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Abstract: People working and studying indoors for a long time can easily experience mental fatigue
and stress. Virtual natural elements introduced into indoor environments can stimulate the human
visual and auditory senses, thus relieving psychological stress. In this study, stress induction was
achieved through noise playback, and the recovery effects on psychological stress of three set indoor
environments, visual, auditory, and audio-visual, were investigated through changes in subjects’
facial expressions, electromyographic (EMG) signals, and subjective questionnaires. The experiment
found that after stress induction through noise, the participants’ stress levels changed significantly.
At this time, the subject scored low on the questionnaire, with electromyography readings higher
than usual, and micro-expression recognition indicated negative emotions. After the restoration
effects under the three working conditions of visual, auditory, and audio-visual combination, the
average EMG values during the recovery period decreased from the baseline period (10 min after the
subject acclimated to the environment), respectively. The results indicate that all three restoration
conditions have the effect of relieving psychological stress, with the stress recovery effects of auditory
and audio-visual conditions being superior to visual conditions. This study is of great significance
for creating comfortable indoor environments and minimizing psychological pressure on indoor
office workers.

Keywords: facial electromyographic (EMG) signals; facial micro-expression recognition; stress
recovery; indoor environments; stress induction

1. Introduction

Nowadays, people spend 90% of their time working, studying, and living in indoor
environments [1]. Working indoors for a long time, exposed to high-density cities and away
from the natural environment, people could easily become negative, mentally exhausted,
and stressed [2]. These negative emotions have a severe impact on people’s lives and work.
For the work environment, half of the global workforce suffered from psychological stress
in 2010 [3]. In a certain sense, the indoor environment has a far more significant impact on
people’s work, study, and life than the outdoor environment. Scientists researching meth-
ods to alleviate psychological stress have discovered that elements of nature are beneficial.
Studies have shown that the natural environment contributes to the relief of stress and fa-
tigue, as well as to mental health [4,5]. Ulrich, an environmental psychologist, proposed the
Stress Recovery Theory, which states that when an individual is in a state of stress, exposure
to certain natural environments could alleviate the negative physical and psychological
effects caused by the stressor and promote positive emotions [5]. Research by Elsadek
indicates that viewing flowering plants can enhance physiological functions and improve
psychological relaxation for office workers [6]. Ulrich experimentally demonstrated that
natural scenarios could moderate blood pressure, skin conductivity, and muscle conduc-
tivity. Moreover, viewing natural landscapes has a more comfortable feeling than urban
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landscapes, which is conducive to rapid stress relief and mental state [7,8]. In addition,
previous studies have found that placing plants in indoor settings such as schools and
workplaces provides a restorative potential for people [9,10]. Therefore, the biophilic theory
proposed by Kellert has gradually been applied to buildings. People use multisensory
factors such as visual and auditory stimuli to alleviate stress [11]. Lipovac reviewed a lot
of the literature and found that the current study shows that visual wood exposure may
improve certain indicators of human stress, but additional research is needed to confirm
the existing findings [12]. To provide occupants with a restorative indoor environment,
theoretical improvements are essential for better utilizing these stimuli.

The natural fresh green environment (such as trees, sky, etc.) has an improving effect
on mood [2]. Van den Berg measured and analyzed respiratory sinus arrhythmia (RSA)
in 46 subjects while viewing green and urban landscapes [13]. The results of the study
showed that their RSA increased when they viewed green landscapes, suggesting that
their parasympathetic nerves were activated. Therefore, urban green landscapes have a
stress-recovery-promoting effect. The above studies only focused on visual stimulation and
human psychological stress recovery. In contrast, the effect of the environment on humans
is reflected in multiple sensory dimensions.

Acoustic comfort is also an important factor influencing psychological stress recovery.
In outdoor public spaces, acoustic comfort has been defined as one of the fundamental
perceptions of the sound environment [14]. In indoor spaces, a lack of acoustic comfort can
lead to distractions at work [15]. People tend to show greater tolerance when evaluating
acoustic comfort [16].

Natural sounds have also been proven in studies to offer potential psychological
benefits and stress restoration. In the comparison experiment of the three soundtracks,
including birds, streaming water, and wind, the stress recovery effect was highest for water
sounds, which used immersive virtual reality to present natural scenes and designed four
sensory stimulation conditions (audiovisual, visual only, auditory-only, and no artificial
sensory input) [17,18]. The results showed that for the stimulation, subjects had the most
significant decrease in respiration rate, the lowest blood pressure, and the best relaxation
during the audiovisual conditions. Li found that using static images and sound to reproduce
the natural environment elicited more physiological relaxation and subjective recovery [19].
At the same time, people generally feel more relaxed when exposed to natural sounds
compared to mechanical sounds [20]. Hence, the introduction of pro-natural elements in
the indoor environment to induce multisensory stimulation is beneficial in relieving the
stress and discomfort of the body due to external stimuli.

The electromyography (EMG) is a crucial bioelectrical signal that accompanies muscle
activity. Kroll et al. found that EMG is a more appropriate biomarker for identifying
self-evaluation of stress [21]. Hong et al. found that the EMG was the most pronounced and
sensitive among the physiological parameters when exploring the relationship between
perceived soundscape and acoustic parameters [22].

In addition, along with stress, subjects’ moods change as stress increases [23]. Most of
the mood changes are presented by human facial micro-expressions [24,25]. For example,
tension arises when viewing videos and pictures, and a person may feel discomfort and
show it through facial expressions [26]. Facial micro-expressions are defined as short-term
involuntary movements of facial muscles that reflect the real emotions that a person is
trying to hide. It has a certain degree of uncontrollability. Studies have pointed out that
the activity of the eyebrows is associated with negative emotions [27]. In addition, the
frontal muscle is one of the main muscles responsible for emotional expression involving
the eyebrows. When people are in a negative emotional state, there are large fluctua-
tions in the measured EMG of the frontal muscle [28]. Denise M. Sloan found different
levels of corrugator EMG and zygomatic EMG activity when people viewed pictures of
happy and unhappy expressions [29]. Kim experimentally demonstrated the potential
usability of emotion recognition methods based on facial electromyography (FEMG) and
electroencephalography (EEG) in practical scenarios [30]. Künecke revealed an important
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relationship between emotion-related responses and emotion perception abilities [31]. In
addition, they explored the role of facial muscle activation in emotion perception from the
perspective of individual differences at the same time.

It is feasible to use physiological parameters to evaluate humans’ emotional and
psychological states in different environments. However, in practical applications, the
physiological parameters are complicated to collect, and this method is challenging to
use widely. In addition, facial expressions certainly play a vital role in the analysis of
emotions [32,33]. Research has shown that facial expression recognition is a highly ef-
fective method for emotion assessment [34,35]. Nowadays, micro-expression recognition
research is relatively mature. However, there are few studies on the use of facial expression
recognition for evaluating human comfort and mental stress. Hu et al. applied facial
micro-expressions to thermal comfort evaluation for the first time and established the
micro-expression recognition model (MERCNN) [36]. However, it did not focus on the
effect of different recovery environments on relieving psychological stress.

Although numerous studies have explored the benefits of natural environments
(scenes, sounds) for stress recovery, there is still a lack of verification that combines multiple
methods. This study aims to investigate the effects of natural factors on visual, auditory,
and audiovisual stimuli for stress recovery under stress conditions. At the same time,
this paper will combine subjective questionnaires, micro-expression analysis, and human
electromyography signals to validate the results.

2. Materials and Methods
2.1. Subjects

Effect size is a parameter used to indicate the difference between the true value and
the assumed value. The expected effect size can be determined to be 0.5 [37]. The required
sample size calculated by Gpower is 22. Finally, a total of 28 healthy subjects were recruited
for this experiment. The primary information of the subjects was shown in Table 1. All
subjects had normal hearing and normal or corrected-to-normal vision, and they do not
have any facial nerve-related diseases. Subjects were fully adapted to the local climate.
They provided written informed consent approved by an institutional review board.

Table 1. Brief information of subjects (mean ± SD).

Gender Number of
Subjects Age (Years) Height (cm) Weight (kg)

Male 14 23.23 ± 0.83 177.23 ± 3.59 73.13 ± 12.44
Female 14 22.38 ± 0.60 163.38 ± 5.37 58.25 ± 8.36

To avoid influencing the experimental results, subjects were required to refrain from
strenuous exercise, smoking, alcoholic, and coffee beverages, and staying calm for 24 h
before the start of the experiment. To control the variables, the temperature of the ex-
perimental environment was controlled at 21~23 ◦C, and the thermal resistance of the
subjects’ clothing was about 0.9 clo [38,39]. Each subject’s self-reported thermoneutral state
was ensured.

2.2. Experimental Site

This experiment was conducted in the environmental laboratory of Qingdao University
of Technology. The laboratory (area: 15 m2) was equipped with a split-type air conditioner
that can maintain a constant room temperature and relative humidity. The laboratory had
no windows, and plain white walls surround the walls with a double-layer insulation
structure. It can effectively isolate the outside noise and eliminate the fluctuation of indoor
temperature. The test bench was in the center of the lab, including a laptop, a sound
box, and other test equipment. During different stages of the experiment, the sound
system played different audio. Noise was emitted during the stress induction phase, while
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restorative stimuli were provided during the recovery phase. In addition, the visual stimuli
were provided by the digital slides of natural scenes (such as the forest) played on the
laptop. Figure 1 shows the floor plan of the lab.
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2.3. Experimental Contents
2.3.1. Collection of Facial EMG Signals and Micro-Expression

Before the formal experiment begins, participants are required to wear the apparatus
and acclimate to the sensation. Before obtaining facial EMG signals, all subjects were asked
to relax and feel real feelings during the recording. The EMG sensing device adopted a
non-invasive surface electrode method and used surface-mounted electrode pads combined
with dual-lead electrodes to acquire EMG signals. The sampling frequency of the EMG
acquisition equipment was 50 Hz. In addition, a previous study has been conducted
on muscle fatigue assessment methods with similar EMG acquisition equipment, which
demonstrated the reliability of the equipment [40]. The micro-expression video recording
equipment adopts an HD camera. The details of the test equipment are shown in Table 2.

Table 2. Test equipment and information.

Name Parameters Equipment Diagram Type, Manufacturer, Country Measurement Range

EMG acquisition
equipment EMG signals
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Mosengsm Q15, Mosengsm,
China P480

The facial muscles of the forehead reflect mental and emotional stress better than other
muscles. Frontal muscle activity decreases or increases when people are influenced by the
environment positively or negatively impacted by the environment [22]. Thus, the EMG
signals at the frontal muscle were recorded in this experiment.

2.3.2. Methods of Stress Induction and Recovery

Noise can have negative effects on the human body, causing people to feel annoyance
and stress in noisy environments [41,42]. Additionally, noise can impact work performance
and learning ability [43,44]. In similar studies, high-frequency noise was typically used
as the stress source [45,46], with the duration for inducing mental stress usually being
10 min [47]. Therefore, high frequency noise was used as the pressure source in this study.
Figure 2 shows the frequency domain distribution of the noise played. It can be seen that the
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frequency distribution of the noise source is relatively wide, which will cause the subjects
to feel stressed. After calculation, the average frequency of the audio is about 5489 Hz,
which is high frequency audio. The audio level experienced by participants is between 70
and 80 dB. Additionally, research showed that exposure to high-frequency noise for 10 min
was sufficient to trigger a stress response [13,38]. According to a previous study, it took
20 min for the body to return to the stress-free state indicated by cortisol concentrations [48].
Therefore, the stress induction phase lasted ten minutes, and the recovery stage in this
experiment lasted for a total of 20 min.
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Ulrich’s recovery theory suggested that viewing videos of natural environments,
with either their colors or sounds, could help alleviate stress [8]. Prior research had
shown that color slides of outdoor natural scenes could be effective in promoting stress
recovery [49]. Similarly, studies had shown that the sound of streaming water could
serve as an effective auditory restorative approach [17]. Therefore, visual and auditory
factors influence stress recovery. Based on these findings, this study explored the impact of
three stress-recovery environments utilizing visual and auditory factors— visual, auditory,
and audiovisual environments—on stress recovery. This study used images of green
trees and forests (as shown in Figure 3) to establish a visually restorative environment,
employed the sound of streaming water to establish an auditory restorative environment,
and designed a combined audiovisual environment. The visual and auditory elements in
this comprehensive environment were consistent with those used in the individual visual
and auditory settings.
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2.4. Experimental Procedures

To investigate the effects of different visual and auditory environments on stress
recovery, all 28 subjects were required to experience three conditions: visual, auditory,
and audiovisual environments, with a total of 84 experiments conducted. To ensure
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consistency across experiments, the same stimuli were used, but the restorative measures
varied depending on the condition. The sequence in which each subject would experience
these three conditions was randomized and disclosed only when the subject was presented
with the respective restorative stimuli. The same subject had a 14-day interval between
experiments to avoid adaptation to the stimuli. Considering that humans need at least
15 min to adapt themselves to a new physical environment, subjects arrived at the lab
20 min earlier in this study [48]. The experimenter checked and adjusted the equipment in
advance to avoid inaccurate or even lost data due to equipment failure.

The experiment consisted of three stages, lasting a total of 40 min. The three stages
were the baseline stage, the stress induction stage, and the stress recovery stage, with
each stage lasting 10 min, 10 min, and 20 min. Subjects were instructed to remain as still
as possible during all stages. During the baseline stage, baseline EMG data and micro-
expression videos were collected. In the stress induction stage, subjects were exposed to
noise stimulation for 10 min, then completed subjective questionnaires about their current
stress level and emotional state. During the stress recovery stage, subjects underwent
20 min of stress recovery and then completed the same questionnaires. All participants
experienced three different recovery environments (visual, auditory, and audiovisual
environments). EMG data collection and micro-expression recording were conducted
continuously throughout the entire experiment. The detailed experimental procedure is
shown in Figure 4.
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2.5. Subjective Questionnaire

The subjective questionnaire for this experiment was shown in Table 3 [50]. The
questionnaire’s content focused on the subjects’ current emotional state. The scale can
assess the environment’s comfort, and it was validated through numerous experiments in
2010 [51]. Thus, the scale was used as a basis for subjective evaluation of human comfort
and psychological stress in indoor environments.

Based on the preceding text, people will show negative emotions, such as tension and
anxiety, when they are under stress. In contrast, people will show positive emotions such
as happiness and satisfaction when relaxed. Subjects need to score all emotions. When the
sum of positive emotions is more significant than the sum of negative emotions, the subject
is comfortable and under less pressure. Otherwise, the subject’s impact is uncomfortable
and under more pressure.
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Table 3. Subjective questionnaire.

Emotions
Rating

1 2 3 4 5

Positive # # # # #
Good # # # # #

Pleasant # # # # #
Happy # # # # #
Joyful # # # # #

Contented # # # # #

Negative # # # # #
Bad # # # # #

Unpleasant # # # # #
Sad # # # # #

Afraid # # # # #
Angry # # # # #

NOTE: 1 = Very rarely or never; 2 = rarely; 3 = Sometimes; 4 = Often; 5 = Very often or always.

2.6. Data Analysis

Origin Pro 2022 and IBM SPSS Statistics 25 were used to conduct the data analysis
in this study. The normality of the data was first examined. In addition, outliers were
determined using the Inter-Quartile Range method (IQR) [52]. This method is widely
applied in statistical analysis. Values that fall outside those IQR fences chart were regarded
as outliers and removed. Thereafter, the homogeneity of variance of variables was tested to
facilitate the significance test.

For the EMG in this study, if normally distributed, the paired t-test was carried
out separately for the EMG data among the baseline, the stress induction, and the stress
recovery stage to compare the effects of the stress-recovery effects of these 3 kinds of stimuli.
If it does not follow a normal distribution, non-parametric tests will be used.

Throughout the data analysis, the significance level was set at 0.05. This indicated that
differences were considered meaningful at the determined level of statistical significance
less than 0.05. The obtained EMG data were first filtered using MATLAB 2018b software.

The data were filtered and segmented into three segments: the baseline stage, stress
induction stage, and recovery stage. Secondly, this paper analyzes the facial EMG signals
solely in the time domain and chooses the index of mean value to represent the characteris-
tics. The mean value was calculated as the sum of all the data in a set and then divided by
the amount of data in this set.

In addition, when processing the acquired facial EMG signals, the facial EMG signals
themselves are highly variable. In addition, the basis of muscle reflection varies from
person to person. There are individual differences in the results. Therefore, the results
need to be normalized for a comparison. The data are linearly transformed so that the data
process falls in the [0, 1] interval. Both positive and negative indicators in the data are
transformed into positive indicators, which act in the same direction and make it easy to
observe trend changes. The normalization method is shown in Equation (1).

X∗ =
X − Xmin

Xmax − Xmin
(1)

X is the original value of the data in a set of samples. Xmax and Xmin are the maximum
and minimum values of the data in the set of samples. X∗ are the results of normalized
data in this group of samples.

3. Results
3.1. Facial Micro-Expression Recognition Results for Three Environments

Hu et al. established the MERCNN model to evaluate environmental comfort through
facial micro-expression recognition [36]. The MERCNN can qualitatively judge whether the
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subjects are comfortable and relaxed in different stages of different experiment conditions.
In this paper, it was used to analyze the relationship between facial micro-expressions and
the comfort of the visual environment and auditory environment.

The subjective questionnaire results can be divided into two situations. When the
sum of positive emotion scores is bigger than that of negative emotion scores, it indicates
comfort and less indicates discomfort.

The MERCNN model results obtained from each stage were averaged to obtain the
mean values of discomfort probability for the stress induction and recovery stages under
three environments. The outliers were excluded from the calculation. The results are shown
in Figure 5.
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As shown in Figure 5, the mean values of the probability of discomfort during the
stress induction stage are close to 1 for all three environments, indicating that the subjects
felt highly uncomfortable due to the stress stimulation. During recovery, the uncomfortable
probability mean values of the visual, auditory, and audiovisual environments were 0.16,
0.01, and 0.00, respectively, close to 0. The results showed that the subjects felt comfortable
at this time and indicated that the conditions had significant help for stress recovery.

Although the mean values of discomfort probabilities during the stress induction and
recovery stages were within the corresponding comfort/discomfort classification scales, the
model outputs showed that some subjects felt comfortable and pleasant during the stress
induction stage or uncomfortable during the recovery stage. Therefore, the percentage of
uncomfortable people during different stages for each environment is shown in Figure 6.

As shown in Figure 6, in the visual environment, the percentage of subjects who felt
uncomfortable during the stress induction was 96.55%, and the number of subjects who
felt uncomfortable during the recovery reached 12%. It indicates that the visual recovery
environment is not comfortable for all.

In the auditory environment, the number of subjects who felt uncomfortable during
the stress induction stage was as high as 100%, and the number who felt uncomfortable
during the recovery stage was 0%. The results showed that all subjects felt uncomfortable
during the stress induction stage, and most were comfortable during the recovery stage,
indicating that audiovisual stimulation helps stress recovery.
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3.2. Subjective Questionnaire Results for Three Environments

In the previous section, the variation of the MERCNN model recognition results
under different environments has been investigated. Nevertheless, the correctness of the
stress induction and recovery stages cannot be fully verified by facial micro-expression
recognition alone. Therefore, the results of the subjective questionnaires for the three
environments need to be investigated. The results of the questionnaires for the visual,
auditory, and audiovisual environments were pooled for the stress induction stage. The
positive emotion scores and negative emotion scores were summed separately, and the
results obtained are shown in Figure 7.
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As shown in Figure 7, the subjects’ negative scores after noise stress stimulation were
all higher than their positive mood. For example, in the visual environment, the positive
vote was 8.67, and the negative vote was 18.59. During the stress induction stage, the
negative scores for the three environments were 9.92, 6.07, and 10.18 points higher than
the positive scores, respectively. This indicates that the subjects were in a negative and
uncomfortable self-perception within this stage.

Next, the recovery’s positive and negative scores in visual, auditory, and audiovisual
environments were summed separately. The experimental results are shown in Figure 8.
From the figure, the positive emotions of the subjects were higher than the negative emo-
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tions after the restorative stimulation in all three modalities. It indicates that subjects were
positive and comfortable after the therapeutic stimulation. The positive scores were 10.86,
12.31, and 12.70 points higher than the negative ones in the visual, auditory, and audiovi-
sual restorative environments. After three types of therapeutic stimuli, the subjects showed
an increase in positive and a decrease in negative emotions, indicating that the negative
emotions due to the stressful stimuli were relieved. Because the same stress stimulus and
recovery stimulus may affect each person differently, not all people’s questionnaire results
were uncomfortable during the stress induction; not all people’s results showed comfort
and stress recovery during the recovery. Therefore, the percentage of people who were
uncomfortable during the stress induction and recovery under the three environments was
counted according to the subjective questionnaire evaluation. The statistical results are
shown in Table 4.
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Table 4. Percentage of uncomfortable people evaluated by the subjective questionnaire.

Experimental Stage
Experimental Conditions

Visual Auditory Audiovisual

Stress induction 96.55% 100% 100%
Recovery 7.4% 3.44% 0%

During the stress induction, the percentage of subjects who were uncomfortable under
the visual environment was 96.55%; the percentage of subjects who were uncomfortable
under the auditory and audiovisual environments was 100%. It indicates that the subjects
were in an uncomfortable state with negative emotions and high psychological stress
during stress provocation (noise).

The percentage of uncomfortable people during the recovery decreased substantially
to 7.4% for the visual environment, 3.44% for the auditory environment, and 0% for the
audiovisual environment. The subjects’ psychological stress and negative emotions were
relieved after the recovery. It can be seen that the auditory and audiovisual means of
recovery can better relieve people’s negative emotions and psychological stress. In contrast,
7.4% of people were still in an uncomfortable state during the recovery from the visual
environment. The stress recovery effect of the visual recovery environment was the worst
among the three environments.
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3.3. Results of Facial EMG under Three Environments

The above study is only a qualitative analysis, which shows that the three recovery
environments are effective. Still, it is not possible to quantitatively compare the differences
in recovery effects between visual, auditory, and audiovisual environments. Therefore, in
this paper, the physiological parameter of the facial EMG signal was chosen to reflect the
recovery effect of the human body.

The mean values of normalized EMG at different experimental stages in three environ-
ments are shown in Figure 9.
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As shown in Figure 9a, in the visual environment, the mean EMG of the subjects
increased from 0.54 to 0.76 (40.74% increase) from the baseline stage to the stress induction
stage, which showed a significant difference in EMG between the two stages after paired
t-test. Higher values in the graph indicate greater EMG signals and more intense corre-
sponding muscle activity. This result indicates that the effect of applied pressure induction
was significant, and the subjects’ facial muscle activity was enhanced. The mean EMG
of the subjects in the recovery stage was 0.51 (a 32.89% decrease compared to the stress
induction stage). The paired t-test showed a significant decrease in the mean EMG of the
subjects during the recovery stage, indicating that the visual restorative stimulation had
some restorative effect on the subjects’ psychological stress.

The changes in the mean EMG of the subjects in the three experimental stages of the
auditory environment are shown in Figure 9b. The mean EMG showed an increasing and
then decreasing trend, which was consistent with the trend in the visual environment. The
mean EMG of the subjects in the baseline and stress induction stages were 0.51 and 0.81,
respectively, and their degree of increase was 58.82%. A paired t-test revealed a significant
difference between them, indicating that the subjects’ facial muscle activity significantly
increased after stress induction, which reflected their increased psychological stress and
negative moods. Then, from the stress induction stage to the recovery stage, the mean
EMG of the subjects decreased from 0.81 to 0.37 (54.32% decrease), indicating that after the
auditory restorative stimulation, the subjects’ psychological stress was effectively relieved
when the facial muscles relaxed and the eyebrow area expression was relaxed.

The changes in the mean EMG of the subjects in the three experimental stages of
the visual and auditory environments are shown in Figure 9c. The mean EMG change
pattern of rising and falling was the same as the three stages in the visual and auditory
stimulation environments. The mean EMG of subjects in the baseline and stress induction
stages were 0.51 and 0.79, respectively, and increased by 54.90% after stress induction.
The paired t-test results indicated a significant difference in the mean EMG between the
two stages because of facial muscle contraction and increased psychological stress of the
subjects. The mean EMG of the subjects decreased from 0.79 to 0.41 (48.10% decrease) from
the stress induction stage to the recovery stage. The paired t-tests showed that the mean
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EMG was significantly lower for subjects in the recovery stage, indicating reduced facial
muscle activity and psychological stress at this time. This indicates a significant effect of
audiovisual restorative stimulation on the subjects’ psychological stress recovery.

4. Discussion
4.1. Comparative Analysis of Facial Micro-Expression Recognition and Subjective Questionnaire
Results

The negative feelings score is subtracted from the positive feelings score, and the
resultant difference can vary from −24 to 24 [50]. The micro-expression recognition results
under different environments and the total score of the subjective questionnaire were
plotted in a two-dimensional coordinate graph as shown in Figure 10. The horizontal axis
is the MERCNN model results, ranging from 0 to 1, and the vertical axis is the positive
emotion minus negative emotion score result, ranging from −24 to 24.

Buildings 2024, 14, x FOR PEER REVIEW 12 of 18 
 

of rising and falling was the same as the three stages in the visual and auditory stimulation 
environments. The mean EMG of subjects in the baseline and stress induction stages were 
0.51 and 0.79, respectively, and increased by 54.90% after stress induction. The paired t-
test results indicated a significant difference in the mean EMG between the two stages 
because of facial muscle contraction and increased psychological stress of the subjects. The 
mean EMG of the subjects decreased from 0.79 to 0.41 (48.10% decrease) from the stress 
induction stage to the recovery stage. The paired t-tests showed that the mean EMG was 
significantly lower for subjects in the recovery stage, indicating reduced facial muscle ac-
tivity and psychological stress at this time. This indicates a significant effect of audiovisual 
restorative stimulation on the subjects’ psychological stress recovery. 

4. Discussion 
4.1. Comparative Analysis of Facial Micro-Expression Recognition and Subjective Questionnaire 
Results 

The negative feelings score is subtracted from the positive feelings score, and the re-
sultant difference can vary from −24 to 24 [50]. The micro-expression recognition results 
under different environments and the total score of the subjective questionnaire were plot-
ted in a two-dimensional coordinate graph as shown in Figure 10. The horizontal axis is 
the MERCNN model results, ranging from 0 to 1, and the vertical axis is the positive emo-
tion minus negative emotion score result, ranging from −24 to 24. 

 
Figure 10. Scatter plot of MERCNN evaluation and questionnaire results. 

Figure 10 shows that the MERCNN evaluation and the subjective questionnaire are 
generally consistent during the stress induction and recovery stages. Most of the data in 
the stress induction stage show that the micro-expression recognition results are close to 
1, and the questionnaire results are positive emotion score minus negative emotion score 
less than 0. The majority of the recovery stage data indicate that the findings of the micro-
expression recognition are near to 0, and the results of the questionnaire are positive emo-
tion score minus negative emotion score more than 0. The results showed that people were 
uncomfortable during the stress induction stage, while most were in the comfort zone 
during recovery. There were individual subjects whose MERCNN results were not con-
sistent with the results of the questionnaire. The accuracy of the MERCNN model evalu-
ation results under the three experimental conditions with the subjective questionnaire 
was 86% for the visual environment, 92.5% for the auditory environment, and 97.67% for 
the audiovisual environment. 

The results show that the MERCNN model can identify the facial micro-expressions 
of different emotions of the subjects and then evaluate the comfort of the environment. 

Figure 10. Scatter plot of MERCNN evaluation and questionnaire results.

Figure 10 shows that the MERCNN evaluation and the subjective questionnaire are
generally consistent during the stress induction and recovery stages. Most of the data
in the stress induction stage show that the micro-expression recognition results are close
to 1, and the questionnaire results are positive emotion score minus negative emotion
score less than 0. The majority of the recovery stage data indicate that the findings of
the micro-expression recognition are near to 0, and the results of the questionnaire are
positive emotion score minus negative emotion score more than 0. The results showed
that people were uncomfortable during the stress induction stage, while most were in the
comfort zone during recovery. There were individual subjects whose MERCNN results
were not consistent with the results of the questionnaire. The accuracy of the MERCNN
model evaluation results under the three experimental conditions with the subjective
questionnaire was 86% for the visual environment, 92.5% for the auditory environment,
and 97.67% for the audiovisual environment.

The results show that the MERCNN model can identify the facial micro-expressions
of different emotions of the subjects and then evaluate the comfort of the environment. The
results of the MERCNN model and the subjective questionnaire indicated that the visual,
auditory, and audiovisual recovery environments effectively relieve human psychologi-
cal stress.

To represent the performance of the MERCNN model more visually, it is necessary to
compare the results of the MERCNN model with the results of the subjective questionnaire.
The percentages of uncomfortable people in the stress induction and recovery stages
obtained by the MERCNN model and the subjective questionnaire are integrated into
Figure 11.
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Figure 11. Percentage of uncomfortable people during the stress induction and recovery stages
obtained by MERCNN and questionnaire.

The MERCNN model evaluation was consistent with the results of the subjective
questionnaire in that the subjects showed discomfort during the stress induction stage.
After a restorative stimulus environment, the psychological stress was relieved and the
subjects felt comfortable. In subsequent studies, the MERCNN model can be used as a
contactless means of indoor comfort evaluation.

In addition, both evaluation methods show that auditory and audiovisual recovery
methods have a lower percentage of uncomfortable people during the recovery stage. It
suggests that auditory and audiovisual recovery methods better relieve psychological stress
than visual recovery methods.

4.2. Comparing the Recovery Effects of Different Environments

This section will determine which recovery environment has a better stress recovery
effect by comparing the differences in EMG physiological indicators between the baseline
and recovery stages. The results of the comparison are shown in Figure 12.
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As can be seen from Figure 12, the differences in mean EMG during the baseline stage
between the three environments were slight, indicating that subjects in different groups
were in essentially the same stable mood during the baseline stage. After the recovery,
the mean EMG all decreased compared to the baseline stage. Still, the magnitude of the
decrease was different, indicating that the recovery effect varied with different sensory
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stimuli. The mean EMG in the visual, auditory, and audiovisual environments decreased
by 5.56%, 27.45%, and 19.61%, respectively, compared to the values in the baseline stage.
The paired t-test was then performed on the EMG in both the baseline and recovery stages
with a confidence interval of 95%, i.e., α = 0.05. The results showed a significant decrease
in the EMG index compared to the baseline level in the auditory environment. However,
there was no significant difference in EMG between the baseline and recovery stages in the
visual and the audiovisual environments, except for a slightly lower level of EMG in the
recovery stage. In summary, the auditory recovery environment was most effective in the
recovery of facial EMG.

4.3. Comparison with Results from Other Studies

This paper investigated the difference in the effects of three types of indoor recovery
environments on human stress recovery. The current results suggest that participants felt
stress upon hearing the noise, which is similar to the findings of Cassina L [53]. Preis
A pointed out that when the scene does not match the audio content, it can affect per-
ception [54]. Yang X found that when the sound remains the same, changes in the scene
can influence people’s evaluations of the environment [55]. This study found that the
recovery effect of the auditory condition was better than that of the audio-visual condition.
All these findings indicate that visual factors have a certain impact on the perception of
the environment.

4.4. Limitations and Future Research

This study used a subjective questionnaire combined with a facial micro-expression
intelligence system to verify whether different auditory and visual environments are
restorative. Subsequently, it evaluated the changes in psychological stress by EMG, which
still has some limitations. First, the validated MERCNN model can qualitatively identify
stress situations but lacks the ability to quantify mental stress levels. Second, this study was
performed only on visual landscapes and soundscapes, while humans have five senses and
stress recovery may be related to more than just visual and soundscapes. Olfactory, tactile,
and gustatory exposures, as well as their interactions, possess the potential to contribute to
psychological recovery.

The effects of including all five senses and their interactions on stress recovery will be
studied in the future. New research ideas will be provided for the future enhancement of
indoor comfort.

5. Conclusions

This study revealed the stress recovery of the human body under different recovery
environments, including visual, auditory, and audiovisual settings. There are several
innovations in this study. First, single, and comprehensive indoor environmental factors
are considered, and their effects on stress recovery are examined. Next, in this study, a
combination of the subjective questionnaire, the physiological indicator, and the MERCNN
model was employed to determine human mental stress. The accuracy of the model is
also validated.

The following conclusions were ultimately reached.

1. Changes in micro-expressions occur when stimulated by stress. Facial micro-expression
recognition and facial EMG can be used as assessment methods for psychologi-
cal stress.

2. Natural visual, auditory, and audiovisual environments help relieve human men-
tal stress.

3. The analysis of the results of the emotional subjective questionnaire and MERCNN
model in different visual-acoustic environments revealed a high degree of consistency
between the two results.

4. The results of the facial EMG showed that the recovery effect in the auditory and the
audiovisual environments was better than that in the visual environment.
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This study demonstrated that visual and auditory stimuli with natural elements were
helpful for stress recovery in humans. In practice, the results of this study could provide
some references for the design of indoor environments, helping to create a space that
alleviates occupants’ stress and enhances productivity and health.
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