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Abstract: The thermal perception of different body parts can vary greatly throughout the human body
and have different influences on overall thermal sensation and comfort. Various personal comfort
systems (PCS) have been developed to stimulate local body parts for the purpose of enhancing human
thermal comfort, yet the most effective body parts for intervention remain undetermined. Therefore, a
series of climate chamber experiments under five uniform environments with three sets of suits were
conducted in this study. The results showed that the head, chest, belly, and hands tended to feel no
cooler than overall in cooler environments, but arms and legs felt generally no warmer than overall in
warmer environments. The head, trunk and upper arms were more likely to be the comfort-dominant
body parts. Additionally, the upper arms and upper back expected temperature regulation measures
the most under non-neutral environments, thus they seem to be the two most needed and effective
targeted body parts that a PCS could be applied to. The skin temperature and thermal sensation of
limbs were more sensitive to indoor air temperatures than those of the torso. However, variations in
the skin temperature of the head, chest, upper back, and calves had the strongest correlation with
overall sensation vote changes. The above results and conclusions can not only serve as the basis for
the future studies of local thermal comfort, but also provide theoretical guidance for the design of
future PCS products.

Keywords: local thermal comfort; local skin temperature; local thermal expectation; uniform envi-
ronment; personal comfort system; built environment

1. Introduction

In recent decades, due to people spending most of their time indoors, indoor thermal
comfort has attracted increasing attention [1-3]. Thermal comfort has already been found
to be strongly related to human health, well-being and productivity [4-6]. Initially, one-
size-fits-all thermal comfort models based on the prediction of large group averages, such
as the predicted mean vote, were widely accepted [7,8]. Later, individual differences in
thermal comfort caused by factors such as gender, age, etc., attracted the attention of
researchers [9-11]. Academics have also found that feelings in local body parts vary greatly
as a result of physical factors and the uneven distribution of clothing d [12]. Draught and
vertical temperature differences in non-uniform environments may also cause local thermal
sensation differences [13]. Furthermore, local thermal sensations and thermal comfort
have great effects on overall thermal comfort and may cause metabolic transients, as
observed in previous studies [14-17]. Some researchers have suggested that the reasonable
selection of local body part combinations could achieve more accurate overall comfort
predictions [18,19]. For the purpose of improving overall thermal comfort for indoor
occupants, it is of great significance to understand the mechanism of local thermal comfort
and its impact on overall thermal comfort, which is essential for the evaluation of overall
thermal comfort [20].

Diverse conclusions have been drawn from previous research in both uniform en-
vironments and non-uniform environments [21-23]. Arens et al. [22] found that the feet
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were consistently cooler than other body parts in uniform conditions and were a main
reason for discomfort in cool conditions. Fang et al. [24] observed that the head, torso, and
hands felt significant warmer than the overall sensation of thermal comfort, while arms and
lower limbs felt significantly cooler. Choi et al. [18] discovered that the forehead and arms
provided stronger support for overall perception than other body parts. Some researchers
found that warming the feet was an effective comfort-enhancing method [23,25], while an-
other experiment observed that heating the waist could increase overall thermal perception
more than heating the feet [26]. Some studies have observed that the head has a strong
influence on overall thermal comfort and that cooling the face could best improve thermal
comfort [18,27]. Fang [24] discovered that the upper back and chest that played a dominant
role in overall comfort. However, some of the following issues exist in previous research:
the limited number of body parts selected for local stimulation resulted in the omission of
potentially temperature-sensitive body parts; the lack of diversity in environment tempera-
tures and stimulus intensity jointly led to conditional conclusions; biased conclusions were
drawn from small sample experiments and one-direction stimulation experiments, referring
to heating only or cooling only. Therefore, comprehensive and systematic experiments are
needed to further explore the mechanism of local thermal comfort.

Inspired by the fact that local thermal sensations could greatly affect overall thermal
sensation and comfort, more and more scholars have considered using personal comfort
systems (PCS) for human thermal regulation while helping to save building energy con-
sumption [28]. A large number of experiments on the application of various kinds of PCSs
have been conducted [29]. A heated/cooled chair was used to condition the microclimate
around the back and hips [30,31]; a heated vest was used to heat the torso [32,33]; a heating
mat and foot-warmers were used to warm up feet [34,35]; and the face and chest were
cooled by deck fans [36]. However, the design of existing PCS products was not effectively
guided by obtained local thermal comfort results, and related experiments were more
often based on existing products rather than on conclusions drawn from previous research.
Furthermore, the most effective targeted body parts and heat transfer mechanisms for PCSs
remain undetermined [29]. Therefore, conducting local thermal sensation experiments can
not only contribute to a greater understanding of local thermal sensation mechanisms and
their effect on overall thermal comfort, but also provide guidance for PCS product design
and related research.

For the research objectives mentioned above, a number of climate chamber exper-
iments have been conducted to collect physiological parameters, overall subjective re-
sponses, and local subjective responses under uniform environments. This paper investi-
gates nine spatially uniform conditions under five indoor air temperature from 20 °C to
32 °C, at 3 °C intervals, with three different suits. Section 2 demonstrates how the experi-
ments were conducted in detail. Section 3 presents the effects of indoor air temperature and
clothing insulation on overall and local thermal sensation votes and comfort votes, among
which a previously unnoticed phenomenon called the “comfort peak” was observed, and
its features and importance are discussed. Section 4 summarizes five effect patterns of local
subjective votes on overall subjective votes based on gathered questionnaires. Dominance
patterns and average patterns were the assumptions used to develop the complaint-driven
model and weight coefficient overall comfort model, respectively [37-39]. Results indicate
that they each accounted for one-third of the obtained questionnaires, suggesting that the
current overall thermal comfort models using local votes as input are only suitable under
certain situations. The upper back and upper arms were considered as the most effective
targeted body parts that PCSs could potentially be applied to for thermal regulation under
non-neutral environments and the highest likelihood that these are the comfort-dominant
body part. The results and conclusion of this study can not only help in the development of
PCS products but also contribute to further studies of local thermal comfort in non-uniform
environments or research for the thermal comfort of senior citizens.
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2. Methods
2.1. Experimental Conditions

The experiment was carried out in the climate chamber of Tongji University from May
2023 to October 2023. The climate chamber has the capacity to control ambient temperature
within 0.3 °C of the set point in a range of 18 °C to 28 °C and within 0.5 °C when the set
point range expands from 0 °C to 40 °C. The relative humidity was maintained between
55-65% and the air speed was less than 0.1 m/s in the chamber. Therefore, a uniform
environment without obvious draughts could be created, making it possible to explore the
effects of indoor air temperature and clothing insulation on subjective votes and physical
responses in uniform environments.

Five levels of indoor air temperature, 20 °C, 23 °C, 26 °C, 29 °C and 32 °C, and
three different sets of clothing, were chosen to be studied. The combination of indoor air
temperature and suits determined 9 experimental conditions, as seen in Table 1. Suit A
comprised a T-shirt, underwear, shorts, and cloth slippers with bare feet. For Suit B, a
long-sleeved shirt and trousers replaced the T-shirt and shorts of suit A, respectively, and a
pair of socks was added as well. Suit C included a coat in addition to the components of
suit B and cloth slippers were replaced by cotton slippers. The overall clothing insulation
was 0.37 clo, 0.59 clo and 0.77 clo for Suits A, B, and C, respectively [40]. The suits used in
the experiment are shown in Figure 1.

Table 1. Experimental Conditions.

. Suits
Working Abbreviation Room . . B

Conditions Temperature Suit A Suit B Suit C
0.37 clo 0.59 clo 0.77 clo

Condition 1 Cooc 20 °C Vv

Condition 2 Casc 23°C vV

Condition 3 CooB 20°C Vv

Condition 4 Ca3B 23°C v

Condition 5 CoeB 26 °C v

Condition 6 Coop 29 °C v

Condition 7 CsoB 32°C Vv

Condition 8 Cogna 29 °C v

Condition 9 Caoa 32°C Vv

Figure 1. Experiment suits: (a) suit A; (b) suit B; and (c) suit C.
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2.2. Experimental Procedure

A complete 2 h experiment consisted of four stages: a 20 min preparation stage,
a 20 min adaptive stage, a 50 min experiment stage and a 30 min recovery stage. The
experimental procedure is shown in Figure 2.

I 20min 20min 50min ) 30min
Preparation Adaptive Experimental Stage Recovery Stage
Stage Stage
:(1) Guaidance (D) sit still (D Enter Climate Chamber (D Exit Climate Chamber
(2) Wear instruments @ Complete questionnaire (2) Sit Still @ Sit Still

\®) Change clothing

at 15 minute @) Complete questionnaire every 5 minutes. (3 Complete questionnaire

every 5 minutes
Neutral 26°C | PR R I Neutral 26°C

Figure 2. Experiment procedure.

During the preparation stage, subjects were briefed on experimental procedures
and related notes. Subsequently, instruments were attached to their body surfaces, and
participants were outfitted in standardized clothing.

During the adaptive stage, participants sat still outside the climate chamber (26 °C) to
eliminate the effect of outdoor temperature and reach a thermoneutral state. At the 15th
minute of this stage, subjects were asked to complete a questionnaire.

At the beginning of the experimental stage, subjects were directed to enter the climate
chamber where the room temperature had already been controlled and stabilized. Immedi-
ately upon taking a seat, participants were asked to complete a questionnaire, after which
questionnaires were offered at 5 min intervals over the course of 50 min. Physiological
parameters were recorded as well.

After the 50 min exposure, participants exited the climate chamber, and the recovery
stage began. Similar to the experimental stage, they were instructed to complete a ques-
tionnaire as soon as they exited climate chamber and fill it at 5 min intervals, later in the
recovery stage.

2.3. Questionnaire and Measurement

Subjective votes, both overall votes and local votes for 11 body parts (including the
head, chest, belly, upper back, waist, left upper arm, left forearm, left hand, left thigh, left
calf, left foot), were collected through questionnaires.

Subjective perception of overall and local thermal sensation and comfort were col-
lected using continuous 7-point scales with a minimum unit of 0.25. Similarly, participants
provided overall and local thermal expectations using 7-point scales, and thermal satis-
faction and thermal acceptability using 4-point scales (Figure 3). Subjects were asked to
respond to subjective questions at 5 min intervals.
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Figure 3. Subjective questionnaire scales.

Skin temperature (Tqi,) was measured using Pyrobuttons (Opulus, Philadelphia, PA,
USA, accuracy: £0.2 °C) at the same 11 body parts, as local subjective votes, at 20 s intervals.
Environmental parameters in the climate chamber were also recorded every 1 min through
instrument HD32.3TC Thermal microclimate (Delta OHM, Padua, Italy), through which
WBGT, PMV, PDD and mean radiant temperature (T;n) were calculated.

2.4. Subjects

In this study, subjects were required to have good eyesight, good hearing, and no
congenital and heat-related disease. A total of 32 college students (12 males and 20 females)
aged 18 to 28 were selected as participants. They were asked to avoid intense exercise and
have enough sleep before the beginning of the experiment. This study was reviewed by
the Ethics Committee of Tongji University (2020tjdx051). Participants provided informed
consent for the study and basic personal information before the start of the experiment, as
shown in Table 2.

Table 2. Subject profiles.

Gender Sample Size  Age (Years) Height (m) Weight (kg)  BMI (kg/m?)
Male 12 22.83£3.01 173.08+6.11 6394+6.13  21.34+1.63
Female 20 2244336 16150 £520 56.95+8.73  21.65+£3.06

2.5. Data Analysis

To statistically compare and analyze the subjective thermal votes and physical re-
sponses according to temperature and clothing insulation, the following steps were con-
ducted: (i) feature selection; and (ii) statistical analysis.
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2.5.1. Feature Selection

The results of subjective votes and physiological responses are mainly presented as
mean values and standard deviations. The selection of features was conducted as follows:
The subjective votes of the 1st minute of the experimental stage and recovery stage were
chosen to reflect the instantaneous subjective feelings when entering and exiting the climate
chamber, respectively. The subjective votes were relatively stable after 30 min of exposure
in the climate chamber. Therefore, the average value of the subjective votes at the 35th,
40th and 45th min was chosen to represent subjective feelings after stabilization. The mean
skin temperature at the last 5 min of the adaptive stage was chosen as the reference value,
which was subtracted to calculate temperature variations. The mean skin temperature of
the last 5 min of the experimental stage was chosen as the “stable” skin temperature since
some skin temperatures did not achieve stability during the whole experimental stage.

2.5.2. Statistical Analysis

Statistical analysis was carried out from three perspectives: (i) temperature difference;
(ii) clothing insulation; and (iii) body parts. The independent sample t-test, a statistical test
used to compare the means of two independent groups, was employed. When the p-value
is less than 0.05, it indicates a significant difference between the means of the two groups.
This test was applied in working conditions with the same room temperature to statistically
analyze the differences concerning subjective votes and physical responses under different
clothing insulation conditions. One-way ANOVA was utilized in working conditions with
the same suit to statistically analyze the differences under various room temperatures. It
was also used to compare local subjective votes and skin temperatures in the same working
conditions to analyze differences among body parts.

3. Results
3.1. Environmental Parameters

Figure 4 depicts the environmental parameters during typical experimental processes.
During the adaptive stage (minute 0-minute 20) and the recovery stage (minute 70-minute 100),
the experimental temperature outside the climate chamber was controlled near 26 °C. The
room temperature was controlled around the target temperature of each working condition,
with a maximum difference of 0.5 °C, while relative humidity and air speed were controlled
between 55% and 65% and under 0.1 m/s, respectively. These results indicate that the
environmental parameters in the climate chamber were effectively controlled in accordance
with the predetermined working conditions.

B 20°C 20°C RH 20°CV, 0.6
. 75+ 23°C RH 23°CV,
i 23°C 26°C RH 2oV
26°C ~70 | ——29°CRH Po—
29°C S 32°C RH a
i 265} 32°CV, 104 &
32°C £ E
3 <
- E 60 g
(0] 177
Z55F <
i = 102<
& 50
45t
C 1 1 1 1 1 1 1 1 1 40 1 1 1 1 0.0
0 10 20 30 40 50 60 70 80 90 100 20 30 40 50 60 70
Time(min) Time(min)
(a) (b)

Figure 4. Environmental parameters: (a) room temperature; and (b) relative humidity and air speed.
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Overall Sensation Vote

3.2. Overall and Local Subjective Votes under Different Conditions
3.2.1. Overall Sensation and Overall Comfort

The average of the overall sensation votes and overall comfort votes during different
working conditions are illustrated in Figure 5.

Cip Caon Coop Cron Cyen Csp Csoa Coop Coon Coen
31 Cup Cisc Coon Croc 31 Csz C23C CZOB Czoc
24 2 21
>
b=
14 L 14
g
Y )
0 { 2 04
E
-1 2 11
o
-2 -24
_3 T T T T T T T _3 T T T T T T T
20 30 40 50 60 70 80 90 100 20 30 40 50 60 70 80 90 100
Time(min) Time(min)
(a) (b)

Figure 5. Overall subjective votes under different conditions: (a) overall sensation vote; and (b) overall
comfort vote.

During the adaptive stage (minute 15-minute 20), participants’ overall sensation votes
under different conditions did not differ that much, with suit A scoring slightly lower
(—0.13) and suit C scoring slightly higher (0.43). The distribution of the thermal comfort
votes was more dispersed than that of the thermal sensation votes.

During the experimental stage (minute 20-minute 70), condition 2 (Cp3c) and condition 5
(Co6B), where the overall sensation votes were closest to 0, had the highest and the sec-
ond highest overall comfort votes. Despite both having a 3 °C temperature difference
to 26 °C, condition 6 (Cygp) achieved a higher absolute change in the voting value than
condition 4 (Cy3p). However, under working condition 4, participants felt slightly com-
fortable (0 < TCV < 1), while they felt neutral or slightly uncomfortable under working
condition 6 (—1 < TCV < 0). Similarly, condition 7 (Czpp) had a higher absolute value of
thermal sensation votes and more uncomfortable thermal comfort votes than condition 3
(Cqo). Temperature changes in different directions with the same value resulted in varying
degrees of voting changes, indicating that thermal comfort votes were asymmetrically
distributed around 26 °C, or that the neutral temperature was not 26 °C with suit B.

In terms of clothing insulation, suit A and suit C corrected subjects’ thermal sensations
towards thermal neutrality under hot or cold conditions. Conditions with suit A and suit C
all had higher thermal comfort votes compared to suit B, for most of the experimental stage.

During the recovery stage (minute 70-minute 100), condition 2 (Cy3¢c) and condition 1
(Cpoc) remained the warmest and second-warmest condition, while condition 8 and condi-
tion 9 were the coolest and the second-coolest conditions. There was not much difference in
the overall sensation votes of participants among different conditions with suit B. In terms
of overall comfort votes, condition 5 (Cygg) maintained the most comfortable conditions.
The farther the temperature of the suit B working condition was away from 26 °C, the
lower the overall comfort votes.

For conditions with relatively mild temperatures (23 °C and 29 °C), comfort votes of
conditions for suit A and suit C became lower than those for suit B during the recovery
stage. However, for conditions with extreme temperatures (20 °C and 32 °C), comfort
votes of conditions for suit A and suit C remained higher than those for suit B during the
recovery stage.
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3.2.2. Local Sensation Vote and Comfort Vote

Despite being in a uniform environment, subjective thermal votes and their changing
trends differed greatly among the body parts and conditions during the experimental
stage. Only noteworthy or frequently observed phenomena are summarized and listed
here. Taking condition 2 (Cp3c) and condition 4 (Cy3p) as examples, Figure 6 shows their
mean local sensation votes and mean local comfort votes. Only the mean votes of some
special moments are displayed, including minute 15, minute 20, minute 70 and the average
of minute 55, minute 60 and minute 65, representing adaptation in neutral environment,
entrance into the climate chamber, stabilization under uniform environment and exit from
the climate chamber, respectively.

Overall
Foot Head Adaptation Foot Head Adaptation
—»— Entrance —p— Entrance
—— Stabilization —i— Stabilization
Calf Chest e pyit Calf Chest —p— Exit
Thigh Belly Thigh Belly
Hand Upper Back Hand Upper Back
Forearm Waist Forearm Waist
Upper Arm Upper Arm
Thermal Sensation Vote (23°C Suit C) Thermal Comfort Vote (23°C Suit C)
(a) (b)
Overall Overall
Foot Head Adaptation Foot Head Adaptation
—p— Entrance —p— Entrance

—Ii— Stabilization

Calf Chest e Eyit

Thigh

Hand Upper Back

~—— Stabilization

Calf Chest —jpe— Exit

Upper Back

Forearm Waist Forearm Waist
Upper Arm Upper Arm
Thermal Sensation Vote (23°C Suit B) Thermal Comfort Vote (23°C Suit B)
(©) (d)

Figure 6. Mean local sensation and comfort vote: (a) local sensation vote of condition 2; (b) local
comfort vote of condition 2; (c) local sensation vote of condition 4; and (d) local comfort vote of
condition 4.

“Overshoot” refers to the phenomenon where the maximum difference in the sensation
vote exists at the moment right after the transition from one environment to another, and the
difference subsequently narrows. For example, the overall sensation votes of condition 4
(Cy3p) had an obvious “overshoot” after entering the climate chamber. The patterns of
“overshoot” appearing in the experiment can be summarized by the following three points:
(1) more “overshoot” could be observed in the comfort votes than the sensation votes;
(2) obvious “overshoot” was only noticeable in cooler conditions; and (3) “Overshoot” was
more frequently observed in conditions with suit B.
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After the exit, in cooler conditions, most body parts felt cooler than during the adaptive
stage with suit C, but felt roughly the same as the adaptive stage with suit B. However,
in hotter conditions, body parts felt warmer than the adaptive stage with suit B, and felt
roughly the same with suit A. Occasionally, some body parts not only recovered to the same
level as that of the adaptive stage, but even went beyond. Furthermore, body parts with
similar sensation votes, taking the waist in condition 2 (Cpsc), for example, had various
comfort votes, indicating that thermal comfort is not only affected by thermal sensation,
physical status, and the thermal preferences of subjects, but is influenced by previous heat
exposure and thermal expectations as well. This supports the opinion that thermal comfort
does not strictly accord with thermal sensation [41].

“Comfort peak” were observed under several conditions. Figure 7 demonstrates

some examples.

15 Overall Overall Forearm
’ Chest 1.5 Belly Head
Upper Back Chest Upper Arm
o Waist @
o Thigh o
> >
g 1.0 1 g
[
: ;
Q 3 1.0 '
30.54 3
— —
0.0 T T T T 0. 5 T T T T
20 30 40 50 60 70 20 30 40 50 60 70
Time(min) Time(min)
(a) (b)
Overall Forearm
Hand Belly
1.0+ Waist 1.0+ Chest
© Thigh © Calf
§ Foot §
= | =
S <
£ 0.5 S 0.5-
1S S
Q Q
E E
s) s
— —
0.0 1 0.0 1
20 30 40 50 60 70 20 30 40 50 60 70
Time(min) Time(min)

(© (d)

Figure 7. Comfort peak: (a) condition 1 min 25; (b) condition 2 min 40; (c) condition 8 min 35; and
(d) condition 8 min 45.

Most of the body parts’ comfort votes decreased dramatically after entering condition 1.
However, it is noteworthy that all of them bounced back somewhat, 5 or 10 min after enter-
ing the climate chamber (at minute 25 or 30) and then continued to decrease from there.
This phenomenon is called the “comfort peak”, as it could only be observed in comfort
votes and not sensation votes, and it differed from the phenomenon of “overshoot” in
the following two aspects. First, in a descending process, “overshoot” often refers to the
lowest value, but “comfort peak” was the highest value due to a bounce-back during the
descending process. Second, “overshoot” often occurred soon after a transition, while
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“comfort peak” occurred 20 or 25 min later after the transition. The bounce-back of the
“comfort peak” in a descending order (Figure 7a) may have been caused by the body’s
regulatory mechanism, while the other “comfort peak” that occurred after entering a more
comfortable environment (Figure 7b—d) strongly supports the theory that the sense of
comfort occurs when the discomfort is alleviated [22,23], since the feeling of alleviating dis-
comfort disappeared gradually as the sense of comfort reached a peak and then decreased
as well. It is not the value of “comfort peak” but the moment when the peak appears that
matters. The bounce-back “comfort peak” suggests that it takes our body 5 min or so to
suppress discomfort caused by sudden changes in the environment. On the other hand, the
other “comfort peak” indicates that after entering a more comfortable environment, the
feelings of comfort begin to diminish after about 20 min.

3.2.3. Effect of Room Temperature and Clothing on Subjective Votes

Figure 8 shows participants’ subjective votes after stabilization under different con-
ditions. The color of each body part represents the mean value of the votes at minute 35,
minute 40 and minute 45. The letters a, b, c etc., reflect the significant differences between
different body parts under the same conditions. If two body parts have the same letters, it
indicates that there is no significant difference between these two parts’ subjective votes
after stabilization; otherwise, the difference is significant (p < 0.05). Furthermore, a part
labeled with letter a is always the hottest (or least cold) or the most comfortable part of the
whole body under its condition, and the part labeled with letter b has the second highest
value, and so forth. In terms of sensation vote, three out of the nine conditions showed no
significant differences among the body parts. In cooler conditions (20 °C and 23 °C), thighs
and calves were always among the coldest body parts, while in hotter conditions (29 °C
and 32 °C), the upper back was the hottest body part.

In terms of the comfort vote, no significant difference was observed among the body
parts in eight out of nine conditions, indicating that thermal sensation was more prone to
uneven distribution than thermal comfort in a uniform environment.

Conditions with suit B were compared to condition 5 (Cp¢p), and if there was significant
difference, a black “*” was noted according to the level of significance. The upper back,
upper arms, and forearms seemed to be the three most sensitive parts to room temperature,
since under all conditions with suit B these parts’ sensation votes as well as the comfort
votes were significantly different than those of condition 5. The sensitivity of body parts
to temperature changes was also influenced by the direction of temperature changes,
consistent with former study results [42]. For example, sensation votes for the head were
more sensitive when room temperature increased than when it decreased, while sensation
votes for the hands were more sensitive when the temperature was lower.

Conditions with suit A and suit C were compared to suit B conditions with the same
room temperature, and a colored “*” (green for sensation votes, red for comfort votes)
was used to mark the significance of the differences between them. Compared to suit B,
suit C’s sensation votes for the upper arms, hands and feet were significantly improved,
while the sensation votes for the trunk hardly changed. In terms of suit A, although only
the sensation votes of upper back under condition 9 (C324) had significance difference
compared to condition 7 (Czpp), the comfort votes under both 29 °C and 32 °C conditions
were commonly enhanced, among which the improvement of upper back’s comfort votes
was the most significant.



Buildings 2024, 14, 59

11 of 21

cd

c v
d ab |ww-<

20°C SuitC

WMRO
qQ [wkx a
_** =
a a
[ a | a
29°C SuitB 26°C SuitB
ab
ab | ab ab

bab

a
b
b _***
a | € [
29°C SuitA 32°C SuitB

‘-

23°C SuitC

abc
*
%
be| a

b
c
b
c

be [k

23°C SuitB

20°C/23°C/29°C/32°C VS 26°C : #(P<0.05), **(P<0.01), ***(P<0.001)
SuitA/SuitC VS SuitB : * (P<0.05), **(P<0.01), ***(P<0.001)

(a) Local sensation votes after stabilization

Figure 8. Cont.

32°C SuitA

TSV

HOT

Warm

Slightly
Warm

Neutral

Slightly
Cool

Cool

Cold



Buildings 2024, 14, 59 12 of 21

TCV

Comfortable

a
e ke ok |

— Comfortable

sk

. T‘ " TI*** 4 Tl*

20°C SuitC 20°C SuitB 23°C SuitC
- Slightly
Comfortable
= Neutral
a [k a a
—*** B ] .
. a n a Bl . Slightly
_ Uncomfortable
29°C SuitB 26°C SuitB 23°C SuitB

E ]

a b
skkk
ia skok ok
ala .

= Uncomfortable

i 3k sk ok sk oK e wowe| w2
ok 3k 3k
*,‘E* *Q* *** ab
a == a pekk a Very
| | - Uncomfortable
EXE] a
a
2 ] e b[w]
29°C SuitA 32°C SuitB 32°C SuitA

20°C/23°C/29°C/32°C VS 26°C - *(P<0.05), **(P<0.01), ***(P<0.001)
SuitA/SuitC VS SuitB : * (P<0.05), **(P<0.01), ***(P<0.001)
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Figure 8. Subjective votes after stabilization: (a) local sensation votes; and (b) local comfort votes.

3.2.4. Thermal Acceptability and Thermal Satisfaction

The thermal acceptability and thermal satisfaction votes during experimental stage
are shown in Figure 9.
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Figure 9. Percentage of subjective votes under different conditions: (a) thermal acceptability; and
(b) thermal satisfaction.

Participants were more likely to find the uniform environment acceptable rather than
satisfying, since the percentages of clearly acceptable and just acceptable were higher than
those of clearly satisfied and just satisfied. With higher percentages of clearly acceptable
and clearly satisfied, condition 2 (Cy3¢) and condition 5 (Cyp) were the most acceptable and
satisfying conditions. In terms of indoor air temperature, although with the same tempera-
ture difference at 26 °C, condition 3 (Cyp) and condition 4 (Cy3p) were more acceptable and
satisfying than condition 6 (Cp9p) and condition 7 (Cspp). A similar asymmetric distribution
was also found in the overall thermal sensation votes, which ispartially consistent with
Xiong’s observation [43]. As for clothing insulation, suit C achieved a higher percentage of
acceptable and satisfied in cooler conditions, while suit A achieved a higher percentage of
acceptable and satisfied in hotter conditions.

3.2.5. Overall and Local Thermal Expectation

Overall and local thermal expectation votes for all conditions are listed in Table 3. The
absolute value of the overall expectation vote was higher than most of the local expectation
votes’ absolute values. Generally, votes for the head remained among the highest local ex-
pectation votes, while the votes for the calves and waist were among the lowest, indicating
that a cooler environment was preferred for the head, whereas a warmer environment was
preferred for the waist and calves compared to other body parts. In cooler environments,
the upper back and upper arms required the most heating, while the belly and hands had
the lowest warming expectation. However, in hotter environments, the expectation for
cooling of the upper back and upper arms was the highest, while the belly and hands were
the least expected body part to cool down. The above phenomenon suggests that when
the indoor air temperature deviates from the thermal neutral temperature, no matter if it
is increased or decreased, the upper back and upper arms are the body parts that expect
to receive the most temperature regulation, while the belly and hands have the lowest
expectations for regulation.
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Table 3. Overall and thermal expectation votes.
Overall Head Chest Belly Upper Waist Upper Forearm  Hand Thigh Calf Foot
Back Arm
Cooc 0.88 0.17 0.33 0.33 0.83 0.67 0.67 0.50 0.33 0.50 0.67 0.50
Casc 0.14 0.17 0.17 0.17 0.17 0.17 0.00 0.17 -0.17 0.50 0.33 -0.17
CaoB 1.38 0.29 0.57 0.36 0.93 0.79 0.86 0.43 0.36 0.71 1.14 143
Casp 0.64 —0.07 0.00 0.14 0.43 0.43 0.43 0.29 —0.07 0.29 0.36 0.21
Cosn 0.00 —0.14 0.00 0.00 0.14 0.29 —0.14 0.00 —0.14 0.14 0.29 0.57
CooB —1.00 —0.94 —0.88 —0.88 —1.00 —0.75 —1.13 —0.88 —0.63 —-1.13 —0.88 —1.00
CaB -1.71 —1.11 —-1.33 —-1.11 -1.78 —-1.11 —1.56 —1.33 —0.78 -0.78 —0.89 —0.78
Cooa —0.57 —1.00 —0.50 —0.50 —0.50 —0.33 —0.33 —0.33 —0.67 —0.50 —0.33 —0.67
Caoa -1.25 —1.00 -0.78 —0.44 —0.89 —0.78 —0.89 —0.78 —0.78 —0.67 —0.56 —1.00
3.3. Skin Temperature under Different Working Conditions
3.3.1. Effects of Environment Temperature on Skin Temperature
There are 5 conditions using suit B in total whose skin temperatures are illustrated in
Figure 10, taking belly and calf for instance.
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Figure 10. Skin temperature under conditions with suit B: (a) belly; (b) calves.

Significant differences in skin temperature in different conditions were determined
using a one-way ANOVA test. The skin temperature of the head in a 20 °C environment and
a 23 °C environment showed no significant difference. The skin temperature of the thighs
in the 26 °C environment and 29 °C environment also showed no significant difference.
The skin temperature of the upper arms in a 23 °C environment and 26 °C environment
had a significant difference of 0.05 levels. Except for these three pairs mentioned above, all
other pairs (skin temperature of the same body part in different uniform environments)
had a significant difference of 0.01 level.

As shown in Figure 10, the higher the room temperature, the higher the mean skin
temperature of each body part. The range of the skin temperatures in 26 °C condition
was the smallest. Furthermore, the farther the room temperature was away from 26 °C,
the wider the range of the skin temperature. In terms of body parts, limbs had a larger
skin temperature range than the trunk in all kinds of conditions; the feet and hands had
the largest range while the chest and belly had the smallest. The head also had a small
skin temperature range under two cooler conditions. Among the differences in stable skin
temperatures between conditions, differences were highest in the feet and hands were,
that of the thighs was the third largest, while the belly, chest, and head were still the
three smallest, indicating that skin temperature in the limbs was more sensitive to room
temperature than that of the trunk.
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3.3.2. Effects of Clothing on Skin Temperature

In order to investigate the effects of clothing on skin temperature, skin temperature
variation curves of the same room temperature working conditions with the different suits
were compared, and an independent sample t-test was also utilized. Temperature differ-
ences in skin temperature at minute 15 were used to replace the actual skin temperature
value to eliminate the impact of initial skin temperatures.

Compared to suit B, suit A and suit C had significant differences in skin temperature
variations under hotter and colder conditions, respectively. Suits had more significant
impacts on skin temperature variations in conditions where the indoor air temperature
was closer to 26 °C, with significant differences observed in all 11 body parts for 23 °C
conditions, in 6 parts for 20 °C conditions, in 8 parts for 29° C conditions and in 5 parts
for 32 °C conditions. Interestingly, in 29° C conditions, temperature variations in body
parts were significantly higher for suit A, which had less clothing insulation. One possible
reason is that the body part reference temperatures for suit A were lower than those for
suit B; therefore, a bigger difference between indoor air temperature and skin temperature
resulted in a larger skin temperature increase.

Clothing can affect the differences of skin temperature variations between the torso and
limbs. Under conditions with suit B, torso’s temperature variations were significant smaller
than limbs’. However, under 20 °C condition wearing suit C the difference narrowed and
under 23 °C condition wearing suit C there was no significant difference. Although only a
coat was added to the torso compared to suit B, suit C not only reduced the skin temperature
variations of both the torso and limbs, but narrowed the differences between them.

Clothing can affect whether body parts reach temperature stabilization. The skin
temperatures of most body parts with suit B under cooler conditions kept decreasing after
50 min exposure, except for the head and belly, while suit C helped these parts to achieve
temperature stabilization within the experimental stage. For example, the skin temperature
variation curves of the upper limbs in the 23 °C environment wearing suit B and suit C
are shown in Figure 11a. However, fewer body parts with suit A achieved temperature
stabilization than with suit B under hotter conditions.

3 -
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Forearm C Forearm A
Hand C

|
|
Hand A 1
i
|
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Skin Temperature Difference(°C)

—— Upper Arm B /[ —— Upper Arm B
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Figure 11. Skin temperature variation curves of upper limbs: (a) 23 °C conditions; (b) 32 °C conditions.

Clothing can affect temperature changes in the recovery stage. During the recovery
stage, skin temperatures of body parts wearing suit C or wearing suit A recovered to their
reference values sooner than body parts wearing suit B. The skin temperature of most body
parts continued to increase or decrease towards their reference values of minute 15 after
30 min recovery at 26 °C environment, except for body parts in condition 7 (C32g) where
skin temperature stabilized at a value slightly higher than the reference value, as shown in
Figure 11b.
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4. Discussion
4.1. Effect Patterns of Local Subjective Votes on Ouverall Subjective Votes

Five types of effect patterns of local subjective votes on overall subjective votes were
extracted from the gathered questionnaires. The characteristics of each pattern are illus-
trated in Figure 12. Only the sensation vote scale is shown in Figure 12, but the pattern
characteristics for the comfort vote are the same.

Range of local votes Overall vote

Cold Cool Slightly Neutral Sllvgl_lfl)’ Warm Hot
Uniform Pattern ol wam
L [ 1 1 [ [ b [ 1 | 1 [ 1 & 1 1 1| 1
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Cool Warm

Average Pattern

Figure 12. Pattern features.

Strictly speaking, the uniform pattern refers to situations where all local votes were
equal to the overall vote; in other words, all body parts felt the same. In many cases, having
one or two body parts that felt different from others did not affect the overall sensation.
Therefore, the definition of the uniform pattern was artificially relaxed to having 9 or more
body parts that matched the overall sensation or comfort vote.

Non-uniform patterns were divided into the following four categories. The dominance
pattern refers to situations where the overall vote was equal to the highest or the lowest
value of all local votes. The accumulation pattern and attenuation pattern refer to situa-
tions where the overall vote was higher or lower than all of the local votes, respectively.
Situations where the overall vote was between the highest local vote and the lowest local
vote were classified as the average pattern. The number of occurrences in 1396 collected
questionnaires of both the sensation vote pattern and comfort vote pattern are listed in
Table 4.

The average pattern, dominance pattern and uniform pattern, orderly, were the three
most frequently occurring patterns in the sensation pattern. The average pattern, domi-
nance pattern and uniform pattern occurred most frequently with the comfort vote. The
accumulation pattern occurred occasionally (7.88% of the comfort questionnaire and 5.16%
of the sensation questionnaire), while the attenuation pattern hardly ever occurred. Al-
though about half of the questionnaires (693 questionnaires, 49.64%) were classified into a
homonymous pattern in both the sensation pattern and comfort pattern, it is notable that
the remaining questionnaires indicated that the division in the patterns was not strictly
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consistent between these two subjective votes. For example, the fact that there were more
average patterns in the sensation vote and more uniform patterns in the comfort vote
indicated that people’s thermal sensations were more sensitive, and they were more likely
to experience uniform comfort than uniform sensations. In other words, people can feel
uniform comfort even if the thermal sensation is non-uniform.

Table 4. Number of pattern occurrences.

Sensation Vote Accumulation
Uniform Comfort- Discomfort- Attenuation Dominance  Average Total
Comfort Vote Accumulation  Accumulation
Uniform 196 11 3 1 39 12 262
. Warmth-accumulation 2 1 5 0 13 3 24
Accumulation Coldness-accumulation 7 2 17 0 17 5 48
Attenuation 0 2 0 0 4 1 7
Dominance 122 24 14 3 249 84 496
Average 121 25 6 2 182 223 559
Total 448 65 45 6 504 328 1396

Under a non-strictly uniform pattern where local subjective votes were not all con-
sistent with the overall vote, the higher the frequency of a non-uniform local vote in a
certain body part, the smaller the impact on the overall vote. Among non-strictly uniform
sensation questionnaires, the hands, feet and belly were most likely to feel warmer than the
overall vote, while the calves, feet and legs were most likely to feel cooler than the overall
vote, proving that these parts had the least impact on overall sensation. With the uniform
comfort pattern, the hands and feet were most likely to feel more comfortable while feet
and calves were most likely to feel uncomfortable than the overall comfort vote.

Under the dominance pattern, conversely, the higher the frequency of a dominant
local vote appearing in a certain body part, the higher the impact on the overall vote. The
upper back, head and chest were most likely to have the hottest local vote and determine
the overall sensation vote, while the upper back, upper arm and belly were most likely to
have the coldest local vote and determine the overall sensation vote. In terms of the comfort
pattern, the head, belly, and upper back were most likely to have the most comfortable
local vote and dominate the overall comfort vote, while the upper back, upper arms and
head were most likely to have the most uncomfortable local vote and dominate the overall
comfort vote. A focus on questionnaires with less than two dominant parts revealed that
hands and feet scarcely played a dominant role.

Considering the above analysis, the following conclusions can be drawn: the head,
trunk and upper arms are more likely to be the dominant body part; however, although
hands, calves and feet often feel inconsistent with the whole body, they hardly affect the
overall feeling.

Although there were different patterns related to how local subjective votes affected
overall votes, data applicable to all patterns were also found. When participants felt cold,
referring to situations where the overall sensation vote was less than or equal to —1, the
head, chest, belly, and hands felt warmer than overall with a frequency of over 83.95% and
felt no cooler than overall with a frequency of over 98.77%. When participants felt hot,
referring to situations where the overall sensation vote was higher or equal to 1, legs felt
colder than overall with a frequency of over 67.65%, and the arms and legs felt no warmer
than overall with a frequency of over 91.91%. Under the dominance sensation pattern, if it
was a hot-driven situation, whose overall sensation vote was dominated by the hottest local
part, the overall sensation vote must be greater than or equal to 0. Likewise, comfort-driven
situation could only occur only if the overall comfort vote was greater than or equal to 0
while discomfort-driven situation’s occurrence had no limitation. The phenomenon that
overall comfort vote could be dominated by the most comfort part was inconsistent with
Zhang’s complaint-driven model [37].

Some academics utilized weight coefficients that added up to 1 to establish overall
sensation models or overall comfort models [38,39]. For example, the weight coefficients
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of Zhang’s overall sensation model are 0.21, 0.24, 0.25 and 0.30 for the face, chest, back
and lower body, respectively. Selecting 1 as the sum of the weight coefficients was based
on an assumption that overall sensation was determined by averaging local sensation,
which was only correct under an average pattern. This average assumption will inevitably
miscalculate the overall sensation under the dominant pattern, and usually the predicted
value will be closer to neutral than to the actual value.

4.2. Correlation between Sensation Vote and Skin Temperature

The correlation between the overall sensation vote, the local sensation vote and skin
temperature was analyzed through SPSS 26. The data used for the correlation analysis
were the change values between back-to-back thermal sensation votes and the differences
in skin temperature at the corresponding time. The results are shown in Table 5.

Table 5. Correlation between sensation vote and skin temperature.

Sensation Vote

Skin Temperature Overall Sensation Vote Local Sensation Vote
Head 0.704 ** 0.616 **
Chest 0.643 ** 0.658 **
Belly 0.563 ** 0.530 **

Upper Back 0.622 ** 0.672 **
Waist 0.543 ** 0.494 **
Upper Arm 0.568 ** 0.607 **
Forearm 0.591 ** 0.515 **
Hand 0.666 ** 0.549 **
Thigh 0.592 ** 0.687 **
Calves 0.647 ** 0.618 **
Foot 0.490 ** 0.473 **

Hp <001

As shown in the table, the changes in skin temperature were significantly positively
correlated with the overall thermal sensation vote and the corresponding local thermal
sensation vote changes, but the correlation coefficients were different. The skin temperature
changes of the head, chest, upper back, and calves, had higher correlation coefficients with
overall and local thermal sensation vote changes. The correlation coefficients for the waist
and feet between the variations of skin temperature and sensation votes were the lowest.

4.3. Limitations and Future Work

The effect patterns of local subjective votes on overall subjective votes discussed in
Section 4.1 were summarized and proposed based on the experimental data of uniform
environments. Whether these are suitable for non-uniform environment or for situations
where some body parts are under local stimulation needs to be tested in future studies.
Only the results of subjective and physiological responses of young people in a uniform
environment are presented, and no models were established in this article. In addition, the
results are only applicable to young people; therefore, similar studies need to be conducted
on elderly people in the future to investigate differences between young and elderly people.

5. Conclusions

This study investigated the thermal comfort and physiological responses of young
people in uniform environments with different clothing through a series of climate chamber
experiments with 32 subjects. The main conclusions of this study are summarized as follows.

(1) Local perceptions varied widely from one another and were greatly different than
overall perceptions in uniform environments. In cooler environments, the head, chest,
belly, and hands felt warmer than overall, with a frequency of over 83.95%, and they
felt no cooler than overall with a frequency of over 98.77%. In warmer environments,
legs felt colder than overall with a frequency of over 67.65%. Arms and legs also felt
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no warmer than overall with a frequency of over 91.91%. Perceptions of the same
body part also differed a lot in different environments or when wearing different
suits. Thermal sensations of the limbs and upper back were sensitive to indoor air
temperature and suits. Conversely, thermal sensations of the head, chest, belly, and
waist were relatively less sensitive.

(2) Overall thermal comfort votes, thermal acceptability votes, and thermal satisfaction
votes were all asymmetrically distributed around 26 °C with T-shirt and pants. Par-
ticipants were more likely to find the uniform environment acceptable rather than
satisfying. People could feel uniform comfort even if the thermal sensation was
non-uniform. The overall comfort vote could be dominated by the most comfortable
body parts.

(8) After ajump in temperature, “Overshoot” was more likely to be found in the ther-
mal comfort vote than in the sensation vote. A previously unnoticed phenomenon
“comfort peak”, referring to situations where comfort votes have the highest value
during exposure, were observed under several conditions. The bounce-back “comfort
peak” suggests that it takes our body 5 min or so to suppress discomfort caused by
sudden changes in the environment. The other “comfort peak” indicates that after
entering a more comfortable environment for about 20 min, the feelings of comfort
begin to diminish.

(4) The head, trunk, and upper arm were more likely to be the dominant body parts,
while hands, calves and feet hardly affected overall feelings. Additionally, the upper
arms and upper back expected temperature regulation measures the most under
non-neutral environments. Therefore, the upper back and upper arms seem to be the
two most needed and effective targeted body parts that PCSs could be applied to.

(5) The skin temperature of limbs was more sensitive to indoor air temperatures than that
of the torsos, while hands and feet were the most sensitive. However, the temperature
variations of hands and feet had the worst correlation with changes in local sensation
votes as well as overall sensation votes. Skin temperature variations for the head,
chest, upper back, and calves had the strongest correlation with the overall sensation
vote changes.

(6) By changing to a more suitable suit in slightly non-neutral uniform environments, the
thermal sensation votes and comfort votes could be effectively improved. Suitable
clothes also helped skin temperatures to stabilize more quickly after jumps in temper-
ature. Wearing an extra coat on the upper body could effectively reduce the difference
in skin temperature changes between the torso and limbs.

(7) Five effect patterns of local subjective votes on overall subjective votes were sum-
marized based on the gathered questionnaires. The dominance pattern and average
pattern, which are assumptions for developing complaint-driven model and weight
coefficient overall comfort model, respectively, each accounted for one-third of the
obtained questionnaires, indicating that the current overall thermal comfort models
using local votes as inputs are only suitable under certain situations.
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