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Abstract

Astronauts wear liquid perfused garments inside their outer spacesuits for regulat-

ing body temperature. The present study explored relationships between local heat
production from the upper arm and body morphology while wearing liquid perfused
sleeve. Heat extraction from the upper arm of 19 subjects (8 males and 11 females) dur-
ing three different exercise modes (running at 6-8 km-h~", cycling at 40-55 W, and arm
ergometer at 10-20 W) and rest has been investigated. The total body fat (27.5+7.2%),
body mass index (24.4+2.7 kg-mfz), arm surface area (589 +90 cm?), and arm volume
(1300+ 300 mL) were considered as covariates. Subjects wore a liquid perfused sleeve
over the upper arm (left) with the water inlet temperature of 24.0+0.3 °C and the heat
extraction was calculated using the water flow rate and temperature differences. Heat
extraction from the upper arm showed no significant differences among the three
exercises. During cycling, there was a negative relationship between heat extraction
and total body fat (r=—0.527, P<0.05). Heat extraction was more related to the arm
volume (P <0.05) than the surface area of the upper arm, which was significant

only for the male group in the cycling mode. For the female group, heat extraction
was related to upper arm temperature in the cycling and arm exercise modes (for

both exercises P< 0.05). These results can be applied to improve liquid cooling gar-
ments for astronauts, considering their body morphology and sex.

Keywords: Liquid cooling garment, Space suit, Heat extraction, Arm volume, Surface
area, Total body fat

Introduction

Among the various factors that determine body temperature, air temperature, air
humidity, air flow, radiation, clothing insulation, and activity are considered as six main
factors (Parsons, 2014). The effects of these six factors are modified by individual mor-
phological characteristics, such as body size, body shape, or body composition. Heat
extraction from the body differs across body regions, due to the specific characteristics
of each body region. Body regions with greater muscle and adipose tissue were charac-
terized by greater individual differences in heat flow, while similarity of heat flow in body
zones with a greater proportion of bones was found (Koscheyev et al., 2007). Individuals
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who possess higher levels of adipose tissue necessitate less metabolic heat production to
uphold core temperatures (Anderson, 1999). As a significant amount of heat produced
by the contracting muscles is liberated from the skin of the exercising limbs during exer-
cise to its environment (Gonzalez-Alonso, 2012; Longman et al., 2021), morphologies of
the limbs could be a significant factor for body temperature regulation.

Variation in human stature and limb proportions is widely accepted to reflect thermal
adaptation. According to Bergmann’s and Allen’s rules (Longman et al., 2019), the large
body size is associated with a large heat-producing mass relative to the heat-losing sur-
face area, what was confirmed by a number of studies (Foster & Collard, 2013; Holliday,
1997a, 1997b; Tilkens et al., 2007); (Trinkaus, 1981). Longman et al. (2019) examined
Bergmann’s and Allen’s rules through the multi-day ultra-marathons in hot and cold
environments and found that finishers of hot-condition events had significantly longer
limbs than finishers of cold-condition events. Furthermore, hot-condition finishers had
significantly longer limbs than those failing to complete hot-condition events (Longman
et al,, 2019).

While previous studies have highlighted the association between body size and ther-
mal regulation in varying environmental conditions, the unique challenges posed by
space environments prompt a consideration of how these adaptations might influence
astronauts during extravehicular activity (EVA). During EVA, ambient temperature
extremes are ranging from over 120 °C on the side of the suit facing the sun to approxi-
mately — 157 °C on the shaded side (Goodman & Radnofsky, 1965). Weightlessness
disrupted heat exchange processes in the human body, leading to imbalance in ther-
mal sensation of astronauts. Astronauts can feel thermal discomfort at a temperature of
21.5 °C, which considered as a comfortable temperature (Novak et al., 1980; Tsaplin et al.,
2018). Astronauts during planetary exploring activity alternate between periods of high
physical exertion and periods of low intensity movement (Koscheyev & Leon, 2014).
Worth noting that EVA is mainly related to repairing working tasks using the hands in
zero gravity, where arm muscles are most involved. That is, one third of the motions dur-
ing EVA are related to the upper limb (England et al., 2010). Astronauts reported that
during EVA the extremities (the arms and hands) are prone to be thermally discomfort
and both in EVA and training activities a high number of injuries occurred in the upper
arm and shoulders (Portree & Trevino, 1997; Strauss et al., 2005).

Heating or warming the most efficient body region in heat transfer may not only pre-
vent thermal stress but also reduce the bulkiness of the spacesuit, while providing the
same thermal comfort (Ferl et al., 2008; Koscheyev et al., 2006). For this purpose, liquid
cooling and warming garment (LCWG) is mainly used for space exploration, which is
a liquid perfused garment with an inserted tube system for water circulation provide
(Chappell et al., 2017; Hexamer & Werner, 1996). LCWGs for astronauts have been inde-
pendently developed in the US and Russia. A notable discrepancy in design among the
two LCWGs lies in the placement of tubing, as noted by Warpeha (2010). Specifically,
the Russian LCWG omits tubing on the forearms and calves, whereas the US LCWG
incorporates tubing across the entire body, including the forearms and calves. The Rus-
sian LCWG emphasizes strategic tubing placement on major skeletal muscle groups,
particularly on the upper arms (Warpeha, 2010). This design strategy reflects an inten-
tion to achieve comparable cooling or warming effects with reduced tubing, which is
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advantageous for missions to Mars where the weight of spacesuits is a critical considera-
tion, distinct from lunar exploration or EVA.

However, the physiological role of the upper arm in thermoregulation has received
relatively less attention compared to other anatomical regions, such as the head, chest,
back, hands, or feet. The concept of the thermal core within the human body is defined
as the inner tissues whose temperatures remain relatively constant in relation to each
other despite circulatory adjustments and variations in heat dissipation to the environ-
ment (IUPS, 2001). While the thermal core traditionally encompasses the trunk and
head, it could extend to include the upper arms in response to heat exposure. Cooling
the upper arms resulted in a reduction of body heat storage by 30% (Shvartz et al., 1974),
despite the fact that the surface area of the upper arms constitutes only 8.8% of the total
body surface area (Lee & Choi, 2009). Kim and Hong (2014) explored the physiological
responses by heating the waist, abdomen, shoulders, or feet, and found that the shoul-
ders were the most effective region for increasing peripheral temperature (Kim & Hong,
2014). These results are coupled with the previous study of Hirata (2017) who found
that upper extremities (the upper arms, forearms, and hands) are more efficient than
the torso (the chest, abdomen, back, and waist) for heat dissipation from the body when
exercising in a hot and humid environment. Recently, we assessed the thermoregulatory
effects of down-filled jackets with baffle structure and found that subjects reported feel-
ing colder when the upper arms were not insulated, when compared to the conditions of
the chest, stomach, or waist-not insulated (Kwon et al., 2021).

Tkachenko (1998) noticed that the warmer sections of the upper limb will be the
medial surface of the shoulder as it has large vascular bundles. The importance of the
upper arm in temperature regulation is related to the efficiency in dissipating body heat
based on the complex composition of blood vessels, muscle, adipose tissue, and bones,
along with the body surface area to volume. For these reasons, a great attention should
be given to the upper arm morphology when designing not only the space suit, but also
other enclosed personal protective equipment (PPE).

In spite the fact that numerous research has been done on human morphology and
thermoregulation, there are very few studies which investigated relationships between
heat loss from the upper arm and human morphological characteristics during various
types of exercise. Therefore, we explored relationships between local heat loss from the
upper arm and body morphology during various types of exercise using a liquid cool-
ing sleeve. We hypothesized that (1) the greater volume of the upper arm the greater
heat flow from the skin, and (2) local heat extraction would be related to the whole body
morphology (BMI or total body fat). These results can be applied to improved LCVGs
for astronauts.

Methods

Subjects and four exercise conditions

We recruited subjects so as to ensure an even distribution of body mass index (BMI)
and total body fat (%BF) across the spectrum from the underweight to the overweight.
Eight males (24.8+1.7 y in age, 174.8£6.2 cm in height, 80.1£13.6 kg in weight, and
1.99£0.18 m? in body surface area) and 11 females (23.7£2.2 y in age, 161.34+6.2 cm
in height, 60.346.8 kg in weight, and 1.67£0.11 m? in body surface area) (Table 1)
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participated in the four experimental conditions: (1) rest (sitting on a chair), (2) run-
ning on a treadmill at 6-8 km-h™, (3) cycling at 40-55 W with 50 RPM, and (4) arm
exercise using an arm ergometer at 10-20 W with 50 RPM. The selection of the exer-
cise modes was based on Functional Mobility Testing conducted by the Anthropometry
and Biomechanics Facility at the Lyndon Johnson Space Center of NASA. The exercise
modes were varied based on heart rate (moderate exercise intensity was chosen, which
corresponds to 57 ~63% of their maximum heart rate) in pilot tests for both male and
female group. No subject had a history of cardiovascular or heat-related illnesses. All
subjects were informed about the experiment and provided signed informed consent
prior to their participation. The Institutional Review Board of Seoul National University
approved the present study (IRB#2204/002-009). The male group exhibited significantly
greater height, body weight, total body water, skeletal muscle mass, upper arm surface
area, and the upper arm volume compared to the female group (P<0.05), whereas there
were no sex differences in age and BMI. Total body fat was greater for the female group
than for the male group (P<0.05, Table 1).

Experimental clothing

Subjects wore a liquid cooling sleeve, which was developed for this study, over their
left-upper arm with a water inlet temperature of 24.0+0.3 C, resulting in a thermal
sensation of being slightly cool for the upper arm. To prevent excessive cold-induced
vasoconstriction, which could reduce heat extraction from the skin, we selected a mild
cooling temperature. To ensure proper fit, we measured the upper arm size of all the 19
subjects and tailored the cooling sleeves accordingly. Based on the individual anthropo-
metric data, we produced the liquid cooling sleeves in four sizes (sizes: 88, 77, 66, and
55), with the size 88 being the largest (suitable for tall males) and size 55 being the small-
est (suitable for small females). Each liquid cooling sleeve comprised two layers with
different materials: an outer layer (polyester 92% and polyurethane 8%) and an inner
layer (nylon-spandex mesh: nylon 85% and polyurethane 15%). PVC tubes (inner diam-
eter 4 mm and outer diameter 6 mm) were inserted into the inner layer using a basic
stitch pattern. For easy donning and doffing, the sleeve featured a zipper (Fig. 1A). The
sleeve covered the half of the armpit area. The total length of PVC tubing within a sleeve
was 657 £ 82 cm (size 55 to 88), and the water flow rate through the cooling sleeve was
3,870+ 1,860 mL-min~".

Measurements
The following anthropometric measurements were obtained using a bioelectrical imped-
ance analysis (InBody 970, InBody, Korea): total body fat (%BF), total body water (L),
skeletal muscle mass (kg), and the left arm mass (kg). Body weight was measured three
times using a human scale (F105S, Satorius, Germany, resolution 1 g) and height was
determined using a stadiometer. The girth of the upper arm (left) was measured using a
measurement tape by an identical experimenter. The surface area of the upper arm (left)
was measured according to the alginate method which was developed by Lee et al. (Lee
et al., 2008). The volume of the upper arm was determined using an arm volumeter (Arm
set, AliMed, USA). Upper arm skin temperature (7,

4) was recorded every 1 min using

a data logger and a thermistor sensor (LT-8A, Gram Corporation, Japan; resolution of
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Fig.1 Aliquid cooling sleeve (A) and marking lines on the left arm (B)

0.01°C). Water inlet temperature (T;) and water outlet temperature (T,,) were recorded
every 5 s using the same data logger and sensors. The water inlet temperature was main-
tained at 24.0£0.3 °C using a circulating water bath (SIBATA Cool Man Pal C-332,
Japan). Heat flow (HF) through the liquid sleeve was calculated using Eq. 1(Ko et al,,
2020).

HF = W . Cw' (Twi' Two) (1)

where,
HEF: heat flow (kcal - h™1);
W: water flow rate of the sleeve (L - h™1);
C,: specific heat of water, 1 kcal - kg™ - °C™%;
T,,;: water inlet temperature (°C);
T, water outlet temperature (°C).
Heat flow was converted to watts (1 kcal h "1 =1.163 W/).

Experimental protocol

Subjects arrived at the experimental site at 7 am. We provided a light breakfast (tuna
rice bowl; 204 g in total mass; 400 kcal) with a 330-ml water, and all subjects finished
their breakfast within 15 min. Subjects then changed into the provided experimen-
tal clothing, which included a cotton T-shirt, long trousers (75% cotton/25% polyes-
ter), socks, and sneakers. Following this, we measured the following anthropometric
parameters: height, arm girth, total body fat, upper arm volume, and upper arm sur-
face area. Marking lines were drawn on the skin at the elbow and armpit levels of
the left arm to facilitate the measurement processes including the arm volume, sur-
face area, and arm circumferences (Fig. 1B). To measure the upper arm volume, the
left arm was immersed into the volumeter until the elbow and armpit levels, and the
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difference between the water volume displaced by the arm volume was calculated.
The surface area of the upper arm was measured from the elbow to the armpit level
(Fig. 1B) using the alginate method (Lee et al., 2008).

After completing the anthropometric measurements, thermistor sensors for meas-
uring skin temperature were attached to the designated sites on the left arm (Fig. 1B).
Subjects then entered a climate chamber maintained at an air temperature of 25 °C
with a relative humidity of 50% and an air velocity of below 0.15 m - s~!. Immediately
upon entering the climate chamber, subjects sat on a chair for 60 min (rest)(Fig. 2).
The subjects started the three exercises of running on a treadmill (ECS science tread-
mill S-505, South Korea), cycling (Corival CPET, The Netherlands), and arm exercise
using an arm ergometer (Monark 881E, Sweden) at 9 am, 2 pm, and 4 pm, respec-
tively. Between the three modes of the exercises, the subjects had a sufficient break
time of 1 to 4 h. Each exercise comprised four bouts of 10-min exercise with 5-min
break, resulting in a total exercise duration of 60 min. The duration of the 10-min
exercise and 5-min break was determined through pilot tests involving male and
female subjects. The subjects wore the liquid cooling sleeve starting from the 8 am to
5 pm, and heat extraction from the upper arm was continuously measured.

Data analysis

All data were presented as mean and standard deviation between the subjects
(mean =+ SD). Repeated measures ANOVA was conducted to test differences in the heat
flow among the four exercise modes. Pearson’s correlation coefficients between heat
extraction and major morphological factors (upper arm volume, upper arm surface area,
upper arm volume/upper arm surface area, etc.) were analyzed during rest, running,
cycling, and arm exercise. All statistical analyses were conducted using SPSS 26.0. A sig-
nificance level was set at P<0.05.

- Climate chamber (25°C, 50%) "
d d J J
b [ A8 A£G | oqFob oo | ki kL Lk
Rest |Running ;’2 ﬁ::l;mk:;;rl‘ slope 2% Cycling SORPM %’I;l:lisd‘gw Arm exercise 50 RPM ﬁanl]:lezzol‘:w
Time
8-9am| 9-10 am JIE 2-3 pm 1E 4-5 pm N
koo o tmmimens _ | ___ |
I‘Vi PR T | ORI P | (S e 5
wo

*Tsk - skin temperature

Twi— water inflow temperature

Two — water outflow temperature
Fig. 2 Experimental protocol and measurement intervals of the present study: rest (sitting on a chair),
running on a treadmill at 6-8 km-h-1, cycling at 40-55 W with 50 RPM, and arm exercise using an arm
ergometer at 10-20 W with 50 RPM
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Results

Relationships between morphological characteristics

Significant correlations were found between BMI and other major anthropometric
parameters, such as upper arm volume and surface area except for total body fat (all
Ps<0.05, Fig. 3). The surface area and volume of the upper arm showed positive rela-
tionships with all anthropometric parameters including height, but excluding total body
fat (Table 2). In particular, a very strong relationship was observed between the upper
arm surface area and volume of the upper arm (r=0.832, P<0.001). For both male and
female groups, significant relationships between the surface area or volume of the upper
arm and other parameters were found (all Ps <0.05).

Heat extraction from the upper arm during rest and exercise

There were no significant differences in heat extraction between the four experimental
phases, showing that the values were 36.9 £22.5, 42.1 +24.3, 37.94+20.5, and 35.8 £21.7
W during rest, running, cycling, and arm exercise, respectively. Correlation coefficients
were calculated between heat extraction in the four phases (rest, running, cycling, and
arm exercise) and the following morphological parameters: height, body weight, BMI,
total body fat, total body water, skeletal muscle mass, left arm mass, and arm girth.
Among all the calculations, only the relationship between heat extraction and total body
fat during cycling was statistically significant (r=-0.527, P=0.02). That is, heat extrac-
tion from the upper arm during cycling was greater for subjects who have smaller total
body fat (Fig. 4A, Table 3). The total skeletal muscle mass was positively related to the
heat extraction from the upper arm, but the relationship was not significant (r=0.215
and P=0.376 at rest; r=0.218 and P=0.369 during running; r=0.379 and P=0.11 dur-
ing cycling; r=0.33 and during exercise P=0.186).

The heat extraction was greater for the male group when compared to the female
group. For the male group, heat extraction was 45.1£17.5 W (rest), 51.3+23.6 W
(running), 51.24+14.8 W (cycling), and 48.8+20.0 W (arm exercise), while the female
group showed 32.2+24.9 W (rest), 35.5+£23.7 W (running), 28.4419.0 W (cycling), and
26.4+18.3 (arm exercise) (between male and female group: P=0.137 at rest, P=0.019
during running, P=0.021 during cycling, and P=0.032 during arm exercise).

The male group did not show any correlations between heat extraction and upper arm
skin temperature, whereas there was a negative relationship between heat extraction

Male Male Male
A P>0.5 B P>0.5 c N=19 P>0.5
N=19 Female N=19 Female E r=0.67 Female
404 P>05 alP>05 = 27 r=0.568 P>05 58903 p_g002 P>05
3] . L. ‘E'l.sf P=0.011 o £ 7;,(;7 %
q 7204
X34 L I a " . ® 161 L3 2680*
s [ L] . o d
8 814l Py 2640 e "
>_ Im m Q™ . = s *
T 241 g . 2 6001 . ]
S L « 1.2 L] L] 0 560 ]
< 20 . ] - © s60 / N
© ] o o 4] " o E
£ 161 £ ! 2 520 u
2 5 . S0 .
124 508w ® 3 L] [}
. 2 " S aa0m
8 T T T T T | 0.6 T T T T T | 5 400 T T T T T |
18 20 22 24 26 28 30 18 20 22 24 26 28 30 w 18 20 22 24 26 28 30
BMI (kg/m?) BMI (kg/m?) BMI (kg/m?)

Fig. 3 Relationships between body mass index (BMI) and total body fat (A), upper arm volume (B), or upper
arm surface area (C)
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Fig. 4 Relationships between heat extraction and total body fat during cycling (A), female upper arm
temperature during cycling (B), female upper arm temperature during arm exercise (C)

Table 3 Correlation coefficients between heat extraction from the upper arm and the surface area
or volume of the upper arm during rest, running, cycling, and arm exercise

Exercise mode Surface area of Volume of
upper arm (cm?) upper arm (L)

Heat extraction Rest —0.049 0.091
for all subjects (W) Running 0023 0.041
(N=19) Cycling 0.064 0.098

Arm exercise 0.110 —0.010
Heat extraction Rest —0.145 — 0402
E(n”_mga)'es (W) Running 0015 — 0416

Cycling - 0377 —0.719*

Arm exercise — 0353 —0.689
Heat extraction Rest —0.289 0.083
ng_femf'es W) Running — 0321 0007

Cycling —0.252 —0.065

Arm exercise —0.306 —0.181
*P<0.05

and the upper arm skin temperature for the female group, especially during cycling
(P=0.036, Fig. 4B) and arm exercise (P=0.011, Fig. 4C). That is, the lower skin tempera-
ture represented the greater heat extraction from the upper arm.

Correlation coefficients were obtained between heat extraction in the four activity
phases (rest, running, cycling, and arm exercise) and the following two morphological
parameters: surface area and volume of the upper arm (Table 3). The heat extraction
from the upper arm was related to the volume of the upper arm rather than the sur-
face area during cycling for males (r=-0.719, P<0.05). That is, the greater heat extrac-
tion was found from the male subjects who had smaller volume of the upper arm during
cycling.

Skin temperature on the upper arm

The skin temperature of the upper arm was approximately 0.7~ 1.4 °C (on average)
higher for the male group (32.9+1.5°C,33.9+£1.2°C, 32.7+1.5°C, and 32.7+2.5 °C for
the rest, running, cycling, and arm exercise phases, respectively) when compared to the
female group for all the four exercise phases (32.2+1.7 °C, 32.6+1.8 °C, 31.3£1.8 °C,
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and 31.4+ 1.8 °C). However, the group differences were not significant due to the great
standard deviations, although the significance level was 0.091 for the cycling condi-
tion (Fig. 5). Among the three exercise modes, the upper arm temperature for the male
group remained mostly stable during cycling, and showed the highest value for the run-
ning condition. A noticeable circadian rhythm in the upper arm temperature was not
observed (Fig. 5). The upper arm skin temperature did not exhibit any relationship to
BM]I, total body fat (%BF), surface area of the upper arm, volume of the upper arm, or
the surface area to the volume of the upper arm for all the four conditions.

Discussion

In order to explore the relevancy of morphological factors to heat extraction, we
recruited a total of 19 subjects so that the BMI and total body fat (%) were evenly dis-
tributed from the underweight to overweight (BMI 18 ~ 29 kg/m? Body fat 11 ~ 38%BF).
The original findings of the present study were that the heat extraction from the upper
arm during exercise was related to morphological parameters, especially total body fat
(%BF) and volume of the upper arm, rather than the arm surface area. Hypotheses 1 was
not supported. That is, the heat extraction from the upper arm was smaller for subjects
who have greater total body fat (overweight or obese individuals) and greater volume
of the upper arm, which supports hypothesis 2. However, the relationships were mostly
significant for males during cycling, while heat extraction for the female group had a sig-
nificant relationship with the upper arm temperature. Our finding from the upper arm
is consistent to Mekjavic et al. (1987) reporting that the level of mean heat flow from the
body decreases with increasing the subcutaneous fat.

The greater total body fat, the smaller heat extraction from the upper arm

The present findings indicated that local heat loss from the upper arm can be estimated
to some extent from the overall body characteristics. The greater the total fat mass, the
greater the amount of subcutaneous fat in the upper arm region, and the lower ther-
mal conductivity of the subcutaneous fat layer compared to muscle would reduce the
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Fig. 5 Time courses of upper arm skin temperature for the male and female groups during rest, running,
cycling, and arm exercise (8 males and 11 females)
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efficiency of heat transfer by convection and conduction during skin blood circulation
(Koscheyev et al., 2007; Melnikov, 2006). This can explain the decrease in the amount of
heat extraction in the upper arm of the overweight or obese individuals. It can be pre-
dicted that the lower the total fat mass, the larger the muscle mass in the upper arm, and
more heat must be generated from the muscle during exercise, which can explain the
greater amount of heat lost in the upper arm.

However, the present results showed that this depends on sex and the exercise type.
Arms act as important avenues for vascular heat loss from the central circulation during
leg exercise (Hirata et al., 1989). The significant correlation observed exclusively during
cycling exercise may be attributed to the nature of this activity. Unlike running on the
treadmill or performing arm exercises, cycling involves isometric exercise where indi-
viduals hold the handle with both hands without continuous movement. It is thought
that heat from the upper arm skin during cycling is more stably absorbed by the cold
water flowing through the tubing inside the liquid circulation sleeve because there was
less forced convection generated by arm or trunk movements. Furthermore, one can
presume that the correlation being identified solely in males, and not in females, may
be attributed to the larger range of upper arm volume and skeletal muscle mass in males
(0.89~1.81 L and 29.8 ~43.8 kg) than for females (0.73 ~1.54 L and 19.0 ~ 26.1 kg). This
assertion finds support in other research findings, which indicate that the efficiency of
heat dissipation from muscles is greater in males compared to females (Ferndndez-Peiia
et al,, 2023; Wang et al., 2023).

Physiological and practical significance of the upper arm in cooling/warming garments
Anatomically, the upper arm is the part that connects the torso and the arm, and has
well-developed muscles compared to the forearm. The heat exchange efficiency will be
high as the part that contributes to the amount of heat dissipation of astronauts who
mainly work with both arms during EVA. We propose that, when wearing a full-body
liquid cooling suit inside the spacesuit, tubing on the upper arm is preferred over tub-
ing on the forearm in terms not only regional heat transfer efficiency, but also mobility.
According to previous studies, upper arm warming when exposed to cold can alleviate
the peripheral temperature decline. Cho (2023) investigated optimal combination of
heating regions of upper body (the chest and back vs. back and upper arm) using liquid-
perfused shirt for workers in a cold environment. The combination of heating the upper
back and upper arm was not only effective in maintaining mean skin temperature, fore-
arm and hand skin temperature, but also leads reducing the sense of shivering. Taguchi
et al. (2004) estimated heat transfer, regional heat distribution, and core rewarming of a
circulating-water garment (Roh et al., 2023). According to the results, the regional body
heating including the upper arm can increased whole body heat content as well as the
peripheral tissue heat content (Taguchi et al., 2004). Moreover, a substantial peripheral-
to-core tissue temperature gradient indicated that peripheral tissues insulated the core,
which makes heat transfer slow.
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Conclusions

The present study explored the importance of morphological factors in temperature reg-
ulation and heat exchange, focusing on the upper arm using liquid cooling garments. We
concluded that heat extraction from the upper arm was more related to the arm volume
or skin temperature rather than the surface area of the upper arm, with the significance
varying by exercise mode and sex. However, because all the three types of exercises were
conducted on the same day, the results might be affected by the circadian rhythm in
body temperature. In addition, local body fat mass was not measured, but total body fat
(%) was estimated. We applied moderate intensity of exercise in neutral ambient condi-
tions, but more clear relationships may be obtained during heavy exercise in hot envi-
ronments. Even though those limitations in experimental setting, it is significant that the
volume of the upper arm and total body fat (%) was related to the heat extraction from
the upper arm during exercise. The results can be verified through further studies with
more extensive exercise in different environmental conditions, including weightlessness

environments.
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