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Abstract: The current situation of Coronavirus Disease 2019 (COVID-19) prevention and control
coupled with the need to work in high-temperature harsh environments makes it necessary to ensure
the health and efficiency of medical staff. An experimental outdoor work tent was set up and
university students were used to study the thermal comfort of personnel wearing protective clothing
in hot and humid environments. The experiment was carried out simultaneously through subjective
and objective field tests and physiological tests of personnel. The wet bulb globe temperature (WBGT)
index was investigated to divide the outdoor thermal environment into four working conditions:
21–23 ◦C, 23–25 ◦C, 25–27 ◦C and 27–29 ◦C. Under the different thermal environment intensities, the
variations of physiological parameters of test personnel were monitored. The results showed that
when WBGT was increased to 27–29 ◦C, 100% of the participants expected the external temperature
to become cooler and the humidity to decrease after one hour. When the temperature was close
to 30 ◦C and the relative humidity was close to 60%, it was necessary to take cooling measures to
reduce the thermal stress of the participants. Moreover, relationships between subjective feelings and
physiological parameters of the nucleic acid sampling personnel were obtained. Results also found
that the forehead, chest and back were the highest skin temperature parts, so it is most effective
to give priority to improving the thermal comfort of these three locations. As an early attempt
to conduct the real outdoor experimental study on the thermal comfort of COVID-19 nucleic acid
sampling staff, this study provided a theoretical basis for follow-up research to develop cooling
strategies for protective clothing in hot and humid outdoor environments.

Keywords: protective clothing; thermal comfort; nucleic acid testing personnel; physiological param-
eters; COVID-19

1. Introduction

Since the end of 2019, COVID-19 has been relentless, resulting in the deaths of many
medical staff members. As the basic protective equipment for nucleic acid sampling per-
sonnel, medical protective clothing provides good barrier performance and can effectively
prevent an external virus from infecting the human body [1]. Protective clothing compo-
nents include working overalls, gloves, goggles and shoe covers, the use of which can
bring great physiological and psychological pressure to the wearer. It is often difficult to
give consideration or priority to the comfort of wearing such clothing, and so a general
deficiency of disposable medical protective clothing is currently their poor comfort [2–4].

Figure 1 shows typical work sites for nucleic acid sampling personnel [5]. Such staff
wearing protective clothing soon become wet all over from sweating, and their skin can
suffer other effects after being covered [6,7], which can seriously affect their working effi-
ciency and their health and increase the risk of heat stress [8–11]. Therefore, more attention
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should be paid to high-temperature environments of nucleic acid sampling personnel, and
it is necessary to study and analyze the thermal comfort of sampling personnel.
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tection and mascot clothing in high-temperature environments [15–17]. By monitoring the 
temperature of firefighters wearing different types of protective clothing, Roossien et al. 
[15] concluded that new concepts in protective clothing manufacture had significantly 
higher internal temperatures. Wang et al. [16] compared the effect of cooling suits on the 
heat stress of mascot actors in hot and humid environments. 

Some studies have focused on different experimental cabin environments, using dif-
ferent thermal stress evaluation indicators to describe the degree of human heat stress [18–
21]. Fang et al. [22] compared several commonly used outdoor thermal indices through 
experimental tests and surveys and concluded that there was a high correlation between 
predicted mean vote (PMV) and other indices, indicating that there was a significant dif-
ference between the original thermal stress and thermal comfort. Chong et al. [23] studied 
the relationship between physiological responses and subjective perceptions of workers 
wearing thermal protective clothing in extreme heat environments and proposed a new 
continuous graphical index for heat strain assessment under simulated working condi-
tions in a climate chamber. This index is suitable for assessing thermal strain and effi-
ciency of workers wearing thermal protective clothing in extremely hot environments. 
Few studies have systematically investigated the thermal comfort of medical staff in high-
temperature environments [24–26]. For example, Potter et al. [25,26] proposed that the 
impermeable design of protective clothing in hot and humid environments could cause 
the risk of thermal stress, which could be used to manage the safety of medical staff re-
sponding to the Ebola outbreak. 
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peratures is analyzed. The objectives of the study are to investigate the correlation be-
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Figure 1. Typical working environments and protective clothing for COVID-19 nucleic acid sam-
pling personnel.

At present, there are few studies of the thermal comfort of medical staff wearing
protective clothing in high-temperature environments. Some studies have focused on
the impact of protective clothing design and material composition on human thermal
comfort [12–14]. Troynikov et al. [13] discussed the performance attributes related to
the thermal physiology and comfort of a wearer in relation to the protective clothing’s
functions, conducted comprehensive testing and analysis of the constituent materials and
conducted thermal mannequin testing of experimental surgical clothing. Other studies
have mainly focused on the thermal comfort of other types of protective equipment such
as fire protection and mascot clothing in high-temperature environments [15–17]. By
monitoring the temperature of firefighters wearing different types of protective clothing,
Roossien et al. [15] concluded that new concepts in protective clothing manufacture had
significantly higher internal temperatures. Wang et al. [16] compared the effect of cooling
suits on the heat stress of mascot actors in hot and humid environments.

Some studies have focused on different experimental cabin environments, using differ-
ent thermal stress evaluation indicators to describe the degree of human heat stress [18–21].
Fang et al. [22] compared several commonly used outdoor thermal indices through ex-
perimental tests and surveys and concluded that there was a high correlation between
predicted mean vote (PMV) and other indices, indicating that there was a significant differ-
ence between the original thermal stress and thermal comfort. Chong et al. [23] studied
the relationship between physiological responses and subjective perceptions of workers
wearing thermal protective clothing in extreme heat environments and proposed a new
continuous graphical index for heat strain assessment under simulated working conditions
in a climate chamber. This index is suitable for assessing thermal strain and efficiency of
workers wearing thermal protective clothing in extremely hot environments. Few studies
have systematically investigated the thermal comfort of medical staff in high-temperature
environments [24–26]. For example, Potter et al. [25,26] proposed that the impermeable
design of protective clothing in hot and humid environments could cause the risk of ther-
mal stress, which could be used to manage the safety of medical staff responding to the
Ebola outbreak.

In view of the current level of knowledge, this study considers for the first time the
thermal comfort of COVID-19 nucleic acid sampling staff in hot and humid outdoor en-
vironments. The experimental method uses actual outdoor natural environments, and
hence the experimental data are more real and reliable than studies conducted in thermal
chambers. Combined with environmental testing and human physiological and psycholog-
ical testing, the thermal comfort of outdoor nucleic acid sampling staff exposed to high
temperatures is analyzed. The objectives of the study are to investigate the correlation
between thermal stress and physiological parameters of the human body, to determine
the importance and significance of the thermal comfort of epidemic prevention personnel
and to provide a theoretical basis for follow-up research to develop cooling strategies for
protective clothing in hot and humid outdoor environments.
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2. Experimental Methods
2.1. Experimental Environment

The tests were conducted on the campus of Shandong Jianzhu University in July 2020
and lasted for 14 days. Environmental conditions during the test are presented in Table 1.
The location and general arrangements of the experimental site are shown in Figure 2.
Temporary tents were set up in an outdoor area with good ventilation and lighting. The
tents had ventilation on all sides. The tent had a length, width and height of 3 m, 3 m and
1.9 m, respectively. As a typical Chinese tent that can shield wind, rain and sunlight, this
experimental equipment was used to simulate typical working environments of epidemic
prevention workers. The layout of an individual experimental tent is shown in Figure 3.

Table 1. Environmental conditions experienced during the test period.

Date Temperature (◦C) Weather Condition Humidity (%) Solar Radiation (W/m2)

30 June 24.0–29.5 Cloudy 52–74 165–1096

1 July 27.1–35.1 Cloudy 30–55 221–1053

2 July 26.6–29.8 Overcast 49–58 248–819

3 July 24.8–28.2 Overcast 59–66 50–418

4 July 25.6–30.8 Sunny 51–66 126–980

5 July 25.5–33.3 Sunny 47–69 117–1080

6 July 26.0–29.4 Cloudy 59–70 279–829

7 July 27.5–37.1 Sunny 34–64 115–965

8 July 28.5–36.7 Cloudy 30–63 131–993

9 July 21.9–27.7 Cloudy 54–80 30–296

10 July 25.2–31.8 Cloudy 50–65 104–814

11 July 27.1–31.4 Drizzly 52–67 43–735

20 July 25.7–38.0 Sunny 36–74 250–978

27 July 25.3–29.0 Cloudy 54–77 101–1081
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2.2. Experimental Instruments

The protective clothing used in the experiment was of the typical nonwoven medical
disposable type, which can effectively block the penetration of bacterial particles and
liquids. Several sets of different sizes were used to fit each test participant in the experiment.
Test participants also wore disposable pure cotton surgical gowns, face masks, goggles and
medical rubber gloves (Figure 4). The cotton surgical gowns had good sweat absorption
performance, providing a convenient way to calculate the sweat production of the test
personnel. The surgical gowns were reused after cleaning.

Full details of the physiological and environmental testing instrumentation used in
the experiment are given in Table 2.
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Table 2. The details of the physiological and environmental testing instrumentation used in the experiment.

Parameter Instrument Type Parameter Range Accuracy Resolution Instrument

Air temperature
HOBO MX2301A

−40 to 70 ◦C ±0.2 ◦C 0.02 ◦C
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Table 2. Cont.

Parameter Instrument Type Parameter Range Accuracy Resolution Instrument

Human body scale ES-100KT-5 0.005–100 kg ±10 g 5 g
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Skin temperature iButton −20 to 85 °C ±0.0625 °C 0.1 °C 

 

 
 

Core temperature Digi-sense 20250-93 −40 to 125 °C ±0.5 °C 0.1 °C 

 

 
 

Heart rate POLAR 30–240 bpm ±1 bpm 1 bpm 

 

 
 

Human body scale ES-100KT-5 0.005–100 kg ±10 g 5 g 

 

 
 

Electronic balance Meilen-MTB 0–3 kg ±0.01 g 0.01 g 
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An 8-point weighted method with high reliability and sensitivity was used to estimate 
the mean skin temperature (Tsk) of the test human bodies [28]: = 0.07 + 0.07 	 + 0.07 	  +0.05 + 0.175 + 0.175 + 0.19 + 0.2  (2)
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2.3. Index and Calculation Methods

The wet bulb globe temperature (WBGT) index is the most commonly used index to
evaluate environmental thermal stress. It is mainly used to determine safe exposure limits
in hot and humid environments. This index is calculated using three parameters: black
globe temperature (tg) which reflects the solar radiation, wet bulb temperature (tw) and dry
bulb temperature (ta). The calculation formula of WBGT in an outdoor environment with
solar radiation is as follows [27]:

WBGT = 0.7tw + 0.2tg + 0.1ta (1)

An 8-point weighted method with high reliability and sensitivity was used to estimate
the mean skin temperature (Tsk) of the test human bodies [28]:

Tsk = 0.07t f orehead + 0.07tupper arm + 0.07tlower arm

+0.05thand + 0.175tback + 0.175tchest + 0.19tthigh + 0.2tcal f
(2)

Tsk and heart rate (HR) were recorded every one second, and averages and standard
deviations were calculated every five minutes to obtain values to monitor variation over
time. A weighing method was used to measure sweat production (SWp), determined by the
change in clothing weight before and after the experiment. Due to the barrier properties of
the protective clothing, evaporation of sweat discharged by the human body is difficult,
and hence the amount of evaporative loss is very small and can be ignored. Hence, sweat
production was estimated by the weight gain of the absorbing surgical gown and protective
suit before and after the experiment and the weight gain of a towel that was used to wipe
residual sweat which remained on the body after the experiment. In order to reduce
errors, an average value was obtained using multiple measurements. The formula for the
estimation of sweat production (SWp) is as follows [29]:

SWp = WPC2 + WSG2 + WT2 + WG2 − WPC1 − WSG1 − WT1 − WG1 (3)

where WPC1 and WPC2 are the weight of the protective suit before and after the experiment
(g), WSG1 and WSG2 are the weight of the surgical gown before and after the experiment (g),
WT1 and WT2 are the weight of the towel before and after the experiment (g) and WG1 and
WG2 are the weight of the protective disposable gloves before and after the experiment (g).

The metabolic rate is generally obtained by direct measurement of oxygen consump-
tion [30]. However, it was difficult to measure the oxygen consumed by the participants in
this experiment. Considering these constraints, a simpler method was adopted to directly
calculate the weight loss due to the metabolism of the human body. The metabolic weight-
loss (M) was estimated using the weight difference of a test participant, i.e., the difference
between the total weight of a participant before the beginning of the experiment and the
total weight of the participant after the end of the experiment, as follows [31]:

M = M1 − M2 (4)
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where M1 and M2 are the total weight of participants before and after the experiment (g).
The physiological strain index (PSI), which reflects the body temperature regulation

system and the cardiovascular system, is one of the most widely used indicators to describe
heat strain in the human body [16]. PSI ranges from 0 (no heat strain) to 10 (maximum heat
strain), with 1 indicating no/little heat strain, 2 and 3 indicating low heat strain, 4 and 5
indicating moderate heat strain, 6 and 7 indicating high heat strain and 8 and 9 indicating
very high heat strain. The PSI at time t (PSIt) is calculated as follows [16]:

PSIt = 5 × Tcore,t − Tcore,0

39.5 − Tcore,0
+ 5 × HRt − HR0

180 − HR0
(5)

where Tcore,0 (◦C) and HR0 (bpm) are the mean core temperature and heart rate measured
before the experiment; Tcore,t (◦C) and HRt (bpm) are the mean core temperature and heart
rate obtained at any time t; and 39.5 ◦C and 180 bpm are the highest acceptable core
temperature and heart rate for human health, respectively.

2.4. Experimental Conditions

In order to compare the degree of influence of different thermal stress levels on human
thermal comfort, the WBGT index was used to categorize the thermal environmental
states experienced during the experiment. Taking into account the wider distribution of
WBGT, we integrated the experimental data, and the associated values of WBGT ranged
from 21 to 29 ◦C. Hence, the experiment was divided into four thermal environmental
categories: 21–23 ◦C, 23–25 ◦C, 25–27 ◦C and 27–29 ◦C. These thermal categories represent
four different working conditions. Details of the basis for the division of the sampled
environmental conditions into the four categories are shown in Figure 5. Each scatter point
in the figure corresponds to a different participant. Twelve participants were selected
under each working condition, half being male and half being female. Table 3 shows the
corresponding environmental conditions in the four categories. It can be seen from the
table that the larger the WBGT index was, the higher the ambient temperature was and the
lower the relative humidity was.

2.5. Participants and Survey

The participants were mainly university students. A total of 12 participants were
recruited into the study, aged between 23 and 25. They were required to be healthy and
had no diseases related to the experiment. The basic details describing the participants are
shown in Table 4. The average value (AVE) and overall standard deviation (STDEVP) for
age, height, weight and body mass index (BMI) are provided.
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Table 3. Average environmental parameters for each of the four working conditions.

Working Condition WBGT (◦C) ta (◦C) RH (%)

21–23 23.04 24.78 77.02

23–25 24.79 28.22 60.35

25–27 26.45 29.85 57.83

27–29 28.60 35.12 39.30

Table 4. Basic information for the experimental participants.

Age (Years) Height (cm) Weight (kg) BMI

All
AVE 23.73 171.00 62.69 21.24

STDEVP 0.75 7.87 13.42 3.28

Male
AVE 23.50 176.33 72.67 23.35

STDEVP 0.76 3.30 9.04 3.05

Female
AVE 24.00 164.60 50.80 18.70

STDEVP 0.63 6.95 5.27 0.77

Subjective feelings were recorded using thermal sensation votes (TSV), humid sen-
sation votes (HSV), thermal comfort votes (TCV) and thermal acceptance votes (TAV).
Specific evaluation scales are shown in Figure 6.
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Figure 6. The subjective feeling voting scales.

Besides, with the increase in heat exposure time (0, 15, 30, 45 and 60 min), the tem-
perature expectation vote was assessed using a continuous 3-point scale ranging from −1
(getting hot) to 1 (getting cold), with 0 being a neutral vote. The humidity expectation vote
was assessed using a continuous 3-point scale ranging from −1 (getting wet) to 1 (drying),
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with 0 being a neutral vote. The voting of humidity expectation is mainly subjective voting
based on the inner space of clothing and the situation of sweating.

Moreover, the sweating position voting and uncomfortable position voting with the
increase in heat exposure time (0, 15, 30, 45 and 60 min) were also recorded, including the hand,
forehand, face, neck, chest, abdomen, back, buttock, forearm, upper arm, thigh, calf and foot.

In summary, the principal survey data included the basic personal information of each
participant; the total weight of clothes, towels and gloves before and after the test; and
subjective feelings of the test participants.

2.6. Experimental Procedures

Details of the experimental steps and process are shown in Figure 7. Before the
experiment, the participants sat in an air-conditioned room with an ambient temperature
of 25–26 ◦C and rested for 20 min. The initial physiological parameters of the participants
were tested and the test clothes were weighed. The participants were then provided with
the test sensors, heart rate band, surgical gown, protective clothing, masks and goggles to
ensure that the skin would not directly contact the outside world. Next, the body weight
was measured to record the weight of the participants before the experiment, and they
walked into the test tent. Note that the participants were not allowed to drink water or
eat any food unless the participants chose to give up the experiment due to extremely
uncomfortable conditions.

The whole test process lasted for 1 h, and a subjective feeling survey was filled in
every 15 min, hence a total of 5 times. During the test, the participants stood or walked
slowly. After the test, the participants quickly returned to the air-conditioned room and
were kept in the same condition as their weight was measured at the end of the experiment.
After data collection was complete, IBM SPSS Statistics 25 and Origin 9.1 data processing
software were used to sort and analyze the data.
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3. Experimental Results and Analysis
3.1. Physiological Parameters

The variations of the average values of Tsk and HR over time under the four working
conditions are shown in Figure 8. It can be seen from the figure that Tsk rose rapidly for
the first 15 min. Subsequently, there was a significant correlation between Tsk and WBGT
(p ≤ 0.01). When working conditions changed from category 1 to category 2, category 2 to
category 3 and category 3 to category 4, the mean skin temperature increased by 0.57, 1.04
and 1.94 ◦C, respectively. This indicates that the higher the thermal stress level was, the
more obvious the skin temperature rise was.



Appl. Sci. 2021, 11, 11492 9 of 19

In this study, when the WBGT was 25–27 ◦C, the average ambient temperature was
29.85 ◦C and the average humidity was 57.83%. The mean skin temperature of the test
participants rose from 33.87 to 35.47 ◦C, and the participants began to feel uncomfortable.
When the WBGT was 27–29 ◦C, the average ambient temperature was 35.12 ◦C, the average
humidity was 39.30% and the mean skin temperature of the participants fluctuated from
33.89 to 36.40 ◦C. When this occurred, the temperature of human skin was high and the
thermal sensation was obvious.

After the first 15 min, HR and WBGT also were significantly correlated (p ≤ 0.01).
When working conditions were in category 1, category 2, category 3 and category 4, the
average HR of the test participants were 91.27, 93.66, 98.95 and 106.12 bpm, respectively.
With the increase in thermal stress level, the rising trend of HR was obvious. In the high-
temperature environment of 27–29 ◦C, the heart rate of the participants who stood for rest
was more than 100 bpm.
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parameters; * p < 0.05, ** p < 0.01.

Figure 9 shows the variation of skin temperature at the eight body locations (forehead,
chest, back, upper arm, lower arm, hand, thigh and calf) of the test participants under
the four working conditions. As can be seen from the figure, with the increase in thermal
stress level, the skin temperature of each part increases to varying degrees. The forehead
skin temperature was the highest, and the average forehead temperature reached 36.99 ◦C
at 27–29 ◦C. The second was the back and chest, with average temperatures of 36.79
and 36.43 ◦C, respectively. The skin temperature of the thigh was the lowest. The skin
temperature of the hands was significantly greater than that of the lower and upper arm.
The main reason is that the medical rubber gloves blocked heat dissipation from the hand.

Figure 10 shows the average amount of sweat production and metabolism of the
test participants under the four working conditions. It can be seen from the figure that
there were significant differences in sweat production and metabolic rate between the
different thermal stress levels. Between working condition level 1 (21–23 ◦C) and level 4
(27–29 ◦C), sweat production increased 113.67 g and metabolic rate increased 118.08 g.
Sweat could not be evaporated from the protective clothing and hot air could not be
discharged quickly, resulting in an increase in temperature and humidity in a microclimate
inside the clothing. Hence, the thermal environment under the clothing was more extreme
than the external thermal environment, which increased the physiological pressure on the
test participants. Figure 11 shows typical sweat patterns after the experiment, confirming
that sweat production was obvious.
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3.2. Physiological Strain Index

Figure 12 shows the variation of the mean PSI value with time under the four different
heat stress levels. With the increase in exposure time and environmental thermal intensity,
the PSI increased from 0 (no heat strain) to 4.1 (moderate heat strain). At 27–29 ◦C, the PSI
index increased the most, which indicated that under the same exercise intensity, the greater
the environmental stress index was, the more the physiological strain index increased.
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3.3. Relationships between WBGT and Physiological Parameters

To examine the correlation between the physiological parameters and the WBGT index,
Pearson correlation analysis was performed using the IBM SPSS Statistics 25 software
(Table 5). It can be seen from the table that there was a significant positive correlation
between Tsk, HR, SWp, M and WBGT (p ≤ 0.01), and the correlation degree r value was
above 0.6, indicating that the physiological parameters were significantly affected by the
thermal environment and all increased with increasing WBGT. The correlation coefficient
of Tsk was the highest (r = 0.854 **), indicating that Tsk was more significantly affected by
the external thermal stress.

Table 5. Correlation between WBGT index and various physiological parameters.

Tsk HR SWp M

WBGT
Pearson 0.854 ** 0.739 ** 0.670 ** 0.623 **

p(sig.) 0.000 0.000 0.000 0.000
Note: 0.01 < p ≤ 0.05, * significant correlation; p ≤ 0.01, ** significant correlation.

3.4. Gender Differences

Independent sample t-tests were conducted using the SPSS software to examine the
influence of gender difference on the human physiological parameters (Table 6). Taking
Tsk as an example, its significance was 0.741 (p >0.05), which belongs to homogeneity of
variance. According to the t-test results in the first row listed in the table, the p(Sig.) was
0.587 (p > 0.05); hence, it is considered that there was no significant difference in Tsk between
male and female samples. It can also be seen that there was no significant difference in HR
between male and female samples. However, there were significant differences in the SWp
and M between male and female samples (p < 0.05).
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Table 6. Results of t-test analyses of the physiological parameters of male and female test participants.

F Significance t p(Sig.) Mean Difference

Tsk
Equal variances assumed 0.110 0.741 −0.547 0.587 0.248

Equal variances not assumed −0.547 0.587 0.248

HR
Equal variances assumed 2.758 0.106 0.870 0.391 2.464

Equal variances not assumed 0.906 0.371 2.464

SWp
Equal variances assumed 12.992 0.001 2.773 0.008 46.674

Equal variances not assumed 2.773 0.009 46.674

M
Equal variances assumed 2.313 0.135 2.374 0.022 4.713

Equal variances not assumed 2.374 0.023 4.713

Note: p(Sig.) < 0.05 is significant.

4. Questionnaire Results and Analysis
4.1. Comprehensive Subjective Evaluation

Figure 13 presents the overall subjective evaluation voting values under the four
different thermal stress levels. With the increase in heat exposure duration, the thermal
sensation votes increased (Figure 13a). For the 21–23 ◦C working conditions, the overall
average TSV values were distributed between 1 (slightly warm) and 2 (warm). Under the
23–27 ◦C conditions, the overall TSV values were between 1 (slightly warm) and 3 (hot),
For the 27–29 ◦C conditions, the environmental thermal intensity obviously influenced the
overall thermal sensation. The average thermal sensation voting value was 3.1, and the
subjective thermal sensation was relatively hot.
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At the beginning of the experiment, HSV was between 0 (neutral) and 3 (slightly wet)
(Figure 13b). Within 30 min, the skin wetness sensation of the participants rose, and after
30 min, the skin wetness sensation tended to stabilize. In the thermal range 27–29 ◦C,
HSV reached a very wet state. This suggests that at the beginning of the experiment, the
body secreted sweat to increase the skin moisture. After half an hour, the stability of the
feeling of skin humidity did not mean that the sweating had stopped. It was rather because
the sweat had soaked the surgical gown and the outer protective clothing increased the
resistance to sweat evaporation. The clothes stuck to the participants’ skin and enhanced
their wetness sensation.

Figure 13c shows the change in TCV. The overall average TCV was between −0.5 (neu-
tral) and −2.5 (very uncomfortable). As the thermal stress level increased, the participants’
discomfort increased. Under the hot conditions of 27–29 ◦C, the TCV was between −1 and
−2.5, and the discomfort was the most intense.

Figure 13d shows the change in thermal acceptability. As the level of thermal stress
increased, the thermal acceptability in each case gradually decreased, and the thermal
acceptability was the lowest for the hot working conditions of 27–29 ◦C.

4.2. Relationships between Subjective Evaluation and Physiological Parameters

Table 7 shows Pearson correlation coefficients between the physiological parameters
and the subjective evaluation indexes. It can be seen from the table that the p(sig.) values
between TSV and various parameters were all less than 0.05, and there was a significant
positive correlation between physiological parameters and TSV. The correlation between
Tsk and TSV was greater (r = 0.534 **). It can be seen that skin temperature was the main
factor affecting the evaluation of human subjective thermal sensation. There was also a
significant positive correlation between HSV and physiological parameters (p < 0.01). The
correlation between SWp and HSV was greater (r = 0.509 **), followed by the mean skin
temperature. This suggests that as sweat increases the moisture of the human skin, the
more the human body sweats, the higher the participant’s HSV.

Table 7. Pearson correlation analysis between subjective evaluation and physiological parameters.

Tsk HR SWp M

TSV
Pearson 0.534 ** 0.495 ** 0.416 ** 0.318 *

p(sig.) 0.000 0.002 0.003 0.028

HSV
Pearson 0.494 ** 0.375 ** 0.509 ** 0.407 **

p(sig.) 0.009 0.002 0.000 0.004

TCV
Pearson −0.510 ** −0.335 * −0.379 ** −0.319 **

p(sig.) 0.001 0.046 0.008 0.002
Note: 0.01 < p ≤ 0.05,* significant correlation; p ≤ 0.01, ** significant correlation.

There was a significant negative correlation between TCV and various physiological
parameters (p < 0.05). Among them, Tsk had the highest correlation with TCV (r = −0.510 **).
Hence, skin temperature had a major impact on the subjective thermal comfort evaluation.

4.3. Sweating Position Voting

Figure 14 shows the sweating position voting and uncomfortable position voting
under the four different working conditions. With the increase in thermal stress level, the
proportion of participants’ sweating votes increased significantly, and the number of votes
for sweating parts increased. Among them, the proportion of sweating voting of head,
face, neck, chest and back was relatively large. These areas were obviously sensitive to
sweating and had a greater impact on the overall sweating vote. For the hip, thigh, leg and
foot, the proportion of the sweating vote was small, suggesting that the thermal regulation
range of each of these body parts is not the same, and the sweating situation of each part is
significantly different. The head and face sweat vote was high due to the use of goggles
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and masks which wrap the head very closely and hinder heat dissipation from the head.
In addition, the heat dissipation from human breathing is also blocked, which increased
the discomfort of the head and face. The head, face, neck, chest and back also accounted
for the largest number of uncomfortable voting, which shows that sweat has a significant
impact on human discomfort, and a large amount of sweat increases skin adhesion. Wet
skin increased the friction between skin and clothing, which aggravated the discomfort of
the participants.
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4.4. Temperature and Humidity Expectation Votes

Figure 15 shows the voting chart of participants’ expectations of ambient temperature
with the increase in heat exposure time. It can be seen from the figure that under the four
different working conditions, the expected value of external environment heating is 0, and
the expected value of personnel temperature is above 0.2. As the level of thermal stress
increased, the degree of expected external environment cooling increased. The average
expected vote of personnel temperature was 0.63, 0.72, 0.72 and 0.85 ◦C for each of the
four working conditions, respectively. As the duration of heat exposure increased, the
proportion of people expecting to become cooler also increased. When WBGT was 27–29 ◦C,
almost all participants expected the temperature to become cooler, and as the exposure
time increased, 100% of the participants finally expected the outside temperature to become
colder with expected values of 0.5–1. At this time, the temperature expected average vote
was 0.85. This suggests that under the thermal intensity of this environment, a control
method must be adopted to improve the thermal sensation and comfort of the participants.

Figure 16 shows the voting chart of participants’ expectations of ambient humidity
with the increase in exposure time under the four different experimental conditions. When
WBGT rose from 21–23 ◦C to 27–29 ◦C, the proportion of expected humidity drying
increased, with the average voting value increasing from 0.61 to 0.84, which indicates
that the high heat intensity environment led to the aggravation of human discomfort. At
27–29 ◦C, up to 92% of the participants had a strong desire to reduce the humidity. As the
experiment progressed, 100% of the participants finally expected the humidity to decrease.
This indicates that for medical staff who work for a long time in a high-heat and humid
environment, it is urgent to take measures to reduce the dampness of the human skin in
order to improve the comfort of the human body.
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5. Discussion

The experiments presented here were different from those that utilize experimental
cabins or chambers as they used the outdoor natural environment as the experimental site.
A lot of work has been done from the perspective of physiological reaction and subjective
perception of real participants. This study mainly conducted a preliminary evaluation of
the current situation in relation to the influence of medical protective clothing on human
thermal comfort in hot and humid environments. The degree of thermal stress damage to
the human body under different thermal stress levels was determined. Combined with
the surveys of participants, the correlation analysis of participants’ subjective feelings
and physiological parameters under different environments and gender conditions was
analyzed. When the WBGT index is between 25 and 27 ◦C, it is necessary to take cooling
measures to reduce the thermal stress damage to the human body. Based on the current
research and as a comparative experiment, the future experiments mainly focuse on the
cooling strategy of wearing protective clothing and choosing different cooling methods,
and propose a set of optimal cooling strategies. There are several aspects of the study that
can be improved upon:

(1) The research participants in the experiment were all university students in the
context of various epidemic prevention measures, so the conclusions may have some
limitations due to the physical condition and age of the participants. A wider sample range
should be considered in the future.

(2) Considering the human body’s heat stress response, the test time of the participants
was relatively short, and a follow-up study should consider longer test times appropriate
to the study of the tolerance of the human body.

(3) The experiment mainly focused on the study of human thermal comfort under four
different cases of WBGT index. Considering the problem of an equal number of people
and the proportion of men and women under each case, the sample size of participants
under each case was relatively small [32]; hence, the sample size needs to be expanded
in later studies. As a comprehensive indicator, WBGT cannot completely reflect the real
environmental conditions; therefore, an independent variable, e.g., air temperature or
relative humidity, may be used as the evaluation index to analyze human thermal comfort
in further studies.

(4) Due to the stress and danger experienced by nucleic acid sampling personnel, it
is difficult to achieve real on-site testing. If conditions permit at a later stage, we should
use real nucleic acid detection workers as the participants to increase the validity and
objectivity of the experiment.

(5) Due to the limitation of the experiment itself and the urgency of time, the measure-
ment method of body weight difference was used to calculate the metabolic rate, mainly
considering that the participants wore masks, which limits the measurement of oxygen
consumption. This could be improved upon in future studies.

6. Conclusions

An experimental outdoor work tent was used to study the thermal comfort of person-
nel in hot and humid environments. Using the wet bulb globe temperature (WBGT) index,
the thermal environment was divided into four working conditions: 21–23 ◦C, 23–25 ◦C,
25–27 ◦C and 27–29 ◦C. Changes in physiological parameters of the test personnel were
analyzed, and relationships between subjective feelings and physiological parameters of
the simulated nucleic acid sampling personnel were investigated. The following main
conclusions were drawn:

(1) When the WBGT index was between 25 and 27 ◦C, the human test participants
had uncomfortable thermal sensations. When the WBGT index was between 27 and 29 ◦C,
the test participants’ mean skin temperature was between 33.82 and 36.48 ◦C, their mean
heart rate was 106.12 bpm, their mean sweat production in the test period (one hour) was
135.24 g and their PSI index reached 4.1 (moderate heat strain), all suggesting a relatively
high level of discomfort.
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(2) In terms of gender differences, there was no significant difference in Tsk and HR
between male and female samples. There were significant differences in the SWp and M
between male and female samples (p < 0.05). The mean skin temperature and sweating of
the human body were the main factors affecting the subjective voting of participants. The
correlation degree between Tsk and TSV and TCV was the most significant (p ≤ 0.01), and
the correlation between sweating and HSV was significant (p ≤ 0.01).

(3) The forehead, chest and back were the three body locations with the highest skin
temperature. From the participants’ voting of sweating and uncomfortable positions, the
forehead, face, neck, chest and back accounted for the highest proportion of discomfort.
When the WBGT increased to 27–29 ◦C, 100% of the participants expected the external
temperature to be cooler and the humidity to be less, with expected values of 0.5–1. This
shows that measures must be taken to reduce the temperature and humidity of the human
skin surface in order to improve the thermal feeling and comfort of personnel.
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Nomenclature

COVID-19 Coronavirus Disease 2019
WBGT wet bulb globe temperature
tw wet bulb temperature, ◦C
ta dry bulb temperature, ◦C
RH relative humidity, %
tg black globe temperature, ◦C
Tsk mean skin temperature
SWp sweat production, g
M metabolic weight-loss, g
TSV thermal sensation votes
HR heart rate
HSV humid sensation votes
TCV thermal comfort votes
Subscripts
1 before the experiment
2 after the experiment
PC protective clothing
SG surgical gown
T towel
G glove



Appl. Sci. 2021, 11, 11492 18 of 19

References
1. Zhang, J.C.; Hao, X.M.; Zhou, G.T. A study on medical protective clothing and it’s properties of protectivity for SARS. J. Xian

Univ. Eng. Ence Technol. 2003, 17, 7.
2. Loibner, M.; Hagauer, S.; Schwantzer, G.; Berghold, A.; Zatloukal, K. Limiting factors for wearing personal protective equipment

(PPE) in a health care environment evaluated in a randomised study. PLoS ONE 2019, 14, e0210775. [CrossRef] [PubMed]
3. Rissanen, S.; Jousela, I.; Jeong, J.R.; Rintamaeki, H. Heat stress and bulkiness of chemical protective clothing impair performance

of medical personnel in basic lifesaving tasks. Ergonomics 2008, 51, 1011–1022. [CrossRef]
4. Laird, I.S.; Goldsmith, R.; Pack, R.J.; Vitalis, A. The Effect on Heart Rate and Facial Skin Temperature of Wearing Respiratory

Protection at Work. Ann. Occup. Hyg. 2002, 46, 143–148. [CrossRef] [PubMed]
5. Huaxia. More Than 1750 Construction Workers in Beijing Receive COVID-19 Nucleic Acid Tests on Friday. 2020. Available online:

http://www.xinhuanet.com/english/2020-06/26/c_139168537.htm (accessed on 1 July 2021).
6. Kumar, S.; Mathur, A.; Singh, M.K.; Rana, K. Adaptive thermal comfort study of workers in a mini-industrial unit during summer

and winter season in a tropical country, India. Build. Environ. 2021, 197, 107874. [CrossRef]
7. Du, C.; Li, B.; Yu, W.; Liu, H.; Li, C.; Yao, R. Moisture in clothing and its transient influence on human thermal responses through

clothing microenvironment in cold environments in winter. Build. Environ. 2019, 150, 1–12. [CrossRef]
8. Chen, Y.; Tao, M.; Liu, W. High temperature impairs cognitive performance during a moderate intensity activity. Build. Environ.

2020, 186, 107372. [CrossRef]
9. Zhang, S.; Zhu, N.; Lu, S. Responses of human perception and skin temperature to directed thermal radiation in hot environments.

Build. Environ. 2021, 197, 107857. [CrossRef]
10. Yokota, M.; Bathalon, G.P.; Berglund, L.G. Assessment of male anthropometric trends and the effects on simulated heat stress

responses. Graefe’s Arch. Clin. Exp. Ophthalmol. 2008, 104, 297–302. [CrossRef] [PubMed]
11. Yokota, M.; Berglund, L.G.; Bathalon, G.P. Female anthropometric variability and their effects on predicted thermoregulatory

responses to work in the heat. Int. J. Biometeorol. 2011, 56, 379–385. [CrossRef] [PubMed]
12. Zhao, M.; Gao, C.; Li, J.; Wang, F. Effects of two cooling garments on post-exercise thermal comfort of female subjects in the heat.

Fibers Polym. 2015, 16, 1403–1409. [CrossRef]
13. Troynikov, O.; Nawaz, N.; Watson, C. Medical protective clothing. Protective Clothing 2014, 20, 192–224. [CrossRef]
14. Celcar, D.; Meinander, H.; Geršak, J. Heat and moisture transmission properties of clothing systems evaluated by using a sweating

thermal manikin under different environmental conditions. Int. J. Cloth. Sci. Technol. 2008, 20, 240–252. [CrossRef]
15. Roossien, C.; Heus, R.; Reneman, M.; Verkerke, G. Monitoring core temperature of firefighters to validate a wearable non-invasive

core thermometer in different types of protective clothing: Concurrent in-vivo validation. Appl. Ergon. 2020, 83, 103001. [CrossRef]
16. Wang, F.; Chow, C.S.-W.; Zheng, Q.; Ke, Y.; Yang, B.; Zheng, X.; Noor, N.; Zhang, Q.; Zhang, C.; Zhou, H. On the use of personal

cooling suits to mitigate heat strain of mascot actors in a hot and humid environment. Energy Build. 2019, 205, 109561. [CrossRef]
17. Hertleer, C.; Rogier, H.; Vallozzi, L.; van Langenhove, L. A Textile Antenna for Off-Body Communication Integrated Into

Protective Clothing for Firefighters. IEEE Trans. Antennas Propag. 2009, 57, 919–925. [CrossRef]
18. Du, C.; Li, B.; Li, Y.; Xu, M.; Yao, R. Modification of the Predicted Heat Strain (PHS) model in predicting human thermal responses

for Chinese workers in hot environments. Build. Environ. 2019, 165, 106349. [CrossRef]
19. Sakoi, T.; Mochida, T. Concept of the equivalent wet bulb globe temperature index forindicating safe thermal occupational

environments. Build. Environ. 2013, 67, 167–178. [CrossRef]
20. Xu, J.; Psikuta, A.; Li, J.; Annaheim, S.; Rossi, R.M. Influence of human body geometry, posture and the surrounding environment

on body heat loss based on a validated numerical model. Build. Environ. 2019, 166, 106340. [CrossRef]
21. Sajad, Z.; Naser, H.; Elahi, S.H.; Rasoul, H.; Keyvan, S.; Saeid, A. Comparing Universal Thermal Climate Index (UTCI) with

selected thermal indices/environmental parameters during 12 months of the year. Weather. Clim. Extrem. 2018, 19, 49–57.
22. Fang, Z.; Feng, X.; Liu, A.J.; Lin, Z.; Mak, C.M.; Niu, J.; Tse, K.-T.; Xu, X. Investigation into the differences among several outdoor

thermal comfort indices against field survey in subtropics. Sustain. Cities Soc. 2019, 44, 676–690. [CrossRef]
23. Chong, D.; Zhu, N.; Zheng, G. Developing a continuous graphical index to assess heat strain in extremely hot environments.

Build. Environ. 2018, 138, 283–292. [CrossRef]
24. Bongers, C.C.; De Korte, J.Q.; Catoire, M.; Greefhorst, J.; E Hopman, M.T.; Kingma, B.; Eijsvogels, T.M.H. Infographic. Cooling

strategies to attenuate PPE-induced heat strain during the COVID-19 pandemic. Br. J. Sports Med. 2021, 55, 69–70. [CrossRef]
25. Potter, A.W.; Blanchard, L.A.; Friedl, K.E.; Cadarette, B.S.; Hoyt, R.W. Mathematical prediction of core body temperature from

environment, activity, and clothing: The heat strain decision aid (HSDA). J. Therm. Biol. 2017, 64, 78–85. [CrossRef] [PubMed]
26. Potter, A.W.; Gonzalez, J.A.; Karis, A.J.; Xu, X. Biophysical Assessment and Predicted Thermophysiologic Effects of Body Armor.

PLoS ONE 2015, 10, e0132698. [CrossRef]
27. Francesca, D.A.A.; Jacques, M.; Igor, P.B.; Giuseppe, R. WBGT index revisited after 60 years of use. Ann. Occup. Hyg. 2014, 58,

955–970.
28. Mochida, T.; Shimakura, K.; Yoshida, N. Comparison of Formulas for Calculating Average Skin Temperature and their Character-

istics. Ann. Physiol. Anthr. 1994, 13, 357–373. [CrossRef] [PubMed]
29. Stofan, J.R.; Baker, L.B.; Hamilton, A.A.; Horswill, C.A. Comparison of Regional Patch Collection vs. Whole-body Washdown for

Measuring Sweat Sodium Loss during Exercise: 2107: Board #248 May 28 9:00 AM–10:30 AM. Med. Sci. Sports Exerc. 2009, 41, 235.

http://doi.org/10.1371/journal.pone.0210775
http://www.ncbi.nlm.nih.gov/pubmed/30668567
http://doi.org/10.1080/00140130701813160
http://doi.org/10.1093/annhyg/mef015
http://www.ncbi.nlm.nih.gov/pubmed/12074023
http://www.xinhuanet.com/english/2020-06/26/c_139168537.htm
http://doi.org/10.1016/j.buildenv.2021.107874
http://doi.org/10.1016/j.buildenv.2018.12.066
http://doi.org/10.1016/j.buildenv.2020.107372
http://doi.org/10.1016/j.buildenv.2021.107857
http://doi.org/10.1007/s00421-007-0656-8
http://www.ncbi.nlm.nih.gov/pubmed/18196265
http://doi.org/10.1007/s00484-011-0441-6
http://www.ncbi.nlm.nih.gov/pubmed/21573821
http://doi.org/10.1007/s12221-015-1403-0
http://doi.org/10.1533/9781782420408.1.192
http://doi.org/10.1108/09556220810878865
http://doi.org/10.1016/j.apergo.2019.103001
http://doi.org/10.1016/j.enbuild.2019.109561
http://doi.org/10.1109/TAP.2009.2014574
http://doi.org/10.1016/j.buildenv.2019.106349
http://doi.org/10.1016/j.buildenv.2013.05.015
http://doi.org/10.1016/j.buildenv.2019.106340
http://doi.org/10.1016/j.scs.2018.10.022
http://doi.org/10.1016/j.buildenv.2018.05.009
http://doi.org/10.1136/bjsports-2020-102528
http://doi.org/10.1016/j.jtherbio.2017.01.003
http://www.ncbi.nlm.nih.gov/pubmed/28166950
http://doi.org/10.1371/journal.pone.0132698
http://doi.org/10.2114/ahs1983.13.357
http://www.ncbi.nlm.nih.gov/pubmed/7880325


Appl. Sci. 2021, 11, 11492 19 of 19

30. ISO 8993 2004. Ergonomics of the Thermal Environment-Determination of Metabolic Rate; International Organization for Standardiza-
tion (ISO): Geneva, Switzerland, 2004.
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