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Indoor environments significantly impact human health. The COVID-19
pandemic highlighted the urgency of reconnecting with nature to maintain
both physiological and psychological health. Modern indoor lifestyles have
increased isolation from nature, diminishing these benefits. While previous
studies have demonstrated the positive effects of biophilic design on human
physiological comfort, its application in residential spaces remains
underexplored. This study investigates how biophilic design
elements—including natural light, ventilation, and greenery—influence
physiological stress and comfort in residential settings using immersive virtual
environments (IVE). Ninety-four participants were exposed to two test
environments: one with biophilic elements and one without. Measurements of
skin conductance level (SCL) and blood pressure (BP) were recorded across three
phases: relaxation, exposure to mild stressors, and recovery. The results revealed
a significant reduction in SCL in biophilic environments (ΔM= −0.38) compared to
non-biophilic environments (ΔM = −0.19). However, BP levels remained
unaffected across both experiments. These findings suggest that biophilic
design positively influences stress recovery and comfort, underscoring its
potential in residential applications.
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1 Introduction

Recently, the environmental impact on humans has become a significant area of
research following the COVID-19 pandemic, which altered habits, lifestyles, and
increased interest in nature, directly influencing human health (Maharani and
Fitriyanto, 2022). Historically, humans have been connected to nature in various
ways; however, modernized life and technological advancements have increasingly
distanced humans from nature. As people now spend most of their time indoors
(Klepeis et al., 2001), opportunities to experience nature have diminished. The
COVID-19 pandemic has demonstrated the urgent need to reconnect humans with
nature to support mental health and comfort, one approach being the incorporation of
biophilic design into interior spaces. Integrating biophilic elements into built
environments can create more comfortable spaces, encouraging individuals to spend
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more time and maintain frequent connections with natural
elements while indoors (Karaman and Selçuk, 2022). While
biophilic design’s impact on psychological responses has been
well-documented (Gillis and Gatersleben, 2015), there is limited
research on its effects on physiological responses during stress
recovery (Li and Sullivan, 2016). Furthermore, little is known
about how specific elements of biophilic design, such as
greenery, views of nature, and bioforms, contribute to comfort
(Yin et al., 2019).

1.1 Research problem

The COVID-19 pandemic has restricted everyone’s movement;
work, school, and other activities have shifted entirely to the home
environment (Maharani and Fitriyanto, 2022). Limited space and
inadequate rooms in residential settings present unique challenges
in making these spaces comfortable. Exploring new methods to
optimize interior environments is essential to enhance resident
comfort. The biophilic design principle has been shown in
various studies to positively influence people’s physiological
health by reducing stress and increasing comfort (Zhang et al.,
2022). Human health benefits significantly from nature’s influence,
including exposure to sunlight and fresh air, which are fundamental
components of biophilic design principles.

1.2 Research aims and objective

The research aims to highlight the urgent need to reconnect
humans with nature by employing biophilic design principles,
particularly focusing on “direct contact with natural features,”
due to its critical role in enhancing comfort in residential spaces.

The objective is to investigate physiological responses as
indicators of stress and comfort by examining the effects of
implementing biophilic design in a full-scale room using
immersive virtual environments (IVE).

2 Literature review

2.1 Biophilic design

The world is urbanizing at an unprecedented rate (Turner
et al., 2004), and city life is often associated with long working
hours (Facey et al., 2015). People now spend most of their time
indoors (Klepeis et al., 2001), (Yin et al., 2019), which further
disconnects them from nature (Yin et al., 2020), leading to
increased stress-related illnesses (Van Os et al., 2010), higher
mortality rates, and chronic illnesses (World Health
Organization, 2021). This trend is largely attributed to the lack
of natural elements in built environments (Yin et al., 2018).
Research conducted over several decades has consistently shown
that connecting with nature has positive effects on human health
and wellbeing (Frumkin, 2001). Experimental studies confirm that
exposure to nature reduces stress (Berman et al., 2012), improves
productivity (Lohr et al., 1996), boosts immune function, and
enhances the sympathetic nervous system (Berto, 2014). Biophilic

design fosters deeper engagement with nature (Huizi et al., 2024),
incorporating sensory elements like sound, texture, smell, and
visual cues, either directly or indirectly (Nitu et al., 2022). By
integrating biophilic elements into built environments, such as
greenery and natural light, it is possible to create more comfortable
spaces that reflect natural life (Karaman and Selçuk, 2022).
Furthermore, studies have explored the interplay between
humans and their environment, considering aspects like
greenery (Johnstone et al., 2022; Kimic and Kundziewicz, 2020;
Talebpour et al., 2020), restorative theory (Lehmann, 2021),
biodiversity (Harvey et al., 2020), and ecological perspectives
(Nieuwenhuijsen et al., 2021).

Although biophilic design has extensively summarized its
psychological benefits (Gillis and Gatersleben, 2015), studies
exploring its impact on physiological responses during stress
recovery remain limited (Li and Sullivan, 2016). Furthermore,
little is known about how individual elements of biophilic design,
such as greenery, distant views of nature, or bioforms, contribute
to comfort (Yin et al., 2019). In recent years, researchers like
Bolten and Barbiero (2023), Downton et al. (2017), Zhong et al.
(2022), and Zebua and Putra (2022) have emphasized biophilic
design’s application in various buildings, including workplaces,
libraries, hospitals, mosques, and shopping centers. This
growing body of research demonstrates the significant benefits
of biophilic design (Abraham et al., 2023). For instance, studies
conducted by Huizi et al. (2024) highlight the positive influence
of biophilic environments in schools, particularly regarding
children’s wellbeing and health. Their research on biophilic
integration in Chinese kindergarten environments underscores
its potential to enhance children’s health and overall
development.

2.1.1 Biophilia: hypothesis and theory
The term “biophilia” was defined in ancient Greece as “love

of life” (Baratto, 2024) or “living system” and was later
introduced by psychoanalyst Erich Fromm in 1964 (Newman,
1964). Recently, biophilia has been recognized within
international building evaluation systems as a fundamental
category of architectural design (Jiang et al., 2020), gaining
increasing attention in the global architecture industry (Ünal
and Özen, 2021). Today, various building standards and green
building rating frameworks incorporate “biophilic design” into
their evaluation criteria (Zhong et al., 2024). For instance, the
WELL Building Standard v2 (launched in 2020) emphasizes the
‘Provide Association to Nature’ concept within the “Mind”
category, promoting biophilic design in both indoor and
outdoor spaces to enhance mental and physiological wellbeing
(Well Building Standard, 2024). Similarly, the Living Building
Challenge (LBC) 4.1 (updated in 2024) explicitly identifies
biophilic design (“Beauty + Biophilia”) as a key goal,
requiring projects to integrate nature into building designs
and operations (International Living Future Institute, 2024).
Additionally, the LEED v5 (released in 2024) includes
“Connecting with Nature” as a credit, encouraging project
teams to develop and implement comprehensive biophilic
design strategies (LEED, 2024).

The biophilia hypothesis is supported by two complementary
theories: Attention Restoration Theory (ART) and Stress
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Recovery Theory (SRT). ART posits that natural environments
with “gentle enchantment” can replenish human cognitive
abilities, reducing mental fatigue and improving concentration
(Kaplan, 1995). Meanwhile, SRT suggests that exposure to nature
activates the parasympathetic nervous system, aiding stress
recovery as our innate preference for natural environments
evolved over time (Ulrich et al., 1991). While the specific
mechanisms through which nature affects human health
remain debated, both theories demonstrate that exposure to
natural environments can enhance resilience by promoting
attentional recovery and reducing psychophysiological stress
(Markevych et al., 2017). This hypothesis underpins biophilic
design, which integrates natural features and systems into indoor
environments (Mehaffy, 2012).

2.1.2 Pattern of biophilic design to enhance human
comfort and stress

Biophilic design refers to the incorporation of natural
elements into architecture, such as natural materials, window
views of nature, curved edges, and greenery (Ryan and Browning,
2020). It can be categorized into three types of experiences: direct
experience of nature, indirect experience of nature, and the
experience of space and place. The 24 attributes of biophilic
design provide a framework to understand and thoughtfully
integrate diverse strategies into the built environment (Kellert
and Calabrese, 2015). This research emphasizes the inclusion of
natural light, natural ventilation, and plants, as these elements
have been proven in previous studies to reduce stress and
positively impact comfort (Mehaffy, 2012), (Kim and Kim,
2007). These elements were chosen due to their significant
benefits and low cost of implementation.

2.1.2.1 Natural light
Natural light is an important factor in residential environments.

It possesses a desirable quality and has a significant impact on both
conscious and unconscious memory. Incorporating natural light
into indoor spaces offers numerous benefits for the human body,
making it easier and more comfortable to perform various tasks
(Kim and Kim, 2007), while also actively regulating circadian
rhythms, mood, and behavior (Eissa et al., 2022). Fortunately,
creative biophilic design can greatly enhance the penetration of
natural light into building interiors. Design strategies that introduce
natural light into interior spaces often include glass walls, clerestory
windows, skylights, atria, reflective colors and materials, and path-
following mirrors that reflect sunlight into the interior space
(Kellert, 2018).

2.1.2.2 Natural ventilation
“Natural ventilation” refers to the airflow into or out of a

building through openings designed within the building
envelope, driven by pressure naturally created by the wind
(Awbi, 2002). It is important for human comfort and
productivity. The experience of natural ventilation in built
environments can be enhanced by changes in air flow,
temperature, humidity, and barometric pressure. These
conditions can be achieved through external access by simple
means, such as operable windows, or through more complex
engineering and technological strategies (Nieuwenhuijsen et al.,

2021). Biophilic design strategies aim to enhance natural
ventilation by maximizing airflow through the strategic
placement of operable windows and vents, reducing
dependence on HVAC systems, and maintaining a
comfortable temperature and air movement. These strategies
include operable windows, vents, narrower rooms and
structures, and stacking effects. The simplest way to improve
natural ventilation is by increasing outdoor access through
balconies, porches, decks, large operable windows, and similar
structures (Kellert, 2018).

2.1.2.3 Plant
Plants are among the rare living organisms that can easily

integrate into buildings (Kellert, 2018). Vegetation, such as
flowering plants, is one of the most effective ways to bring the
direct experience of nature into indoor spaces (Kellert and
Calabrese, 2015). It improves humidity levels by releasing
moisture into the air through transpiration, which prevents
dryness and enhances air quality. Plants are often incorporated
into the landscape around buildings, in building interiors, and in
transition spaces that mark pathways between indoor and
outdoor environments (Kellert, 2018). Bringing green plants
into indoor spaces can help reduce stress. Studies show that
small, lightly scented green plants are optimal for health,
wellbeing, and a sense of comfort (Beukeboom et al., 2012).
Significant advances in knowledge and technology have
facilitated the adoption of more ambitious and
environmentally innovative approaches to integrating greenery
into buildings. For example, these approaches include vertical
green walls or large park-like atriums that help absorb sound,
reducing echoes and improving acoustic comfort in busy indoor
spaces (Kellert, 2018). Studies by Sharam et al. (2023) have
indicated that biophilic interior designs, along with window
views of trees and blue skies, enhance creative fluency and
overall comfort.

2.2 Comfort psychology

Comfort has been considered one of the key elements in
designing architectural spaces since ancient times. Over the
past 50 years, it has become an influential and important
factor (Rupp et al., 2015). The term “comfortable” refers to a
feeling of satisfaction, coziness, or a state of physical wellbeing
(Bardwick, 1995). On the other hand, “uncomfortable” describes
stress or negative emotions that interfere with psychological
recovery (Thompson et al., 2022; Noelke et al., 2016).
Numerous studies have shown that comfort depends on several
factors that interact with psychological recovery (Jin et al., 2020;
Yan et al., 2023) and affect one or more indoor environmental
factors, such as indoor thermal conditions (Lafortezza et al.,
2009), indoor air quality (IAQ) (Andargie et al., 2019), indoor
visual conditions (Yuko et al., 2007), and indoor acoustic
conditions (Herranz-Pascual et al., 2019).

Enhancing visual comfort in residential buildings focuses on
creating living spaces that promote happiness, productivity, and
satisfaction through optimized design and lighting (Karimi et al.,
2023; Peters and Halleran, 2021). This can be achieved by
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incorporating large windows and using architectural features such
as bay windows, clerestory windows, large picture windows, or
skylights to maximize natural light. These features reduce the
need for artificial lighting and connect residents to outdoor spaces
(Jegede and Taki, 2021). Additionally, designing spaces to provide
pleasant views, such as gardens, greenery, or other aesthetic
features, contributes to a sense of peace and wellbeing (Lau
and Yang, 2009). The study by Ko et al. (2020) examined the
emotional, thermal perception, and cognitive impacts of having
an external view through a window in a working environment, as
well as the effects on occupant motions and cognitive
performance. The findings revealed that individuals near a
window may be more tolerant of minor thermal comfort
deviations. Having a window in the space enhances mental
wellbeing by promoting positive emotions, reducing negative
feelings, and providing a visual connection to the outside. This
visual connection supports working memory and concentration,
which are directly linked to worker productivity.

Improving thermal comfort in apartment design is essential
to create a comfortable space, regardless of weather conditions
(Mirrahimi et al., 2016). This can be achieved through natural
ventilation (Raja et al., 2001), passive solar design principles with
south-facing windows, and thick insulation to maximize natural
heat gain during the winter months (Berthou et al., 2015).
Emphasizing insulation to minimize heat loss, using
insulating devices and shades to block direct sunlight, and
reducing the cooling load while retaining sufficient natural
light (Kim et al., 2013), as well as considering the building’s
orientation (Haase and Amato, 2009) are other ways to improve
thermal comfort.

Enhancing indoor air quality (IAQ) comfort in residential
space design is critical to the health and wellbeing of residents
(Peters and Halleran, 2021). This can be achieved by designing
spaces with operable windows and cross-ventilation to allow fresh
outdoor air to circulate (Ahmed et al., 2021), incorporating

balconies or outdoor spaces to give residents access to fresh air
and outdoor environments, using natural ventilation, and
fostering a connection with nature (Peters and Halleran, 2021).
Indoor plants, which act as natural air purifiers by removing
pollutants and increasing oxygen levels, can also be integrated
(Deng and Deng, 2018). Increasing ceiling height is another
common factor that impacts the quality of the indoor
experience (Meyers-Levy and Zhu, 2007).

The relationship between comfort conditions and the
incorporation of biophilic design elements in spaces is
symbiotic (Wolfs, 2015). As shown in Figure 1, using these
elements can enhance the wellbeing of occupants (Kellert,
2018). Biophilic design, which stems from our connection to
nature, aims to integrate natural elements and experiences into
the built environment. When applied to architecture, it creates
spaces that prioritize both physical and psychological comfort
(Downton et al., 2017). Architectural features, such as windows
that frame views of the outdoors and the inclusion of indoor
plants, not only bring nature indoors but also contribute to
improved thermal comfort and air quality (Peters and
D’Penna, 2020). The visual connection with greenery and
abundant natural light reduces stress levels, enhances
wellbeing, and improves mental comfort (Altomonte, 2008).

Furthermore, biophilic design promotes adaptable spaces that
allow residents to customize their environments according to their
preferences for optimal comfort. For instance, adjustable shading
systems provide the ability to manage light and maintain comfort
(Nitu et al., 2022).

2.3 The use of virtual reality in psychology

Psychology is a broad field that involves understanding themind
and how it influences human behavior (Hakim andHammad, 2021).
It has further evolved with the adoption of immersive technologies

FIGURE 1
Relationship between comfort conditions and biophilic design elements and applied them in residential spaces through different architectural
elements (Source: authors).
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and virtual environments (VE). Virtual reality (VR), a subfield of
immersive technology, is widely used in psychology. VR is defined as
a technology that “. . .(generates) a graphical environment that
makes both users feel like they are physically present in a virtual
world and also allows them to interact in real time” (Botella Arbona
et al., 2014). Using sensory input from specially designed head and
hand devices, VR headsets are equipped with viewing optics for each
eye, providing a 360-degree viewing experience (Hakim and
Hammad, 2021). The use of virtual reality in psychology not
only enhances human interaction but also enables researchers to
conduct studies that would be impossible in the real world.
Assessing an individual’s experience, cognition, and behavior
through paper-and-pencil testing is very challenging. The
advantage of using virtual environments (VE) in psychology lies
in the fact that movements in virtual space and the accompanying
changes in perception are processed by the brain in the same way as
movements in real space (Foreman, 2009).

3 Methodology

After reviewing the relevant literature, the researchers identified
a knowledge gap regarding the effect of biophilic environments on
the physiological state of occupants in residential spaces.
Specifically, they sought to understand how the incorporation of

biophilic design into internal spaces affects the occupants’
physiological response to comfort. The researchers employed an
empirical approach by developing a controlled experiment to study
the effect of biophilic design on the physiological responses of
subjects in an internal environment using immersive virtual
reality (IVR). The research utilized a between-subjects design to
investigate these responses. The physiological responses studied
were blood pressure and skin conductance. The study comprised
three phases: a baseline phase, a stress phase, and a recovery phase,
aimed at comparing stress reduction through VR. During all three
phases, the physiological readings of participants were recorded. The
first phase established a baseline for all participants. The second
phase focused on the participants’ physiological response to a mild
stressor in the test environment. In the final phase, participants were
allowed to relax in the test environment to provide feedback and
data on their physiological recovery process.

Additionally, the researcher collected participants’ demographic
information and feedback about their perceived experiences in these
environments. Finally, all data collected in this experiment were
processed and analyzed empirically using the SPSS statistical
program to test the hypothesis: “Using biophilic principles in
residential spaces will positively contribute to mental health and
provide a sense of comfort,” in order to either support or refute the
hypothesis. The following charts summarize the methodological
framework approaches, as shown in Figure 2.

FIGURE 2
Methodological framework approaches (Source: The Authors, 2023).
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3.1 Experiment design

This experiment focused on examining the visual influence of
biophilic elements on human comfort and stress psychology within
interior environments. The researchers assessed participants’ responses
in a single interior space with various biophilic elements by stimulating
two 3D virtual rooms inVR, using SketchUp 2022with Enscape (version
3.4). Two distinct environments were designed: one containing non-
biophilic elements and the other incorporating biophilic elements (e.g.,
natural light, natural ventilation, and green areas). The biophilic space
featured a large window, a clerestory window, a ceiling height of about
4 mwith natural light from the window, and indoor and outdoor plants,
as shown in Figure 3. Each participant visited the two environments on
separate days. During each visit, they encountered only one
environment, with the rationale for conducting one experiment per
day being to allow physiological changes to return to normal.

3.2 Participation

The experiment was conductedwith 94 participants (55 female and
39 male), aged between 18 and 45 years. None of the participants had
chronic diseases such as high blood pressure, heart disease, or diabetes,
and they were not taking any medications for stress or anxiety. The
experiment was conducted over a specific period between August
2023 andNovember 2023. All participants gave their informed consent
for inclusion before they participated in the study, and their
participation was voluntary without compensation.

3.3 Outcome measures

Blood pressure (BP), heart rate (HR) (Tang et al., 2022), heart
rate variability (HRV) (Morresi et al., 2021), and skin conductance
level (SCL) (Gerrett et al., 2013) were measured using a wearable
biomonitoring sensor as physiological indicators of the acute stress
response (Yin et al., 2019). In this study, skin conductance and blood
pressure are used as indicators of physiological stress.

3.3.1 Skin conductance level
The skin conductance of participants in this study was recorded

using the eSense skin response sensor (Mindfield Biosystems, Inc.,

Berlin, Germany) with the eSense app on an iPad, as used in the
previous study (Grasser et al., 2022). The term “skin conductivity”
refers to measurable changes in the bioelectric properties of the skin.
Skin conductivity depends on the activity of the skin’s sweat glands
and responds to even the smallest changes that we may not perceive,
such as wet hands. A very small voltage, which is completely
harmless and imperceptible, is applied to the skin through the
two electrodes of the eSense Skin Response, across which a small
electric current flows. Increased activity of the sweat glands results in
more skin moisture, which enhances the conductivity of the
electrical current. As a result, skin conductivity increases.

3.3.2 Blood pressure
Recording the blood pressure of participants in this study was done

using an automatic upper-arm blood pressure monitor, the “Max
Blood Pressure Monitor.” This monitor consists of a cuff (with the so-
called “air chamber”) connected to an electronic control panel. The
device performs functions such as cuff inflation and deflation, data
collection (through special sensors), data processing, and display.

3.4 Stress inducers

Different methods have been used to induce stress in controlled
experimental environments by various researchers (Yin et al., 2018;
Fich et al., 2014). One such method is the Trier Social Stress Test
(TSST) (Kirschbaum et al., 1993), a standardized procedure
designed to elicit a mild stress response by asking participants to
prepare and present a speech to a panel of judges, in addition to
performing a verbal arithmetic task. Due to the time-consuming
nature of the full TSST, it could not be utilized in this study.
Therefore, a modified version of the test was adapted for use in
the Immersive Virtual Environment (IVE) to elevate participants’
perception of these stressors within a shorter time frame.

Participants were required to complete a verbal arithmetic
task within a time limit. This task, aimed at inducing stress
related to mental performance, involved participants
subtracting 13 from a 4-digit starting number displayed on a
virtual screen, and verbally reporting the intermediate result.
Each number was shown for only two and a half seconds. When
participants made a mistake, they were instructed to restart from
the same initial number. Additionally, a countdown of the

FIGURE 3
Two environmental simulations in VR: (A) Room with non-biophilic elements, (B) Room with biophilic elements (Source: authors).
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remaining time was displayed on the screen, further increasing
performance-related stress.

3.5 Experimental procedure

The experiment consisted of three parts: preparation and
baseline, stress, and recovery. First, the researcher explained
the experimental procedure and asked participants to sign the
consent form for 3 min. Then the researchers configured the VR
head-mounted display and biomonitoring sensors. The blood
pressure monitor was connected to the left arm, while the two
electrodes of the eSense skin response sensor were connected to
the index and ring fingers of the participant’s right hand, as shown
in Figure 4.

In each environment, participants began by resting for 4min in a
seated position, with only the grey picture displayed in VR.
Participants were instructed to limit body movements to a
minimum, as any movement could affect the sensor’s
measurements, and to freely observe the environment during this

time. Additionally, unless otherwise instructed, they were to remain
silent and only speak if they experienced nausea or discomfort that
prevented them from continuing the test. This phase allowed their
physiological conditions to stabilize (Yin et al., 2019). Blood pressure
(BP) baseline data was collected at the end of this period, and skin
conductance level (SCL) data was collected from the beginning of
this phase.

After the baseline phase, during the stressor period,
participants were exposed to a 2D screen and instructed to
complete a stress-inducing arithmetic task for 5 min. Upon
completing the task, pre-recovery BP data was collected. In the
final phase (recovery phase), participants were randomly assigned
to be virtually exposed to the internal environment of the room for
5 min. Previous research has indicated that this duration is
sufficient to alter acute physiological stress levels (Yin et al.,
2018). Post-recovery BP data was collected at the end of the
third phase. SCL data was recorded throughout all three phases
of the experiment.

At the conclusion of the study, all devices, sensors, and monitors
were removed from the participants, who then completed a 5-min

FIGURE 4
Experimental condition for participants during the experimental, the participants were wearing VR head-mounted displays and biomonitoring
sensors, consents form obtained by the individual (Source: authors).

FIGURE 5
Experimental procedure (BP, Blood pressure; SCL, Skin conductance level); Source: authors.
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paper survey. The full experiment took 30 min per session, as
illustrated in Figure 5.

4 Result and analysis

All the data were collected and analyzed using SPSS version 26.
First, the authors presented the participants of the experiment and
their demographic data. Next, skin conductance data and blood
pressure data were independently presented and analyzed according
to the three phases of the experiment. All analytical procedures used
were non-parametric. Friedman tests (Belyusar et al., 2015) were
applied to compare differences in responses within groups across the
different experimental phases, while Mann-Whitney tests were used
to compare results between groups.

4.1 Participants

A total of 94 people voluntarily participated in this experiment.
None of the participants had prior experience with VR or head-
mounted displays. Most participants reported being in very good or
excellent health and having had a good night’s sleep before the
experiment. They were required not to take any medications for
stress or anxiety. All participants confirmed that they did not feel
nervous on the day of the experiment and reported feeling
comfortable in the biophilic room. Each participant took part in
both experiments, which were conducted on different days to avoid
affecting blood pressure measurements and skin conductivity.

4.2 Skin conductance level data and analysis

4.2.1 Comparison between the three phases of SCL
To ensure differences in SCL values during the three stages, a

Friedman test (non-parametric test) was conducted among
participants across the three phases. The results indicated a
significant difference between the three phases (p < 0.05), as
shown in Table 1. Subsequently, a comparison between the
phases was carried out to validate the Friedman test results,
which rejected the null hypothesis that the three phases were
similar in the level of skin conductivity among participants.
Figure 6 illustrates the pairwise comparison between the average
ranks for the three phases. The average rank during the first phase
was 1.89, which increased to 2.52 during the second phase and then
significantly decreased to 1.50, falling below the first phase. When
subtracting the third stage from the second, the standard deviation
was higher compared to subtracting the third stage from the first
stage. This indicates that during the second stage, the level of skin
conductance was significantly higher.

4.2.2 Effects of the experimental setting on SCL
The SCL data was collected for each participant in each group,

and the average SCL was calculated for each minute, each phase, and
for the biophilic and non-biophilic parts of the experiment, as shown
in Table 2. A significant decrease was observed during the first
phase, with the arithmetic mean at the beginning of the phase being

(M = 2.460 and dropping to (M = 2.10) by the fourth minute for both
groups. The SCL then increased during the second phase, reaching
(M = 2.30) in the fifth minute and (M = 2.40) in the ninth minute. In
the final phase, the SCL values decreased again, with the arithmetic
mean in the last minute dropping to (M = 2.22), which was lower
than the value recorded at the beginning of the experiment during
the first phase (M = 1.97).

From these preliminary findings, the expected results based on
the experiment’s design suggest that the first phase allowed
participants to relax, while the second phase induced higher
stress levels.

Analyzing the first phase minute by minute, the experiment
aimed to assess the adequacy of the control setting in establishing
controlled initial conditions among participants and enabling them
to achieve a calm and unaroused physiological state before
transitioning to the subsequent phases. The results indicate a
significant and consistent decrease in SCL during this phase, with

TABLE 1 Friedman test for SCL results in the SPSS program.

Hypothesis test summary

Null hypothesis Test Sig Decision

1 The distributions of
Phase 1, Phase 2, and
Phase 3 are the same

Related-samples
Friedman’s two-way
analysis of variance by

ranks

0.0 Reject the null
hypothesis

Asymptotic significances are displayed. The significance level is 0.05

FIGURE 6
Pairwise comparison between the average rank for the three
phases of the two groups; biophilic and non-biophilic.
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values dropping steadily every two consecutive minutes, from a
mean of 2.46 in the first minute to 2.10 in the last minute. This
notable trend suggests that participants’ skin conductance may settle
further if they are allowed more time in the control environment, as
SCL also showed a significant decline towards the end of the phase.

In the second phase of the experiment, SCL was analyzed minute
by minute for all participants. A test was conducted to evaluate
whether the stressors applied during this phase successfully elevated
the participants’ SCL levels compared to the first phase. The
difference in the average SCL values between the two phases was
apparent. While there was a slight decline in SCL during the last
2 min of the second phase, this decrease was not statistically
significant. These findings demonstrate the adequacy of the
stressors used in increasing participants’ physiological stress levels.

4.2.3 Group differences in SCL responses
To examine the effects of biophilic and non-biophilic

elements on participants’ stress recovery, the Mann-Whitney

test revealed statistically significant differences between the
two groups during the third phase of the experiment at a
significance level of (p = 0.05). The median SCL value for the
biophilic group (−0.31) was lower than that of the non-biophilic
group (−0.12), indicating that stress levels were lower for the
biophilic group.

4.3 Blood pressure data and analysis

After analyzing the skin conductance level (SCL) data, the
systolic blood pressure (BP) results were examined using the
Friedman test. The analysis revealed no significant differences
between the three stages (BP base, BP pre, and BP post)
concerning the BP variable. This indicates that position did not
contribute to a statistically significant increase in blood pressure at a
significance level of p < 0.05, as shown in Table 3.

5 Discussion

This study examined the physiological responses to
biophilic elements in an indoor environment. The results
indicate that incorporating biophilic elements into indoor
space design has positive effects, as evidenced by changes in
skin conductance levels.

The physiological findings consistently demonstrated that
biophilic interventions, such as the inclusion of internal and
external plants and daylight, had a beneficial effect in reducing
stress levels compared to non-biophilic environments. Figure 7
highlights a decrease in the mean and median SCL values for
participants during the third phase in a room with biophilic
elements, compared to a smaller decrease in a room without
such elements. These positive effects of biophilic interventions on
SCL align with previous studies on the health benefits of windows,
daylight, and indoor green plants (Yin et al., 2020).

The findings regarding physiological responses during the
recovery process align with previous studies inspired by the
Stress Recovery Theory (SRT), which proposes that humans have
an innate preference for natural environments. SRT suggests that
viewing natural environments can reduce physiological stress and
aversion (Ulrich et al., 1991; Park et al., 2010; Largo-Wight et al.,
2011). According to SRT, natural elements, such as sights and
sounds, activate the parasympathetic nervous system, resulting in
lower heart rate, blood pressure, skin conductance, and salivary
cortisol levels. These physiological responses promote relaxation
and help reduce stress and autonomic arousal. This mechanism is
rooted in human evolution and our innate connection to the natural
world (Ulrich et al., 1991).

TABLE 3 Friedman test for SCL results in the SPSS program.

Hypothesis test summary

Null hypothesis Test Sig Decision

1 The distributions of BP base BP pre, and BP post are the same Related-samples Friedman’s two-way analysis of variance by ranks 0.104 Retain the null hypothesis

Asymptotic significances are displayed. The significance level is 0.05

TABLE 2 Mean of SCL data by group, minutes, and phase.

Phase Min Non-biophilic Biophilic All samples

Mean Mean Mean

1 0 2.63 2.28 2.46

1 2.40 2.20 2.30

2 2.42 2.10 2.26

3 2.31 2.00 2.15

4 2.27 1.93 2.10

0–4 min 2.40 2.10 2.25

2 5 2.49 2.10 2.30

6 2.55 2.18 2.36

7 2.57 2.26 2.42

8 2.52 2.30 2.41

9 2.46 2.34 2.40

5–9 min 2.52 2.24 2.38

3 10 2.36 2.08 2.22

11 2.33 1.95 2.14

12 2.34 1.85 2.09

13 2.32 1.77 2.04

14 2.31 1.62 1.97

10–14 min 2.33 1.86 2.09
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These findings support the feasibility of incorporating biophilic
design into indoor environments as a strategy to positively impact
human health and enhance comfort. Through this research, key
steps for implementing biophilic design elements in residential
spaces were summarized as follows:

1. Research and Analysis Stage: Understanding the local climate,
surrounding environment, and cultural context is essential. This
involves analyzing the site by considering factors such as sun
movement, wind direction, and existing vegetation.

2. Site Evaluation: Conduct a comprehensive site study to identify
opportunities for incorporating biophilic features. Evaluate outdoor
spaces, natural light availability, existing plants, and scenic views.

3. Planning Windows and Openings: Strategically plan the
placement and types of windows and openings to maximize
views of nature, allow natural light to permeate the space, and
enhance airflow. Table 4 outlines proposed design criteria.

4. Incorporating Indoor Plants: Select suitable plants for the indoor
environment and place them strategically to enhance visual
appeal, improve air quality, and provide diversity through
features like plant beds or green walls, as shown in Table 5.

5. Using Higher Ceilings: Incorporate higher ceilings to improve
cross-ventilation by increasing the volume of air movement and
reducing airflow obstruction. Table 6 provides some proposed
design criteria.

6. Implementation and Maintenance: Opt for biophilic design
elements that are cost-effective in terms of maintenance and
ensure their longevity over time.

TABLE 4 Proposed design criteria using biophilic elements for opening windows.

Opening windows Proposed design criteria

1. It has been shown that incorporating natural light into living spaces can reduce
stress and increase comfort. Previous studies have demonstrated that physiological
tests indicate the presence of sunlight has an objective effect on reducing sleepiness
(Sanchez et al., 2018). Daylight is also essential for referencing biophilic design
patterns and for adhering to COVID-19 health protocols (Maharani and Fitriyanto,
2022)

Using large windows and bringing light into the room from two sides in living and working
spaces, while attempting to bring light from one side in the sleeping space

2. Natural ventilation through window openings is preferable to mechanical
ventilation (Stavrakakis et al., 2012), as it allows for air exchange and sunlight to
enter the home. Biophilic design patterns also necessitate natural ventilation

The cross-ventilation method is used to facilitate air movement within the room

3. Openable windows in living and cooking spaces are crucial for maintaining good
indoor air quality and thermal comfort. This enhances the comfort and health of
apartment residents (Peters and Halleran, 2021)

Using openable windows at various heights can further improve air quality within the space

FIGURE 7
Comparing themean andmedian of SCL values for participants in
the two experimental.
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These design stages can be applied to three-dimensional models
and presented to residential space owners using immersive virtual
reality technology. This allows them to visualize the space and make
modifications before the implementation process.

The next step is to integrate the proposed design criteria into easy-to-
read guidelines. The previously proposed design criteria were simplified
to the following symbols: windowopening =W, greenery=G, and ceiling
height = H. The guideline for a 3-bedroom unit can be seen in Figure 8.

TABLE 5 Proposed design criteria using biophilic elements for greenery.

Greenery Proposed design criteria

1. The presence of green spaces reduces stress levels and increases alertness in the afternoon
(biophilic design pattern). As previously mentioned, openings are essential for access to
green spaces and fresh air (Sanchez et al., 2018)

Integrating natural elements, such as indoor plants and living walls, enhances the
overall living environment

2. Housing strategies should prioritize more livable spaces with green spaces (biophilic
design patterns). Green spaces also help meet fresh air needs as they also contribute to the
supply of fresh air to housing units

Balconies and overhangs beside windows can be used to create natural green spaces

TABLE 6 Proposed design criteria using biophilic elements for ceiling height.

Ceiling height Proposed design criteria

1. High ceilings feature large windows or doors that provide excellent views of the
surrounding environment. Increased visual contact with nature can enhance a
sense of wellbeing and tranquility

2. Ceiling height affects the distribution of natural light within a space. Biophilic
designs often incorporate strategies to maximize daylight. Higher ceilings can
facilitate the influx of natural light, thereby reducing reliance on artificial lighting
and offering a more natural and dynamic lighting environment

Using high windows and clerestory windows helps to further maximize the amount of
natural light entering spaces

3. Ceiling height can play a significant role in natural ventilation within a space.
Natural ventilation refers to the process of supplying fresh air to an indoor space
without the use of mechanical systems

The use of openable windows at different heights can help improve air quality within the
space
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6 Conclusion, limitations, and
recommendations for future studies

This paper highlights the importance of integrating
biophilic elements within residential spaces, focusing on
three key elements: natural lighting, natural ventilation,
and green spaces. The rationale for choosing
these elements stems from their low cost and the
pressing need to reconnect humans with nature, especially
in the wake of the COVID-19 pandemic. These
elements help create comfortable interior environments
for residents.

The paper also reviews the effects of biophilic elements on
blood pressure and skin conductance levels through an
experiment involving immersive virtual reality technology.
The results support the importance of incorporating biophilic
elements into residential spaces.

The study confirms that incorporating nature into design
reduces stress, enhances wellbeing, and improves overall
comfort by engaging our innate connection to the natural
world. This is supported by Ulrich et al. (Kaplan, 1995), who
found that views of nature significantly reduce stress, as
evidenced by faster recovery times and lower cortisol levels
in hospital patients with views of greenery compared to those
with urban views. Additionally, a study by González-Lezcano
(González-Lezcano, 2023) emphasizes the integration of
biophilic design principles as a critical strategy for creating
healthier and more efficient buildings. González-Lezcano
stresses the importance of improving indoor environmental
quality (IEQ) by maximizing access to daylight, improving
views of nature, and incorporating features that promote
wellbeing and physiological comfort. These measures are
essential for fostering health-focused environments,
particularly in response to challenges like indoor air
pollution and the need for post-pandemic resilience in
building design.

The paper concludes with recommendations for designing
residential spaces by integrating architectural elements with
biophilic features.

6.1 Limitations

This study has several major limitations that should be
addressed in future research when possible:

• The small sample size resulted in lower statistical power and
increased the margin of error.

• Individual differences in comfort, as comfort is a subjective
experience influenced by personal preferences, cannot be
generalized to all people.

• Virtual environments may not accurately replicate real-world
environments, as physiological responses in virtual reality may
differ from those in real life. Studies have shown that stress
recovery is also related to factors such as hearing, smell, thermal
comfort, and human interaction with the environment (Gaoua,
2010; Hedblom et al., 2019). TheVR simulation in this study does
not include elements present in reality.

• Research by Chantranupong and Sabatini (Chantranupong and
Sabatini, 2018) showed that filtering sunlight through windows in
real-world applications increases hormonal changes (e.g.,
serotonin), leading to greater improvements in mood and
cognitive abilities. However, VR allows researchers to isolate
and investigate specific aspects (e.g., visual impact) that real-
world studiesmay not be able to separate due to the complexity of
sensory elements (e.g., noise, light, temperature) (Yin et al., 2020).

• The duration of exposure to virtual environments may not
reflect the long-term effects of biophilic design in actual
residential spaces.

• It is difficult to control a person’s psychological state across
different days for an experiment, as measurements in the first
stage may vary due to fluctuations in psychological state
from day to day.

• The study was conducted across different buildings, limiting
the ability to analyze natural factors such as air quality and
odors, and assess potential interactions with key
design elements.

• VR can cause discomfort due to a mismatch between visual
input and the body’s sense of movement. Users who
experience motion sickness or dizziness may not be able to

FIGURE 8
3D design guideline for a 3-bedroom unit incorporating biophilic design elements (natural light, natural ventilation, and plants) through using
different architectural elements such as: increasing ceiling height and using large and clerestory windows. (Source: authors).
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participate for extended periods, which limits the applicability
of VR to real-life scenarios, particularly in activities involving
continuous or rapid motion.

• VR requires users to adapt to unfamiliar controls, new
interaction patterns, and artificial environments, which can
impose cognitive load not present in natural settings. This
raises questions about how accurately VR results reflect real-
world cognitive processing, problem solving, or learning.

• Users often behave differently in VR environments compared
to real-world situations. They may take more risks, engage in
unusual activities, or respond differently to stimuli. These
behavioral differences make it challenging to generalize VR
results to real-life behavior.

• Virtual reality may train individuals to respond to specific
scenarios within the virtual world, but their reactions in
similar real-world scenarios may differ due to the lack of
sensory attunement or emotional detachment often
experienced in VR.

6.2 Recommendations for future studies

The current study examines the impact of biophilic design in
residential settings. Future research should include more diverse
populations across different environmental settings, such as
hospitals, classrooms, or other rooms within residential spaces
(Yin et al., 2018). Additionally, the use of self-report measures to
assess effects may introduce limitations to the internal validity of the
study due to social desirability bias (Kantowitz et al., 2014).
Therefore, it may be beneficial to incorporate objective
physiological measures (e.g., brain imaging, ECG, salivary
cortisol, or heart rate) alongside self-reported outcome measures
in future research (Vaisvaser et al., 2013).

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.

Ethics statement

The theoretical and empirical studies were approved by the
School of Graduate Studies, the University of Jordan. The studies
were conducted in accordance with the local legislation and
institutional requirements. The participants provided their
written informed consent to participate in this study. Written
informed consent was obtained from the individual(s) for the
publication of any potentially identifiable images or data included
in this article.

Author contributions

HA: Conceptualization, Investigation, Methodology, Software,
Visualization, Writing–original draft, Writing–review and editing.
WA-A: Conceptualization, Methodology, Supervision,
Writing–review and editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Abraham, A. O., Oluwatayo, A. A., and Nduka, D. M. (2023). Embracing nature in the
built environment: evaluation of biophilic design patterns in selected resorts. J. A
Sustain. Glob. South 7 (2), 26. doi:10.24843/jsgs.2023.v07.i02.p01

Ahmed, T., Kumar, P., and Mottet, L. (2021). Natural ventilation in warm climates:
the challenges of thermal comfort, heatwave resilience and indoor air quality. Renew.
Sustain. energy Rev. 138, 110669. doi:10.1016/j.rser.2020.110669

Altomonte, S. (2008). Daylight for energy savings and psycho-physiological well-
being in sustainable built environments. J. Sustain. Dev. 1 (3), 3–16. doi:10.5539/jsd.
v1n3p3

Andargie, M. S., Touchie, M., and O’Brien, W. (2019). A review of factors affecting
occupant comfort in multi-unit residential buildings. Build. Environ. 160, 106182.
doi:10.1016/j.buildenv.2019.106182

Awbi, H. B. (2002). Ventilation of buildings. London, United Kingdom: Routledge.

Baratto, R. (2024). Biophilia in architecture: nature indoors and outdoors. ArchDaily.
Available at: https://www.archdaily.com/955940/biophilia-in-architecture-nature-
indoors-and-outdoors (Accessed July 1, 2024).

Bardwick, J. M. (1995). Danger in the Comfort Zone: from boardroom to mailroom -
how to break the entitlement habit that’s killing American business. Available at: https://

www.amazon.com/Danger-Comfort-Zone-Boardroom-Entitlement/dp/0814478867
(Accessed July 2, 2023).

Belyusar, D., Mehler, B., Solovey, E., and Reimer, B. (2015). Impact of repeated
exposure to a multilevel working memory task on physiological arousal and driving
performance. Transp. Res. Rec. 2518 (1), 46–53. doi:10.3141/2518-06

Berman, M. G., Kross, E., Krpan, K. M., Askren, M. K., Burson, A., Deldin, P. J., et al.
(2012). Interacting with nature improves cognition and affect for individuals with
depression. J. Affect. Disord. 140 (3), 300–305. doi:10.1016/j.jad.2012.03.012

Berthou, Y., Biwole, P. H., Achard, P., Sallée, H., Tantot-Neirac, M., and Jay, F. (2015).
Full scale experimentation on a new translucent passive solar wall combining silica aerogels
and phase change materials. Sol. Energy 115, 733–742. doi:10.1016/j.solener.2015.03.038

Berto, R. (2014). The role of nature in coping with psycho-physiological stress: a
literature review on restorativeness. Behav. Sci. 4 (4), 394–409. doi:10.3390/bs4040394

Beukeboom, C. J., Langeveld, D., and Tanja-Dijkstra, K. (2012). Stress-reducing
effects of real and artificial nature in a hospital waiting room. J. Altern. Complementary
Med. 18 (4), 329–333. doi:10.1089/acm.2011.0488

Bolten, B., and Barbiero, G. (2023). “Biophilic design: nine ways to enhance physical
and psychological health and wellbeing in our built environments,” in InTherapeutic

Frontiers in Virtual Reality frontiersin.org13

Al Sayyed and Al-Azhari 10.3389/frvir.2025.1411425

https://doi.org/10.24843/jsgs.2023.v07.i02.p01
https://doi.org/10.1016/j.rser.2020.110669
https://doi.org/10.5539/jsd.v1n3p3
https://doi.org/10.5539/jsd.v1n3p3
https://doi.org/10.1016/j.buildenv.2019.106182
https://www.archdaily.com/955940/biophilia-in-architecture-nature-indoors-and-outdoors
https://www.archdaily.com/955940/biophilia-in-architecture-nature-indoors-and-outdoors
https://www.amazon.com/Danger-Comfort-Zone-Boardroom-Entitlement/dp/0814478867
https://www.amazon.com/Danger-Comfort-Zone-Boardroom-Entitlement/dp/0814478867
https://doi.org/10.3141/2518-06
https://doi.org/10.1016/j.jad.2012.03.012
https://doi.org/10.1016/j.solener.2015.03.038
https://doi.org/10.3390/bs4040394
https://doi.org/10.1089/acm.2011.0488
https://www.frontiersin.org/journals/virtual-reality
https://www.frontiersin.org
https://doi.org/10.3389/frvir.2025.1411425


landscape design: methods, design strategies and new Scientific approaches (Cham:
Springer International Publishing), 13–19.

Botella Arbona, C., Bretón-López, J. M., Serrano, B., García Palacios, A., Quero
Castellano, S., and Baños Rivera, R. M. (2014). Tratamiento de la fobia a volar usando la
exposición de realidad virtual con o sin reestructuración cognitiva: preferencias de los
participantes. Rev. psicopatología Psicol. clínica 19 (3), 157–169. doi:10.5944/rppc.vol.
19.num.3.2014.13898

Chantranupong, L., and Sabatini, B. L. (2018). Sunlight brightens learning and
memory. Cell 173 (7), 1570–1572. doi:10.1016/j.cell.2018.05.044

Deng, L., and Deng, Q. (2018). The basic roles of indoor plants in human health and
comfort. Environ. Sci. Pollut. Res. 25 (36), 36087–36101. doi:10.1007/s11356-018-
3554-1

Downton, P., Jones, D., Zeunert, J., and Roös, P. (2017). Biophilic design applications:
putting theory and patterns into built environment practice. KnE Eng. 9, 59–65. doi:10.
18502/keg.v2i2.596

Eissa, S., Awaad, I., and El Harairy, Y. (2022). Biophilia in interior design and its
impact on achieving sustainability. J. Archit. Arts Humanit. 7 (35), 258–279. doi:10.
21608/mjaf.2021.57567.2167

Kantowitz, B. H., Roediger, H. L., III, and Elmes, D. G. (2014). Experimental
psychology. 10th Edn. Cengage Learning. Available at: https://www.amazon.com/
Experimental-Psychology-Kantowitz-Roediger-Hardcover/dp/B00LMTJ1Q2
(Accessed November 2, 2024).

Facey, A. D., Tallentire, V., Selzer, R. M., and Rotstein, L. (2015). Understanding and
reducing work-related psychological distress in interns: a systematic review. Intern.
Med. J. 45 (10), 995–1004. doi:10.1111/imj.12785

Fich, L. B., Jönsson, P., Kirkegaard, P. H., Wallergård, M., Garde, A. H., and Hansen,
Å. (2014). Can architectural design alter the physiological reaction to psychosocial
stress? A virtual TSST experiment. Physiology and Behav. 135, 91–97. doi:10.1016/j.
physbeh.2014.05.034

Foreman, N. (2009). Virtual reality in psychology. Themes Sci. Technol. Educ.
Available at: https://eric.ed.gov/?id=EJ1131318 (Accessed July 30, 2023).

Frumkin, H. (2001). Beyond toxicity11The full text of this article is available via AJPM
Online at www.elsevier.com/locate/ajpmonline. Am. J. Prev. Med. 20 (3), 234–240.
doi:10.1016/s0749-3797(00)00317-2

Gaoua, N. (2010). Cognitive function in hot environments: a question of
methodology. Scand. J. Med. and Sci. sports 20, 60–70. doi:10.1111/j.1600-0838.2010.
01210.x

Gerrett, N., Redortier, B., Voelcker, T., and Havenith, G. (2013). A comparison of
galvanic skin conductance and skin wettedness as indicators of thermal discomfort
during moderate and high metabolic rates. J. Therm. Biol. 38 (8), 530–538. doi:10.1016/j.
jtherbio.2013.09.003

Gillis, K., and Gatersleben, B. (2015). A review of psychological literature on the
health and wellbeing benefits of biophilic design. Buildings 5 (3), 948–963. doi:10.3390/
buildings5030948

González-Lezcano, R. A. (2023). Editorial: design of efficient and healthy buildings.
Front. Built Environ. 9, 1210956. doi:10.3389/fbuil.2023.1210956

Grasser, L. R., Saad, B., Bazzi, C., Wanna, C., Abu Suhaiban, H., Mammo, D., et al.
(2022). Skin conductance response to trauma interview as a candidate biomarker of
trauma and related psychopathology in youth resettled as refugees. Eur.
J. Psychotraumatology 13 (1), 2083375. doi:10.1080/20008198.2022.2083375

Haase, M., and Amato, A. (2009). An investigation of the potential for natural
ventilation and building orientation to achieve thermal comfort in warm and humid
climates. Sol. energy 83 (3), 389–399. doi:10.1016/j.solener.2008.08.015

Hakim, A., and Hammad, S. (2021). “Use of virtual reality in psychology,” in
InConference on multimedia, interaction, design and innovation (Cham: Springer
International Publishing), 9, 208–217. doi:10.1007/978-3-031-11432-8_21

Harvey, D. J., Montgomery, L. N., Harvey, H., Hall, F., Gange, A. C., and Watling, D.
(2020). Psychological benefits of a biodiversity-focussed outdoor learning program for
primary school children. J. Environ. Psychol. 67, 101381. doi:10.1016/j.jenvp.2019.
101381

Hedblom, M., Gunnarsson, B., Iravani, B., Knez, I., Schaefer, M., Thorsson, P., et al.
(2019). Reduction of physiological stress by urban green space in a multisensory virtual
experiment. Sci. Rep. 9 (1), 10113. doi:10.1038/s41598-019-46099-7

Herranz-Pascual, K., Aspuru, I., Iraurgi, I., Santander, Á., Eguiguren, J. L., and García,
I. (2019). Going beyond quietness: determining the emotionally restorative effect of
acoustic environments in urban open public spaces. Int. J. Environ. Res. public health 16
(7), 1284. doi:10.3390/ijerph16071284

Huizi, D., Sulaiman, R., and Ismail, M. A. (2024). Enhancing children’s health and
well-being through biophilic design in Chinese kindergartens: a systematic literature
review. Soc. Sci. and Humanit. Open 10, 100939. doi:10.1016/j.ssaho.2024.100939

International Living Future Institute (2024). What is the living building challenge?
Seattle, WA: International Living Future Institute. Available at: https://living-future.
org/lbc/ (Accessed September 20, 2024).

Jegede, O. E., and Taki, A. (2021). Optimization of building envelopes using
indigenous materials to achieve thermal comfort and affordable housing in Abuja,

Nigeria. Int. J. Build. Pathology Adapt. 40, 219–247. doi:10.1108/ijbpa-01-2021-
0009

Jiang, B., Song, Y., Li, H. X., Lau, S. S., and Lei, Q. (2020). Incorporating biophilic
criteria into green building rating tools: case study of Green Mark and LEED. Environ.
Impact Assess. Rev. 82, 106380. doi:10.1016/j.eiar.2020.106380

Jin, Y., Jin, H., and Kang, J. (2020). Combined effects of the thermal-acoustic
environment on subjective evaluations in urban squares. Build. Environ. 168,
106517. doi:10.1016/j.buildenv.2019.106517

Johnstone, A., McCrorie, P., Cordovil, R., Fjørtoft, I., Iivonen, S., Jidovtseff, B., et al.
(2022). Nature-based early childhood education and children’s physical activity,
sedentary behavior, motor competence, and other physical health outcomes: a
mixed-methods systematic review. J. Phys. activity and health 19 (6), 456–472.
doi:10.1123/jpah.2021-0760

Kaplan, S. (1995). The restorative benefits of nature: toward an integrative framework.
J. Environ. Psychol. 15 (3), 169–182. doi:10.1016/0272-4944(95)90001-2

Karaman, G. D., and Selçuk, S. A. (2022). Transferring biophilic and universal design
theory to practice with learning from green buildings: restorative design parameters
according to three certified green building case studies. InEmerging Approaches Des.
New Connect. Nat., 225–252. doi:10.4018/978-1-7998-6725-8.ch010

Karimi, H., Adibhesami, M. A., Bazazzadeh, H., and Movafagh, S. (2023). Green
buildings: human-centered and energy efficiency optimization strategies. Energies 16
(9), 3681. doi:10.3390/en16093681

Kellert, S., and Calabrese, E. (2015). (PDF) the practice of biophilic design. Available
at: https://www.researchgate.net/publication/321959928_The_Practice_of_Biophilic_
Design (Accessed July 1, 2024).

Kellert, S. R. (2018).Nature by design: the practice of biophilic design. New Haven, CT:
YaleNews. Available at: https://news.yale.edu/2018/05/01/nature-design-practice-
biophilic-design (Accessed July 1, 2023).

Kim, G., Lim, H. S., Schaefer, L., and Kim, J. T. (2013). Overall environmental
modelling of newly designed curtain wall façade configurations. Indoor Built Environ.
22 (1), 168–179. doi:10.1177/1420326x12470281

Kim, S. Y., and Kim, J. J. (2007). The effect of fluctuating illuminance on visual
sensation in a small office. Indoor Built Environ. 16 (4), 331–343. doi:10.1177/
1420326x06079947

Kimic, K., and Kundziewicz, K. (2020). “Programme of forest kindergartens
supporting CHILDREN’S development through contact with nature–warsaw case
study,” in Public recreation and landscape protection, 359.

Kirschbaum, C., Pirke, K. M., and Hellhammer, D. H. (1993). The ‘Trier Social Stress
Test’–a tool for investigating psychobiological stress responses in a laboratory setting.
Neuropsychobiology 28 (1-2), 76–81. doi:10.1159/000119004

Klepeis, N. E., Nelson, W. C., Ott, W. R., Robinson, J. P., Tsang, A. M., Switzer, P.,
et al. (2001). The National Human Activity Pattern Survey (NHAPS): a resource for
assessing exposure to environmental pollutants. J. Expo. Sci. and Environ. Epidemiol. 11
(3), 231–252. doi:10.1038/sj.jea.7500165

Ko, W. H., Schiavon, S., Zhang, H., Graham, L. T., Brager, G., Mauss, I., et al. (2020).
The impact of a view from a window on thermal comfort, emotion, and cognitive
performance. Build. Environ. 175, 106779. doi:10.1016/j.buildenv.2020.106779

Lafortezza, R., Carrus, G., Sanesi, G., and Davies, C. (2009). Benefits and well-being
perceived by people visiting green spaces in periods of heat stress. Urban For. and urban
Green. 8 (2), 97–108. doi:10.1016/j.ufug.2009.02.003

Largo-Wight, E., Chen, W. W., Dodd, V., and Weiler, R. (2011). Healthy workplaces:
the effects of nature contact at work on employee stress and health. Public health Rep.
126 (1_Suppl. l), 124–130. doi:10.1177/00333549111260s116

Lau, S. S., and Yang, F. (2009). Introducing healing gardens into a compact university
campus: design natural space to create healthy and sustainable campuses. Landsc. Res.
34 (1), 55–81. doi:10.1080/01426390801981720

LEED (2024). LEEDV5:U.S. Green building council.Washington, DC:U.S. Green Building
Council. Available at: https://www.usgbc.org/leed/v5 (Accessed September 21, 2024).

Lehmann, S. (2021). Growing biodiverse urban futures: renaturalization and
rewilding as strategies to strengthen urban resilience. Sustainability 13 (5), 2932.
doi:10.3390/su13052932

Li, D., and Sullivan, W. C. (2016). Impact of views to school landscapes on recovery
from stress and mental fatigue. Landsc. urban Plan. 148, 149–158. doi:10.1016/j.
landurbplan.2015.12.015

Lohr, V. I., Pearson-Mims, C. H., and Goodwin, G. K. (1996). Interior plants may
improve worker productivity and reduce stress in a windowless environment. J. Environ.
Hortic. 14 (2), 97–100. doi:10.24266/0738-2898-14.2.97

Maharani, R. T., and Fitriyanto, D. A. (2022). Biophilic design to enhance residence
comfort in COVID era. J. Archit. Eng. Res. 2, 41–51. doi:10.54338/27382656-2022.2-007

Markevych, I., Schoierer, J., Hartig, T., Chudnovsky, A., Hystad, P., Dzhambov, A. M.,
et al. (2017). Exploring pathways linking greenspace to health: theoretical and
methodological guidance. Environ. Res. 158, 301–317. doi:10.1016/j.envres.2017.06.028

Mehaffy, M. (2012). Biophilic design: the theory, science, and practice of bringing
buildings to life.

Frontiers in Virtual Reality frontiersin.org14

Al Sayyed and Al-Azhari 10.3389/frvir.2025.1411425

https://doi.org/10.5944/rppc.vol.19.num.3.2014.13898
https://doi.org/10.5944/rppc.vol.19.num.3.2014.13898
https://doi.org/10.1016/j.cell.2018.05.044
https://doi.org/10.1007/s11356-018-3554-1
https://doi.org/10.1007/s11356-018-3554-1
https://doi.org/10.18502/keg.v2i2.596
https://doi.org/10.18502/keg.v2i2.596
https://doi.org/10.21608/mjaf.2021.57567.2167
https://doi.org/10.21608/mjaf.2021.57567.2167
https://www.amazon.com/Experimental-Psychology-Kantowitz-Roediger-Hardcover/dp/B00LMTJ1Q2
https://www.amazon.com/Experimental-Psychology-Kantowitz-Roediger-Hardcover/dp/B00LMTJ1Q2
https://doi.org/10.1111/imj.12785
https://doi.org/10.1016/j.physbeh.2014.05.034
https://doi.org/10.1016/j.physbeh.2014.05.034
https://eric.ed.gov/?id=EJ1131318
https://doi.org/10.1016/s0749-3797(00)00317-2
https://doi.org/10.1111/j.1600-0838.2010.01210.x
https://doi.org/10.1111/j.1600-0838.2010.01210.x
https://doi.org/10.1016/j.jtherbio.2013.09.003
https://doi.org/10.1016/j.jtherbio.2013.09.003
https://doi.org/10.3390/buildings5030948
https://doi.org/10.3390/buildings5030948
https://doi.org/10.3389/fbuil.2023.1210956
https://doi.org/10.1080/20008198.2022.2083375
https://doi.org/10.1016/j.solener.2008.08.015
https://doi.org/10.1007/978-3-031-11432-8_21
https://doi.org/10.1016/j.jenvp.2019.101381
https://doi.org/10.1016/j.jenvp.2019.101381
https://doi.org/10.1038/s41598-019-46099-7
https://doi.org/10.3390/ijerph16071284
https://doi.org/10.1016/j.ssaho.2024.100939
https://living-future.org/lbc/
https://living-future.org/lbc/
https://doi.org/10.1108/ijbpa-01-2021-0009
https://doi.org/10.1108/ijbpa-01-2021-0009
https://doi.org/10.1016/j.eiar.2020.106380
https://doi.org/10.1016/j.buildenv.2019.106517
https://doi.org/10.1123/jpah.2021-0760
https://doi.org/10.1016/0272-4944(95)90001-2
https://doi.org/10.4018/978-1-7998-6725-8.ch010
https://doi.org/10.3390/en16093681
https://www.researchgate.net/publication/321959928_The_Practice_of_Biophilic_Design
https://www.researchgate.net/publication/321959928_The_Practice_of_Biophilic_Design
https://news.yale.edu/2018/05/01/nature-design-practice-biophilic-design
https://news.yale.edu/2018/05/01/nature-design-practice-biophilic-design
https://doi.org/10.1177/1420326x12470281
https://doi.org/10.1177/1420326x06079947
https://doi.org/10.1177/1420326x06079947
https://doi.org/10.1159/000119004
https://doi.org/10.1038/sj.jea.7500165
https://doi.org/10.1016/j.buildenv.2020.106779
https://doi.org/10.1016/j.ufug.2009.02.003
https://doi.org/10.1177/00333549111260s116
https://doi.org/10.1080/01426390801981720
https://www.usgbc.org/leed/v5
https://doi.org/10.3390/su13052932
https://doi.org/10.1016/j.landurbplan.2015.12.015
https://doi.org/10.1016/j.landurbplan.2015.12.015
https://doi.org/10.24266/0738-2898-14.2.97
https://doi.org/10.54338/27382656-2022.2-007
https://doi.org/10.1016/j.envres.2017.06.028
https://www.frontiersin.org/journals/virtual-reality
https://www.frontiersin.org
https://doi.org/10.3389/frvir.2025.1411425


Meyers-Levy, J., and Zhu, R. (2007). The influence of ceiling height: the effect of
priming on the type of processing that people use. J. consumer Res. 34 (2), 174–186.
doi:10.1086/519146

Mirrahimi, S., Mohamed, M. F., Haw, L. C., Ibrahim, N. L., Yusoff, W. F., and Aflaki,
A. (2016). The effect of building envelope on the thermal comfort and energy saving for
high-rise buildings in hot–humid climate. Renew. Sustain. Energy Rev. 53, 1508–1519.
doi:10.1016/j.rser.2015.09.055

Morresi, N., Casaccia, S., Sorcinelli, M., Arnesano, M., Uriarte, A., Torrens-Galdiz,
J. I., et al. (2021). Sensing physiological and environmental quantities to measure human
thermal comfort through machine learning techniques. IEEE Sensors J. 21 (10),
12322–12337. doi:10.1109/jsen.2021.3064707

Newman, J. R. (1964). A general reference Source: the harper Encyclopedia of science.
vols. 1-4. James R. Newman, ed. Harper and row, New York, 1963. 1379 pp. Illus. $35.
Science 145, 806–807. doi:10.1126/science.145.3634.806.b

Nieuwenhuijsen, M. J., Kurtzhals, M., Nowell, C., Melby, P. S., Stevenson, M. P.,
Nieuwenhuijsen, M., et al. (2021). Landscapes of becoming social: a systematic review of
evidence for associations and pathways between interactions with nature and socioemotional
development in children. Environ. Int. 146, 106238. doi:10.1016/j.envint.2020.106238

Nitu, M. A., Gocer, O., Wijesooriya, N., Vijapur, D., and Candido, C. (2022). A
biophilic design approach for improved energy performance in retrofitting residential
projects. Sustainability 14 (7), 3776. doi:10.3390/su14073776

Noelke, C., McGovern, M., Corsi, D. J., Jimenez, M. P., Stern, A., Wing, I. S., et al.
(2016). Increasing ambient temperature reduces emotional well-being. Environ. Res.
151, 124–129. doi:10.1016/j.envres.2016.06.045

Park, B. J., Tsunetsugu, Y., Kasetani, T., Kagawa, T., and Miyazaki, Y. (2010). The
physiological effects of Shinrin-yoku (taking in the forest atmosphere or forest bathing):
evidence from field experiments in 24 forests across Japan. Environ. health Prev. Med.
15, 18–26. doi:10.1007/s12199-009-0086-9

Peters, T., and D’Penna, K. (2020). Biophilic design for restorative university learning
environments: a critical review of literature and design recommendations. Sustainability
12 (17), 7064. doi:10.3390/su12177064

Peters, T., and Halleran, A. (2021). How our homes impact our health: using a
COVID-19 informed approach to examine urban apartment housing. Archnet-IJAR Int.
J. Archit. Res. 15 (1), 10–27. doi:10.1108/arch-08-2020-0159

Raja, I. A., Nicol, J. F., McCartney, K. J., and Humphreys, M. A. (2001). Thermal
comfort: use of controls in naturally ventilated buildings. Energy Build. 33 (3), 235–244.
doi:10.1016/s0378-7788(00)00087-6

Rupp, R. F., Vásquez, N. G., and Lamberts, R. (2015). A review of human thermal
comfort in the built environment. Energy Build. 105, 178–205. doi:10.1016/j.enbuild.
2015.07.047

Ryan, C. O., and Browning, W. D. (2020). “Biophilic design,” in Sustainable built
environments, 43–85.

Sanchez, J. A., Ikaga, T., and Sanchez, S. V. (2018). Quantitative improvement in
workplace performance through biophilic design: a pilot experiment case study. Energy
Build. 177, 316–328. doi:10.1016/j.enbuild.2018.07.065

Sharam, L. A., Mayer, K. M., and Baumann, O. (2023). Design by nature: the influence
of windows on cognitive performance and affect. J. Environ. Psychol. 85, 101923. doi:10.
1016/j.jenvp.2022.101923

Stavrakakis, G. M., Zervas, P. L., Sarimveis, H., and Markatos, N. C. (2012).
Optimization of window-openings design for thermal comfort in naturally ventilated
buildings. Appl. Math. Model. 36 (1), 193–211. doi:10.1016/j.apm.2011.05.052

Talebpour, L. M., Busk, P. L., Heimlich, J. E., and Ardoin, N. M. (2020). Children’s
connection to nature as fostered through residential environmental education
programs: key variables explored through surveys and field journals. Environ. Educ.
Res. 26 (1), 95–114. doi:10.1080/13504622.2019.1707778

Tang, T., Zhou, X., Zhang, Y., Feng, X., Liu, W., Fang, Z., et al. (2022). Investigation
into the thermal comfort and physiological adaptability of outdoor physical training in
college students. Sci. Total Environ. 839, 155979. doi:10.1016/j.scitotenv.2022.155979

Thompson, R., Smith, R. B., Karim, Y. B., Shen, C., Drummond, K., Teng, C., et al.
(2022). Noise pollution and human cognition: an updated systematic review and
meta-analysis of recent evidence. Environ. Int. 158, 106905. doi:10.1016/j.envint.
2021.106905

Turner, W. R., Nakamura, T., and Dinetti, M. (2004). Global urbanization and the
separation of humans from nature. Bioscience 54 (6), 585–590. doi:10.1641/0006-
3568(2004)054[0585:guatso]2.0.co;2

Ulrich, R. S., Simons, R. F., Losito, B. D., Fiorito, E., Miles, M. A., and Zelson, M.
(1991). Stress recovery during exposure to natural and urban environments. J. Environ.
Psychol. 11 (3), 201–230. doi:10.1016/s0272-4944(05)80184-7

Ünal, N., and Özen, E. S. (2021). Biophilic approach to design for children. ICONARP
Int. J. Archit. Plan. 9 (2), 943–965. doi:10.15320/ICONARP.2021.187

Vaisvaser, S., Lin, T., Admon, R., Podlipsky, I., Greenman, Y., Stern, N., et al. (2013).
Neural traces of stress: cortisol related sustained enhancement of amygdala-
hippocampal functional connectivity. Front. Hum. Neurosci. 7, 313. doi:10.3389/
fnhum.2013.00313

Van Os, J., Kenis, G., and Rutten, B. P. (2010). The environment and schizophrenia.
Nature 468 (7321), 203–212. doi:10.1038/nature09563

Well Building Standard (2024). “Standard: well V2,” WELL standard. Available at:
https://v2.wellcertified.com/en/wellv2/overview (Accessed September 20, 2024).

Wolfs, E. L. (2015). Biophilic design and bio-collaboration: applications and
implications in the field of industrial design: applications and implications in the
field of industrial design. Archives Des. Res. 28 (1), 71–89.

World Health Organization (2021). WHO global air quality guidelines. Available at:
https://www.who.int/zh/news-room/questions-and-answers/item/who-global-air-
quality-guidelines.2021 (Accessed September 20, 2024).

Yan, T., Jin, H., and Jin, Y. (2023). The mediating role of emotion in the effects of
landscape elements on thermal comfort: a laboratory study. Build. Environ. 233, 110130.
doi:10.1016/j.buildenv.2023.110130

Yin, J., Arfaei, N., MacNaughton, P., Catalano, P. J., Allen, J. G., and Spengler, J. D.
(2019). Effects of biophilic interventions in office on stress reaction and cognitive
function: a randomized crossover study in virtual reality. Indoor air 29 (6), 1028–1039.
doi:10.1111/ina.12593

Yin, J., Yuan, J., Arfaei, N., Catalano, P. J., Allen, J. G., and Spengler, J. D. (2020).
Effects of biophilic indoor environment on stress and anxiety recovery: a between-
subjects experiment in virtual reality. Environ. Int. 136, 105427. doi:10.1016/j.envint.
2019.105427

Yin, J., Zhu, S., MacNaughton, P., Allen, J. G., and Spengler, J. D. (2018). Physiological
and cognitive performance of exposure to biophilic indoor environment. Build. Environ.
132, 255–262. doi:10.1016/j.buildenv.2018.01.006

Yuko, T., Bum-Jin, P., Hideki, I., Hideki, H., Takahide, K., and Yoshifumi, M. (2007).
Physiological Effects of Shinrin-yoku (Taking in the atmosphere of the forest) in an old-
growth broadleaf forest in yamagata prefecture, Japan. Ann. physiological Anthropol. 26
(2), 135–142. doi:10.2114/jpa2.26.135

Zebua, V. C., and Putra, Y. (2022). The design of eco-friendly resort, asu island
(organic architecture). Int. J. Archit. Urbanism 6 (2), 199–208. doi:10.32734/ijau.v6i2.
9691

Zhang, J., Liu, Y., Zhou, S., Cheng, Y., and Zhao, B. (2022). Do various dimensions of
exposure metrics affect biopsychosocial pathways linking green spaces to mental health?
A cross-sectional study in Nanjing, China. Landsc. Urban Plan. 226, 104494. doi:10.
1016/j.landurbplan.2022.104494

Zhong,W., Schröder, T., and Bekkering, J. (2022). Biophilic design in architecture and
its contributions to health, well-being, and sustainability: a critical review. Front. Archit.
Res. 11 (1), 114–141. doi:10.1016/j.foar.2021.07.006

Zhong, W., Schröder, T., and Bekkering, J. (2024). Implementing biophilic design in
architecture through three-dimensional green spaces: guidelines for building
technologies, plant selection, and maintenance. J. Build. Eng. 92, 109648. doi:10.
1016/j.jobe.2024.109648

Frontiers in Virtual Reality frontiersin.org15

Al Sayyed and Al-Azhari 10.3389/frvir.2025.1411425

https://doi.org/10.1086/519146
https://doi.org/10.1016/j.rser.2015.09.055
https://doi.org/10.1109/jsen.2021.3064707
https://doi.org/10.1126/science.145.3634.806.b
https://doi.org/10.1016/j.envint.2020.106238
https://doi.org/10.3390/su14073776
https://doi.org/10.1016/j.envres.2016.06.045
https://doi.org/10.1007/s12199-009-0086-9
https://doi.org/10.3390/su12177064
https://doi.org/10.1108/arch-08-2020-0159
https://doi.org/10.1016/s0378-7788(00)00087-6
https://doi.org/10.1016/j.enbuild.2015.07.047
https://doi.org/10.1016/j.enbuild.2015.07.047
https://doi.org/10.1016/j.enbuild.2018.07.065
https://doi.org/10.1016/j.jenvp.2022.101923
https://doi.org/10.1016/j.jenvp.2022.101923
https://doi.org/10.1016/j.apm.2011.05.052
https://doi.org/10.1080/13504622.2019.1707778
https://doi.org/10.1016/j.scitotenv.2022.155979
https://doi.org/10.1016/j.envint.2021.106905
https://doi.org/10.1016/j.envint.2021.106905
https://doi.org/10.1641/0006-3568(2004)054[0585:guatso]2.0.co;2
https://doi.org/10.1641/0006-3568(2004)054[0585:guatso]2.0.co;2
https://doi.org/10.1016/s0272-4944(05)80184-7
https://doi.org/10.15320/ICONARP.2021.187
https://doi.org/10.3389/fnhum.2013.00313
https://doi.org/10.3389/fnhum.2013.00313
https://doi.org/10.1038/nature09563
https://v2.wellcertified.com/en/wellv2/overview
https://www.who.int/zh/news-room/questions-and-answers/item/who-global-air-quality-guidelines.2021
https://www.who.int/zh/news-room/questions-and-answers/item/who-global-air-quality-guidelines.2021
https://doi.org/10.1016/j.buildenv.2023.110130
https://doi.org/10.1111/ina.12593
https://doi.org/10.1016/j.envint.2019.105427
https://doi.org/10.1016/j.envint.2019.105427
https://doi.org/10.1016/j.buildenv.2018.01.006
https://doi.org/10.2114/jpa2.26.135
https://doi.org/10.32734/ijau.v6i2.9691
https://doi.org/10.32734/ijau.v6i2.9691
https://doi.org/10.1016/j.landurbplan.2022.104494
https://doi.org/10.1016/j.landurbplan.2022.104494
https://doi.org/10.1016/j.foar.2021.07.006
https://doi.org/10.1016/j.jobe.2024.109648
https://doi.org/10.1016/j.jobe.2024.109648
https://www.frontiersin.org/journals/virtual-reality
https://www.frontiersin.org
https://doi.org/10.3389/frvir.2025.1411425

	Investigating the role of biophilic design to enhance comfort in residential spaces: human physiological response in immers ...
	1 Introduction
	1.1 Research problem
	1.2 Research aims and objective

	2 Literature review
	2.1 Biophilic design
	2.1.1 Biophilia: hypothesis and theory
	2.1.2.1 Natural light
	2.1.2.2 Natural ventilation
	2.1.2.3 Plant

	2.2 Comfort psychology
	2.3 The use of virtual reality in psychology

	3 Methodology
	3.1 Experiment design
	3.2 Participation
	3.3 Outcome measures
	3.3.1 Skin conductance level
	3.3.2 Blood pressure

	3.4 Stress inducers
	3.5 Experimental procedure

	4 Result and analysis
	4.1 Participants
	4.2 Skin conductance level data and analysis
	4.2.1 Comparison between the three phases of SCL
	4.2.2 Effects of the experimental setting on SCL
	4.2.3 Group differences in SCL responses

	4.3 Blood pressure data and analysis

	5 Discussion
	6 Conclusion, limitations, and recommendations for future studies
	6.1 Limitations
	6.2 Recommendations for future studies

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


