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Abstract

Whether humans are in an idle state, walking, or engaged in another type of movement, metabolic
activity is the key influential factor in comfort. However, there are a limited number of studies on the
thermal comfort experienced by people while they walk, even though this state of motion is most
common for daily commuting in modern societies. The predicted mean vote (PMV) model, the
prevalent thermal comfort index, is restricted in terms of the accurate prediction of dynamic change
in the thermal environment, such as that associated with walking. To study the thermal comfort of the
walking process, a series of experiments were carried out in the badminton gym of Guangzhou
University, in which 30 subjects were asked to walk at different speeds for 20 min and sit for 10 min.
The thermal parameters were recorded during the experiments and the thermal perceptions of the
subjects were collected. The results revealed a certain relationship between thermal sensation votes
and physiological indexes. Typically, it takes the human body 3-5 min to reach a new metabolic
level after walking, whereas it needs 4-5 min to return to a normal sedentary state from exercise.
Moreover, surrounding airflow disturbances caused by walking enhances the heat transfer between
the human body and surrounding thermal environment, leading to variations in thermal and air
movement sensations. The neutral walking speeds which are affected by the outdoor thermal comfort
experienced by the subjects while they were walking, were also determined.
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surrounding airflow disturbance

1. Introduction

Presently, for healthy living, there is a renewed interest in walking as opposed to driving in
traveling short distances. In addition, thermal comfort, as one of the main factors affecting the
quality of life and liveability, is attracting a great deal of attention in urban planning and design [1].
Whether comfortable indoor or outdoor spaces, thermal comfort is beneficial to the physical,
environmental, economic, and social aspects of urban development [2]. Moreover, remarkable
improvement due to continuous research is encouraged by the demand from the public for thermal
comfort.

Over the past few decades, many studies have been conducted on indoor thermal comfort, but
they concentrated mainly on static or stable motion. For instance, the predicted mean vote (PMV)
model is the prevalent thermal comfort index. However, PMV was widely used for steady-state
thermal environment evaluation [3]. Nicol and Humphreys noted that PMV was only suitable in a
moderately steady environment [4]. Thus, in terms of accurate prediction of dynamic change in the
thermal environment, the usage of PMV is restricted. In addition, the adaptive thermal comfort (ATC)
model is another thermal comfort approach gaining attention, in which occupants are not only
passive recipients of the environment but are also able to adapt and adjust actively to the
surroundings through physiological acclimatisation, psychological adaptation, and behavioural
adjustment [5,6,7,8]. The metabolic rate is a crucial physiological index for both PMV and ATC
models.

The heat balance mechanism of the human body depends on the energy exchange between man
and the environment. Energy metabolism is an essential part of the energy exchange. As a
representative parameter for human energy metabolism, the metabolic rate has a significant influence
on thermal sensation and comfort [9]. The prevalent metabolic rate estimation method in thermal
comfort research and practice is called an ‘activity diary’, which regards the metabolic rate as a
constant value based on the current and present activity level of an individual [10,11]. When
calculating the PMV value, the metabolic rate obtained under a certain activity level is a constant

value. However, while people are walking, their metabolic rates change over time. Thus, the method
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of assuming a constant value for the metabolic rate may not be sufficiently accurate to sustain precise
thermal comfort modelling, as it does not consider individual variability in sex, age, and body mass
index (BMI) [12,13]. Regardless, few studies consider dynamic changes in metabolic rate.

Because of the above-mentioned limitations, considerable research efforts exist for solving the
problem of estimating the metabolic rate. For example, Hasan et al. [14] provided continuous
feedback regarding the average metabolic rate by using wearable devices on building occupants.
Havenith et al. [15] studied some personal factors in thermal comfort assessment and reported that
the metabolic rates of 1ISO 8996 are not sufficiently accurate. Furthermore, to examine comfort under
transient conditions, studies of the metabolic rate in the state of motion has emerged. In a field study
on activity rates in an office environment, Colton and Larsen [16] examined the response of the
metabolic rate to physical activity. These studies show that the change in metabolic rate during the
exercise state does cause a change in the thermal sensation of the human body, some of which
provide a method of reference for the estimation of the metabolic rate.

In addition, Schnorr et al. [17] studied variations in metabolic adaptation in the recovery period
after exercise. In their study, Fabbri et al. [18] administered questionnaires to children to collect data
to validate a proposed method for calculating metabolic rate from instantaneous heart rate. Ji et al.
[19] proposed a new method to study human metabolic rate changes and thermal comfort in physical
exercise by CO, measurement in an airtight chamber. These studies were concerned with the changes
in the metabolic rate and thermal comfort during the dynamic process of instrument exercise. To date,
there have studies on the thermal comfort of been few people walkers, though this state of motion is
the most common for daily commuting in modern societies.

Therefore, to improve the thermal environment, based on the existing research [20], we study
the thermal comfort under the dynamic process of human natural walking conditions. The study
involves various external environmental factors, as well as the comprehensive effect of the regulation
of the thermal comfort of the human body. Many studies [21, 22, 23, 24, 25, 26, 27, 28] have
established models of human thermal comfort in an outdoor environment, and several of the these
have been carried out regarding the mechanism of human body regulation [29]. To help urban
planners develop sustainable development plans, outdoor thermal comfort prediction methods are

constantly being proposed [30, 31], and various proposals for optimising outdoor thermal comfort
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have been presented [32, 33]. Usually, natural walking occurs outdoors. Considering that the outdoor
environmental parameters—sunshine and shade, air temperature, wind speed, and direction—are
highly variable and complex, the heat balance mechanism of the body is accordingly variable and
complex [34, 35]. Therefore, to controlling some of the outdoor conditions that are usually difficult
to control under working conditions, this research considers indoor natural ventilation without air
conditioning. With this research plan, we moved outdoor research to a more stable indoor
environment. Thus, the influence of most of the indoor environmental parameters is regarded as
constant, and the only variable factor affecting the walking subjects is the air velocity. This study

will pave the way for further expansion of outdoor research.

2. Methods

2.1 Experimental facility

The experiment was carried out in the badminton gym of Guangzhou University. Figure 1
shows the testing environment. During the experiment, three thermal comfort level recorders were
set up in the middle and at both ends of the venue to measure the indoor environmental parameters.
The measurements taken by the recorders placed near the subjects were carried out at a height of

1.1 m [36]. The main meteorological parameters were collected according to ASHRAE Standard

55-2017 [37].

2.2 Experimental design

2.2.1 Testing conditions

The experiment was carried out from March 2019 to April 2019, which is typically springtime
in Guangzhou. According to the testing data, the range of indoor air temperature was 22 + 2 °C and
the relative humidity was 80% + 10%. Detailed parameters of the testing conditions are shown in

Table 1.
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2.2.2 Testing procedure

The experiment design focused on the dynamic change process for the auditory canal
temperature, heart rates, metabolic rates, and heat storage at different exercise intensities together
with the influence of all these factors on thermal comfort. Subjects were recruited to walk at an
average velocity of 1.2 m/s, 1.4 m/s, 1.6 m/s, and 2.0 m/s in the gym. While the first two velocities
were defined as slow-walking, the latter was defined as fast-walking. A metronome was used to keep
subjects walking at the average velocities. During the experiments, subjects were asked to hold the
wireless universal wind speed and temperature recorder at navel height. This is generally between 80
cm and 115 cm, with variations depending on the differences in subjects’ heights.

We divided the experimental conditions into phases as follows. Phase 1, in which the subjects
sat for 30 min, was designed as a control group and denoted the preparing period. During Phase 2,
the exercising period, subjects were asked to walk for 20 min. In Phase 3, the rest period, subjects sat

for 10 min to cool down. The specific experimental procedure is shown in Fig. 2.

2.2.3 Testing instrument

During the survey days, the indoor environmental parameters were recorded simultaneously.
The environmental parameters measured included air temperature (T,), relative humidity (RH), globe
temperature (T,), and air velocity (Va). Furthermore, physiological indexes including auditory canal
temperature and heart rate were also measured. The heart rate of the subjects was measured with a
smart bracelet and auditory canal temperature was measured with an infrared thermometer. Auditory
canal temperature was measured instead of body temperature. Many experiments investigating the
feasibility of infrared tympanic thermometer suggested that rectal temperature was the best way to
reflect the core temperature of the human body [38, 39]. Greenleaf et al. [38] suggested in his study
that the extreme difference between rectal temperature and auditory canal temperature may reach
1°C. The research by Modell et al. [39] refuted the feasibility of infrared tympanic thermometer in
clinical practice. Relatively speaking, the accuracy of temperature accuracy in clinical practice is
relatively high, and Greenleaf et al. [38] have suggested that auditory canal temperature is the most

appropriate way to reflect the mean body temperature. Furthermore, since rectal temperature
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measurement is difficult to achieve in dynamic testing, we finally chose to measure the auditory
canal temperature, it is the most convenient and feasible method to measure the body temperature in

this experiment. Detailed information on the instruments used in the experiment is given in Table 2.

2.3 Subjective questionnaire and physiological measurement

In total, 30 college-aged subjects in good health were recruited, composed of 18 males and 12
females. For both sexes, the average age and body mass index (BMI) were approximately 22.3 years
and 19.2, respectively. The basal metabolic rate (BMR) of males was higher than that of females.
Each subject participated in all three procedures at four different walking velocities. The
experimental procedure was clarified to the subjects at the beginning of the experiment, and body
parameters, such as height, weight, BMI, and BMR, were tested by a unified instrument. More
detailed profiles are listed in Table 3. For each subject, the clothing insulation (Iclo) was also
estimated. A list of clothing insulation for individual commonly worn garments is derived from the
ASHRAE handbook [40]. During the experiment, the subjects were asked to dress in uniform, with
long-sleeved shirts, thin trousers, socks, and sneakers, given that the thermal resistance of clothing
was 0.61 clo.

The questionnaire used in the experiment [41] included two parts. The first part investigates the
thermal sensation vote (TSV) and the air movement sensation vote (MSV) under the condition of the
sit-in of subjects. The second part investigates not only the TSV and MSV during the exercising
periods but also the physiological indexes at each testing moment. The scales of the subjective vote
are shown in Table 4, found to be in accordance with the thermal environment in the ASHRAE

Standard 55 [37] and ISO 7730 [42].

2.4 Data processing

2.4.1 The principle of metabolic rate measurement

Usually, the metabolic rate of the human body during a period can be calculated by the amount
of O, inhaled and the amount of CO, exhaled [43]. In addition, the human metabolic rate can be

measured [3] with a surrogate method, e.g., heart rate. The surrogate method is simpler and more
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convenient than the breathing method with inhaled O, and exhaled CO, concentrations. Therefore, in
this study, the heart rate was measured in the subject as a proxy for the metabolic rate. The
relationship between the measured metabolic rate and the heart rate was calculated by the following

equation [3]:

HR -HR,
=—9%4
RM
Where M’ is the metabolic rate (W/m?); My is the metabolic rate in the inactive state (W/m?); HR is

M’ M, , 1)
the heart rate at the moment; HRy is the heart rate at rest, under thermally neutral conditions; and RM

is the increase in the heart rate per unit of metabolic rate, which is stated by the following formula,

M = HRum —HR, @)
MWC - M,

Wwhere HRmax IS the maximum heart rate, HRmax = 205-0.62 x A, and MWC is the maximum

working capacity described in the following formulas:

MWC . =(41.7-0.22x A)x W**(W/m?) (3)

MWC,, . =(35.0-0.22x A)x W***(W/m?) (4)

fermale

Wwhere A is the age in years, and W is the weight in kg.

2.4.2 The principle of heat storage measurement

According to Equation (5-8), the heat storage (S) of the human body can be calculated [44, 45]
as

S=M-W-R-C-E. (5)
The value of R (radiant heat transfer), C (convective heat transfer), and E (evaporating heat transfer)

can be described in the following formulas:

R :fclhr(tcl _tr) (6)

1
f —
¢ (1+0.155x(h,+h )xI1,)

(6.1)

h="f_e[(t, +273.15)* +(t, + 273.15)°]x[(t, + 273.15) + (t, + 273.15)]x5.67x10°  (6.2)

t, =35.7-0.032M —0.181, {-3.4x10°F, [(t, +273.15)" —(t, +273.15))] + f h, (t, —t,)}(6.3)
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where fg is the clothing area coefficient; h; is the radiation heat transfer coefficient (W/(m?. °C)); t is
the clothing surface temperature (°C); t; is the mean radiant temperature (°C); frq IS the correction
coefficient of effective surface area of human body; ¢ is the surface emissivity of human body; I is

the effective thermal resistance of clothing (m? - kPa/W); and t, is the air temperature (°C).

C=.':t:lhc(tcl _ta) (7)
h, =8.6v"° (7.1)

where h, is the convective heat transfer coefficient (W/(m? - °C)).

E = Esk +(Cres + Eres) (8)
Esk :('O(psk _pa)Reclhe (81)
R, - L (8.2)
(1+0.143xh x1)
LR =N (8.3)
hc
t,, =33.876—0.641M (8.4)
C,, +E, =0.0014M(34—t,)+0.0173M(5.87 - p,) (8.5)

where o is the moisture index of skin; ps IS the vapour pressure of water on the skin surface (kPa); pa
is the vapor pressure of water in air (kPa); Rec is the wet permeability coefficient of clothing; he is

the coefficient of evaporating heat transfer (W/(m? - kPa)); and ty is the skin temperature.
2.4.3 Data analysis

During the experimental process, the mean thermal sensation vote (MTSV), mean air movement
sensation vote (MMSV), auditory canal temperature, heart rate, and metabolic rate were recorded on
a chart. The correlation between the variables was found using linear regression.

The experimental data were prepared and organised in Excel 2019, including the input of raw
data, sorting, and averaging. All statistical analyses were performed using IBM SPSS Statistics 20,
including the fitting of linear regression equations and the calculation of linear regression correlation

index R The figures and charts were created using IBM SPSS Statistics 20 and Origin 9 in
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accordance with the calculated thermal comfort responses.

3. Results

3.1 Variation in the thermal environment parameters

Table 5 shows the comparison of thermal environment parameters. In Table 5, the air velocity
varied greatly. An insignificant difference exists in most of the parameters across the test states. Thus,
the difference of thermal comfort at different walking speeds is not only related to the metabolism
but also to the power of the disturbed air velocity around it. Therefore, in this investigation, the
analysis of the disturbed air velocity at each walking speed was significant.

Fig. 3 shows the disturbance of the air velocity at different walking velocity levels. The average
velocity of the natural wind was 0.13 m/s. With an increase in walking speed, the air velocity
increases over that of natural wind. Under the condition of slow-walking, the disturbance effect of air
velocity was similar, with the average value near 0.75 m/s. Under the condition of fast-walking, the
air velocity disturbance caused by the walking speed of 2.0 m/s was stronger, with an average value
of 1.11 m/s.

Fig. 4 shows the spectral distribution characteristic of each air velocity. From Fig. 4, the power
spectral density of the natural wind was the smallest at the same frequency, and the power spectral
density increased with an increase in the walking speed, which shows that the surrounding air
velocity disturbance was caused by walking. The turbulent energy of the wind increased. The faster

the walking speed was, the higher kinetic energy input was by disturbance.

3.2 Analysis of the subjective evaluations

During the experimental process, the MTSV (mean thermal sensation vote) and MMSV (mean
air movement sensation vote) of the subjects were collected. Fig. 5 shows the percentage of voting
values in different walking states. The threshold of the voting value in the walking states can be

shown intuitively. The results show that more than 50% of the votes correspond to the neutral
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sensation (0) during slow-walking. However, during fast-walking, the thermal sensation always
exceeded the neutral sensation. The total of the percentages of +1, +2, and +3 during fast-walking
was near 60%. Only a few people felt neutral. However, when subjects walked slowly, the total
percentages of +1, +2, and +3 was only 30%. Thus, it was necessary to analyse the differences in the
thermal sensation between the different walking velocities.

Fig. 6 shows the variation in MTSV (mean thermal sensation vote) with time. From Fig. 6, the
slope of MTSV (mean thermal sensation vote) increased gradually under the condition of stable
temperature and humidity and an increased walking speed. The faster the speed, the higher the final
stable stage was. At different walking velocities, the MTSV (mean thermal sensation vote) increased
from 0 to 15 min and tended to stabilise within 15-20 min. It soon returned to the initial sit-in state
10 min after walking.

Fig. 7 shows the variation in MMSV (mean air movement sensation vote) with time. At the
beginning of the exercising period, MMSV (mean air movement sensation vote) was slightly weak.
However, it increased rapidly from 0 to 1 min. At 1-20 min, MMSV (mean air movement sensation
vote) dropped steadily and slightly. The values of the average slope "k" for each walking speed
indicated the overall decreasing MMSV (mean air movement sensation vote) during the experiment.
During the rest period, the MMSV (mean air movement sensation vote) of subjects with a walking
speed of 2.0 m/s fluctuated greatly. At the beginning, the MMSV (mean air movement sensation vote)
decreased rapidly to a slightly cool sensation (—1) before returning to approximately —0.5. The
variation in MMSV (mean air movement sensation vote) under other conditions was similar,
decreasing only slightly at first and finally stabilising at approximately —0.5.

To predict the variation in MTSV (mean thermal sensation vote) with walking speeds, a
regression analysis between MTSV (mean thermal sensation vote) and walking speed was
determined, as shown in Fig. 8. The R?of the fitting line was approximately 0.98, indicating that the
MTSV (mean thermal sensation vote) and v have a strong linear relationship. In Fig. 8, we can see
that when the walking speed reaches 1.03 m/s, the MTSV (mean thermal sensation vote) in the
exercising period was zero, which indicated that in this walking condition, the thermal sensation was
at neutral. For walking speeds between 0.65 m/s and 1.4 m/s, the MTSV (mean thermal sensation

vote) was between 0.5, which indicated that the thermal sensation was in the comfort zone within

10
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this walking speed range. If the environment is similar to the testing conditions, thermal sensation

prediction at different walking speeds can be achieved.

3.3 Variations of physiological indices

Investigations have found that there are significant positive correlations between the heart rate
and exercise intensity and between that and energy metabolism. Particularly in exercise, the load
intensity increases gradually, and the energy metabolism demand increases. Thus, the heart rate
should also increase [43]. Therefore, the heart rate can be used to reflect exercise intensity and
human body metabolism. In addition, there is a positive correlation between the auditory canal
temperature and metabolism. Hence, in the experiments, we recorded the heart rate and auditory
canal temperature at each testing moment.

According to the measurement results, the range of heart rate was 60-110 bpm. The auditory
canal temperature range was 36.2— 37.0 °C. Under normal conditions, the heart rate fluctuations did
not exceed 100 bpm. The fluctuations in the auditory canal temperature were usually not more than
approximately 1 °C [46, 47]. Thus, the relative changes in heart rate and auditory canal temperature
as average values were analysed.

Fig. 9 shows the average changes in auditory canal temperature. In Figure 9(a), AT=T
(time(i))-T (time(i=0)), while in Figure 9(b), AT=T (time(i))-T (time(i-1)). When the value of this
moment is compared with the value of the previous moment, when the difference is within a certain
range, it can be considered that a certain dynamic process becomes relatively stable. Therefore, in
addition to comparing the value of each testing moment with the initial value, we also compare the
value with the previous moment. As shown in Fig. 9(a), the subjects’ average auditory canal
temperature showed a downward trend at each walking velocity. The faster they walked, the faster
the average auditory canal temperature dropped. Many exercise experiments conducted in
steady-state laboratories have shown that body temperature is elevated during exercise [48, 49, 50].
The difference between our walking test and these experiments is that the human body is subjected to
a more pronounced airflow disturbance during walking. When the walking begins, the body's heat
production cannot be quickly transmitted to the surface of the human body, which will cause a

certain degree of delay. However, when people start to walk, the airflow disturbance is immediately
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generated, and this intensified convective heat transfer directly affects the surface of the subjects,
which will enhance the heat dissipation of the human body, so the mean body temperature will first
decrease. Then it rises because the body's heat production has been transmitted to most parts of the
body. Fig. 9(b) shows that from 9 min to 20 min, regardless of walking speed, the difference between
auditory canal temperatures was controlled to within £ 0.075 °C, meaning that the temperature of the
human body can remain relatively constant. During the rest period, the auditory canal temperature
showed a state of rapid recovery. At a rest time of 10 min, the auditory canal temperature of the
subjects had already returned to the initial state. At that time, AT compared with the initial value) WaS lower
than 0.125 °C. The subjects who had a faster walking pace experienced a faster recovery rate of the
auditory canal temperature.

To predict the maximum range of decline possible in the subject auditory canal temperature, a
regression equation for the maximum auditory canal temperature drop and walking speed was
obtained by a fitting curve (Fig. 10). The results indicated that an excellent linear relationship existed
between ATma and v, with an R? of approximately 0.84. Based on the regression model, we can
easily predict the mean maximum auditory canal temperature drop at a known walking speed.

Fig. 11 shows the average changes of heart rate. In Figure 11(a), A Heart rate=Heart rate (time
(i))-Heart rate (time (i=0)). In Figure 11(b), AHeart rate=Heart rate (time (i))-Heart rate (time (i-1)).
As shown in Fig. 11(a), the heart rate rose rapidly in 1 min at the beginning of the exercising period.
Then, the rate of rise slowed down. From Fig. 11(b) it can be seen that, from 3 to 20 min, the
difference in the heart rate was kept stable in the range of £10 bpm. The change in the heart rate was
relatively constant at this time. During the rest period, the heart rate decreased rapidly within 5 min.
After 10 min of rest, the heart rate returned to almost the same level as during the sit-ins, in which
AHR was lower than 7 bpm.

To predict the maximum possible range of change in heart rate, a regression equation was fitted
for the maximum heart rate change and walking speeds, as shown in Fig. 12. The R?of the fitted
model was approximately 0.92, which means that AHRyax and V have a strong linear relationship.

Based on Equation (1-3), the average metabolic rate (M) of the subjects at each walking speed
can be calculated. Fig. 13 shows the variation in the mean metabolic rate with time. ASHRAE

Standard 55-2017 gives an estimate of the energy metabolic rate of adult men at different activity

12
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levels, with a metabolic rate of 2.6 met for walking at 1.2 m/s and a 3.8 met for walking at 1.8 m/s.
Calculated by the difference method, the estimated metabolic values of 1.4 m/s, 1.6 m/s, and 2.0 m/s
are 3.0 met, 3.4 met, and 4.0 met, respectively. Compared with the metabolic rate estimation table
given in ASHRAE Standard 55-2017, we can see from Fig. 13 that the actual mean metabolic rate is
lower than the estimated value within 5 min of walking. By the fifth minute of walking, the actual
average metabolic rate is close to the estimated value.

Fig. 14 shows the variation in heat storage with time. From Fig. 14, S appears to stay positive
from the beginning to the end of the slow-walking condition. Meanwhile, under the fast-walking
condition, S decreased to a negative value during the beginning of walking. At the beginning of
1 min, it turned to positive growth and then increased to positive values.

Fig. 9 to Fig. 13 show that the auditory canal temperature of the subjects decreased rapidly
when they began to walk in the first 5 min. However, the metabolic rate change showed an upward
trend. The primary reason was that heat production in the human body had not covered the loss of
heat from the enhancing convective heat transfer through the skin due to walking.

From 5 min to 20 min, except for the velocity of 2.0 m/s, the metabolic rate of the subjects for
the other walking speeds maintained a small amount of fluctuation at a certain level. At this time, the
body produced sufficient heat to compensate for the dissipation of heat from the surface of the skin.
The body maintained a heat balance through the automatic heat balance mechanism.

As for the case of 2.0 m/s, the metabolic rate remained relatively stable from 5 to 11 min but
continued to decline from 11 min to the end of the test. The reason for the decline was that 2.0 m/s
was fast enough to increases the disturbance of wind speed around the skin, which accelerated the
evaporation of sweat on the skin surface. When the sweat evaporated, the surface heat dissipation of
the subjects increased. When the heat production equalled the heat dissipation, the human body
achieved balance, and the body started the automatic regulation mechanism to reduce the metabolism.
After the rest period, the metabolic rate of the subjects recovered steadily, equalling 0.25 met, which
was lower than the metabolic value of the lower 1 met in the sit-in state. This indicated that the
metabolic rate calculated by the heart rate was slightly lower than that of the actual condition.

Combined with the analysis of heat storage, MTSV, and MMSYV, it was found that under the

condition of slow-walking, the metabolic heat production increased rapidly, which exceeded the heat
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dissipation of the human body. In the case of fast-walking, at the beginning the wind speed
disturbance clearly strengthened the heat dissipation on the surface of the skin and the metabolic heat
production rate was not sufficient to offset the heat dissipation. Thus, the S volume showed a
negative increase. The subjects briefly felt a slight cold when the walking test began with a
significant drop in the auditory canal temperature. Then, due to the automatic regulation mechanism
of the human body, the metabolic heat was gradually increased to balance the heat dissipation. The S
began to show positive growth. As for the case of 2.0 m/s, from 11 min, S decreased rapidly. The
perspiration rate on the skin surface of the subjects increased, along with the amount of heat removed
by sweat evaporation. However, the metabolic rate remained basically unchanged, which led to a
significant decrease in human heat storage. At the stage of S decline (within 11-15min), the MMSV
(mean air movement sensation vote) had no significant change. However, the MTSV (mean thermal
sensation vote) even increased steadily, which indicated that the subjective evaluation of human
thermal comfort was not synchronized with the adjustment of mechanism regulating human heat
balance. By 15 min, the sweat almost evaporated, and S showed an upward trend again.

To obtain the relationship between S and M, a curve regression model was fitted to analyse,
shown in Fig. 15.

The S of the subjects at all walking speeds increased with |[AT| except at 2.0 m/s. During the rest
period, with a decrease in |AT|, S also decreased gradually. In the case of 2.0 m/s, the relationship
between S and AT in the exercising period could be categorized as two stages. The process of the
first stage was similar to that of the other speed, and the relationship between |AT| and S can be
described by a quadratic polynomial. When AT was lower than —0.37, there was a linear relationship
between AT and S.

During the experimental period, a quadratic polynomial could describe the correlation between
AT and S accurately. As a result, the variation in the auditory canal temperature was not synchronised
with the variation in heat storage. Changes in auditory canal temperature exhibit hysteresis,
occurring after a period of exercise. The primary reason is that during the walking process, the rise of
heat storage under the adjustment of mechanism regulating human heat balance caused the increase
of auditory canal temperature. This adjustment process takes some time to complete. Therefore, the

growth of heat storage in exercising period was manifested by a rise in auditory canal temperature
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during the rest period.

During the experiment, the results revealed that there was a certain correlation between MTSV
(mean thermal sensation vote) and S. Fig. 16 shows the relationship between MTSV (mean thermal
sensation vote) and S. During the exercising period, a cubic polynomial function describes the
correlation accurately. For the slow-walking case, S tends to be stable for an MTSV (mean thermal
sensation vote) between 0 and 0.8. When fast-walking, S tended to be stable at the voting range of
0.5 to 1.5. QOutside the stable region, S increased rapidly with MTSV. In addition, in the case of 2.0
m/s, when MTSV (mean thermal sensation vote) was between 2 and 3, it was impossible to fit the
trend line because of the small amount of data and the significant fluctuation.

During the rest period, with the decrease in MTSV, S decreased as well. A quadratic polynomial

could describe the correlation accurately.

4. Discussion

4.1 Effect of body heat balance regulation mechanism on thermal comfort

In the investigation, the physiological indexes (e.g., auditory canal temperature and heart rate)
related to the heat balance regulation of the human body were tested and analysed. The heart rate
method [18] was used to calculate the metabolic rate. Then, by comparison with the MTSV (mean
thermal sensation vote) and MMSYV, the thermal comfort of the human body at different walking
speeds was found.

The results revealed that there were some differences in the changes of indexes in the heat
balance mechanism. In the analysis of the physiological index, the change in heart rate was
instantaneous, and the heart rate changed immediately after the start of exercises. However, changes
in auditory canal temperature exhibit hysteresis, occurring after a period of exercise. Previous
investigations have demonstrated that the heart rate was one of the surrogates for measuring the
amount of exercise performed [51], as in this investigation. Therefore, it is considered that compared
with the auditory canal temperature, the change in heart rate can more intuitively reflect the change

in the metabolic rate of the human body.
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Second, based on the analysis, it was easy to find whether a certain time difference exists
between the subjective vote of thermal comfort and the regulation of the heat balance mechanism.
The subjective evaluation of the human thermal comfort lagged behind the mechanism regulating
human heat balance. When the body started to adjust, the subjective sensations had not changed.
When the movement stopped, the influence of metabolic rate on the subjective sensations of thermal
comfort continued for a while. Miao et al. [52] had found that the skin temperature in various parts of
the human body, as well as the subjective psychological thermal sensation, increased with the
gradual prolongation of exercise time. According to the Cheung [53] study of the correlation between
thermal sensation and physiological reaction, during the all-around movements, appropriate
physiological stress effect may reduce discomfort, and psychological intervention can slow the strain
effect of the thermal sensation and prolong motor performance. Gagge [54] proposed a 2-node model
of human thermal regulation, which clarified the separation in the skin temperature and thermal
sensation. It was expressed as the “leading” of cold sensation and the “lag” of thermal sensation.
Thus, the results of this investigation can be explained by the previous submissions from the Gagge
findings.

Ji et al. [19] studied the human metabolic rate changes and thermal comfort in physical exercise
by asking subjects to ride a spinning bike. They found that it usually took the human body 5-6 min
to reach a new metabolic rate level after exercise begins and 7-9 min to return to a normal sedentary
level from the exercising state. In this study, subjects were asked to walk at several speeds. It took
the human body 3-5 min after walking to reach a new metabolic level. The metabolic level returned
to a normal sedentary level from the exercising state in 4-5 min after walking stops. Comparing both
investigations, the walking process reached a balanced metabolic level faster than did the riding
process. It took less time to return to the initial state after stopping the exercise. Therefore, when
setting the indoor environment parameters, full consideration of the active state of the human body
for a period of time before entering the room should be considered. The occupant movement state in
the room cannot be ignored, either.

Through the regression analysis of the experimental data, we obtained the relationship between
the maximum change in the auditory canal temperature, the maximum change in the heart rate and

the walking speed. Therefore, when the walking speed was known, the threshold of auditory canal
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temperature and heart rate could be quickly calculated. In the regression analysis of AT and S, the
relationship between change in temperature and change in S was obtained, which directly reflected
the lag in the temperature change. Through the regression analysis of MTSV (mean thermal
sensation vote) and S, it was found that the change in S would affect the thermal sensation of the
human body. It showed that when the exercise state was stable, S remained constant. However, the
thermal perception continued to rise, which revealed the persistence of the effect of heat storage on
the thermal perception. The state of motion at the previous moment was the cause of the change in
the thermal sensation at this moment. Based on the above analysis, the influence of the continuous
process of walking on thermal comfort should be given more attention when designing the interior

environment, not just in the stable state of outdoor space.

4.2 Adaptability of PMV

In this investigation, MTSV (mean thermal sensation vote) was collected, and PMV was
calculated. Fig. 18 shows the difference between MTSV (mean thermal sensation vote) and PMV
under different experimental conditions. There were some deviations between TSV and PMV
predictions. Fig. 17 showed that PMV was too high to predict the thermal sensation votes of the
subjects during the exercising period for walking speeds of 1.2 m/s, 1.4 m/s, and 1.6 m/s. However,
in the case of sit-in during the preparing period, the value of PMV and TSV was close, which
indicates that PMV was more suitable for predicting the static state than the dynamic process [55].

It is well known that the PMV model is typically used to predict thermal sensations when
human thermal equilibrium reaches a steady state after staying in a stable environment for a period of
time [56, 57]. The reason is that PMV comprehensively considers the six factors of human activity
level—clothing thermal resistance, air temperature, mean radiation temperature, air humidity, and air
flow rate. During the calculation process, each factor adopts steady-state parameters, which are often
assumed or simplified. For example, the metabolic intensity using the average value of a steady-state
activity process during the calculation, and the dynamic process of the human body in real time
cannot be displayed. However, TSV represents the real-time thermal sensation of the subjects during
this dynamic walking period; thus, there must be a difference between the PMV and TSV values.

From the results of this study, the PMV predicted value is higher than the actual voting value. For a
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walking speed of 2.0 m/s, the values of PMV and MTSV (mean thermal sensation vote) were not
much different, as shown in Fig. 17. The primary reason may be the compensation of the surrounding

air flow.

4.3 Effect of disturbance air velocity on thermal comfort

Just as people are sensitive to acoustic waves in a certain frequency range, the human body is
also sensitive to airflow in a certain frequency range. Many studies [46, 47] have focused on the
effects of airflow velocity and power spectral density on the human thermal sensation in a sit-in
position. Luo et al. [58] found that it was possible for subjects to remain thermally comfortable under
warm conditions of 28 °C and 30 °C, with air flows corresponding to the most suitable air velocity
range of 0.4-0.6 m/s and 0.7-0.9 m/s, respectively. Xia et al. [59] found that the higher the pulsation
intensity of the airflow was, the more likely it was to cause a blowing sensation, resulting in a model
for predicting the probability of blowing sensation under an isothermal environment. However, so far,
few investigations had concluded that air velocity had any effect on human thermal comfort when
walking.

Ouyang et al. [60] summarised the difference between natural wind and steady-state airflow
from the perspective of spectral characteristics, revealing that the B value of the natural wind
(average negative slope of logarithmic power spectrum curves) is generally between 1.4 and 1.7. As
shown in Fig. 4, the natural wind has a 3 value of 1.55, which is within the above range. When the
walking speed increases, the B value decreases. With the increase in walking speed, the beta value
decreases gradually. In Fig. 8, the MTSV (mean thermal sensation vote) falls in the comfort zone
during slow-walking. At this time, the B values of the two velocities are 1.15 and 1.22, respectively,
which is closer to the B values of the natural wind than that of the fast walking. Zhou et al. [61]
demonstrated through climate chamber experiments that for a seated person, the simulated natural
wind (B value is close to the natural wind) was more widely accepted by subjects than other forms of
mechanical wind. The result of our walking experiment is consistent with this conclusion.

In addition, the results in this investigation show that the higher the walking speed was, the
greater the disturbance of the surrounding air velocity was, the greater the energy of the surrounding

air velocity to the human body was, and the greater the heat loss from the skin surface was.
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Moreover, when the walking speed and walking time increased to a certain level, the air velocity had
a certain compensation effect on the heat production of the human body. When the subjects walked at
a speed of 2.0 m/s, the above compensation effect would occur. Obviously, the exercising state of the
human body can affect the thermal comfort. The air velocity disturbance at different walking speeds
was different from that of the heat balance. Therefore, when the indoor thermal environment

parameters were set, the motion state of the human body in the room should be fully considered.

4.4 Limitation of this study

There are some limitations to this study that deserve discussion. Fig. 11(a) shows that when
walking at a velocity of 2 m/s, the average change in heart rate has a small downward trend after 10
min. We search for the studies in the field of physiology, none of them reported a drop of heart rate
during exercise. Buchheit et al. [62] and Boullosa et al. [63] studied the changes in heart rate during
intense running, and the exercise intensity was significantly higher than walking strength of 2 m/s,
which may explain why their experiments did not report a drop of heart rate. In addition, the
experiments of Parak et al. [64] were performed in the laboratory, and the difference from this
experiment was that there was no obvious influence of airflow disturbance caused by the walking
process. We believe that the decline in heart rate for a period of time is caused by the automatic
regulation mechanism of the body. When the sweat evaporated, the surface heat dissipation of the
subjects increased. When the heat production equalled the heat dissipation, the human body achieved
balance. The body started the automatic regulation mechanism and contracted the cardiovascular
mechanism to reduce the metabolism. This process is reflected in the drop in heart rate [65].
Excluding the experimental error, we believe that the reasons for this downward trend need to be

studied in the future.

5. Conclusions

To study the thermal comfort of the walking process, a series of experiments were carried out in
the badminton gym of Guangzhou University, in which 30 subjects were asked to walk for 20 min at

different levels of velocities and then were asked to remain sitting for 10 min. During the
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experiments, the thermal parameters were recorded. Meanwhile, the thermal perceptions of subjects

were collected. The major findings of this investigation are as follows:

1)

()

(3)

(4)

With respect to the physiological indexes, the heart rate and auditory canal temperature can both
reflect the level of human activity to a certain extent. However, the rate of change in the auditory
canal temperature was delayed. The response rate of numerical changes is slower than that of
heart rate.

The variation in the metabolic rate should be fully considered in the prediction of thermal
comfort. Typically, it took the human body 3-5 min after walking to reach a new metabolic level;
meanwhile, the metabolic level can return to a normal sedentary level from the exercise state in
4-5 min after walking ceases.

The changes in thermal sensation and physiological indexes of the human body were not
synchronous. The changes in thermal sensation lagged the changes in physiological indexes.

A constant velocity of human walking would cause a surrounding airflow disturbance. The
airflow disturbance would have a strong effect on the thermal balance of the human body. The
influence of airflow disturbance on human thermal comfort was stable after walking at the
beginning of 3 min. Under the walking speed of 2 m/s, the effect of disturbed airflow could be
divided into two stages. In the negative effect stage, with the passage of time, people felt the
enhancement of blowing. In the positive effect stage, the perturbed airflow accelerated the sweat
evaporation and the MTSV (mean thermal sensation vote) of the subjects decreased, continuing

to decrease with the evaporation of sweat.
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Table

Table
Table 1. Detailed information of testing condition
Black globe
Air temperature Relative Air velocity
Classification temperature
T.(°C) humidity RH (%) v (m/s)
Ty (°C)
Max. value 24.14 84.15 24.20 1.22
Min. value 20.72 74.8 20.81 0.00
Average value 22.10 79.13 22.19 0.16
Table 2. Measurement instruments of this experiment.
. Sampling
Instrument Type Parameter  Measuring Range Accuracy
Rate (s)
T, (°C) —20t080 °C +0.3°C 2
Thermal comfort level +2% RH
SSDZY-1 RH (%) 0.01-99.9% RH 2
recorder (10-90% RH)
T4(°C) —20t0 80 °C +0.3°C 2
Wireless universal wind
speed and temperature ~ WFWZY-1 V. (m/s) 0.05-5.00 m/s 5% * 0.05% m/s 2
recorder
Smart bracelet 3XMSHO5HM  HR (bpm) 30-250 bpm + 3 bpm 2
Infrared thermometer TB-300 T (°C) 32.0-42.2°C +0.2°C 1
Table 3. Detailed information of subjects.
Sample
Gender Age (y) Height (cm)  Weight (kg) BMI BMR
size
Male 18 225+15 17535 66.0 8 193115 1481.3+149.2
Female 12 21525 161.0+£3 505+15 19.0+1.3 1197.0+20.0

Average - 22.3 172.0 58.3 19.2 1339.1




Table 4. Subjective vote scale.

Thermal sensation Blowing feeling Thermal Humidity Acceptability
preference preference
-3 cold —3 much too strong
—2 cool —2 too strong
—1 slightly cool -1 sll.ghtly' strong —1 cooler -1 lower ~1 unacceptable
0 neutral 0 just right 0 nochange 0 no change 1 acceptable
+1 slightly warm +1 slightly week +1 warmer +1 higher
+2 warm +2 too week
+3 hot +3 much too week

Table 5. Comparison of thermal environment parameters.

. . Black globe . )
. Relative humidity RH Air velocity
Air temperature T, (°C) " temperature .
Classification (%) T, (°C) v (m/s)

Max. Min. Average Max. Min. Average Max. Min. Average Max. Min. Average

Stable state 24.14 20.72 22.10 84.15 74.80 79.13 24.20 20.81 22.19 0.22 0.08 0.13

1.2m/s 24.03 20.72 22.30 86.30 74.80 80.47 24.10 20.78 22.49 099 049 0.79

Walking |1.4m/s 23.88 21.24 22.16 81.26 77.10 79.69 23.91 21.54 22.34 0.97 040 081

speed
P 1.6 m/s 24.09 21.54 22.67 87.60 76.10 77.98 24.20 21.83 22.79 1.13 0.49 0.87

20m/s 24.14 21.61 22.24 84.15 73.68 76.24 24.21 20.81 22.03 140 038 1.11
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Fig. 1 Testing site

\-A’ Phase 1: Preparing period
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(2) Monitor temperature per yellow point

Fig. 2. Experiment procedure
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Highlights

Metabolic activities of body movements remain key influential factor to thermal
comfort.

Experiments of walk speeds carried out for analyzing variations of air disturbance.
The changes of thermal sensation and physiological indexes of human body were not
synchronous.

Based on regression model between thermal sensation and walking speed, the neutral
walking speed were determined.



