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Abstract

:

Currently, people in crowded indoor spaces are required to wear a variety of personal protective equipment to curb the spread of COVID-19. This study aimed to investigate the effects of wearing four types of personal protective equipment (unprotected, wearing masks, wearing face shield and wearing medical protective clothing) on human thermal perception and physiological responses in indoor crowded spaces in summer. The experiment was conducted in a climate chamber designed to simulate the indoor crowded spaces. Environmental parameters of climate chamber (air temperature, relative humidity and wind speed), physiological parameters of subjects (wrist skin temperature and pulse rate), and subjective perceptions (thermal sensation and thermal comfort) were collected during the experiment. The experimental results showed that medical protective clothing has the most obvious blocking effect on heat exchange between human and environment. Thermal sensation in state 4 (wearing medical protective clothing) was significantly (p < 0.05) higher than that in other states. The study of physiological parameters showed that the wrist skin temperature and pulse rate under different protection states increased with the increase of room temperature. Through regression analysis, the thermal sensation estimation model of protective personnel in indoor crowded spaces based on wrist skin temperature and pulse rate was established. The adjusted R2 and RMSE of all models were above 82% and less than 1, indicating that the established thermal sensation model had a good prediction effect.
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1. Introduction


The world is currently experiencing a global pandemic caused by SARS-CoV-2. The virus is transmitted mainly through respiratory droplets produced when patients cough, sneeze, sing, talk, or breathe [1], which has become a major public health problem at present. To contain the spread of COVID-19, most countries around the world have decided to tighten their public health policies [2], introducing various health interventions, such as national lockdowns, mandatory masks in public places, and social distancing, etc. [3]. Indoor crowded spaces refer to crowded public places, which are the focus of COVID-19 prevention and control. Due to their high density and strong mobility, indoor people are prone to outbreaks of aggregated epidemics. Therefore, indoor personnel must wear personal protective equipment.



There already exist some experimental studies concerning the effect of personal protective equipment on human thermal comfort. Ewa et al. studied the influence of wearing different types of masks on thermal comfort perception in low and high temperature environments by using thermal manikins [4]. Zhang et al. explored the effects of wearing medical surgical masks on human thermal sensation, thermal comfort, and breathing comfort of office buildings in summer through climate chamber experiments [5]. Tang et al. analyzed the possible symptoms of wearing masks for a long time in summer through field tests and questionnaires, and assessed the preference of subjects for wearing masks for various environmental parameters [6]. Wang et al. studied the thermal comfort properties of medical non-woven protective clothing [7]. Bongers et al. noted that medical protective equipment can easily lead to thermal fatigue and discomfort of medical staff, ultimately, leading to the shortened work tolerance time and declined physical and cognitive performance [8]. Potter et al. proposed that the impenetrable design of medical protective clothing posed a risk of thermal stress in hot and humid environments, and provided insights that could be used to guide the safety work of medical staff responding to the Ebola epidemic [9].



However, as mentioned above, previous studies were limited to exploring the thermal comfort of personnel under a single protection state, without considering the particularity of indoor crowded spaces during the COVID-19 epidemic. People in indoor crowded spaces need to wear different personal protective equipment according to the particular place, such as masks in shopping malls and medical protective clothing in hospitals, etc. Therefore, it is of great significance to effectively evaluate the thermal comfort of people under different protection states in indoor crowded spaces.



Due to the diversity of factors affecting human thermal comfort, simple subjective evaluation is often unable to comprehensively measure human thermal comfort. The subjective factors and individual differences of personnel will result in significant differences in thermal comfort. Therefore, it is necessary to integrate human physiological parameters and subjective evaluation to study the influence of personal protective equipment on human thermal comfort. By now, an increasing number of studies on personal protective equipment have combined physiological parameters to probe into thermal comfort [10,11,12,13,14].



Human skin is the main medium of heat transfer. Hence, skin temperature plays an important role in thermoregulation process through vasoconstriction and vasodilation operations using subcutaneous heat receptors [15,16]. This is integral to maintaining heat balance at a fixed level of activity [17]. The skin has a large number of cold and warm thermoreceptors connected to neurons located in the anterior hypothalamus. Any factors that can cause vasoconstriction or vasodilatation will affect skin temperature.



Thermal equilibrium in the human body is realized by the conjoined efforts of two organs, namely the skin thermal receptor (body periphery) and the human heart (body core). Under the thermal stress of vasoconstriction or vasodilation, body heat is stabilized by heat transfer between the core and the periphery of the body, which is facilitated by these two organs. Skin temperature represents the response of external skin receptors to thermal stimulation [16,17], while pulse rate, analogous to heart rate, represents the response of internal heart to thermal stimulation [18]. Pulse rate is closely related to the cardiovascular health and can reflect the effect of thermal stress on the cardiovascular system due to its connection with the autonomic nervous system [19].



As mentioned above, although personal protective equipment can effectively prevent the spread of the virus [20,21,22], the thermal comfort of subjects may be sacrificed [4,6,8]. The detailed effect of different personal protective equipment on thermal perception and physiological response is not clear. At present, there are few studies on the thermal comfort of protective personnel in indoor crowded spaces. Therefore, through experiments, this study studied the thermal perception and physiological response of personnel in indoor crowded spaces under different protection states. The collected data help to understand how different personal protective equipment affecting the human body’s response to thermal environment. Furthermore, regression analysis was used to create a thermal sensation model based on human physiological parameters, which can be potentially applied to thermal environment control in indoor crowded spaces during the control of COVID-19.




2. Materials and Methods


2.1. Human Subjects


According to the adaptive thermal comfort model, one’s thermal experiences and expectations significantly influence thermal comfort. Therefore, participants were subject to the criterion of residing in local area for at least two years so as to make sure they were physically (in terms of their thermoregulatory system) and psychologically adapted to the local climate. The subjects of this experiment were all students who had lived locally for more than two years. There are 10 subjects in total, including 7 males and 3 females, aged between 20 and 25 years. All subjects were in good health and free of any cardiovascular/respiratory/skin diseases that might interfere with the test. Prior to participating in the experiment, oral and written informed consent was obtained from each subject.



Subjects should avoid alcohol, caffeine, smoking and strenuous physical activity for at least 12 h before each experiment. During the experiment, the subjects were in stable psychological condition without emotional fluctuation, and wore their own clothes instead of uniform clothes, which were typical summer clothing, including underwear, T-shirts, sweatpants and sneakers, etc. The clothing insulation of the subject shall be calculated according to ASHRAE standard 55 [23]. The basic physical information of the subjects is shown in Table 1.




2.2. Measurements


2.2.1. Environmental Measurements


This experiment was conducted in an artificial climate chamber. The climate chamber was used to simulate the indoor crowded spaces, with an indoor personnel interval less than 1 m and the per capita area less than 1 m2. The climate chamber was located inside an indoor room, which can control indoor environmental parameters through air conditioning. The size of the climate chamber was 4.8 m × 2.1 m × 3.3 m (length × width × height), as shown in Figure 1.



The indoor environment control system of the climate chamber includes refrigeration unit, air processor, heater and humidifier with temperature control ranging 5–40 °C. Under experimental conditions, the indoor air humidity in the climate chamber was controlled within the range of 45–55%, and the indoor wind speed was controlled below 0.2 m/s to ensure that there was no obvious draft sensation in the surrounding environment of the subjects.



The measurement point of indoor environmental parameters was arranged in the center of the subjects, 0.9 m from the ground (the height of forehead when people were sitting), so as to monitor the air temperature, relative humidity, and wind speed in the activity area of the subjects. The equipment used to measure environmental parameters is shown in Table 2.




2.2.2. Physiological Measurements


Usually, the measurement of human physiological parameters mainly includes skin temperature, pulse rate, blood pressure, and blood oxygen saturation. According to previous studies [24,25,26,27], human thermal comfort is significantly correlated with wrist skin temperature and pulse rate, while thermal comfort is not significantly correlated with blood pressure and oxygen saturation. Limited by the experimental conditions, the physiological parameters of the subjects wearing medical protective clothing were not easy to measure. Considering the relationship between the measured physiological parameters and thermal comfort and the convenience of measurement. Therefore, two physiological parameters of each subject, namely wrist skin temperature and pulse rate, were monitored. The location used for skin temperature measurement is the dorsal region between the wrist and fingers (as this location is significantly indicative of overall thermal sensation compared with others) [24,25]. Pulse rate, which is analogous to heart rate was studied due to ease of measurement, it can be sensed from the wrist/finger unlike the intrusive EEG method for heart rate. To reduce the artificial error in the experimental measurement, the skin temperature sensor was fixed at the specific position of the subject’s non-dominant hand through the breathable medical tape, and the pulse rate sensor uniformly measured the pulse rate of the subject’s non-dominant hand thumb. Table 2 lists the instrument specifications for measuring physiological parameters.




2.2.3. Subjective Measurements


A questionnaire was designed to reflect the subjects’ subjective assessment of the indoor thermal environment. Subjects were required to report two subjective responses, namely thermal sensation and thermal comfort. The ISO 10551 nine-points thermal sensation scale (Table 3) was used to assess thermal sensation, including very cold (−4), cold (−3), cool (−2), slightly cool (−1), neutral (0), slightly warm (+1), warm (+2), hot (+3), and very hot (+4) [28]. Compared with the ASHARE 7-point scale [29], the 9-point scale extends the thermal sense to very cold/hot, which is suitable for high and low temperature environments beyond the range of normal temperatures. The thermal comfort questionnaire is shown in Figure 2.





2.3. Experiment Procedure


The experiment was conducted in July 2021. Previous studies [24,30,31] carried out human sensation experiments under an indoor temperature range of 20–30 °C, but did not involve human sensation experiments at high temperature. Therefore, this experiment added the high temperature part based on previous studies. The whole experiment lasted for 45 min. During the experiment, the indoor temperature was constant. After each experiment, the temperature increased by 2 °C (from 22 °C to 36 °C). Therefore, experiments were carried out at indoor temperatures of 22 °C, 24 °C, 26 °C, 28 °C, 30 °C, 32 °C, 34 °C and 36 °C, respectively.



The experimental process is shown in Figure 3. First, the subjects wore personal protective equipment and sat in the preparation room of neutral environment (≈26 °C) for 15 min rest to avoid any deviation caused by previous exposure to the environment and achieve a comfortable physical/mental state. During this period, the subjects filled in the basic physical information (Table 1) and wore physiological parameter monitoring equipment. Then, the subjects entered the experiment room from the preparation room and sat in their assigned positions, and the experiment began. During the experiment, the subjects remained seated and performed some office activities. During this period, subjects were prompted to vote on subjective questionnaires every 3 min. At the same time, the instrument recorded the indoor temperature, relative humidity, wind speed, and wrist skin temperature every 10 s and monitored the pulse rate every 3 min.




2.4. Protective States


The purpose of this study was to investigate the thermal responses of people under four different protection states in indoor crowded spaces. The mask used in the experiment is a disposable medical surgical mask with three-layer structure, the face shield is a medical isolation face shield, and the protective clothing is a non-woven one-piece medical isolation clothing. Table 4 shows four different protection states. Figure 4 shows the subjects wearing four different types of protective equipment.




2.5. Statistical Analysis


The data distributions were tested for normality using the Shapiro-Wilk Test. The Chi-Squared Test of Independence was used to evaluate the thermal response of subjects in different protection status groups, and the two-proportions Z-Test was used as a post-hoc test. Regression analysis was used to study the relationship between thermal sensation and physiological parameters of the subjects under different protection states.





3. Results


During the experiment, 28,800 wrist skin temperatures and 1600 pulse rates were collected from the physiological parameter monitoring instrument. In addition, 1600 thermal comfort questionnaires were obtained.



3.1. Subjective Perception


3.1.1. Thermal Sensation


Figure 5 shows the relationship between average thermal sensation and indoor temperature of the subjects under different protection states. Only thermal sensations other than −4 and −3 were selected for the analysis. As the indoor temperature increased from 22 °C to 36 °C, the thermal sensation of the subjects gradually increased under different protection states. Among them, the thermal sensation of the subjects in state 4 was significantly (p < 0.05) higher than that in the other states. When the subjects were exposed to a low temperature (22–28 °C) environment, the thermal sensation of subjects in state 1 was basically the same as that in state 2. Conversely, when subjects were exposed to high temperatures (30–36 °C), the thermal sensation of the subjects in state 2 was significantly (p < 0.05) higher than that in state 1. This may be due to the large temperature difference between the indoor temperature and the human skin temperature in the cold experiment, resulting in the heat loss of human skin much greater than that of respiration. On the contrary, during the warm experiment, the temperature difference between the indoor temperature and the human skin temperature was small, causing the heat loss of the human skin far less than that of respiration. These results indicated that indoor temperature influenced thermal sensation and the protection state determined the degree of thermal sensation.




3.1.2. Thermal Comfort


Figure 6 shows the relationship between the average thermal comfort of the subjects and indoor temperature under different protection states. With the indoor temperature rising from 22 °C to 36 °C, the average thermal comfort of the subjects under different protection states first decreased to a minimum value and then gradually increased. However, when the indoor temperature was relatively low (22–24 °C), the thermal comfort of the subjects in state 4 was lower than that in other states. On the contrary, when the indoor temperature was at a higher level (26–36 °C), the thermal comfort of the subjects in state 4 was significantly higher than that in other states. In state 4, the thermal comfort of the subjects reached the minimum value when the indoor temperature was 24 °C, while in other states, the thermal comfort of the subjects reached the minimum value when the indoor temperature was 26 °C, and the minimum value increased in the enhanced protection state. In a low temperature environment, different protection states blocked different degrees of heat transfer between human body and environment. The stronger the protection state, the stronger the effect of blocking the heat dissipation of the human body to the external environment. Therefore, when the indoor temperature was 22 °C, the mean thermal comfort of the subjects in state 1, state 2, state 3, and state 4 was 0.9, 0.8, 0.7, and 0.4 respectively. In high temperature environment, due to the barrier effect of protective equipment, the heat inside the human body cannot be effectively dissipated. The more protected the state, the more heat accumulated in the human body. Therefore, when the indoor temperature was 36 °C, the mean thermal comfort of the subjects in state 1, state 2, state 3, and state 4 was 2.2, 2.6, 2.8, and 3.4, respectively.




3.1.3. The Relation between Thermal Sensation and Thermal Comfort


Figure 7 illustrates the relationship between thermal comfort and thermal sensation of the subjects under different protection states. When thermal sensation was less than −1 (slightly cool), except for state 4, the thermal comfort of subjects in the other three states decreases with the increase of thermal sensation. However, when thermal sensation exceeded 0 (neutral), there was an increasing relationship between thermal comfort and thermal sensation. However, the thermal comfort of the subjects in state 4 increased with the increase of thermal sensation in the whole range of thermal sensation.



In this study, the relationship between thermal comfort and thermal sensation of the subjects in the four states was highly close to the quadratic curve, and the determinant coefficient R2 indicating the goodness of fit of the quadratic curve were all greater than 0.9. When the subjects felt slightly cool (−1 < TSV < 0), the average thermal comfort was the highest under different protection states, suggesting that the subjects tend to be slightly cold in summer. With the strengthening of the protection state, the thermal sensation corresponding to the highest average thermal comfort gradually shifted to a thermal sensation of −1 (slightly cool).





3.2. Physiological Responses


3.2.1. Wrist Skin Temperature


Figure 8 shows the error interval plot of the subject’s wrist skin temperature relative to the indoor temperature under different protection states. As the indoor temperature rose from 22 °C to 36 °C, the wrist skin temperature gradually increased, indicating that the wrist skin temperature was positively correlated with the indoor temperature. Among them, when the indoor temperature was higher than 30 °C, even if the indoor temperature rose, the increase of the wrist skin temperature of the subject in state 4 was not obvious, indicating that the heat dissipated by the subject’s wrist skin has reached a critical value, at this time, and the fluctuation of the wrist skin temperature was very small. In addition, under the same indoor temperature, the average wrist skin temperature of the subjects under the four protection states increased with the strengthening of the protection state. This may be due to the fact that as the protection state is strengthened, the stronger the protection state is, preventing the heat exchange between the human body and the external environment, resulting in an increased gap between the wrist skin temperature and the indoor temperature.




3.2.2. Pulse Rate


Figure 9 shows the error interval diagram of the subject’s pulse rate relative to the indoor temperature under different protection states. Under different protection states, especially in state 1, the pulse rate increased with the increase of indoor temperature, indicating a positive correlation between pulse rate and indoor temperature. Among them, under the same indoor temperature, the average pulse rate of the subjects under the four protection states increased with the strengthening of the protection state. In addition, when the indoor temperature was 26 °C, except for state 4, the average pulse rate of the subjects under the other three protection states was close to the standard average pulse rate (75 bpm), indicating that except for state 4, the thermal sensation of the subjects under the other three protection states was close to 0, and the average pulse rate under the neutral state attempted to stabilize at the average standard level.





3.3. Relationship between Physiological Parameters and Thermal Sensation


3.3.1. Relationship between Wrist Skin Temperature and Thermal Sensation


Figure 10 shows the error interval plot of the subject’s wrist skin temperature relative to the thermal sensation under different protection states. As the thermal sensation increased from −2 (cool) to +4 (very hot), the wrist skin temperature gradually increased, indicating that the wrist skin temperature reflects the human thermal sensation to a certain extent. In addition, when the subject’s thermal sensation was less than +2 (warm), the average temperature of the wrist skin of the subjects in state 1, state 2, state 3, and state 4 showed an upward trend under the same thermal sensation, but when the thermal sensation of the subject was higher than +1 (slightly warm), there was no unified trend of the average temperature of the wrist skin of the subjects under the same thermal sensation under four different protection states. This may be due to the fact that in the low temperature environment, state 1, state 2, state 3, and state 4 gradually strengthen the heat exchange between the human body and the environment, resulting in the gradual increase of the gap between the wrist skin temperature and the ambient temperature. In a high temperature environment, the heat dissipation of the wrist skin reached a critical value, and the temperature fluctuation of wrist skin was small.




3.3.2. Relationship between Pulse Rate and Thermal Sensation


Many studies [32,33,34] pointed out that there was an important relationship between the human metabolic rate and pulse rate, and human metabolic rate was different under different protection states. Therefore, the human body has different levels of pulse rate under different protection states. Figure 11 shows the error interval plot of the subject’s pulse rate relative to thermal sensation under different protection states. The mean pulse rate of subjects in state 1, state 2, state 3, and state 4 varied in the range of 71–80 bpm, 72–81 bpm, 71–83 bpm, and 79–85 bpm, respectively. Under different protection states, the pulse rate increased with the increase of thermal sensation, indicating that the pulse rate was positively correlated with thermal sensation. When TSV = 0, the average pulse rate of the subjects under four different protection states was close to the standard average pulse rate (75 bpm). This may indicate that the average pulse rate attempted to stabilize at the average standard level when the subjects felt neutral.




3.3.3. Thermal Sensation Estimation Model


It can be seen from the experimental results that the human thermal sensation in indoor crowded spaces is affected by indoor temperature, wrist skin temperature and pulse rate. Since the indoor temperature is positively correlated with human wrist skin temperature and pulse rate, it is incorrect to take indoor temperature, human wrist skin and pulse rate as variables when using multiple linear regression model to establish the thermal sensation estimation model of protective personnel in indoor crowded spaces. Therefore, this section aimed to establish a mathematical model of thermal sensation, wrist skin temperature, and pulse rate of protective personnel in indoor crowded spaces.



The mathematical expression of thermal sensation estimation model of protective personnel in indoor crowded spaces established in this study is as follows:


  T S V = a + b  T  w s k   + c  H R   



(1)




where:



	
  T S V  : The thermal sensation vote, which is used to evaluate the degree of human thermal sensation;



	
   T  w s k    : The average temperature of wrist skin (°C);



	
   H R   : the pulse rate (bpm).






The thermal sensation estimation model of personnel under different protection states in indoor crowded spaces is shown in Table 5. To compare and evaluate the performance of thermal sensation estimation models, the correlation coefficients, adjusted R2 and RMSE of each model were calculated. As shown in Table 5, the accuracy of thermal sensation estimation model was the highest in state 1, and in the remaining states, the adjusted R2 were more than 82%. In addition, RMSE of all models were less than 1, indicating that the thermal sensation estimation model has good prediction effect. The correlation coefficient and adjusted R2 of the overall thermal sensation estimation model were greater than those of the thermal sensation estimation model only in state 4, but the overall thermal sensation estimation model still had good regression performance. The RMSE was 0.723, indicating that the model has high thermal sensation estimation accuracy.



In order to find out which variables are important in the prediction, the standardized regression coefficient was calculated in this study. In multiple regression models, standardized regression coefficients were used to represent the relative importance of all regression variables. The smaller the value of the standardized regression coefficient, the less important the regression variable.


   β j '  =  β j  ×    σ x     σ y    =  β j  ×    1 n    ∑   i = 1  n       x i  −  x ¯     2    /    1 n    ∑   i = 1  n       y i  −  y ¯     2     



(2)




where:



	
   β j '   : The standardized regression coefficients;



	
   σ x   : The standard deviation of   x ;  



	
   σ y   : The standard deviation of   y ;  



	
   x i   : Independent variable;



	
 y : Dependent variable;



	
   β j   : The unit influence of    x j    on  y ;



	
 n : The total number of observations sets.






The absolute value of standardized regression coefficients directly reflects the effect of    x i    on  y . In the overall thermal sensation estimation model, the standardized regression coefficients of human wrist skin temperature and pulse rate were 0.94 and 0.31, respectively. The results revealed that pulse rate was less significant than the wrist skin temperature.





3.4. Discussion


As shown in Table 5, with the strengthening of the protection state, the correlation coefficient of the thermal sensation estimation model of each protection state gradually decreases, indicating that the strengthening of the protection state leads to the decline of the accuracy of estimating thermal sensation from wrist skin temperature and pulse rate. It may be associated with the enhanced body thermoregulatory with the strengthening of the protection state. When the protection state is strengthened, the function of blocking the heat exchange between the human body and the external environment is strengthened, the heat storage in the human body is increased and the sympathetic nervous system is excited, which causes the rise of skin temperature and pulse rate, and then leads to the decrease of the difference of physiological parameters between the adjacent thermal sensation.



As illustrated in Section 3.3, the statistical analysis and correlation analysis suggest that the wrist skin temperature and the pulse rate can be used for estimating thermal sensation under different protection states in indoor crowded spaces with high accuracy. In addition, the thermal sensation estimation model created in this study is also applicable to high temperature environment. Compared with previous studies [24,25,26,27], which mainly focused on the unprotected state of indoor personnel, in our study, the possibility of using wrist skin temperature and pulse rate to estimate thermal sensation under different protection states is detailed demonstrated. Furthermore, the proposed model provides potential application of thermal environment control for indoor crowded spaces during the prevention of COVID-19.



However, certain limitations do exist in this study. First, the number of subjects in this study was relatively small. Although the sample size has met the requirements of indoor crowded space, the data of thermal comfort questionnaire and physiological parameters are feasible and meaningful for statistical analysis and correlation analysis, and additional human subject tests would increase the validity and accuracy of the results. In addition, the subjects of this study were young people. The findings may not be applicable to people of different ages. In future study, more subjects with different ages can participate in the experiment.





4. Conclusions


In this paper, a series of human experiments were conducted in the climate chamber summer to effectively assessed the thermal perception and physiological response of people in indoor crowded spaces under different protection states, and to explore the relationship between thermal sensation and physiological parameters of indoor protective personnel through regression analysis. Based on this study, the following conclusions can be drawn:




	(1)

	
Medical protective clothing has the most obvious effect in blocking heat exchange between human body and environment. The thermal sensation in state 4 was significantly higher (p < 0.05) than that in the other three states. When the indoor temperature was 22–24 °C, the thermal comfort in state 4 was lower than that in other states. However, when the indoor temperature was 26–36 °C, the thermal comfort in state 4 was significantly higher than that in other states. At low temperature (22–28 °C), masks had little effect on human thermal perception. The thermal perception in state 1 was basically the same as those in state 2.




	(2)

	
The thermal sensation under the four protective states increased with the increase of indoor temperature, and the thermal comfort first decreased and then increased.




	(3)

	
As the indoor temperature increased from 22 °C to 36 °C, wrist skin temperature and pulse rate gradually increased under different protection states. In addition, at the same room temperature, the average wrist skin temperature and average pulse rate under different protection states increased with the strengthening of protection state.




	(4)

	
The thermal sensation estimation model was established by using multiple linear regression models with wrist skin temperature and pulse rate as variables. Among all of the models, the thermal sensation estimation model in state 1 showed the highest accuracy, and the adjusted R2 was above 82% in the remaining three protection states. Moreover, the RMSE of all models were less than 1, indicating that the thermal sensation estimation model had a good prediction effect.
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Figure 1. The climate chamber. ((a) exterior, (b) interior). 
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Figure 2. Thermal comfort. 
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Figure 3. Experimental procedure. 
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Figure 4. Subjects under different protection states. ((a) state 1, (b) state 2, (c) state 3; (d) state 4). 
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Figure 5. Relationship between mean thermal sensation and indoor temperature. 
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Figure 6. Relationship between mean thermal comfort and indoor temperature. 
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Figure 7. Relationship between thermal sensation and thermal comfort under different protection states. ((a) state 1, (b) state 2, (c) state 3; (d) state 4). 
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Figure 8. Error interval plot of wrist skin temperature by indoor temperature in different protection states. 
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Figure 9. Error interval plot of pulse rate by indoor temperature in different protection states. 
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Figure 10. Error interval plot of wrist skin temperature by thermal sensation in different protection states. 
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Figure 11. Error interval plot of pulse rate by thermal sensation in different protection states. 
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Table 1. Basic physical information of the subjects (Mean ± S.D.).
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	Gender
	Count
	Age (Years)
	Height (cm)
	Weight (kg)
	BMI 0 (kg/m2)
	Icl 1 (clo)





	Male
	7
	22.6 ± 1.9
	177.4 ± 5.7
	67.6 ± 8.2
	21.5 ± 2.6
	0.44 ± 0.2



	Female
	3
	22.7 ± 1.7
	161.7 ± 1.7
	54.5 ± 8.4
	20.8 ± 2.9
	0.46 ± 0.1







0 Body mass index; 1 Clothing Insulation.
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Table 2. Information of instrumentation.
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Parameter

	
Model

	
Specifications






	
Environmental measurements




	
Air temperature

	
UX100-003

	
Accuracy: ±0.21 °C/(0–50) °C, Range: (−20–70) °C




	
Relative humidity

	
UX100-003

	
Accuracy: ±3.5%, Range: (15–95)%




	
Air velocity

	
AZ9671

	
Accuracy: ±2%, Range: (0.6–32) m/s




	
Physiological measurements




	
Skin temperature

	
DS1922L

	
Accuracy: ±0.5 °C, Range: (−40–85) °C




	
Pulse rate

	
CMS50D

	
Accuracy: ±2%, Range: (30–250) bpm
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Table 3. ISO 10551 9-points thermal sensation scale.
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	−4
	−3
	−2
	−1
	0
	1
	2
	3
	4





	Very cold
	Cold
	Cool
	Slightly cool
	Neutral
	Slightly warm
	Warm
	Hot
	Very hot
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Table 4. Different protection states.
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Number

	
Protection State

	
Indoor Temperature Range






	
State 1

	
without protection

	
22/24/26/28/30/32/34/36 °C




	
State 2

	
wearing masks




	
State 3

	
wearing face shield




	
State 4

	
wearing medical protective clothing
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Table 5. Thermal sensation estimation model and its performance.
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Protection State

	
Regression Coefficient

	
Sig.

	
Correlation Coefficient

	
Adjusted R2

	
RMSE




	
a

	
b

	
c






	
state 1

	
−19.415

	
0.685

	
0.075

	
0.000

	
0.911

	
0.886

	
0.621




	
state 2

	
−20.256

	
0.787

	
0.065

	
0.000

	
0.895

	
0.872

	
0.654




	
state 3

	
−21.300

	
0.853

	
0.042

	
0.000

	
0.872

	
0.851

	
0.695




	
state 4

	
−23.745

	
0.962

	
0.032

	
0.000

	
0.841

	
0.825

	
0.769




	
oversall

	
−22.540

	
0.884

	
0.038

	
0.000

	
0.858

	
0.843

	
0.723
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