latency of 3 s and a rise time of 7 s. Post-hoc comparisons
revealed a significant increase in EDA from TO to T1 (esti-
mate=—0.108, SE=0.0428, p=0.015). It indicates a delayed
but measurable autonomic response to the siren stressor.

4 Discussion

This study evaluated the feasibility of using a novel experi-
mental setup combining IVEs and an omnidirectional
treadmill to simulate realistic walking experiences in urban

environments, with the aim of examining how such expo-
sure affects stress. Regarding average stress levels, par-
ticipants reported significantly lower perceived stress and
greater emotional engagement in the park compared to the
street. The standard deviation of heart rate was significantly
higher in the street, indicating higher variability in HR
potentially due to stressful characteristics of the street. In
contrast, average pupil diameter was significantly larger in
the park, contrary to our hypothesis (H4). This unexpected
result might reflect emotional engagement rather than stress,
given the visually rich but pleasant context of the park
environment. Other stress biomarkers, including all EDA-
derived and average HR, showed no significant differences
between environments, although the observed trends were
in the expected direction. These findings suggest partial
consistency between physiological and psychological stress
responses. Furthermore, pupil diameter and EDA proved
effective in detecting acute stress responses during the fire
truck siren event, highlighting their sensitivity as markers of
the moments of stress.

Beyond stress outcomes, we assessed key factors related
to immersion and cybersickness. Participants generally felt
immersed in the IVEs, as the presence ratings were above
the scale midpoint in both environments. The realistic
design of the virtual environments likely played an impor-
tant role in enhancing the level of presence. This, together
with the use of treadmill-based locomotion, habituation,
and rest sessions, also contributed to the very low levels of
cybersickness reported. Overall, these results indicate that
participants were engaged and physically comfortable dur-
ing the experiment, supporting the validity of the whole
setup for measuring stress responses. Importantly, by inte-
grating multiple biosensors, real-time in-VR data collection,
and treadmill-based locomotion within realistic urban envi-
ronments, this study demonstrates a novel methodological
framework for inducing and capturing both prolonged and
acute stress responses with high ecological and experimen-
tal validity.

4.1 Average stress level comparison: urban park vs.
urban street

The positive effects of exposure to natural environments
compared to built environments are well documented.
Numerous studies highlight the restorative qualities of green
spaces in reducing stress and promoting emotional well-
being (Weber and Trojan 2018; Yao et al. 2021; Berto 2014;
Kondo et al. 2018; Kanning et al. 2022; Hian et al. 2021).
According to theories such as SRT (Ulrich et al. 1991) and
ART (Kaplan 1995), natural environments provide a capac-
ity to reduce stress and promote emotional engagement.
Consistent with these frameworks, this study observed
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Fig. 3 Time-series plots of changes in normalized pupil diameter (top) and EDA (bottom) during walking, showing a 20-s segment of the 1-min
walking session. TO denotes the first onset of the fire truck siren, T1 the post-event peak, and T2 a subsequent decline.
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significantly lower perceived stress and greater emotional
arousal in the park compared to the street environment, with
emotional arousal evidenced by both psychological and
physiological responses. These findings validate our experi-
mental setup combining IVEs and walking simulators for
assessing average stress levels. It provides a reliable tool for
future research in urban environmental stress studies.

We observed significantly different self-reported stress
levels between the two environments. Participants found
the street environment significantly more stressful than the
urban park, thereby validating our first hypothesis (H1).
This finding aligns with the study of Beil & Hanes (2013),
in which participants reported lower self-reported stress lev-
els in a very natural environment relative to a mostly built
setting. The positive effect of exposure to an urban park on
self-reported stress was also supported in a meta-analysis
conducted by Yao et al. (2021).

Results of the semantic differential questionnaire showed
that the urban park scored higher on the emotion “like”, and
participants felt more “comfortable”, “relaxed”, “cheerful”,
and “safe”. These findings are consistent with Elsadek et al.
(2020), in which adult participants reported similar feelings
after viewing an urban park through a window compared to
an urban built space.

Overall, with regard to self-reported stress, our findings
are in agreement with previous studies investigating the
restorative effects of exposure to natural scenes, regardless
of experimental methods (e.g., real-environment exposure
Beil and Hanes 2013; Mennis et al. 2018), window/fagade
views (Elsadek et al. 2020, 2019), photograph and video
(Mahamane et al. 2020; Lindal and Hartig 2015; Xinxin
Wang et al. 2016), VR (Huang et al. 2020; Tabrizian et al.
2018; Hedblom et al. 2019; Batistatou et al. 2022; Hian
et al. 2021)) or participants posture (i.e., sitting or stand-
ing still Elsadek et al. 2019; Huang et al. 2020; Hedblom
et al. 2019), walking in place in VR (Batistatou et al. 2022;
Hian et al. 2021), and walking in real environment (Brooks
et al. 2017; Ojala et al. 2019)). This consistency across
various approaches underscores the ability of self-reported
measures to capture emotional responses, highlighting par-
ticipants’ sensitivity to differences in environmental char-
acteristics such as perceived safety, aesthetic appeal, and
restorative qualities (Corneille and Gawronski 2024). Self-
reported measures account for the emotional experiences of
participants, which reinforces their importance in evaluat-
ing psychological stress responses in urban studies.

We observed significantly different levels of pupil diam-
eter between the park and the street. Participants exhibited
a larger average pupil diameter in the park compared to the
street environment, contrary to our hypothesis (H2), which
anticipated smaller pupil diameter in the park as a restor-
ative environment. This unexpected finding warrants careful

interpretation within the study context. Pupil diameter is a
well-established indicator of emotional arousal, mediated
by sympathetic activation of the autonomic nervous sys-
tem (Bradley et al. 2008; Steinhauer et al. 2022; Skaramag-
kas et al. 2023; Partala and Surakka 2003). Accordingly,
a larger pupil diameter would typically be expected in the
street, under conditions of heightened stress or cognitive
load. However, the absence of larger pupil diameter in the
street suggests that this environment did not elicit strong
enough stress-related emotional arousal. This interpretation
is consistent with the non-significant differences observed
in EDA indexes and average heart rate. Recent pupillometry
research shows that, while pupil dilation reliably reflects the
intensity of emotional arousal, it does not inherently distin-
guish between positive and negative valence (Skaramagkas
et al. 2023; Pei et al. 2022; Bradley et al. 2008; Steinhauer
et al. 2022). This limitation underscores the importance of
incorporating self-reported measures, such as the SD ques-
tions in our study, which are essential for identifying valence
direction (Pei et al. 2022; Partala and Surakka 2003). In
this study, the SD results consistently indicated more posi-
tive emotional engagement in the park, suggesting that the
larger pupil diameter reflects positive arousal rather than
heightened stress. This interpretation aligns with previous
findings showing that pupil size increases during exposure
to highly arousing images (Bradley et al. 2008) or auditory
stimuli (Partala and Surakka 2003), regardless of whether
the stimuli are positively or negatively valenced. Regard-
ing the effect of environmental exposure on pupil size, Mar-
tinez-Soto et al. (2019) similarly found that pupil size was
larger when participants viewed the images of nature scenes
or urban environments with nature, compared to urban built
environments without nature. In related studies, these natu-
ral images were also rated higher in restorative potential as
well as in arousal and pleasure. However, Martinez-Soto
et al. (2019) noted their finding contrasted with the Nordh
et al. (2010) study, where participants viewing images of
small urban green spaces (pocket parks) showed smaller
pupil sizes in environments perceived as more restorative,
indicating lower physiological arousal. This reported dis-
crepancy might be reconciled by interpreting both sets of
findings through the lens of “emotional arousal”. In other
words, it is plausible that “restorative” experiences can be
either relatively calming (lower arousal, smaller pupils)
or positively stimulating (higher arousal, larger pupils),
depending on the exact features of the environment and the
participants’ perception. Ultimately, both studies align with
our own results, indicating that pupil size reflects emotional
arousal rather than inherently distinguishing between calm-
ing and stimulating forms of restoration.

We observed that the standard deviation of HR measure-
ments was significantly higher in the street than in the park.
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This supports only the second part of H3, which predicted
greater variability in HR in the more stressful street envi-
ronment. However, no significant differences were found in
average HR or any EDA-derived biomarkers between the
two environments (H4 not confirmed). However, despite the
lack of statistical significance for those other measures, the
trend of higher values in the street compared to the park
suggests a potential link to increased stress in the street
environment. Although HR and EDA are well-documented
stress biomarkers (Kondo et al. 2018; Taelman et al. 2009;
Healey and Picard 2005; Bolpagni et al. 2024; Hian et al.
2021), the small or non-significant differences observed in
our study may be explained by some of the experimental
design and technical-methodological considerations.

While we observed significant differences in positive
arousal between the two environments, the expected differ-
ence in stress level may have been minimal. There might be
some explanations. First, According to Cohen (1978) and R.
Kaplan and Kaplan (1989), the environment might induce
stress if it heavily taxes attentional capacity. Accordingly,
individuals have a finite capacity for attention, and as long
as this capacity is not exceeded by tasks or demands, poten-
tially stressful environments, such as a dense urban street
in our case, may not elicit stress responses. In this study,
participants were exposed to environments while walking
on a treadmill, without additional cognitive load. This lack
of cognitive demands may have allowed participants to allo-
cate sufficient attentional resources to process the environ-
ment with all of its competing stimuli.

Second, studies that report significant differences in
stress levels between environments often induce stress ini-
tially and measure restorative effects afterward (Huang et
al. 2020; Xinxin Wang et al. 2016; Hedblom et al. 2019).
In contrast, our study aimed to enhance ecological valid-
ity by having participants experience walking in different
urban environments without initially inducing stress. This
approach mimics real-world environmental exposure where
individuals naturally walk through urban environments.
However, the absence of initial stress induction in our study
may have contributed to the lack of significant differences
observed between the park and street environments.

Third, the relatively short duration of exposure (3 min
per environment) in our study may have been insufficient
to detect significant changes in physiological stress levels.
Studies such as Huang et al. (2020) observed no significant
differences in participants’ SCL levels during the first 5-min
exposure to different environments. Prolonged exposures
are necessary to observe significant differences in physi-
ological stress responses between environments.

Furthermore, EDA and HR biosignals are sensitive to both
emotional arousal and stress, directly linked to sympathetic
nervous system activation. While the street environment
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was hypothesized to be more stressful, the larger pupil
dilation observed in the park suggests heightened positive
arousal in that environment. Therefore, it is plausible that
these biomarkers changed in both environments but through
different mechanisms. The change in the street was likely
driven by stress responses, while in the park, it was driven
by positive arousal. Consequently, the overall changes
appeared similar in both environments, potentially masking
underlying differences.

From a technical-methodological perspective, the sensi-
tivity of Empatica E4, as noted by Birenboim et al. (2019a,
b), may have played a crucial role. Birenboim et al. sug-
gested that the sensor might not be sensitive enough to
detect subtle physiological changes that could indicate
stress differences between environments. Moreover, devices
relying on EDA and HR data are prone to motion artifacts
(Tarvainen et al. 2014; Anusha et al. 2020; Birenboim et al.
2019a, b). These artifacts can distort the accuracy of physi-
ological measurements during activities like walking. In our
study, in line with Birenboim et al. (2019a, b), the sensor
collected incomplete inter-beat interval data sets during
walks. Consequently, heart rate variability (HRV), a well-
established indicator of stress (Yao et al. 2021; Kim et al.
2018), could not be assessed in this study. This limitation
could be addressed by incorporating advanced sensors that
are less prone to motion artifacts. For example, using heart
rate measurement devices based on electrical methods, such
as electrocardiography (ECG), could improve data accuracy
and reliability during walking tasks. Unlike photoplethys-
mography (PPG)-based sensors, which are highly sensitive
to movement, ECG provides stable and precise measure-
ments, making it ideal for dynamic experimental setups.

We observed no significant correlations between self-
reported and physiological stress measures. This pattern is
consistently documented in previous studies showing that
physiological autonomic and consciously self-reported
stress responses often diverge (Baumann and Brooks-
Cederqvist 2023; Beil and Hanes 2013; Reece et al. 2022).
Similarly, physiological indicators such as HR, EDA, and
pupil diameter did not show strong intercorrelations. The
observed discrepancies may partly reflect the technical fac-
tors discussed above, including differences in sensor sensi-
tivity and susceptibility to noise artifacts that affect some
sensors more than others (e.g., sweating, hand movement,
or physical activity). Moreover, while all three physiologi-
cal indicators are influenced by sympathetic activation, they
may measure related but not identical constructs. Consistent
with prior findings, EDA and pupil diameter both increased
following exposure to the acute stimulus (Bradley et al.
2008). This pattern supports the interpretation that both
measures capture momentary stress-related arousal trig-
gered by sudden, high-intensity stimuli. In contrast, during
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prolonged exposure to the park and street environments, the
relationships among physiological measures were weaker
and more variable. A weak but significant correlation
between HR and EDA-derived indexes was observed only
in the street environment. This suggests partial convergence
of sympathetic activation under more demanding environ-
mental conditions. Such weak or inconsistent relationships
have also been reported in previous studies (Birenboim et
al. 2019a, b). However, in a more relaxed environment with
reduced sympathetic activation, no significant correlations
among physiological indicators were found, consistent with
previous findings particularly under non-stress-induced
conditions (Beil and Hanes 2013). The larger pupil size
observed in the park was also consistent with prior findings
(Martinez-Soto et al. 2019) showing greater pupil dilation
in natural settings, likely reflecting visual engagement or
positive arousal rather than increased stress. Taken together,
these results and previous evidence suggest that the correla-
tion between physiological measures is context dependent,
emerging primarily in more stressful or cognitively demand-
ing settings which may explains their weak intercorrelations
under conditions of moderate or low stress.

4.2 Moments of stress (siren session)

We investigated the temporal change of EDA and pupil
diameter as physiological markers of stress during a siren
session. Similar to prior research using physiological
responses to detect moments of stress following a stimulus
(Christopoulos et al. 2019; Kyriakou et al. 2019), this study
observed peaks in both EDA and pupil diameter time-series
data seconds after the onset of the fire truck siren sound (HS
and H6 confirmed). Previous study has shown that emer-
gency alarm sounds can evoke acute physiological stress
reactions, including increased heart rate and cortisol lev-
els (Hall et al. 2016), supporting the interpretation of this
response as a momentary stress response. The time-series
data indicated that both biomarkers followed an inverse-U
curvilinear pattern following the siren sound. However, they
differed in characteristics such as latency and rise time. Pupil
diameter showed an almost immediate response, while EDA
responses demonstrated a slight delay. The results revealed
a significant effect of time on both signals. While a clear
peak was observed in time-series responses of both signals
following the stressor onset, the characteristics of the peaks
were different. EDA exhibited approximately a 5-s latency
and a 5-s rising time, with the peak observed 10 s follow-
ing the siren onset. Both the observed latency and rising
time are consistent with previously reported average ranges
of 1 to 5 s in the literature (Levinson and Edelberg 1985;
Kyriakou et al. 2019). In contrast, pupil diameter responded

to the stressor almost immediately, with a rising time of
approximately 4 s to reach its peak.

Although our findings revealed notable differences
between the temporal dynamics of EDA and pupil diameter,
both measures converged as indicators of stress-induced
arousal, consistent with previous research linking them
to sympathetic nervous system activation (Bradley et al.
2008). These findings contribute to understanding the tem-
poral dynamics of physiological responses to acute stress-
ors. Moreover, they highlight the utility of physiological
measurements in assessing stress reactions in controlled
environments.

4.3 Strengths and limitations

The main strength of our study is the novel combination
of highly realistic and immersive IVEs with the omni-
directional treadmill. This setup enabled participants to
experience a realistic form of walking through urban envi-
ronments as their physiological and psychological stress
responses were measured via biosensors and in-VR ques-
tionnaires. Moreover, the randomized crossover within-
subjects design, employing two different environments with
a rest session in between, offers the possibility to mitigate
‘order effects’ or ‘carry-over effects’ and produce more
robust results. Furthermore, the multiplicity of physiologi-
cal measures enables us to derive insights into both average
stress levels and moments of stress measurements.

A number of limitations of our study need to be acknowl-
edged. First, the number of participants is relatively small
(n=50). It may have impacted the statistical power, poten-
tially masking significant differences in HR and EDA
responses between the two environments. Second, the
high proportion of students (66%) could affect the gener-
alizability of the findings to the broader population, though
the statistical analyses revealed no significant associations
or interactions related to sample composition. Third, the
study did not control for the possible confounding effects
of physical activity, such as walking pace and number of
steps. Although participants were monitored and instructed
to maintain a consistent and moderate walking pace, some
variability may have remained. Finally, the inability to uti-
lize HRYV, a well-established stress biomarker, due to motion
artifacts is yet another limitation. The Empatica E4 heart
rate output was not suitable for MOS detection because it
provides values averaged over 10-s windows, which blur
second-by-second reactions. Moreover, deriving HR and
HRV from the inter-beat interval (IBI) data was not feasi-
ble, as the sensor produced incomplete IBI recordings dur-
ing walking, likely due to motion artifacts. Future studies
involving physical activity should implement appropriate
sensors to accurately measure stress while moving.

@ Springer
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5 Conclusion

In this study, we demonstrated the feasibility of using a
novel experimental setup that integrates IVEs, an omni-
directional treadmill, and physiological and psychologi-
cal stress measurements to investigate stress responses in
urban environments. Participants reported significantly
lower perceived stress and greater emotional engagement
in the park compared to the street. The larger pupil diameter
in the park suggests heightened emotional arousal, while
other biomarkers (EDA and HR) did not show significant
differences. Moreover, pupil diameter and EDA effectively
captured acute stress responses during the fire truck siren
session, highlighting their sensitivity in detecting moments
of stress. These findings contribute to the identification of
stress-inducing urban environments and the development
of stress reduction interventions. Furthermore, this research
validates the experimental setup and advances stress mea-
surement methodologies, contributing valuable insights into
the urban environment-stress relationship.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s10055-0
25-01300-3.

Acknowledgements The authors wish to sincerely thank all the partic-
ipants for their time and effort in taking part in the experiment. Special
thanks also go to the colleagues at LISER for their valuable support
and collaboration throughout the study.

Author contributions Conceptualization: RA, CP, and AB. Formal
analysis: RA, CP, and AB. Funding acquisition: CP. Investigation: RA,
SC. Methodology: RA, CP, AB, and MM. Supervision: CP, AB. Writ-
ing — original draft: RA. Writing — review & editing: all the authors.
All the authors have approved the final manuscript.

Funding This project has received funding from the European Re-
search Council (ERC), under the Horizon Europe research program
(Grant Agreement No. 101040492; Project acronym: FragMent).
Views and opinions expressed are, however, those of the author(s) only
and do not necessarily reflect those of the European Union or the Euro-
pean Research Council. Neither the European Union nor the European
Research Council can be held responsible for them. The work of Amit
Birenboim was supported by the Israel Science Foundation (ISF) un-
der grant agreement no. 877/22.

Data availability Data are available from the authors upon reasonable
request.

Declarations

Conflict of interest Financial interests: RA, AB, SC, and CP declare
they have no financial interests. MM owns the ULiA Company that
created the virtual environments. Non-financial interests: none.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the

@ Springer

source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Anderson AP, Mayer MD, Fellows AM, Cowan DR, Hegel MT, Buckey
JC (2017) Relaxation with immersive natural scenes presented
using virtual reality. Aerosp Med Hum Perform 88(6):520-526. h
ttps://doi.org/10.3357/AMHP.4747.2017

Annerstedt M, Jonsson P, Wallergard M, Johansson G, Karlson B,
Grahn P, Hansen AM, Wihrborg P (2013) Inducing physiological
stress recovery with sounds of nature in a virtual reality forest-
-results from a pilot study. Physiol Behav 118:240-250. https://d
o0i.org/10.1016/J.PHYSBEH.2013.05.023

Anusha AS, Sukumaran P, Sarveswaran V, Surees Kumar S, Shyam
A, Akl TJ, Preejith SP, Sivaprakasam M (2020) Electrodermal
activity based pre-surgery stress detection using a wrist wearable.
IEEE J Biomed Health Inform 24(1):92—100. https://doi.org/10.1
109/JBHI.2019.2893222

Batistatou A, Vandeville F, Delevoye-Turrell YN (2022) Virtual reality
to evaluate the impact of colorful interventions and nature ele-
ments on spontaneous walking, gaze, and emotion. Front Virtual
Real 3:819597. https://doi.org/10.3389/FRVIR.2022.819597/BIB
TEX

Baumann O, Brooks-Cederqvist B (2023) Multimodal assessment of
effects of urban environments on psychological wellbeing. Heli-
yon. https://doi.org/10.1016/j.heliyon.2023.e16433

Beil K, Hanes D (2013) The influence of urban natural and built envi-
ronments on physiological and psychological measures of stress—
a pilot study. Int J Environ Res Public Health 10(4):1250-1267. h
ttps://doi.org/10.3390/IJERPH10041250

Benedek M, Kaernbach C (2010) A continuous measure of phasic elec-
trodermal activity. J Neurosci Methods 190(1):80-91. https://doi.
org/10.1016/J.JNEUMETH.2010.04.028

Benita F, Tunger B (2019) Exploring the effect of urban features and
immediate environment on body responses. Urban for Urban
Green 43:126365. https://doi.org/10.1016/J.UFUG.2019.126365

Berg AEVD, Jorgensen A, Wilson ER (2014) Evaluating restoration in
urban green spaces: does setting type make a difference? Landsc
Urban Plann 127:173-181. https://doi.org/10.1016/J.LANDURB
PLAN.2014.04.012

Berto R (2014) The role of nature in coping with psycho-physiological
stress: a literature review on restorativeness. Behav Sci 4(4):394.
https://doi.org/10.3390/BS4040394

Beute F, de Kort YAW (2018) The natural context of wellbeing: eco-
logical momentary assessment of the influence of nature and day-
light on affect and stress for individuals with depression levels
varying from none to clinical. Health Place 49:7—18. https://doi.o
rg/10.1016/JJHEALTHPLACE.2017.11.005

Bi, Lanxin. 2025. “The Application and Analysis of Emotion Recogni-
tion Based on Modern Technology.” Edited by K. Subramaniya.
ITM Web of Conferences 70 (January):03012. https://doi.org/10.1
051/ITMCONF/20257003012.

Bigazzi, Alexander, Fajar Ausri, Luke Peddie, Dillon Fitch, and Eli
Puterman. 2021. “Physiological Markers of Traffic-Related Stress
during Active Travel.” https://doi.org/10.1016/j.trf.2021.12.003.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3357/AMHP.4747.2017
https://doi.org/10.3357/AMHP.4747.2017
https://doi.org/10.1016/J.PHYSBEH.2013.05.023
https://doi.org/10.1016/J.PHYSBEH.2013.05.023
https://doi.org/10.1109/JBHI.2019.2893222
https://doi.org/10.1109/JBHI.2019.2893222
https://doi.org/10.3389/FRVIR.2022.819597/BIBTEX
https://doi.org/10.3389/FRVIR.2022.819597/BIBTEX
https://doi.org/10.1016/j.heliyon.2023.e16433
https://doi.org/10.3390/IJERPH10041250
https://doi.org/10.3390/IJERPH10041250
https://doi.org/10.1016/J.JNEUMETH.2010.04.028
https://doi.org/10.1016/J.JNEUMETH.2010.04.028
https://doi.org/10.1016/J.UFUG.2019.126365
https://doi.org/10.1016/J.LANDURBPLAN.2014.04.012
https://doi.org/10.1016/J.LANDURBPLAN.2014.04.012
https://doi.org/10.3390/BS4040394
https://doi.org/10.3390/BS4040394
https://doi.org/10.1016/J.HEALTHPLACE.2017.11.005
https://doi.org/10.1016/J.HEALTHPLACE.2017.11.005
https://doi.org/10.1051/ITMCONF/20257003012
https://doi.org/10.1051/ITMCONF/20257003012
https://doi.org/10.1016/j.trf.2021.12.003
https://doi.org/10.1007/s10055-025-01300-3
https://doi.org/10.1007/s10055-025-01300-3

Virtual Reality (2026) 30:45

Page 170f 20 45

Birenboim A, Dijst M, Ettema D, de Kruijf J, de Leeuw G, Dogterom
N (2019a) The utilization of immersive virtual environments for
the investigation of environmental preferences. Landsc Urban
Plan 189:129-138. https://doi.org/10.1016/J. LANDURBPLAN.
2019.04.011

Birenboim A, Dijst M, Scheepers FE, Poelman MP, Helbich M (2019b)
Wearables and location tracking technologies for mental-state
sensing in outdoor environments. Prof Geogr 71(3):449-461. htt
ps://doi.org/10.1080/00330124.2018.1547978

Birenboim A, Bloom PBN, Levit H, Omer I (2021) The study of walk-
ing, walkability and wellbeing in immersive virtual environ-
ments. Int J Environ Res Public Health 18(2):364. https://doi.org
/10.3390/IJERPH 18020364

Boletsis C, Cedergren JE (2019) VR locomotion in the new era of
virtual reality: an empirical comparison of prevalent techniques.
Adv Hum Comput Interact 2019(1):7420781. https://doi.org/10.1
155/2019/7420781

Bolpagni M, Pardini S, Dianti M, Gabrielli S (2024) Personalized
stress detection using biosignals from wearables: a scoping
review. Sensors (Basel) 24(10):3221. https://doi.org/10.3390/S2
4103221

Borg, Gunnar. 1998. “Measuring Perceived Exertion and Pain.” Borg s
Perceived Exertion and Pain Scales, 13—16. https://www.resear
chgate.net/publication/306039034 Borg’s Perceived Exertion
And_Pain_Scales.

Bradley MM, Miccoli L, Escrig MA, Lang PJ (2008) The pupil as a
measure of emotional arousal and autonomic activation. Psycho-
physiology 45(4):602—607. https://doi.org/10.1111/J.1469-8986.
2008.00654.X

Brooks AM, Ottley KM, Arbuthnott KD, Sevigny P (2017) Nature-
related mood effects: season and type of nature contact. ] Environ
Psychol 54:91-102. https://doi.org/10.1016/J.JENVP.2017.10.00
4

Cai M, Xiang L, Ng E (2023) How does the visual environment influ-
ence pedestrian physiological stress? Evidence from high-density
cities using ambulatory technology and spatial machine learning.
Sustain Cities Soc 96:104695. https://doi.org/10.1016/J.SCS.202
3.104695

Calogiuri G, Litleskare S, Fagerheim KA, Rydgren TL, Brambilla E,
Thurston M (2018) Experiencing nature through immersive vir-
tual environments: environmental perceptions, physical engage-
ment, and affective responses during a simulated nature walk.
Front Psychol 8:323572. https://doi.org/10.3389/FPSYG.2017.0
2321/BIBTEX

Christopoulos GI, Uy MA, Yap WJ (2019) The body and the brain:
measuring skin conductance responses to understand the emo-
tional experience. Organ Res Methods 22(1):394-420. https://d
0i.0org/10.1177/1094428116681073/ASSET/IMAGES/LARGE/1
0.1177_1094428116681073-FIG4.JPEG

Cohen S, Kamarck T, Mermelstein R (1983) Perceived Stress Scale.
PsycTESTS Dataset, February. https://doi.org/10.1037/T02889-0
00

Cohen, Sheldon. 1978. “Environmental Load and the Allocation of
Attention.” In Advances in Environmental Psychology, Vol.1, The
Urban Environment, edited by Andrew Baum, Jerome E Singer,
and Stuart Valins, 1-29. Hillsdale: Erlbaum; New York; London:
Distributed by Wiley.

Corneille O, Gawronski B (2024) Self-reports are better measurement
instruments than implicit measures. Nat Rev Psychol 3(12):835-
846. https://doi.org/10.1038/544159-024-00376-z

Eckert M, Robotham T, Habets EAP, Rummukainen OS (2022) Pupil-
lary Light Reflex Correction for Robust Pupillometry in Virtual
Reality. Proceedings of the ACM on Computer Graphics and
Interactive Techniques 5(2):16. https://doi.org/10.1145/3530798

Elsadek M, Liu B, Lian Z (2019) Green fagades: their contribution to
stress recovery and well-being in high-density cities. Urban for

Urban Green 46(December):126446. https://doi.org/10.1016/J.U
FUG.2019.126446

Elsadek M, Liu B, Xie J (2020) Window view and relaxation: view-
ing green space from a high-rise estate improves urban dwellers’
wellbeing. Urban for Urban Green 55(November):126846. https:
//doi.org/10.1016/J.UFUG.2020.126846

Empatica. 2021. “Decoding Wearable Sensor Signals - What to Expect
from Your E4 Data.” 2021. https://www.empatica.com/blog/dec
oding-wearable-sensor-signals-what-to-expect-from-your-e4-dat
a?utm_source=chatgpt.com.

Engelniederhammer A, Papastefanou G, Xiang L (2019) Crowd-
ing density in urban environment and its effects on emotional
responding of pedestrians: using wearable device technology
with sensors capturing proximity and psychophysiological emo-
tion responses while walking in the street. ] Hum Behav Soc
Environ 29(5):630-646. https://doi.org/10.1080/10911359.2019
1579149

Evans, Gary W, and Sheldon Cohen. 1987. “Environmental Stress.” In
Handbook of Environmental Psychology, edited by Daniel Sto-
kols and Irwin Altman, 571-610. Wiley, New York, ©1987.

Fernandes A, Van Lenthe FJ, Vallée J, Sueur C, Chaix B (2021) Link-
ing physical and social environments with mental health in old
age: a multisensor approach for continuous real-life ecologi-
cal and emotional assessment. J Epidemiol Community Health
75(5):477-483. https://doi.org/10.1136/JECH-2020-214274

Gao T, Zhang T, Zhu L, Gao Y, Qiu L (2019) Exploring psychophysi-
ological restoration and individual preference in the different
environments based on virtual reality. Int J Environ Res Public
Health. https://doi.org/10.3390/IJERPH16173102

Hall SJ, Aisbett B, Tait JL, Turner Al, Ferguson SA, Main LC (2016)
The acute physiological stress response to an emergency alarm
and mobilization during the day and at night. Noise Health
18(82):150-156. https://doi.org/10.4103/1463-1741.181998

Hartmann T, Wirth W, Schramm H, Klimmt C, Vorderer P, Gysbers
A, Bocking S et al (2016) The spatial presence experience scale
(SPES): a short self-report measure for diverse media settings.
J Media Psychol 28(1):1-15. https://doi.org/10.1027/1864-1105
/A000137

Healey JA, Picard RW (2005) Detecting stress during real-world driv-
ing tasks using physiological sensors. IEEE Trans Intell Transp
Syst 6(2):156-166. https://doi.org/10.1109/TITS.2005.848368

Hedblom M, Gunnarsson B, Iravani B, Knez I, Schaefer M, Thors-
son P, Lundstrom JN (2019) Reduction of physiological stress by
urban green space in a multisensory virtual experiment. Sci Rep
9(1):10113. https://doi.org/10.1038/S41598-019-46099-7

Hian, Sarah, May Chan, Lin Qiu, Gianluca Esposito, Ky, Phong Mai,
Kim-Pong Tam, and Jian Cui. 2021. “Nature in Virtual Real-
ity Improves Mood and Reduces Stress: Evidence from Young
Adults and Senior Citizens” 1:3. https://doi.org/10.1007/s10055
-021-00604-4.

Ho MC, Chiu YC (2021) Evaluating stress relief from architecture: a
case study based on buildings in Taiwan, China and Japan. Sus-
tainability 13(14):7899. https://doi.org/10.3390/SU13147899

Honey-Rosés J, Zapata O (2023) Green spaces with fewer people
improve self-reported affective experience and mood. Int J Envi-
ron Res Public Health. https://doi.org/10.3390/IJERPH20021219

Huang Q, Yang M, Jane HA, Li S, Bauer N (2020) Trees, grass, or
concrete? The effects of different types of environments on stress
reduction. Landsc Urban Plan 193:103654. https://doi.org/10.101
6/J.LANDURBPLAN.2019.103654

Jansen ASP, Van Nguyen X, Karpitskiy V, Mettenleiter TC, Loewy AD
(1995) Central command neurons of the sympathetic nervous sys-
tem: basis of the fight-or-flight response. Science 270(5236):644—
646. https://doi.org/10.1126/SCIENCE.270.5236.644

Jiang B, Chang CY, Sullivan WC (2014) A dose of nature: tree cover,
stress reduction, and gender differences. Landsc Urban Plan

@ Springer


https://doi.org/10.1016/J.UFUG.2019.126446
https://doi.org/10.1016/J.UFUG.2019.126446
https://doi.org/10.1016/J.UFUG.2020.126846
https://doi.org/10.1016/J.UFUG.2020.126846
https://www.empatica.com/blog/decoding-wearable-sensor-signals-what-to-expect-from-your-e4-data?utm_source=chatgpt.com
https://www.empatica.com/blog/decoding-wearable-sensor-signals-what-to-expect-from-your-e4-data?utm_source=chatgpt.com
https://www.empatica.com/blog/decoding-wearable-sensor-signals-what-to-expect-from-your-e4-data?utm_source=chatgpt.com
https://doi.org/10.1080/10911359.2019.1579149
https://doi.org/10.1080/10911359.2019.1579149
https://doi.org/10.1136/JECH-2020-214274
https://doi.org/10.3390/IJERPH16173102
https://doi.org/10.4103/1463-1741.181998
https://doi.org/10.1027/1864-1105/A000137
https://doi.org/10.1027/1864-1105/A000137
https://doi.org/10.1109/TITS.2005.848368
https://doi.org/10.1038/S41598-019-46099-7
https://doi.org/10.1007/s10055-021-00604-4
https://doi.org/10.1007/s10055-021-00604-4
https://doi.org/10.3390/SU13147899
https://doi.org/10.3390/IJERPH20021219
https://doi.org/10.1016/J.LANDURBPLAN.2019.103654
https://doi.org/10.1016/J.LANDURBPLAN.2019.103654
https://doi.org/10.1126/SCIENCE.270.5236.644
https://doi.org/10.1016/J.LANDURBPLAN.2019.04.011
https://doi.org/10.1016/J.LANDURBPLAN.2019.04.011
https://doi.org/10.1080/00330124.2018.1547978
https://doi.org/10.1080/00330124.2018.1547978
https://doi.org/10.3390/IJERPH18020364
https://doi.org/10.3390/IJERPH18020364
https://doi.org/10.1155/2019/7420781
https://doi.org/10.1155/2019/7420781
https://doi.org/10.3390/S24103221
https://doi.org/10.3390/S24103221
https://www.researchgate.net/publication/306039034_Borg’s_Perceived_Exertion_And_Pain_Scales
https://www.researchgate.net/publication/306039034_Borg’s_Perceived_Exertion_And_Pain_Scales
https://www.researchgate.net/publication/306039034_Borg’s_Perceived_Exertion_And_Pain_Scales
https://doi.org/10.1111/J.1469-8986.2008.00654.X
https://doi.org/10.1111/J.1469-8986.2008.00654.X
https://doi.org/10.1016/J.JENVP.2017.10.004
https://doi.org/10.1016/J.JENVP.2017.10.004
https://doi.org/10.1016/J.SCS.2023.104695
https://doi.org/10.1016/J.SCS.2023.104695
https://doi.org/10.3389/FPSYG.2017.02321/BIBTEX
https://doi.org/10.3389/FPSYG.2017.02321/BIBTEX
https://doi.org/10.1177/1094428116681073/ASSET/IMAGES/LARGE/10.1177_1094428116681073-FIG4.JPEG
https://doi.org/10.1177/1094428116681073/ASSET/IMAGES/LARGE/10.1177_1094428116681073-FIG4.JPEG
https://doi.org/10.1177/1094428116681073/ASSET/IMAGES/LARGE/10.1177_1094428116681073-FIG4.JPEG
https://doi.org/10.1037/T02889-000
https://doi.org/10.1037/T02889-000
https://doi.org/10.1038/s44159-024-00376-z
https://doi.org/10.1145/3530798

45 Page 18 of 20

Virtual Reality (2026) 30:45

132(December):26-36. https://doi.org/10.1016/J. LANDURBPL
AN.2014.08.005

Jiang B, Larsen L, Deal B, Sullivan WC (2015) A dose—response curve
describing the relationship between tree cover density and land-
scape preference. Landsc Urban Plan 139(July):16-25. https://do
i.org/10.1016/J.LANDURBPLAN.2015.02.018

Kanning M, Bollenbach L, Schmitz J, Niermann C, Fina S (2022)
Analyzing person-place interactions during walking episodes:
innovative ambulatory assessment approach of walking-triggered
e-diaries. JMIR Form Res 6(11):e39322. https://doi.org/10.2196
/39322

Kaplan S (1995) The restorative benefits of nature: toward an integra-
tive framework. J Environ Psychol 15(3):169—-182. https://doi.org
/10.1016/0272-4944(95)90001-2

Kaplan, Rachel., and Stephen. Kaplan. 1989. “The Experience of
Nature : A Psychological Perspective,” 340.

Khaled K, Tsofliou F, Hundley V, Helmreich R, Almilaji O (2020) Per-
ceived stress and diet quality in women of reproductive age: a
systematic review and meta-analysis. Nutr J. https://doi.org/10.11
86/512937-020-00609-W

Kim HG, Cheon EJ, Bai DS, Lee YH, Koo BH (2018) Stress and heart
rate variability: a meta-analysis and review of the literature. Psy-
chiatry Investig 15(3):235. https://doi.org/10.30773/P1.2017.08.1
7

Kitabayashi H, Zhang X, Asano Y, Yoshikawa M (2015) An Analy-
sis of the Walking Environmental Factors Affecting the Stress
of Pedestrians for Route Recommendation. Proceedings - IEEE
International Conference on Mobile Data Management 2(Sep-
tember):44-49. https://doi.org/10.1109/MDM.2015.27

Knd, Martin, Katrin Neuheuser, Thomas Cleff, and Annette Rudolph-
Cleff. 2017. “A Tool to Predict Perceived Urban Stress in Open
Public Spaces.” https://doi.org/10.1177/0265813516686971.

Kondo MC, Jacoby SF, South EC (2018) Does spending time outdoors
reduce stress? A review of real-time stress response to outdoor
environments. Health Place 51(May):136-150. https://doi.org/10
.1016/J.HEALTHPLACE.2018.03.001

Kou L, Tao Y, Kwan M-P, Chai Y (2020) Understanding the rela-
tionships among individual-based momentary measured noise,
perceived noise, and psychological stress: a geographic eco-
logical momentary assessment (GEMA) approach. Health Place
64:102285. https://doi.org/10.1016/j.healthplace.2020.102285

Kourtesis P, Linnell J, Amir R, Argelaguet F, MacPherson SE (2023)
Cybersickness in Virtual Reality Questionnaire (CSQ-VR): a val-
idation and comparison against SSQ and VRSQ. Virtual Worlds.
https://doi.org/10.3390/VIRTUALWORLDS2010002

Kreibig SD (2010) Autonomic nervous system activity in emotion: a
review. Biol Psychol 84(3):394—421. https://doi.org/10.1016/j.bi
opsycho.2010.03.010

Kreibig SD, Wilhelm FH, Roth WT, Gross JJ (2007) Cardiovascular,
electrodermal, and respiratory response patterns to fear- and sad-
ness-inducing films. Psychophysiology 44(5):787—-806. https://do
i.org/10.1111/J.1469-8986.2007.00550.X

Kret ME, Sjak-Shie EE (2019) Preprocessing pupil size data: guide-
lines and code. Behav Res Methods 51(3):1336—1342. https://doi
.org/10.3758/S13428-018-1075-Y

Kyriakou K, Resch B, Sagl G, Petutschnig A, Werner C, Niederseer D,
Liedlgruber M, Wilhelm F, Osborne T, Pykett J (2019) Detecting
moments of stress from measurements of wearable physiological
sensors. Sensors Basel. https://doi.org/10.3390/S19173805

Lee S, Hwang S, Lee M, Lee S (2024) The impact of different types and
levels of construction noise on physiological responses: focusing
on standardization and habituation. Sustain Cities Soc 112(Octo-
ber):105644. https://doi.org/10.1016/J.SCS.2024.105644

Levinson DF, Edelberg R (1985) Scoring criteria for response
latency and habituation in electrodermal research: a critique.

@ Springer

Psychophysiology 22(4):417-426. https://doi.org/10.1111/J.146
9-8986.1985.TB01626.X

Li X, Hijazi I, Koenig R, Lv Z, Zhong C, Schmitt G (2016) Assessing
essential qualities of urban space with emotional and visual data
based on GIS technique. ISPRS Int J Geo-Inf 2016(11):218. http
s://doi.org/10.3390/1JGI5110218

Lindal PJ, Hartig T (2013) Architectural variation, building height, and
the restorative quality of urban residential streetscapes. J Environ
Psychol 33(March):26-36. https://doi.org/10.1016/j.jenvp.2012.
09.003

Lindal PJ, Hartig T (2015) Effects of urban street vegetation on
judgments of restoration likelihood. Urban for Urban Green
14(2):200-209. https://doi.org/10.1016/j.ufug.2015.02.001

Mahamane S, Wan N, Porter A, Hancock AS, Campbell J, Lyon TE,
Jordan KE (2020) Natural categorization: electrophysiological
responses to viewing natural versus built environments. Front
Psychol 11(June):512266. https://doi.org/10.3389/FPSYG.2020.
00990/BIBTEX

Martinez-Soto J, de la Fuente Suarez LA, Gonzales-Santos L, Bar-
rios FA (2019) Observation of environments with different restor-
ative potential results in differences in eye patron movements and
pupillary size. IBRO Rep 7:52-58. https://doi.org/10.1016/J.IBR
OR.2019.07.1722

Mathét S (2018) Pupillometry: psychology, physiology, and function.
J Cogn 1(1):16. https://doi.org/10.5334/JOC.18

Mennis J, Mason M, Ambrus A (2018) Urban greenspace is associ-
ated with reduced psychological stress among adolescents: a geo-
graphic ecological momentary assessment (GEMA) analysis of
activity space. Landsc Urban Plan. https://doi.org/10.1016/j.land
urbplan.2018.02.008

Moser MK, Resch B, Ehrhart M (2023) An individual-oriented algo-
rithm for stress detection in wearable sensor measurements. IEEE
Sens J 23(19):22845-22856. https://doi.org/10.1109/JSEN.2023
.3304422

Nordh H, Ostby K (2013) Pocket parks for people — a study of park
design and use. Urban for Urban Green 12(1):12—17. https://doi.o
rg/10.1016/J.UFUG.2012.11.003

Nordh H, Hagerhall CM, Holmqvist K (2010) Exploring view pattern
and analysing pupil size as a measure of restorative qualities in
park photos. Acta Hortic 881:767—772. https://doi.org/10.17660/
ACTAHORTIC.2010.881.126

Nordh H, Hagerhall CM, Holmqvist K (2013) Tracking restorative
components: patterns in eye movements as a consequence of a
restorative rating task. Landsc Res 38(1):101-116. https://doi.org
/10.1080/01426397.2012.691468

Ojala A, Korpela K, Tyrvédinen L, Tiittanen P, Lanki T (2019) Restor-
ative effects of urban green environments and the role of urban-
nature orientedness and noise sensitivity: a field experiment.
Health Place 55(January):59-70. https://doi.org/10.1016/J.HEA
LTHPLACE.2018.11.004

Olszewska-Guizzo A, Sia A, Fogel A, Ho R (2020) Can exposure to
certain urban green spaces trigger frontal alpha asymmetry in the
brain?—preliminary findings from a passive task EEG study. Int
J Environ Res Public Health 17(2):394. https://doi.org/10.3390/1
JERPH17020394

Partala T, Surakka V (2003) Pupil size variation as an indication of
affective processing. Int J Hum Comput Stud 59(1-2):185-198. h
ttps://doi.org/10.1016/S1071-5819(03)00017-X

Pei W, Guo X, Lo T (2022) Pre-evaluation method of the experiential
architecture based on multidimensional physiological perception.
J Asian Archit Build Eng. https://doi.org/10.1080/13467581.202
2.2074019

Posit team. 2024. “RStudio: Integrated Development Environment for
R.” Posit Software, PBC, Boston, MA. 2024. http://www.posit
.co/.


https://doi.org/10.1111/J.1469-8986.1985.TB01626.X
https://doi.org/10.1111/J.1469-8986.1985.TB01626.X
https://doi.org/10.3390/IJGI5110218
https://doi.org/10.3390/IJGI5110218
https://doi.org/10.1016/j.jenvp.2012.09.003
https://doi.org/10.1016/j.jenvp.2012.09.003
https://doi.org/10.1016/j.ufug.2015.02.001
https://doi.org/10.3389/FPSYG.2020.00990/BIBTEX
https://doi.org/10.3389/FPSYG.2020.00990/BIBTEX
https://doi.org/10.1016/J.IBROR.2019.07.1722
https://doi.org/10.1016/J.IBROR.2019.07.1722
https://doi.org/10.5334/JOC.18
https://doi.org/10.1016/j.landurbplan.2018.02.008
https://doi.org/10.1016/j.landurbplan.2018.02.008
https://doi.org/10.1109/JSEN.2023.3304422
https://doi.org/10.1109/JSEN.2023.3304422
https://doi.org/10.1016/J.UFUG.2012.11.003
https://doi.org/10.1016/J.UFUG.2012.11.003
https://doi.org/10.17660/ACTAHORTIC.2010.881.126
https://doi.org/10.17660/ACTAHORTIC.2010.881.126
https://doi.org/10.1080/01426397.2012.691468
https://doi.org/10.1080/01426397.2012.691468
https://doi.org/10.1016/J.HEALTHPLACE.2018.11.004
https://doi.org/10.1016/J.HEALTHPLACE.2018.11.004
https://doi.org/10.3390/IJERPH17020394
https://doi.org/10.3390/IJERPH17020394
https://doi.org/10.1016/S1071-5819(03)00017-X
https://doi.org/10.1016/S1071-5819(03)00017-X
https://doi.org/10.1080/13467581.2022.2074019
https://doi.org/10.1080/13467581.2022.2074019
http://www.posit.co/
http://www.posit.co/
https://doi.org/10.1016/J.LANDURBPLAN.2014.08.005
https://doi.org/10.1016/J.LANDURBPLAN.2014.08.005
https://doi.org/10.1016/J.LANDURBPLAN.2015.02.018
https://doi.org/10.1016/J.LANDURBPLAN.2015.02.018
https://doi.org/10.2196/39322
https://doi.org/10.2196/39322
https://doi.org/10.1016/0272-4944(95)90001-2
https://doi.org/10.1016/0272-4944(95)90001-2
https://doi.org/10.1186/S12937-020-00609-W
https://doi.org/10.1186/S12937-020-00609-W
https://doi.org/10.30773/PI.2017.08.17
https://doi.org/10.30773/PI.2017.08.17
https://doi.org/10.1109/MDM.2015.27
https://doi.org/10.1177/0265813516686971
https://doi.org/10.1016/J.HEALTHPLACE.2018.03.001
https://doi.org/10.1016/J.HEALTHPLACE.2018.03.001
https://doi.org/10.1016/j.healthplace.2020.102285
https://doi.org/10.3390/VIRTUALWORLDS2010002
https://doi.org/10.3390/VIRTUALWORLDS2010002
https://doi.org/10.1016/j.biopsycho.2010.03.010
https://doi.org/10.1016/j.biopsycho.2010.03.010
https://doi.org/10.1111/J.1469-8986.2007.00550.X
https://doi.org/10.1111/J.1469-8986.2007.00550.X
https://doi.org/10.3758/S13428-018-1075-Y
https://doi.org/10.3758/S13428-018-1075-Y
https://doi.org/10.3390/S19173805
https://doi.org/10.1016/J.SCS.2024.105644

Virtual Reality (2026) 30:45

Page 190f 20 45

Raiturkar, Pallavi, Andrea Kleinsmith, Andreas Keil, Arunava Baner-
jee, and Eakta Jain. 2016. “Decoupling Light Reflex from
Pupillary Dilation to Measure Emotional Arousal in Videos.”
Proceedings of the ACM Symposium on Applied Perception, SAP
2016, July, 89-96. https://doi.org/10.1145/2931002.2931009/SU
PPL_FILE/P89-RAITURKAR.MOV.

Rammstedt B, John OP (2007) Measuring personality in one minute or
less: a 10-item short version of the Big Five Inventory in English
and German. J Res Pers 41(1):203-212. https://doi.org/10.1016/
J.JRP.2006.02.001

Reason, J. T., and J. J. Brand. 1975. Motion Sickness. Academic Press.

Reece R, Bornioli A, Bray 1, Alford C (2022) Exposure to green and
historic urban environments and mental well-being: results from
EEG and psychometric outcome measures. Int J Environ Res
Public Health 19(20):13052—-13052. https://doi.org/10.3390/1JE
RPH192013052

Ribeiro Santiago PH, Nielsen T, Smithers LG, Roberts R, Jamieson L
(2020) Measuring stress in Australia: validation of the perceived
stress scale (PSS-14) in a national sample. Health Qual Life Out-
comes. https://doi.org/10.1186/S12955-020-01343-X

Schneiderman N, Ironson G, Siegel SD (2005) STRESS and health:
psychological, behavioral, and biological determinants. Annu
Rev Clin Psychol 1:607. https://doi.org/10.1146/ ANNUREV.CLI
NPSY.1.102803.144141

Sege CT, Bradley MM, Lang PJ (2020) Motivated action: pupil diam-
eter during active coping. Biol Psychol 153:107885. https://doi.o
rg/10.1016/J.BIOPSYCHO.2020.107885

Shuda Q, Bougoulias ME, Kass R (2020) Effect of nature exposure on
perceived and physiologic stress: a systematic review. Comple-
ment Ther Med. https://doi.org/10.1016/J.CTIM.2020.102514

Skaramagkas V, Giannakakis G, Ktistakis E, Manousos D, Karatza-
nis I, Tachos N, Tripoliti E, Marias K, Fotiadis DI, Tsiknakis M
(2023) Review of eye tracking metrics involved in emotional and
cognitive processes. IEEE Rev Biomed Eng 16:260-277. https://
doi.org/10.1109/RBME.2021.3066072

Steinhauer SR, Bradley MM, Siegle GJ, Roecklein KA, Dix A (2022)
Publication guidelines and recommendations for pupillary mea-
surement in psychophysiological studies. Psychophysiology. http
s://doi.org/10.1111/PSYP.14035

Tabrizian P, Baran PK, Smith WR, Meentemeyer RK (2018) Exploring
perceived restoration potential of urban green enclosure through
immersive virtual environments. J Environ Psychol 55(Febru-
ary):99-109. https://doi.org/10.1016/J.JENVP.2018.01.001

Taelman J, Vandeput S, Spaepen A, Van Huffel S (2009) Influence of
Mental Stress on Heart Rate and Heart Rate Variability. [IFMBE
Proceedings 22:1366—-1369. https://doi.org/10.1007/978-3-540-8
9208-3 324

Tao, Yinhua, Yanwei Chai, Lirong Kou, and Mei Po Kwan. 2020.
“Understanding Noise Exposure, Noise Annoyance, and Psycho-
logical Stress: Incorporating Individual Mobility and the Tempo-
rality of the Exposure-Effect Relationship.” Applied Geography
125 (December). https://doi.org/10.1016/J.APGEOG.2020.1022
83.

Tarvainen MP, Niskanen JP, Lipponen JA, Ranta-aho PO, Karjalainen
PA (2014) Kubios HRV—heart rate variability analysis software.
Comput Methods Programs Biomed 113(1):210-220. https://doi.
org/10.1016/J.CMPB.2013.07.024

Twohig-Bennett C, Jones A (2018) The health benefits of the Great
Outdoors: a systematic review and meta-analysis of greens-
pace exposure and health outcomes. Environ Res 166(Octo-
ber):628—637. https://doi.org/10.1016/J. ENVRES.2018.06.030

Tyrvéinen L, Ojala A, Korpela K, Lanki T, Tsunetsugu Y, Kagawa T
(2014) The influence of urban green environments on stress relief
measures: a field experiment. J Environ Psychol 38(June):1-9. ht
tps://doi.org/10.1016/J.JENVP.2013.12.005

Ulrich RS, Simons RF, Losito BD, Fiorito E, Miles MA, Zelson M
(1991) Stress recovery during exposure to natural and urban envi-
ronments. J Environ Psychol 11(3):201-230. https://doi.org/10.1
016/S0272-4944(05)80184-7

Ulrich, Roger S. 1983. “Aesthetic and Affective Response to Natural
Environment.” Behavior and the Natural Environment, 85-125.
https://doi.org/10.1007/978-1-4613-3539-9_4.

United Nations. 2018. “2018 Revision of World Urbanization Pros-
pects | United Nations.” 2018. https://www.un.org/en/desa/2018-r
evision-world-urbanization-prospects.

Walker ED, Brammer A, Cherniack MG, Laden F, Cavallari JM (2016)
Cardiovascular and stress responses to short-term noise expo-
sures-a panel study in healthy males. Environ Res. https://doi.org
/10.1016/j.envres.2016.06.016

Wang X, Rodiek S, Wu C, Chen Yi, Li Y (2016) Stress recovery and
restorative effects of viewing different urban park scenes in
Shanghai, China. Urban for Urban Green 15:112—-122. https://doi
.org/10.1016/j.ufug.2015.12.003

Wang CA, Baird T, Huang J, Coutinho JD, Brien DC, Munoz DP
(2018) Arousal effects on pupil size, heart rate, and skin conduc-
tance in an emotional face task. Front Neurol 9:418402. https://d
o0i.org/10.3389/FNEUR.2018.01029/BIBTEX

Wang X, Shi Y, Zhang Bo, Chiang Y (2019) The influence of forest
resting environments on stress using virtual reality. Int J Environ
Res Public Health. https://doi.org/10.3390/IJERPH16183263

Weber, Anke Maria, and Jorg Trojan. 2018. “The Restorative Value
of the Urban Environment: A Systematic Review of the Existing
Literature.” Environmental Health Insights 12. https://doi.org/10.
1177/1178630218812805.

WHO. 2012. “The World Health Organization-WHOQOL-BREEF.”
2012. https://www.who.int/tools/whoqol/whoqol-bref.

WHO-5 (2024) “The World Health Organization-Five Well-Being
Index (WHO-5).” 2024. https://www.who.int/publications/m/ite
m/WHO-UCN-MSD-MHE-2024.01.

Winz M, Soderstrom O, Rizzotti-Kaddouri A, Visinand S, Ourednik A,
Kiister J, Bailey B (2022) Stress and emotional arousal in urban
environments: a biosocial study with persons having experienced
a first-episode of psychosis and persons at risk. Health Place
75:102762. https://doi.org/10.1016/J.HEALTHPLACE.2022.10
2762

Wirtz PH, von Kinel R (2017) Psychological stress, inflammation, and
coronary heart disease. Curr Cardiol Rep. https://doi.org/10.1007
/S11886-017-0919-X

Xiang L, Cai M, Ren C, Ng E (2021) Modeling pedestrian emotion in
high-density cities using visual exposure and machine learning:
tracking real-time physiology and psychology in Hong Kong.
Build Environ 205:108273. https://doi.org/10.1016/j.buildenv.2
021.108273

Yang TC, Matthews SA (2010) The role of social and built environ-
ments in predicting self-rated stress: a multilevel analysis in Phil-
adelphia. Health Place 16(5):803—810. https://doi.org/10.1016/J.
HEALTHPLACE.2010.04.005

Yao W, Zhang X, Gong Qi (2021) The effect of exposure to the natu-
ral environment on stress reduction: a meta-analysis. Urban for
Urban Green 57:126932. https://doi.org/10.1016/J.UFUG.2020.
126932

Yu B, Funk M, Hu J, Wang Qi, Feijs L (2018) Biofeedback for every-
day stress management: a systematic review. Frontiers in ICT
5:297761. https://doi.org/10.3389/FICT.2018.00023/BIBTEX

Zhang Z, Amegbor PM, Sigsgaard T, Sabel CE (2022) Assessing the
Association between Urban Features and Human Physiological
Stress Response Using Wearable Sensors in Different Urban Con-
texts. Health Place 78:102924. https://doi.org/10.1016/j.healthpla
ce.2022.102924

Zhang, Zhaoxi, Bertha -The Danish, Michael Amegbor, and Clive Eric
Sabel. 2022. “The Feasibility of Integrating Wearable Cameras

@ Springer


https://doi.org/10.1016/S0272-4944(05)80184-7
https://doi.org/10.1016/S0272-4944(05)80184-7
https://doi.org/10.1007/978-1-4613-3539-9_4
https://doi.org/10.1007/978-1-4613-3539-9_4
https://www.un.org/en/desa/2018-revision-world-urbanization-prospects
https://www.un.org/en/desa/2018-revision-world-urbanization-prospects
https://doi.org/10.1016/j.envres.2016.06.016
https://doi.org/10.1016/j.envres.2016.06.016
https://doi.org/10.1016/j.ufug.2015.12.003
https://doi.org/10.1016/j.ufug.2015.12.003
https://doi.org/10.3389/FNEUR.2018.01029/BIBTEX
https://doi.org/10.3389/FNEUR.2018.01029/BIBTEX
https://doi.org/10.3390/IJERPH16183263
https://doi.org/10.1177/1178630218812805
https://doi.org/10.1177/1178630218812805
https://www.who.int/tools/whoqol/whoqol-bref
https://www.who.int/publications/m/item/WHO-UCN-MSD-MHE-2024.01
https://www.who.int/publications/m/item/WHO-UCN-MSD-MHE-2024.01
https://doi.org/10.1016/J.HEALTHPLACE.2022.102762
https://doi.org/10.1016/J.HEALTHPLACE.2022.102762
https://doi.org/10.1007/S11886-017-0919-X
https://doi.org/10.1007/S11886-017-0919-X
https://doi.org/10.1016/j.buildenv.2021.108273
https://doi.org/10.1016/j.buildenv.2021.108273
https://doi.org/10.1016/J.HEALTHPLACE.2010.04.005
https://doi.org/10.1016/J.HEALTHPLACE.2010.04.005
https://doi.org/10.1016/J.UFUG.2020.126932
https://doi.org/10.1016/J.UFUG.2020.126932
https://doi.org/10.3389/FICT.2018.00023/BIBTEX
https://doi.org/10.1016/j.healthplace.2022.102924
https://doi.org/10.1016/j.healthplace.2022.102924
https://doi.org/10.1145/2931002.2931009/SUPPL_FILE/P89-RAITURKAR.MOV
https://doi.org/10.1145/2931002.2931009/SUPPL_FILE/P89-RAITURKAR.MOV
https://doi.org/10.1016/J.JRP.2006.02.001
https://doi.org/10.1016/J.JRP.2006.02.001
https://doi.org/10.3390/IJERPH192013052
https://doi.org/10.3390/IJERPH192013052
https://doi.org/10.1186/S12955-020-01343-X
https://doi.org/10.1146/ANNUREV.CLINPSY.1.102803.144141
https://doi.org/10.1146/ANNUREV.CLINPSY.1.102803.144141
https://doi.org/10.1016/J.BIOPSYCHO.2020.107885
https://doi.org/10.1016/J.BIOPSYCHO.2020.107885
https://doi.org/10.1016/J.CTIM.2020.102514
https://doi.org/10.1109/RBME.2021.3066072
https://doi.org/10.1109/RBME.2021.3066072
https://doi.org/10.1111/PSYP.14035
https://doi.org/10.1111/PSYP.14035
https://doi.org/10.1016/J.JENVP.2018.01.001
https://doi.org/10.1007/978-3-540-89208-3_324
https://doi.org/10.1007/978-3-540-89208-3_324
https://doi.org/10.1016/J.APGEOG.2020.102283
https://doi.org/10.1016/J.APGEOG.2020.102283
https://doi.org/10.1016/J.CMPB.2013.07.024
https://doi.org/10.1016/J.CMPB.2013.07.024
https://doi.org/10.1016/J.ENVRES.2018.06.030
https://doi.org/10.1016/J.JENVP.2013.12.005
https://doi.org/10.1016/J.JENVP.2013.12.005

45 Page 20 of 20 Virtual Reality (2026) 30:45

and Health Trackers for Measuring Personal Exposure to Urban Publisher's Note Springer Nature remains neutral with regard to juris-
Features: A Pilot Study in Roskilde, Denmark.” 11 (1): 1-21. http dictional claims in published maps and institutional affiliations.
s://doi.org/10.4018/IJEPR.313181

@ Springer


https://doi.org/10.4018/IJEPR.313181
https://doi.org/10.4018/IJEPR.313181

	﻿Stressful urban walks: an experimental design for measuring physiological and psychological stress in virtual urban environments
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Method
	﻿2.1﻿ ﻿Participants
	﻿2.2﻿ ﻿Materials
	﻿2.3﻿ ﻿Procedure
	﻿2.4﻿ ﻿Measures
	﻿2.4.1﻿ ﻿Stress markers
	﻿2.4.2﻿ ﻿Covariates


	﻿2.5﻿ ﻿Data preprocessing
	﻿2.6﻿ ﻿Data analysis
	﻿3﻿ ﻿Results
	﻿3.1﻿ ﻿Descriptive statistics
	﻿3.2﻿ ﻿Average stress level comparison: urban park vs. urban street
	﻿3.3﻿ ﻿Moments of stress assessment: siren sound in an urban street

	﻿4﻿ ﻿Discussion
	﻿4.1﻿ ﻿Average stress level comparison: urban park vs. urban street
	﻿4.2﻿ ﻿Moments of stress (siren session)
	﻿4.3﻿ ﻿Strengths and limitations

	﻿5﻿ ﻿Conclusion
	﻿References


