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Abstract: Green walls have been used in built environments as a natural element to bring various
benefits, thus improving human health and well-being. However, in conventional virtual environ-
ments, the visual connection with a green wall is the only way that this natural element could benefit
humans. Unfortunately, the impact of such visual connection on human thermal perception is still
not well understood. Thus, we conducted an experimental study with 40 participants comparing
the thermal state of two virtual sessions: biophilic (a room with a green wall) and non-biophilic
(the same room without a green wall). Both sessions were conducted in a climate chamber under
a slightly warm condition (28.89 ◦C and 50% relative humidity). Participants’ thermal state, skin
temperature, and heart rate data were collected. According to the results, participants’ thermal
comfort and hand skin temperature were significantly different between the two sessions, and their
mean skin temperature was statistically increased over time. The study suggests that before the extent
to which the impact of visual stimuli (e.g., green walls) on thermal perception is fully understood,
researchers may need to control visual and thermal stimuli separately when using them in immersive
virtual environments. Furthermore, the virtual exposure time should be an important consideration
when designing experimental procedures.

Keywords: biophilic; green wall; immersive virtual environment (IVE); physiological responses;
thermal state; virtual exposure time

1. Introduction

Recently, immersive virtual environments (IVEs) have gained significant attention
from the architectural, engineering, and construction (AEC) research communities because
of the unique ability of IVEs to offer immersive experiences, including virtual natural
elements [1,2]. In addition, researchers have applied IVEs to a range of research studies,
such as occupant energy behavior [3], thermal comfort, and adaptive behavior [4]. Exist-
ing thermal comfort studies using mixed IVEs focus on external thermal stimuli such as
temperature while most of the studies rely on the main feature of conventional IVEs, i.e.,
providing visual stimuli. For example, the human thermal state was explored under differ-
ent temperatures provided by a climate chamber or evoked through body activity, while
participants were exposed to the virtually simulated environments as visual stimuli [5–7].
Such studies ignore the potential influence of visual stimuli on thermal state, especially
when studying biophilic design features. Moreover, these studies have shown that multiple
types of stimuli, such as thermal, can be effectively simulated along with visual stimuli as
the main feature of augmented IVEs.

The human perception of surrounding environments occurs through multisensory
processing [8]. The multisensory interactions between different senses, such as thermal,
visual, and acoustic senses, can affect humans’ environmental perception in a complex
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manner because the senses may affect each other. For example, thermal and visual comfort
increases if noise decreases [9] or daylight may affect human thermal perception, so it needs
to be considered in thermal comfort models [10,11]. In particular, previous IVE studies
have shown that visual stimuli can change human physiological responses, including
skin temperature [12,13] and heart rate [14]. Thus, such studies in virtual reality have
identified a theoretical connection between visual stimuli and skin temperature and heart
rate. Specifically, the visual perception of indoor environments can change the physiological
responses of the body, affecting thermal state. However, the impact of certain visual stimuli
on thermal state has not been fully explored. Therefore, when augmented IVEs are used to
study human perceptions, it is necessary to first control some stimuli while studying the
impact of others. In addition, the connection between thermal sensation and physiological
responses has already been established in reality [15–17]. Thus, studies investigating the
possible connection between visual and thermal senses in a virtual environment may also
confirm the effectiveness of IVE applications.

In this study, the authors chose indoor green walls as an application case to investigate
the impact of visual stimuli on thermoception in IVEs. Green walls refer to a vertical
planting structure that includes living plants with a substrate and an irrigation system [18].
The choice has both practical and theoretical benefits. First, the integration of a green
wall as a natural element in interior spaces can improve human connection with nature,
according to the biophilia hypothesis [19], and bring a variety of benefits to the occupants
through extending the advantages of natural elements into buildings [20], such as cooling
effects [21,22], noise reduction [23,24], improved air quality [25–27], and enhanced human
comfort and well-being [28,29]. Secondly, green walls may affect human thermal perception
by lowering the environmental temperature [30] or by establishing a visual connection
with nature that influences psychological and physiological processes [31]. A better un-
derstanding of how different stimuli impact thermal sensation individually can provide
insights on the design of the green wall and the treatment designs involving visual and
thermal stimuli. Therefore, green walls are a good candidate for studying stimuli in IVEs
that can be simulated using thermal stimuli, visual stimuli, or a combination of both.

2. Research Questions and Hypothesis

In this study, the primary goal is to understand whether green walls as visual stimuli
alone in a virtual environment will change participants’ thermal experience. The authors
refer to a virtual environment with green walls as a biophilic environment and a virtual
environment without green walls as a non-biophilic environment. To achieve the goal, the
authors designed a research study comparing participants’ thermal experience states and
physiological responses in the biophilic and non-biophilic environments. In addition, the
authors investigated the impact of the time exposed to virtual environments on the thermal
state of participants in both environments. Accordingly, we are looking for answers to the
following research questions:

1. Was the thermal experience significantly different between biophilic and non-biophilic
virtual environments?

2. Was the thermal experience significantly different between the time point when the
head-mounted display (HMD) was put on and the time point when the experiment
was finished?

The first question was intended to explore if the visual connection with green walls
alone altered participants’ thermal experience. The second question investigated the
changes of the thermal experience over the different time points in each environment. To
answer these questions, the authors used two types of variables to evaluate participants’
thermal experience. The first type was the thermal state votes (V (x)), including three
variables: sensation (V(s)), comfort (V(c)), and acceptability (V(a)). The second type included
the physiological responses (PR (x)) associated with the thermal states of participants: skin
temperature (PR (st)), heart rate (PR (hr)), and the ratio between low and high frequencies
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(PR (f)) resulting from heart rate variability. Accordingly, the following hypotheses were
defined by the authors:

1. Participants’ thermal state votes and physiological responses did not differ signifi-
cantly between the two different virtual environments (biophilic and non-biophilic).

• Thermal state votes:

Null Hypothesis, H0: V (x) = V’ (x)
Alternate Hypothesis, H1: V (x) 6= V’ (x)
Where, V(x) is the thermal votes of each type in the biophilic environment, including

sensation (V(s)), comfort (V(c)), or acceptability (V(a)); and V’(x) is the thermal votes of
each type in the non-biophilic environment, including sensation (V’(s)), comfort (V’(c)), or
acceptability (V’(a)).

• Physiological responses:

Null Hypothesis, H0: PR(x) = PR’(x)
Alternate Hypothesis: H1: PR(x) 6= PR’ (x)
Where, PR(x) is the physiological responses in the biophilic environment, including

skin temperature (PR (st)), heart rate (PR (hr)), and LF/HF ratio (PR(f)); and PR’(x) is the
physiological responses in the non-biophilic environment, including skin temperature
(PR’(st)), heart rate (PR’(hr)), and LF/HF ratio (PR’(f)).

2. Participants’ thermal state votes and physiological responses did not differ signif-
icantly between two time points, i.e., time point 1 (TP1, when the HMD was put
on), and time point 2 (TP2, when the experiment was finished) in the biophilic or
non-biophilic environments.

• Thermal state votes:

Null Hypothesis, H0: V (x) = V’(x)
Alternate Hypothesis, H1: V (x) 6= V’(x)
Where, V(x) is the thermal votes of each type at time point 1 in the biophilic or non-

biophilic environment, including sensation (V(s)), comfort (V(c)), or acceptability (V(a));
and V’(x) is the thermal votes of each type at time point 2 in the biophilic or non-biophilic
environments, including sensation (V’(s)), comfort (V’(c)), or acceptability (V’(a)).

• Physiological responses:

Null Hypothesis, H0: PR(x) = PR’(x)
Alternate Hypothesis, H1: PR (x) 6= PR’(x)
Where, PR(x) is the physiological responses at time point 1 in the biophilic or non-

biophilic environments, including skin temperature (PR (st)), heart rate (PR (hr)), and LF/HF
ratio (PR (f)); and PR’(x) is the physiological responses at time point 2 in the biophilic or
non-biophilic environment, including skin temperature (PR’(st)), heart rate (PR’(hr)), and
LF/HF ratio (PR (f)).

To test these hypotheses, the authors conducted two main statistical analyses with the
data accordingly:

1. Between sessions: a comparative analysis between biophilic and non-biophilic ses-
sions to test the first hypothesis.

2. Within sessions: a comparative analysis in each session between the two time points
to test the second hypothesis.

3. Research Method
3.1. The Participants

Upon approval of the experimental protocol by the Instructional Review Board,
40 healthy adults, mostly graduate and undergraduate students, participated in this study
during the summer of 2021. The sample size was determined to meet the minimum sample
size required (n = 34) with power 0.8, according to the G*Power analysis. Participants were
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informed of the experiment via recruitment flyers distributed in campus buildings. After
receiving an email from interested participants, a consent form, including the brief infor-
mation on the inclusion/exclusion criteria, was sent to the participants for their signature.
Then, the participants voluntarily signed up for the two-hour experiment and were paid
$30 as compensation. The list of the criteria for inclusion and exclusion is presented in
Table 1.

Table 1. The criteria for inclusion and exclusion.

Inclusion Criteria

Age 18–35 years

Sex Men and women (non-pregnant by self-report)

Informed Consent Participants must be able to read, understand, and sign the
consent form

Exclusion Criteria

Sufficient medical conditions
(by using participants’ words)

Feeling or being under treatment for any type of health
issues or discomfort. Individuals who had been hospitalized
because of psychological illness within past five years or
were currently undergoing treatment for severe mental
illness. Any medical issues that can interfere or be
aggravated by using the head-mounted display.

3.2. Climate Chamber

The testing environment for both virtual sessions was a climate chamber on the main
campus of Louisiana State University. A wide range of environmental conditions, including
indoor air quality, temperature (15 ◦C to 32 ◦C), and relative humidity (40–90%), could
be simulated and controlled by the climate chamber in order to conduct different thermal
comfort-related experiments. The HVAC system of the chamber room is equipped with
various sensors, such as temperature and humidity sensors, for controlling and monitoring
the environmental conditions.

The climate chamber has three rooms: a testing room, a control room, and a mechanical
room (Figure 1). The size of the testing room is about 4.2 × 3.2 × 2.7 m (L × W × H).
In both sessions, the temperature and relative humidity were set to 28.89 ◦C and 50%,
respectively. The authors used this slightly warm condition to better observe the capability
of the green wall in improving the thermal state of participants.

Figure 1. The climate chamber layout.
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3.3. Environmental Simulation and IVE Apparatus

To test the participants’ thermal state after facing the green wall, the authors simulated
two experimental sessions, non-biophilic and biophilic, both in virtual environments. The
non-biophilic session was referred to as NBS, and the biophilic session was referred to as
BS. The experimental procedure included two sessions, and each applied with one of these
settings: the NBS session had no furniture in the interior space of the virtual testing room
(Figure 2), and the BS session was created by adding green walls to two sidewalls of the
same virtual room (Figure 2).

Figure 2. The environmental simulations: (a) the Non-Biophilic Session (NBS); (b) the Biophilic
Session (BS).

Both environments were rendered during the experiment using Unreal Engine, and
participants experienced them using an HMD device. Before the experiment, participants
had a chance to familiarize themselves with the environments before the experiment. Two
HMD headsets were used in this experiment. The HTC-Vive, which supports a resolution
of 2160 × 1200 on dual-AMOLED panels of 91 mm with a refresh rate of 90 Hz and a field
of view of 110-degrees, was used for the experimental session. The HTC Vive-Pro, with a
dual-OLED display supporting a resolution of 2880 × 1600, was used for the trial session.
In addition, dual cameras on the front with a 90 Hz refresh rate helped to monitor the
hands’ movements.

3.4. Physiological Measures
3.4.1. Skin Temperature

To measure skin temperature, the authors used temperature sensors known as Vernier
surface with an exposed thermistor that results in an extremely short response time. The
real-time data was collected using Logger Pro software. Since the human brain is constantly
regulating the skin temperature to keep the body temperature fixed, the mean skin tem-
perature measures the body’s reaction to the ambient environment [32]. Thus, researchers
collected the mean skin temperature to evaluate thermal state [33,34]. According to the
equation from ISO 9886 [35], the mean skin temperature under the warm condition was
calculated using the following formula based on the temperature collected from four body
locations:

tsk = 0.28 tneck + 0.28 tscapula +0.16 t hand+ 0.28 tshin,

where, tsk is the mean skin temperature and tneck, tscapula, t hand, and tshin are the tempera-
tures measured from the back of the neck, the right scapula, the left hand, and the right
shin, respectively.

3.4.2. Heart Rate and LF/HF Ratio

Since heart rate (HR) is highly associated with the metabolic rate of the body, which
affects thermal sensation [36], the participants’ heart rates were recorded during the ex-
periment using POLAR Ft7, a wireless heart rate monitor with electrodes. The sensor
data were recorded using HRV Logger. Heart rate variability (HRV) was recorded by the



Sustainability 2022, 14, 1840 6 of 25

same device as the HR. HRV was also considered in this study, as there is a connection
between thermal comfort and HRV [17]. Heart rate variability describes the changes of
adjacent heartbeats in the time intervals required to adjust the operations needed to adapt
to environmental challenges [37]. The LF/HF ratio resulting from an HRV analysis can be
used to assess thermal comfort level. This ratio was reported to be significantly higher in
thermal discomfort situations [17].

3.5. The Questionnaires

In this study, the questionnaire consisted of two sections. All survey questions
were created using the online survey software Qualtrics (www.qualtrics.com (accessed on
5 November 2021)).

• Demographic and general information: The demographic questionnaire included
questions regarding the socio-demographic characteristics of participants, including
age, gender, race, birth, raised location, the last five years’ living place, education, occu-
pation, and household. The general questionnaire was designed to acquire necessary
information that might have an impact on the thermal comfort states, including body
weight and height, food intake within the past hour, beverage intake within the past
hour, cigarette use within the past hour, alcohol intake within the past 12 h, intense
physical activity within the past 12 h, departure location (off-campus, on-campus, in
the building), mode of travel (walking, cycling, motorized means), and menstrual
cycle. Participants filled out this survey during the pre-experiment session before
entering the experimental BS and NBS sessions.

• Thermal state evaluation: The thermal state of the participants was measured using
the thermal sensation, thermal comfort, and thermal acceptability votes. Participants’
self-reported votes of thermal sensation were reported on the ASHRAE Standard 55
Thermal Comfort, a 7-point Likert scale [38,39]. Thermal sensation was evaluated by
this range of scales: “+3, +2, +1, 0, −1, −2, and −3” referring to “Hot, Warm, Slightly
Warm, Neutral, Slightly Cool, Cool, and Cold,” respectively. Thermal comfort was
evaluated by a different range of scales: “+3, +2, +1, −1, −2, and −3” referring to
“Very Comfortable, Comfortable, Slightly Comfortable, Slightly Uncomfortable, Un-
comfortable, and Very Uncomfortable,” respectively [40]. Finally, the overall thermal
acceptability of the environment was determined through a binary scale consisting of
two answers: “-1 or +1,” representing “Acceptable” or “Unacceptable,” respectively,
similar to the one in Ref [41].

3.6. Experimental Design and Procedure

Before starting the experiments, the authors conducted an initial test on the validity of
the virtual model by asking four participants to each fill in two questionnaires: the Igroup
Presence questionnaire (IPQ) [42,43] and the Simulator Sickness Questionnaire (SSQ) [44].
The IPQ included 14 items categorized into four sub-measures, and the final score of each
category ranged from 20 to 100. The results from the IPQ (general presence = 80, spatial
presence = 75, involvement = 57.5, and experienced realism = 55) were higher than reported
studies [42,43], suggesting that the presence of the virtual model is valid. In addition, the
total cybersickness score (24.31) was within the acceptable range [45].

The authors used a within-subject design for this study, because individual human
differences, such as gender, may affect thermal comfort and need to be considered as
an important variance [46]. All 40 participants participated in both virtual experimental
sessions in one visit with a 20-min break period between sessions. Participants had been
informed of the clothing requirements, including lightweight pants and a shirt or T-shirt
having long sleeves, before the experiment. Moreover, during this study, the participants’
activity was sedentary, and they were seated in a chair during the entire virtual exposure
(Figure 3).

www.qualtrics.com
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Figure 3. A photo of a participant attending an experimental session.

The experimental procedure included five steps (Figure 4):

Step 1. Prior to the experiment: Participants had to complete the demographic and general
questionnaires and sign the consent form.

Step 2. The pre-experiment session (20 min): The height and weight of the participants were
measured, and the participants completed the questionnaire about the participant’s
condition on the experiment day. Participants also had a chance to familiarize them-
selves with the virtual environments by exploring them in the control room before the
experiment.

Step 3. The first and second session (10 min): After the pre-experiment session, participants
were invited to enter the testing room and be seated in a chair. After attaching the
temperature sensors, participants wore an HMD headset for about 10 min: 3 min of
filling out thermal state questionnaire and 7 min of freely watching the virtual envi-
ronments, whether BS or NBS. According to the literature, participants’ physiological
states return to the baseline after 7~8 min of habituation in a virtual environment [47].

Step 4. Break (20 min): Between the two sessions of the experiment, there was a 20-min break
in the control area.

Figure 4. The experimental procedure.

3.7. Data Collection and Processing

The demographic and general questionnaires were filled out by participants before the
main session of the experiment. Two statistical analyses have been conducted according to
the hypotheses. Thus, the following procedures were followed to collect data for each type
of analysis:
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• Between sessions: The thermal state questionnaire (TSQ), skin temperature, and heart
rate of participants after experiencing the virtual environment for 7 min was compared
between the BS and the NBS (Figure 5).

• Within sessions: To test the impact of virtual exposure time on thermal state, the
following procedure was followed to collect and process the data:

Figure 5. The data collection for between-sessions analysis.

Thermal state questionnaire: The thermal state questionnaire was asked of the partici-
pants at two time points: TP1, after attaching the body temperature and heart rate sensors
and putting on the VR headset; and TP2, after 7 min of freely watching the virtual environ-
ment (Figure 6). In addition, participants’ thermal state was examined once the participants
entered the chamber’s room and were seated, at TP0. This time point was designed to
ensure that participants’ thermal states before experiencing the virtual environment were
comparable in both the BS and the NBS. Thus, participants reported their thermal state of
the same real environment, the testing room, at the beginning of each session. Using the
Wilcoxon test, Table 2 compares the thermal state of the BS and the NBS at TP0. The test
results show that there was no significant difference over all three levels of the thermal
state. Additionally, the mean thermal sensation was close to 1 in both sessions, indicating
that the participants reported that the slightly warm condition that was consistent with the
design of the study.

Figure 6. The procedure for data collection within sessions.

Table 2. The thermal state votes of participants at TP0 between the BS and the NBS.

Thermal State
Mean ± SD Wilcoxon Sign Rank Test

(p-Value) (Significance Level, 0.05)BS NBS

Sensation 1.17 ± 0.7 1 ± 0.7 0.37

Comfort 0.5 ± 1.3 0.6 ± 1.28 0.83

Acceptability 0.6 ± 0.81 0.85 ± 0.53 0.11
Note: BS = biophilic session and NBS = non-biophilic session. Thermal sensation scales: 1 = slightly warm,
0 = neutral.
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The next two time points, TP1 and TP2, occurred while participants were experiencing
different virtual environments according to the session design. The data collected from
these time points could help to detect the impact of exposure time (7 min) on the thermal
state in virtual environments.

Physiological measures: The local skin temperature, mean skin temperature, and heart
rate data were split according to the two time points when the thermal questionnaires were
asked during the virtual exposures. Figure 6 shows the time point in the real environment
(TP0) and the two time points (TP1 and TP2) when thermal state data, skin temperatures,
and heart rate data were collected.

4. Data Analysis and Results

In this study, two types of statistical tests were used according to the types of vari-
ables. The authors employed a two-tailed Wilcoxon Sign Rank test fitted for analyzing
the qualitative data and ordinally scaled parameters, such as thermal state votes, in this
study. A two-tailed pairwise t-test was applied to analyze continuous parameters such
as physiological responses [48]. Before conducting any analyses, the authors employed
a sample size analysis to detect its potential impact. Several factors may influence the
analysis with particular sample sizes, such as significance level and the sample mean
differences between the BS and the NBS. The sample mean difference can be determined
through the power analysis formula, considering 0.05 as a significant level and 0.8 as a
statistical power [49].

Table 3 shows the required sample size for Wilcoxon tests to differentiate between
the BS and the NBS, with 0.05 as a significance level and 0.8 as a statistical power. For
instance, if the sample mean difference is larger than 0.1 for a Wilcoxon test on thermal
sensation, a sample size of 947 is needed to reliably differentiate the BS from the NBS. It is
important to consider the different sample size for the thermal state questionnaire, since
one survey failed to be saved. Thus, the sample size of 39 in this study can find a significant
difference of the mean thermal votes between the two sessions at a 0.5 interval scale for
thermal sensation and acceptability, and at a 0.75 interval scale for thermal comfort.

Table 3. The estimated sample sizes required to find a significant difference in thermal state based on
the sample mean difference between the BS and the NBS.

∆ mean
Thermal

Sensation
Thermal
Comfort

Thermal
Acceptability

Estimated
Sample Sizes

0.1 947 2121 487

0.25 152 400 78

0.5 38 85 20

0.75 17 38 9

1 10 22 5
Note: BS = biophilic session and NBS = non-biophilic session; ∆ mean—Wilcoxon calculation of mean difference
between the BS and the NBS including different thermal vote interval scales. The bold numbers suggest the
estimated sample sizes required to find a significant difference.

Table 4 shows the required sample size for t-test tests to differentiate the BS and
the NBS with 0.05 as a significance level and 0.08 as a statistical power. Similar to the
estimated sample sizes from the Wilcoxon tests, the sample size of 40 in this study can find
a significant difference in the mean skin temperature and heart rate by using a t-test with
sample mean difference of 0.75 ◦C and 8 bpm, respectively.
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Table 4. The estimated sample sizes required to find a significant difference in skin temperature and
heart rate based on the sample mean difference between the BS and the NBS.

∆ Mean Skin Temperature ∆ Mean Heart Rate

0.25 ◦C 251 1 bpm 1738

0.5 ◦C 62 4 bpm 46

0.75 ◦C 28 8 bpm 27
Note: ∆ mean—Wilcoxon calculation of mean difference between the BS and the NBS including different skin
temperature and heart rate interval scales. The bold numbers suggest the estimated sample sizes required to find
a significant difference.

4.1. Demographic and General Questionnaires

The demographic data indicated that there were 24 male and 16 female participants,
most of whom were graduate or undergraduate students. The questionnaires recorded the
age and other general information of participants (Table 5).

Table 5. The demographic and general information of participants.

Age (Mean ± SD) 27.67 ± 4.3

Alcohol or cigarettes (12 h before to the experiment) 0

Intense Physical Activity (12 h before to the experiment) 10%

Departure Location
Off-campus 55%

On-campus 45%

Type of Commute

Motorized Vehicles 52.5%

Walking 40%

Cycling 7.5%

4.2. Environmental Temperature Conditions

To ensure the comparability of the environmental conditions between the two ex-
perimental sessions, BS and NBS, a two-tailed pairwise t-test was applied to analyze the
room temperatures recorded in the BS vs. the NBS. The environmental temperature was
measured by a temperature sensor located at a height of 1.1 m, the head level of seated
occupants [50]. The authors also compared the room temperature in each session between
the two time points, TP1 and TP2. The results indicated that there was no significant
difference between all three environmental temperature data sets or between TP1 and
TP2 within each session (Figure 7 and Table 6). These results suggest that both types of
analysis, between and within sessions, were conducted under comparable environmental
temperature conditions.
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Figure 7. The environmental temperature conditions (a) between the two sessions; (b)within the BS;
(c) within the NBS. Note: N1 = BS and TP1; N2 = NBS and TP2; × × mean marks.

Table 6. The environmental temperature comparisons.

Between Session

BS NBS
DF t p-Value

N Mean ◦C St. DEV. N Mean ◦C St. DEV.

40 29.017 0.08 40 29.024 0.08 39 0.54 0.59

Within Sessions
TP1 TP2

DF t p-value
N Mean ◦C St. DEV. N Mean ◦C St. DEV.

BS 39 29.035 0.19 39 29.006 0.2 38 0.7 0.49

NBS 40 28.972 0.18 40 29.017 0.19 39 1.33 0.19

Note: BS = biophilic session, NBS = non-biophilic session, TP1= time point 1, and TP2 = time point 2.

4.3. Between Sessions Analysis
4.3.1. Thermal State Votes

Thermal votes were compared between the two sessions using the Wilcoxon Sign
Rank Test at a significance level of 0.05 (Figure 8). Results indicated that there was a
significant difference in thermal comfort between the BS and the NBS (Table 7); participants
reported the BS as more comfortable. Additionally, no significant difference was observed
in terms of thermal sensation and acceptability. However, according to the mean votes
(Table 7), participants reported 0.28 lower thermal sensation votes and 0.11 higher thermal
acceptability in the BS. The test showed that participants felt more comfortable in the
biophilic environment, even though they felt the same slightly warm environment and
accepted it.
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Figure 8. The mean thermal state votes including (a) thermal sensation, (b) thermal comfort, and (c)
thermal acceptability between the BS and the NBS. Note: N1 = BS and N2 = NBS; • • outliers; × ×
mean marks.

Table 7. The thermal state votes of participants between the BS and the NBS.

Thermal State
BS NBS Wilcoxon Sign Rank Test (p-Value)

(Significance Level, 0.05)N Mean St.DEV. N Mean St.DEV.

Thermal Sensation 39 0.62 0.75 39 0.9 0.85 0.0968

Thermal Comfort 39 1.28 1.19 39 0.36 1.44 0.0044 +

Thermal Acceptability 39 0.85 0.54 39 0.74 0.68 0.4641

Note: BS = biophilic session and NBS = non-biophilic session; + significant result.

4.3.2. Physiological Responses

The comparisons of the local and the mean skin temperature between the BS and the
NBS were performed using a two-tailed pairwise t-test (Figure 9). According to the results
(Table 8), no significant difference in the mean skin temperature was observed between the
two sessions. In terms of local skin temperature, there was a significant difference in hand
temperature while no difference was observed for neck, scapula, or shin temperature. Thus,
hand temperature was significantly higher in the BS while the mean skin temperature was
not different between the two sessions.
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Figure 9. The four local skin temperatures and the mean skin temperature between the BS and the
NBS. Note: N1 = BS and N2 = NBS; • • outliers; × × mean marks.

Table 8. The four local skin temperatures and the mean skin temperature of participants between the
BS and the NBS.

Skin
Temperature

BS NBS Two-Tailed Pairwise
t-Test

(p-Value)
(Significance Level, 0.05)

N Mean ◦C St.DEV. N Mean ◦C St.DEV.

Neck 40 34.652 1.06 40 34.65 0.98 0.98

Scapula 40 34.997 0.85 40 34.768 1.28 0.17

Hand 40 34.626 0.73 40 34.439 0.83 0.03 +

Shin 40 33.215 1.15 40 33.303 1.13 0.4

Mean Skin Temperature 40 34.342 0.56 40 34.272 0.54 0.22

Note: BS = biophilic session and NBS = non-biophilic session. + significant result.

Heart rate and LF/HF were compared between the BS and the NBS using a two-tailed
pairwise t-test (Figure 10). According to the results (Table 9), no significant difference was
observed in the heart rate and the LF/HF ratio between the two sessions.

Figure 10. (a) Heart rate and (b) LF/HF between the BS and the NBS. Note: N1 = BS and N2 = NBS;
• • outliers; × × mean marks.
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Table 9. Heart rate and LF/HF of participants between the BS and the NBS.

BS NBS Two-Tailed Pairwise t-Test (p-Value)
(Significance Level, 0.05)N Mean St.DEV. N Mean St.DEV.

HR (bpm) 40 81.25 10.68 40 80.9 10.26 0.55

LF/HF 40 3.41 3.02 40 3.32 2.8 0.84

Note: BS = biophilic session and NBS = non-biophilic session.

4.4. Within Sessions Analysis
4.4.1. Thermal State Votes

Thermal votes were compared between the two time points using the Wilcoxon Sign
Rank Test at a significance level of 0.05 in BS (Figure 11), and NBS (Figure 12). The
results showed that there was no significant difference in all three types of thermal state
votes between the two time points in the BS or the NBS (Table 10). Thus, the applied
virtual exposure time did not affect participants’ thermal states. Moreover, according to
the mean votes (Table 10), participants reported 0.15 lower thermal sensation votes and
0.33 higher thermal comfort after 7 min of experiencing a virtual biophilic environment.
However, the results of the NBS indicate the exact reverse pattern, since participants
reported 0.125 higher thermal sensation votes and 0.45 lower thermal comfort. These
results suggest that spending more time in a virtual environment could negatively impact
participants’ thermal state, while adding natural elements such as green walls could not
only mitigate the negative impact of exposure time, but also improve the thermal state.
This observation needs further investigation to study the impact of virtual visual stimuli,
time, and individual differences. For instance, a significant difference might be detected by
increasing the exposure time to 10 or 15 min.

Figure 11. The mean thermal state votes including (a) thermal sensation, (b) thermal comfort, and
(c) thermal acceptability between the two time points of virtual exposure, TP1 and TP2, in the BS.
Note: N1 = TP1 and N2 = TP2; • • outliers; × × mean marks.
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Figure 12. The mean thermal state votes including (a) thermal sensation, (b) thermal comfort, and
(c) thermal acceptability between the two time points of virtual exposure, TP1 and TP2, in the NBS.
Note: N1 = TP1 and N2 = TP2; • • outliers; × × mean marks.

Table 10. The heart rate and LF/HF of participants attending the BS and the NBS at two time points,
TP1 and TP2.

BS
TP1 TP2 Wilcoxon Sign Rank Test (p-Value)

(Significance Level, 0.05)N Mean St.DEV. N Mean St.DEV.

Thermal Sensation 39 0.77 0.63 39 0.62 0.75 0.2179

Thermal Comfort 39 0.95 1.1 39 1.28 1.19 0.0755

Thermal Acceptability 39 0.95 0.32 39 0.85 0.54 0.3139

NBS
TP1 TP2 Wilcoxon Sign Rank Test (p-Value)

(Significance Level, 0.05)N Mean St.DEV. N Mean St.DEV.

Thermal Sensation 40 0.75 0.59 40 0.875 0.85 0.4283

Thermal Comfort 40 0.85 1.19 40 0.4 1.45 0.2670

Thermal Acceptability 40 0.9 0.44 40 0.75 0.67 0.2421

Note: BS = biophilic session, NBS = non-biophilic session, TP1 = time point 1, and TP2 = time point 2.

4.4.2. Physiological Responses

When comparing the local and mean skin temperatures between the two time points
using a two-tailed pairwise t-test in BS (Figure 13), and NBS (Figure 14), there was a signif-
icant difference in the local and mean skin temperature between the two time points for
both sessions (Table 11). Accordingly, the mean and local skin temperatures were raised at
the second time point of both sessions. Thus, spending more time in a virtual environment
resulted in a higher skin temperature regardless of the type of virtual environment.
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Figure 13. The four local skin temperatures and the mean skin temperature between TP1 and TP2 in
the BS. Note: N1 = TP1 and N2 = TP2; • • outliers; × × mean marks.

Figure 14. The four local skin temperatures and the mean skin temperature between TP1 and TP2 in
the NBS. Note: N1 = TP1 and N2 = TP2; • • outliers; × × mean marks.

The heart rate and LF/HF ratio between the two time points were compared using a
two-tailed pairwise t-test in BS (Figure 15), and NBS (Figure 16). There was no significant
difference in heart rate and HF/LF ratio between the two time points of both the BS and
the NBS (Table 12). However, a lower heart rate and LF/HF ratio were expected after 7 min
of virtual exposure for the biophilic session.
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Table 11. The four local skin temperatures and the mean skin temperature of participants attending
the BS and the NBS at the two time points, TP1 and TP2.

BS
TP1 TP2 Two-Tailed Pairwise t-Test

(p-Value)
(Significance Level, 0.05)N Mean ◦C St. DEV. N Mean ◦C St. DEV.

Neck 39 34.476 1.08 39 34.803 1.13 7.69 × 10−9

Scapula 39 34.867 0.91 39 35.159 0.81 2.705 × 10−8

Hand 39 34.346 0.79 39 34.942 0.67 6.92 × 10−13

Shin 39 33.097 1.13 39 33.275 1.15 0.0035

Mean Skin Temperature 39 34.179 0.6 39 34.497 0.56 1.79 × 10−12

NBS
TP1 TP2 Two-Tailed Pairwise t-Test

(p-Value)
(Significance Level, 0.05)N Mean ◦C St. DEV. N Mean ◦C St. DEV.

Neck 40 34.433 0.95 40 34.853 0.97 2.54 × 10−10

Scapula 40 34.634 1.29 40 34.901 1.28 2.59 × 10−10

Hand 40 34.127 0.93 40 34.748 0.77 7.18 × 10−10

Shin 40 33.198 1.11 40 33.415 1.19 0.0005

Mean Skin Temperature 40 34.095 0.54 40 34.447 0.56 2.94 × 10−13

Note: BS = biophilic session, NBS = non-biophilic session, TP1= time point 1, and TP2 = time point 2. All
comparisons are significantly different.

Figure 15. The (a) heart rate and (b) LF/HF comparisons between TP1 and TP2 in the BS. Note:
N1 = TP1 and N2 = TP2; • • outliers; × × mean marks.
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Figure 16. The (a) heart rate and (b) LF/HF comparisons between TP1 and TP2 in the NBS. Note:
N1 = TP1 and N2 = TP2; • • outliers; × × mean marks.

Table 12. The heart rate and LF/HF of participants of attending the BS and the NBS at the two time
points, TP1 and TP2.

BS
TP1 TP2 Two-Tailed Pairwise t-test (p-Value)

(Significance Level, 0.05)N Mean St.DEV. N Mean St.DEV.

HR (bpm) 40 82.63 11.55 40 82.19 11.01 0.48

LF/HF 40 3.13 3.17 40 3.35 3.74 0.76

NBS
TP1 TP2 two-tailed pairwise t-test (p-Value)

(significance level, 0.05)N Mean St.DEV. N Mean St.DEV.

HR (bpm) 39 82.02 10.47 39 81.78 10.66 0.62

LF/HF 39 3.07 3.06 39 3.18 3.03 0.86

Note: BS = biophilic session, NBS = non-biophilic session, TP1= time point 1, and TP2 = time point 2.

5. Discussion
5.1. Between Sessions

When comparing participants’ thermal states and physiological responses between
the BS and the NBS, significant differences were observed in thermal comfort and hand
skin temperature. Since participants’ thermal state was measured by thermal sensation,
thermal comfort, and thermal acceptability, the definition of these different perceptions
would help to discuss the results. According to the ASHRAE Standard, thermal comfort
refers to the mind’s satisfaction, while thermal sensation indicates a feeling [51]. Thus,
thermal sensation is correlated with physiological responses including skin temperature,
while thermal comfort is relevant to the psychological aspect of the mind. The distinction
between thermal sensation and comfort in evoking various responses may explain the
results.

The thermal comfort difference (Table 7) suggests that a green wall as a visual stimulus
alone in a virtual environment can improve human thermal comfort. The potential of
a visual connection to nature in improving thermal comfort has been found in other
studies [31]. The results suggest that adding a natural element such as a green wall
to a virtual environment could sufficiently improve participants’ mind satisfaction in
terms of thermal comfort. However, thermal sensation and thermal acceptability were
not significantly different. The result associated with the thermal sensation can be further
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explained by the skin temperature. Previous studies proved that skin temperature was
a reliable proxy for assessing thermal sensation [32]. In this study, the result of thermal
sensation is consistent with the mean skin temperature, since there was no significant
difference between the BS and the NBS (Tables 7 and 8). In addition, the statistical analysis
was limited to the sample mean difference presented in Table 3. Thus, if the thermal
sensation was significant, a larger sample was needed.

In addition, an environment is thermally acceptable when the majority of its occupants
report it as acceptable [51]. The literature suggests an existing connection between thermal
acceptability and both thermal sensation and thermal comfort [41]. Since the results from
thermal sensation and thermal acceptability are not consistent, it is hard to discuss thermal
acceptability based on thermal sensation and comfort. One possibility to explain the results
of thermal acceptability is the adaptive hypothesis, which suggests the impact of contextual
factors and past experiences on occupants’ thermal expectations [39]. Since most of the
participants were from a warm climate, they might prefer warmer indoor temperatures.
Thus, both sessions were acceptable for the participants.

There was no effect of the experiments on overall skin temperature. To explain
this result, it needs to be noted that the chamber’s temperature was set to 28.89 ◦C to
provide a slightly warm condition during the experiment. Although participants’ mean
thermal sensation was close to 1, slightly warm (Table 2) at the first time point (TP0), this
temperature might not be high enough for participants to evoke significant physiological
responses, such as skin temperature. Thus, a warmer experimental condition such as
30◦C [34] or 35 ◦C [52] may ensure that researchers observe differences in participants’
physiological responses. Regarding the local skin temperature, the significant difference in
hand temperature is not consistent with the other local skin temperatures or the mean skin
temperature. This could be because the fluctuation of hand temperature is significant when
the thermal state is close to the neutral (Table 8) [53].

No difference was observed in the heart rate and LF/HF between the BS and the NBS.
Since heart rate is one of the indicators predicting thermal sensation [34], it is consistent
with the results of thermal sensation. However, a lower LF/HF was expected in the BS
since LF/HF is associated with thermal comfort [17]. Since these two sessions were only
different in terms of visual stimuli, adding a green wall to the environment might change
the LF/HF normal pattern. Thus, more investigation is needed to detect factors that would
impact LF/HF.

5.2. Within Sessions

When comparing participants’ thermal states and physiological responses between TP1
and TP2 in both sessions, a significant difference in the local and mean skin temperatures
was observed. According to Table 11, the average mean skin temperature at TP2 was
significantly higher than at TP1 in both sessions. In addition, the ascending pattern
could be visually detected from time series plots of the mean skin temperature for each
participant in both sessions (Figures 17 and 18). Although there is not a clear explanation
for why participants’ mean skin temperatures were higher after spending time in the virtual
environment, the following are two possible explanations:

• The IVE condition could affect the thermal state and physiological responses [6].
Thus, wearing an HMD and experiencing a virtual environment would increase
physiological responses such as skin temperature. However, further investigation is
needed to detect the impact of virtual technology based on exposure time and different
thermal conditions.

• The exposure time to various thermal conditions could impact the mean skin tempera-
ture since the prediction models of body temperature include the duration time [54,55].
Thus, spending more time in a slightly warm condition might raise the body tempera-
ture through body heat accumulation.
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Figure 17. An example of mean skin temperature in the NBS.

Figure 18. An example of mean skin temperature in the BS.

Thus, virtual exposure time could affect skin temperature, but a short time of exposure,
such as 7 min, might not be enough to statistically change the thermal state.

5.3. Between and Within Sessions Thermal Votes

A closer look at the results from both between- and within-session analyses shows that
the thermal comfort votes were significantly different between sessions, while no difference
was observed in each session between the two time points. Thus, the same participant felt
that the BS was more comfortable, while the participant’s thermal comfort did not change
in each session. Further analysis was conducted to determine an explanation for this result.
According to the analysis (Figure 19), there was not a significant difference in participants’
thermal comfort votes between the two sessions (Table 13) at TP1. In addition, the room
temperature at TP1 was similar between the two sessions (Table 14). Therefore, participants
started the experiment in the same thermal state in a comparable environmental condition.
However, the thermal comfort vote raised in the BS while it decreased in the NBS. After
7 min, the thermal comfort vote differed significantly in the two sessions due to this exact
inverse change. Since the two sessions were only different in terms of the type of virtual
environment, the findings suggest that visual connection with a natural element, such
as a green wall, could improve thermal comfort. However, there is a need for further
studies to detect the impact of the virtual green wall on thermal sensation, acceptability,
and physiological responses in other thermal conditions.
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Figure 19. The thermal comfort of both sessions in each time point. Note: N1 = BS and N2 = NBS; • •
outliers; × × mean marks.

Table 13. The BS and NBS comparisons at TP1.

Thermal State
BS NBS Wilcoxon Sign Rank Test (p-Value)

(Significance Level, 0.05)N Mean St.DEV. N Mean St.DEV.

Thermal Sensation 40 0.75 0.63 40 0.75 0.59 0.8978

Thermal Comfort 40 0.97 1.1 40 0.85 1.19 0.6139

Thermal Acceptability 40 0.95 0.32 40 0.9 0.44 0.5686

Note: BS = biophilic session and NBS = non-biophilic session.

Table 14. The BS and NBS environmental temperature comparison at TP1.

TP1

BS NBS
DF t p-Value

N Mean ◦C St.DEV. N Mean ◦C St.DEV.

39 29.035 0.19 39 28.972 0.18 38 1.52 0.1369

Note: BS = biophilic session, NBS = non-biophilic session, and TP1 = timepoint 1.

6. Limitations

We assessed the effect of visual connection with a green wall in an IVE under a slightly
warm condition (28.89 ◦C). Although the results provided insights into human thermal
perception in a warm condition, this study does not investigate a green wall’s impact on
thermal perception under other conditions. Thus, more studies are needed to evaluate their
effect under cooler or warmer conditions to provide a better understanding of the visual
connection with a green wall under all potential thermal conditions.

Moreover, the type of heat loss varies between different thermal conditions, and this
study only recorded body temperature changes. However, the transfer of heat is highly
controlled by latent heat loss processes such as evaporation in warm conditions [56], and
skin wetness data was not collected in this study.

Lastly, each participant was free to observe the virtual environment for seven minutes.
According to the literature, participants’ physiological states return to the baseline after
7~8 min habituation in a virtual environment [47]. Thus, the 7 min virtual exposure time
was determined to minimize the risk of cybersickness. However, previous studies in real
environments employed a longer time [31]. Thus, it may require a longer exposure time to
detect the differences between biophilic and non-biophilic environments.
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7. Conclusions and Future Research

The study has shown that a visual connection with a green wall in IVEs can affect
the thermal comfort perception of participants, although such visual connection affected
thermal sensation, acceptability, and physiological responses differently. Thus, the study
indicates that when using IVEs to study thermal perception, one needs to consider the
compounded effect of visual and thermal stimuli. Consequently, until the extent to which
the impact of visual stimuli (e.g., green walls) is fully understood, researchers may need to
control visual and thermal stimuli separately when using them for data collection in IVEs.

In addition, the findings for each session show that the virtual exposure time could
affect skin temperature, although a short time of exposure, such as seven minutes in this
case, might not be enough to statistically change the thermal state. The virtual exposure
time should be an important consideration when designing experimental procedures.

These findings suggest that future research is needed in the following areas. First, the
inner workings of visual stimuli such as a green wall on thermal state and physiological
responses needs more research. For example, although the results of thermal sensation
with mean skin temperature were consistent, lower sensation votes and skin temperature
were expected. Future research is needed to include other physiological responses, such as
skin wetness, based on environmental conditions [56] to accurately study human physio-
logical responses. Secondly, a more thorough investigation is required to determine the
extent to which visual stimuli, such as a virtual green wall, may affect the thermal state
and physiological responses in other thermal or environmental conditions. For example,
experiments may be conducted at a higher environmental temperature (>28.89 ◦C) or
using a stronger treatment (e.g., covering all walls with green walls) [57]. Thirdly, the
exposure time of visual stimuli in virtual reality could play a role in the thermal perception
of participants. This factor needs more exploration in conjunction with other factors such
as room temperature. Finally, it is important to consider that the statistical analysis in the
previous section was limited to the sample mean difference (Table 3). Thus, it takes a larger
sample to detect the differences in the thermal sensation or the thermal acceptability if their
sample mean difference is smaller than 0.5.

Abbreviations: Table 15 includes list of abbreviations used in this paper.

Table 15. Abbreviations.

Abbreviation Abbreviation

BS Biophilic Session ST Skin Temperature

HMD Head-Mounted Display TP1 Time Point 1

HR Heart Rate TP2 Time point 2

IVE Immersive Virtual Environments TSQ Thermal State Questionnaire

NBS Non-Biophilic Session V (x) Thermal State Votes

PR (x) Physiological Response V (s) Thermal Sensation Votes

PR (st) Physiological Response (skin temperature) V (c) Thermal Comfort Vote

PR (hr) Physiological Response (heart rate) V (a) Thermal Acceptability Vote
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