
Citation: Wang, W.; Zhao, M. Design

of Liquid–Air Hybrid Cooling

Garment and Its Effect on Local

Thermal Comfort. Appl. Sci. 2023, 13,

9414. https://doi.org/10.3390/

app13169414

Academic Editor: Lingfeng Shi

Received: 7 July 2023

Revised: 7 August 2023

Accepted: 17 August 2023

Published: 19 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Design of Liquid–Air Hybrid Cooling Garment and Its Effect
on Local Thermal Comfort
Wanwan Wang and Mengmeng Zhao *

School of Textile and Clothing, Shanghai University of Engineering Science, Shanghai 201620, China
* Correspondence: mengmengzhao@sues.edu.cn

Abstract: Personal cooling garments were reported effective in improving thermal comfort in hot
environments. In this study, three liquid–air hybrid cooling garments and one control garment
were designed and made: aluminum-tube fan cooling (AAL), silicone-tube fan cooling (SAL),
silicone-tube fan cooling with inner yarn fabric (YAL), and a control garment (CON) without the
cooling sources. Subject trials were performed by eight female subjects in a climate chamber to
simulate a summer indoor working environment at 32 ◦C and 50% relative humidity. The results
showed that the liquid–air hybrid cooling garment provided effective convective and conductive
heat dissipation compared with the no-cooling (CON) stat, chest, belly, shoulder, back, hand, thigh,
and calf. The horizontal e, resulting in a decrease in local body skin temperature. Compared with
the CON, the liquid–air cooling garment resulted in a maximum reduction of 1 ◦C for the mean
torso skin temperature and 1.5 ◦C for the localized shoulder skin temperature. The AAL had a
better cooling effect on the torso skin temperature compared with the SAL, and the cooling of
the AAL was 0.5 ◦C lower than that of the SAL for the shoulder skin temperature. The presented
liquid–air hybrid cooling garments were effective in cooling the body and improving thermal
comfort. They were portable, accessible, and sustainable in hot indoor environments compared
with air conditioners. Therefore, they could save energy.

Keywords: hybrid cooling; skin temperature; perceptual response; hot environment

1. Introduction

Indoor personnel usually use cooling systems such as air conditioners and electric fans
to cool down in hot environments. However, such cooling sources are equipment-specific,
importable, inflexible, and poorly adjustable to the needs of different individuals. Also, the
use of air conditioners raises ecological and environmental issues [1]. Since these cooling
sources limit the scope of personal use, the study of cooling clothing has been of increasing
interest to researchers in the past decade. These garments can make up for the lack of
thermal regulation of the human body in a hot environment and provide additional thermal
protection to the wearer.

In 1962, Burton and Collierl [2] developed the first human-cooling garment, which
became the starting point for the exploration of individual micro-environmental cooling
clothing systems. Cooling clothing includes the use of air, liquids, phase change materials,
and other cooling media to regulate the temperature of the micro-environment under the
clothing to reduce the heat stress of the body in high-temperature environments [3]. The
cooling form of these clothing items mainly includes liquid cooling, with a liquid pipeline
to cool the body; ventilation cooling, with micro-fans to cool the body; PCM (phase change
materials) cooling, with PCMs to cool the body; and hybrid cooling with both PCMs and
ventilation. Compared with other cooling technologies, such as PCM cooling and air
cooling, liquid cooling has higher reliability and cooling efficiency [4].

Currently, liquid cooling garments have been studied by many researchers in the aim
of reducing thermal stress. The concept of something being “wearable” is also proposed

Appl. Sci. 2023, 13, 9414. https://doi.org/10.3390/app13169414 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13169414
https://doi.org/10.3390/app13169414
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app13169414
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13169414?type=check_update&version=1


Appl. Sci. 2023, 13, 9414 2 of 18

and applied in the field of possible solutions developed in order to monitor the thermal
state of the body [5]. Grant Bue [6] designed a liquid cooling garment where the pipe was
woven into the garment to carry cold water to promote heat dissipation. TAO [7] et al.
explored the cooling effect of 10% and 20% concentrations of phase change micro-particle
coolant and water at different combinations, studied the effect of the inlet temperature
and the flow rate, and concluded that the cooling effect of the phase change micro-particle
solution was superior to that of water, especially at an inlet water temperature of 13 ◦C,
when it can achieve the best effective cooling. Xu et al. [8] designed a man-portable
cooling garment with cold liquid circulation based on thermoelectric refrigeration, and
the results indicated that the system was capable of providing a water temperature of
15.7 ◦C and a cooling power of 340.4 W, with a climatic chamber temperature of 30 ◦C.
In addition to the use of liquid–air garments in daily life, there are also applications
in the medical and health fields, the military, and the firefighting field. Ku et al. [9]
used three different cooling garments to compare the response of patients with multiple
sclerosis (MS) to short-term cooling therapy. The results showed that the active cooling
garment system was the most effective one for reducing the temperature of MS patients.
Speckman et al. [10] tested the effectiveness of liquid cooling undergarments (LCUs)
in reducing the heat burden of soldiers while wearing chemical protective clothing.
They found that the cooling effect of LCUs could be increased by designing a larger
body coverage for cooling. McLellan et al. studied a liquid–air garment for managing
heat stress in firefighters and found that the liquid-cooled garment could achieve 70%
cooling within the first ten minutes [11]. Kayacan [12] et al. designed two liquid–air
garments with different compositions and placed them on a thermal manikin for cooling
comparison, but both were limited in their area of use due to the heavy cooler of the
liquid–air garment.

At the same time, portable ventilated garments have the advantages of convenience,
light weight, and low cost [13]. The most important thing is that the ventilation device
embedded in the clothing can greatly increase the convection heat dissipation [14–16]. Over
the years, many scholars have studied the ventilation efficiency and cooling performance
of ventilation clothing. The effects of body movement and wind speed [17], garment
design [18], fabric properties, and body posture [19] on the ventilation rate of garments have
been investigated using tracer gas methods. Numerous studies [20–23] have studied the
cooling effect of ventilation clothing under forced ventilation in different environments and
different motion states. Del Ferraro et al. [24] designed a ventilation jacket, and the cooling
effect was examined using a thermal manikin. The results showed that significant increases
in dry heat losses (through convection) were brought for the trunk thermal zones, of which
the percent changes greatly exceeded 100% for the thermal zones close to the fans. The air
ventilation determined significant decreases in the total thermal insulation (IT) values (up
to 35%) compared with the fans-off condition, confirming and quantifying the cooling effect
of the ventilation jacket. Apart from these research studies, many studies have performed
subject trials to study the cooling effect of air ventilation garments. Chinevere et al. [25]
showed that subjects wearing a ventilated garment over a soldier’s combat uniform had
significantly reduced heat stress. Chan et al. [26,27] studied the effect of wearing ventilated
clothing on thermal comfort for outdoor workers in Hong Kong during the summer and
showed that subjects experienced a significant reduction in heat stress. Hidenori Otani [28]
used a fan-cooled garment to test its cooling effect on athletes after exercise, confirming
that air-cooled clothing can effectively alleviate heat stress and discomfort during and after
exercise in a humid and hot environment. Fukuda et al. [28] showed that the using of fan-
cooled clothing while walking under compensable heat stress was effective in attenuating
increases in core temperature, skin temperature, and heat rate compared with no cooling,
but Bian et al. [29] showed that when the air temperature exceeds the skin temperature,
the cooling effect provided by the ventilated garment may not be sufficient to dissipate the
excess body heat. Wang et al. [30] designed a personal cooling system (HPCS) by combining
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a phase change material (PCM) with an electric fan. Results demonstrated that the control
of electric fans could suppress the mean skin temperature rise to 34.0 ◦C by over 15 min.

Although there are some differences in the cooling methods of various types of cooling
garments, most of them aim to reduce the skin temperature of the microclimate zone. In
previous studies, some scholars have put the cooling source in direct contact with the
surface of the human body. Although this cooling method can significantly improve the
cooling effect, it tends to cause local hypothermia [31]. In addition, the cooling source in
some cooling garments can cause mobility inconveniences to the wearer due to its excessive
size [12]. Furthermore, from the aforementioned studies, it can be concluded that both
liquid cooling and air ventilation cooling had a good application point, but the use of
both cooling methods in one garment was quite few. Therefore, in this study, hybrid
cooling garments using both liquid and air cooling were designed and made. The cooling
garments combined both liquid cooling and air ventilation cooling. They were aluminum
tube combined with fan cooling (AAL), silicone tube combined with fan cooling (SAL),
silicone tube with inner yarn fabric combined with fan cooling (YAL), and a control garment
without a cooling source (CON). This study was conducted by human trials, in which a
summer indoor working environment with an ambient temperature of 32 ◦C and relative
humidity of 50% was set in the climate chamber, and the subjects simulated a sedentary
working condition for 45 min and rest for 20 min. The objective of this study was to examine
the cooling effect of different styles of liquid–air cooling garments and find the best layout
in the structural design of the cooling garments.

2. A general Description of the Designed Cooling Garments and the Control Garment
2.1. Heat Exchange Processes in the Micro-Climate under Clothing

The area between the inner surface of the liquid–air garments and the body surface is
called the microclimate zone (Figure 1). The temperature of the microclimate zone directly
affects the temperature perception of the human skin surface. In nature, heat always travels
from the high-temperature region (Th) to the low-temperature region (Tl). Excess heat
generated by the body due to metabolism is transferred to the microclimate zone in various
ways, and if the heat in the microclimate zone does not dissipate in time, it can make the
body feel stuffy. However, when a cooling garment is used, it can enhance heat dissipation
under the micro-climate and relieve heat discomfort.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 3 of 18 
 

designed a personal cooling system (HPCS) by combining a phase change material (PCM) 
with an electric fan. Results demonstrated that the control of electric fans could suppress 
the mean skin temperature rise to 34.0 °C by over 15 min. 

Although there are some differences in the cooling methods of various types of cool-
ing garments, most of them aim to reduce the skin temperature of the microclimate zone. 
In previous studies, some scholars have put the cooling source in direct contact with the 
surface of the human body. Although this cooling method can significantly improve the 
cooling effect, it tends to cause local hypothermia [31]. In addition, the cooling source in 
some cooling garments can cause mobility inconveniences to the wearer due to its exces-
sive size [12]. Furthermore, from the aforementioned studies, it can be concluded that both 
liquid cooling and air ventilation cooling had a good application point, but the use of both 
cooling methods in one garment was quite few. Therefore, in this study, hybrid cooling 
garments using both liquid and air cooling were designed and made. The cooling gar-
ments combined both liquid cooling and air ventilation cooling. They were aluminum 
tube combined with fan cooling (AAL), silicone tube combined with fan cooling (SAL), 
silicone tube with inner yarn fabric combined with fan cooling (YAL), and a control gar-
ment without a cooling source (CON). This study was conducted by human trials, in 
which a summer indoor working environment with an ambient temperature of 32 °C and 
relative humidity of 50% was set in the climate chamber, and the subjects simulated a 
sedentary working condition for 45 min and rest for 20 min. The objective of this study 
was to examine the cooling effect of different styles of liquid–air cooling garments and 
find the best layout in the structural design of the cooling garments. 

2. A general Description of the Designed Cooling Garments and the Control Garment 
2.1. Heat Exchange Processes in the Micro-Climate under Clothing 

The area between the inner surface of the liquid–air garments and the body surface 
is called the microclimate zone (Figure 1). The temperature of the microclimate zone di-
rectly affects the temperature perception of the human skin surface. In nature, heat always 
travels from the high-temperature region (Th) to the low-temperature region (Tl). Excess 
heat generated by the body due to metabolism is transferred to the microclimate zone in 
various ways, and if the heat in the microclimate zone does not dissipate in time, it can 
make the body feel stuffy. However, when a cooling garment is used, it can enhance heat 
dissipation under the micro-climate and relieve heat discomfort. 

 
Figure 1. Schematic diagram of heat exchange in microclimate regions. 

  

Figure 1. Schematic diagram of heat exchange in microclimate regions.



Appl. Sci. 2023, 13, 9414 4 of 18

2.2. The Design Idea of the Cooling Garments and the Control Garment

The location of the skin surface for heat exchange needs continuous improvement.
The torso accounts for 74% of the body’s basal metabolism. Thus, it is more reasonable
to set the torso as the cooling site according to previous studies [32,33]. Thus, the design
of liquid–air cooling garments in the form of a vest structure was used. Three cooling
garments and one control garment were designed and made: aluminum-tube fan cooling
(AAL), silicone-tube fan cooling (SAL), silicone-tube fan cooling with inner yarn (YAL),
and a control garment (CON) without the cooling sources but the same size and fabrics
as the cooling garments. The difference between AAL and SAL is the difference in the
tubes. AAL uses aluminum tubes, SAL uses silicone tubes, both use the way of upper and
lower splicing, the upper part of the torso is liquid–air, and the lower part is air-cooled.
The difference between YAL and the first two garments is that YAL uses the way of inner
and outer splicing, the inner layer is liquid–air, the outer layer is air-cooled, and the tube
part still uses silicone tubes. The total weight of AAL is 1.16 kg, the total weight of SAL
is 1.08 kg, the total weight of YAL is 1.14 kg, and the total weight of CON is 0.15 kg. An
illustration of the cooling garments is shown in Figures 2–4.
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3. A Detailed Description of the Designed Cooling Garments and the Control Garment
3.1. Clothing Size and Textile Martials

The specifications and sizes of the four garments, including the control garment, are
shown in Table 1. In terms of fabric, all four garments were made of polyester-blend cotton
non-elastic fabric, among which the outer layer of YAL was made of polyester spandex
mesh fabric. Table 2 shows the details of the parameters of the four garments.

Table 1. Clothing specification and size (cm).

Clothing Length Chest Width Hip Width Waist Width Cross Shoulder

58 100 100 116 40

Table 2. The material details of each style of liquid–air cooling garment.

Style Structure Pipe Material Material Fabric Gram Weight

AAL Upper and
lower splicing Aluminum tube Polyester, nylon, and cotton

blended non-stretch fabric 180 g/m2

SAL Upper and
lower splicing Silicone tube Polyester, nylon, and cotton

blended non-stretch fabric 180 g/m2

YAL Internal and
external splicing Silicone tube Polyester, nylon, and cotton blended

non-stretch fabric, Polyester mesh fabric 180 g/m2, 73 g/m2

CON – – Polyester, nylon, and cotton
blended non-stretch fabric 180 g/m2

Note: –, not applicable.

3.2. Liquid Pipe Materials of the Cooling Garments

If the thermal conductivity of the liquid-cooled pipe material is excellent, most of the
cooling source cold can be conveyed to the body, which can increase the efficiency of the
cooling source utilization [34]. Therefore, an aluminum tube with a lower density was
selected and used in AAL, and its density was 2.7 g/cm3. The aluminum tube pipe was
8.4 m long and weighed 356 g. The pipe size was a round pipe with an inner diameter of
4 mm and an outer diameter of 6 mm. A silicone tube was used both in SAL and YAL.
The inner and outer diameter of the silicone tube was the same as that of the aluminum
tube; both were 4 mm × 6 mm. The silicone tube density was 2.2 g/cm3. A length of 8.4 m
and weight of 290 g of the silicone pipe was used both in SAL and YAL. Table 3 shows the
material details of the liquid pipes used in the three cooling garments.

Table 3. The material details of the liquid pipes.

Style Pipe Material Inner Diameter Outer Diameter Density Length Weight

AAL Aluminum tube 4 mm 6 mm 2.7 g/cm3 8.4 m 356 g
SAL Silicone tube 4 mm 6 mm 2.2 g/cm3 8.4 m 290 g
YAL Silicone tube 4 mm 6 mm 2.2 g/cm3 8.4 m 290 g

3.3. The Liquid Cooling System of the Cooling Garments
3.3.1. The Components of the Liquid Cooling System

In the present study, an emerging semiconductor refrigeration pump was used to
produce cooled water. The pump was compact and capable of providing a continuous
cooling capacity [35]. Considering the problem of overcooling when wearing liquid–air
garments, a thermostat was set in the whole device, and the role of the thermostat was
to make the clothing more intelligent. The probe of the thermostat was connected to the
outer wall of the liquid cooling tube, and when the liquid cooling tube was detected to be
overcooled, it controlled the semiconductor refrigeration pump to stop the cooling.
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The circulation pump used a head of 550 mL/min (as shown in Figure 5a). The
refrigeration pump was two miniature water-cooled pumps (Figure 5b) which contained a
refrigeration piece, with a size of 100 × 100 mm heat sink and a small fan; A SeetyXH-W1308
digital (Square Technology Ltd., Shenzhen, China) display thermostat was used (Figure 5c),
whose temperature control range is −55–120 ◦C and whose temperature control accuracy is
0.1 ◦C. A mobile power supply (YNS-120HK, Romance Technology Corporation, Shenzhen,
China) with an output voltage of 12v and a capacity of 38,400 mah (Figure 5d) was used
to supply power. Additionally, different parts of the torso have different acceptance of
water temperature [36], and the dynamic change of water temperature can meet the cooling
needs of various parts of the body in different periods. Therefore, the thermostat was set
to, when the temperature monitored by the thermostat was greater than 28 ◦C, start the
semiconductor refrigeration pump to open refrigeration; when the monitored temperature
was less than 20 ◦C, it stopped the work of the semiconductor refrigeration pump, providing
overcooling protection.
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Figure 5. (a) Circulating pump; (b) refrigeration pump; (c) temperature controller; (d) mobile
power supply.

3.3.2. The Circuit System

In terms of circuitry, the mobile power supply supplies the circulating pump and
thermostat, and the thermostat controls the switch of the semiconductor refrigeration
pump. In the circuit assembly process at the thermostat end, four interfaces A, B,
C, and D, of the thermostat (Figure 6) are connected to different lines. Interface A
connects the negative terminal of the load circuit (two semiconductor refrigeration
pumps); interface B is connected to interface C to form a short circuit, while interface C
connects to the negative terminal of the power supply; interface D connects to the positive
terminal of the load circuit (two semiconductor refrigeration pumps), while interface D
connects to the positive terminal of the power supply. Because the positive and negative
terminals of the power supply side are at a socket, the connection of interfaces C and D
to the power supply side is line-merged.
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3.3.3. The Assembling of the Liquid Cooling System

When assembling these devices, PP (polypropylene) plates with better thermal insu-
lation performance were used. Compared with the general acrylic material, PP material
can withstand high temperatures, and can emit heat from the hot end of the semiconductor
refrigeration pump, providing a guarantee of the safety of the experiment. The cuboid PP
box is divided into two layers. In the upper layer, the circulating pump and mobile power
supply are placed, and the two are isolated from each other; the lower layer houses the
semiconductor refrigeration pump and thermostat, which are also isolated from each other.
The periphery of the PP box adopts a fence structure, so that the hot air generated by the
refrigeration pump can be distributed in time.

The assembled portable liquid cooling cycle box can be moved with the cooling vest
and is a portable refrigeration system with a total weight of 3.2 kg (Figure 7). The assembled
circulating cooling box can be worn by resting operators for approximately 2 h at 32 ◦C and
50% humidity. The quick-insert design of the water stop is convenient for quick connections
between the cooling box and the three cooling vests designed. All the equipment can work
normally after the power is powered on. The refrigeration pump starts the refrigeration,
the circulation pump can drive the water circulation, and the pipelines are not blocked.
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3.4. The Air Ventilation System of the Cooling Garments

For the three cooling garments, two small fans were selected with a mounting aperture
of 9 cm, an outer diameter of 10.6 cm, and a thickness of 3.3 cm, weighing a total of 270 g;
the fan blades were angled at 45◦ to form an efficient air inlet. The fans were connected
to a mobile power supply 130 mm in length, 70 mm in width, and 28 mm in height, with
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an output voltage of 12 V. An airflow level of 25 L/S was provided when the power was
fully charged. A working diagram of the whole cooling system of the liquid–air cooling
garments is shown in Figure 8.
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4. Methods
4.1. Participants of the Experiment

Eight healthy female subjects were selected for the experiment. Their age was
(25 ± 1) years, their height was (162 ± 5) cm, their weight was (56 ± 5) kg, and their
BMI was 21 ± 2 kg/m2. The subjects were informed of the purpose and procedure
of the experiment before the experiment. They were aware of the precautions and
safety policies during the experiment, and they were clear about the contents of the
questionnaire they filled out. They were not allowed to drink alcohol or coffee for 24 h
before the experiment, avoided strenuous exercise, and maintained emotional stability.
Each subject wore four types of experimental clothing, and a total of 32 experiments
(8 subjects × 4 clothing) were conducted, with each experiment being randomized. The
study complied with the declaration of Helsinki and was approved by the University
Ethnic Committee.

4.2. Experimental Protocol and Test Conditions

The climatic chamber was set to 32 ◦C, 50% relative humidity, and 0.5 m/s air velocity.
Subjects came to the climate chamber and rested for 20 min. After that, the sensors were
attached to the skin of the right side of the subjects using medical tape, during which the
subjects were wearing their own bras, briefs, socks, and sneakers. A DS1923 (Maxim, CA,
USA)-type Ibutton temperature was used to collect data on the local skin temperature
changes of the subject during the experiment, with data recorded every 15 s. The Ibutton
was fixed to the right part of the body (neck, chest, shoulder, back, hands, thighs, and
calves) with 3 M of medical tape before the start of the experiment. Then, the subjects were
changed into uniform white t-shirts and began the experiment after 20 min of adaptation
to the chamber environment. During the experiment, subjects wore the four types of
vests (AAL, SAL, YAL, CON), sat on a stool, and used their laptops as usual to simulate
a sedentary work state for 45 min. During the experiment, their core temperature was
measured every 9 min using an ear thermometer (Braun, IRT6520, Frankfurt, Germany) and
the subjective sensation of the torso was recorded every 9 min. The experiment procedure
is shown in Figure 9.
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The consistency of the initial inlet water temperature needed to be ensured at the
beginning of the experiment. According to the study of TAO [7], the best effective specific
heat can be achieved when the inlet water temperature is 13 ◦C. Therefore, the initial water
temperature for the liquid pipes was 13 ◦C. When each garment was about to start testing,
a medical auxiliary syringe was used to fill the tube with water. A 200 mL medical syringe
was filled with water and connected to one end of the tube. The other end of the tube was
opened upward, the upward opening was able to squeeze out the air while pressing in the
water flow, and, eventually, the tube was filled with water. The total amount of water filled
each time was 160 mL. After filling the water in the pipe, the power switch of the liquid
cooling and the fan cooling were turned on to make the garment start cooling work. The
experiment scene of a subject is shown in Figure 10.
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Figure 10. Experiment scene of a subject in a sitting position.

Participants’ perceptual responses, including overall thermal sensation vote (TSV)
and thermal comfort vote (TCV), were surveyed. Perceptual responses were measured
every nine minutes from the start to the end of the experiment. As shown in Table 1,
ratings of TSV and TCV ranged from −3 (‘Cold’) to 3 (‘Hot’), 0 (‘Neutral’) to −3 (‘Very
uncomfortable’), and 0 (‘Comfortable’) to 1 (‘Very comfortable’), respectively. All rating
scales are continuous (Table 4) .
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Table 4. Perceptual response rating scales.

Scale Thermal Sensation Vote (TSV) Thermal Comfort Vote (TCV)

−3 Cold Very uncomfortable
−2 Cool Uncomfortable
−1 Slightly cool Slightly uncomfortable
0 Neutral Comfortable
1 Slightly warm Very comfortable
2 Warm –
3 Hot –

Note: –, not applicable.

4.3. Calculations

The mean skin temperature was calculated using the 6-point method [37] with the
following Equation (1). The calculation of the mean torso skin temperature [38] was
calculated using Equation (2).

Tsk = 0.14 Tneck + 0.19 Tchest + 0.11 Tshoulder + 0.19 Tback + 0.05 Thand + 0.32 Tthigh (1)

Ttorso = 0.25 Tchest + 0.25 Tshoulder + 0.25 Tbelly + 0.25 Tback (2)

where Tsk is the mean skin temperature, Tneck is the neck temperature, Tchest is the chest skin
temperature, Tbelly is the belly skin temperature, Tshoulder is the shoulder skin temperature,
Tlowerback is the back skin temperature, Thand is the hand skin temperature, and Tthigh is the
inner thigh skin temperature, all in ◦C.

4.4. Statistical Analysis

SPSS Statistics 24 was used to analyze the data. The data were first tested for normal
distribution using a combination of the Shapiro–Wilk method and Q–Q plots to determine
whether the data obeyed a normal distribution; if they did, one-way ANOVA was used,
and if they did not, the Kruskal–Wallis test, a nonparametric test, was used. The test was
conducted to see if there was a significant difference between subjects wearing the four
garments on the mean skin temperature, the mean torso temperature, the core temperature,
the overall thermal sensation, and the overall thermal comfort. When they were tested to
be significantly different from each other, a two-by-two comparison was made.

5. Results
5.1. Local Skin Temperature

Figure 11 illustrates the local skin temperature changes at eight sites in the four
garment scenarios. The eight sites were the neck, chest, belly, shoulder, back, hand, thigh,
and calf. The horizontal view of Figure 11a, Figure 11b, Figure 11c and Figure 11d represent
the temperature changes of the AAL, SAL, YAL, and CON groups at 15, 30, and 45 min,
respectively, and their variability at each site at the same time, while the vertical view
shows the three cooling garments at 15, 30, and 45 min, respectively, compared with the
non-cooling group at the same time.

From Figure 11a, it can be seen that the shoulder temperature of the AAL group was
the lowest during the three time periods at 15, 30, and 45 min, and there was a temperature
difference of about 0.5 ◦C compared with the SAL of the same layout. Longitudinal
observation of the four graphs at the 45th minute revealed that at the end of the experiment,
the shoulder temperature of the non-cooled group CON was 35.1 ◦C, while the lowest
temperature of the cooled garment group was only 33.6 ◦C, a temperature difference of
1.5 ◦C. This indicates that the cooling effect of the three cooling garments in the shoulder
area was significant. Data analysis showed significant differences between the shoulder
and the chest, the shoulder and the hand, and the shoulder and the calf at the 15th, 30th,
and 45th minutes (p < 0.01).
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From Figure 11b, it can be seen that the belly had the lowest temperature in the three
time periods of 15, 30, and 45 min, which was because the fan for SAL was designed in
the side waist, and its air was circulated in the belly and back, so the belly received more
intense air cooling. Data analysis showed significant differences in both the chest and the
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back at the 15th and 30th minutes. There was a significant difference between the chest and
shoulder in the 30th and 45th minutes (p < 0.01).

From Figure 11c, it can be seen that the back temperature of YAL was the lowest
in the three time periods of 15, 30, and 45 min, and the back temperature of YAL was
only 33.5 ◦C at the 45th minute, compared with 34.9 ◦C for the back temperature of the
non-cooled CON at the same time, with a temperature difference of 1.4 ◦C. Comparing
Figure 11a and Figure 11b, it can been seen that the back temperature for YAL is lower
than that for AAL and SAL. From Figure 11c, it can also be found that YAL’s chest
temperature was the highest in the three time periods of 15, 30, and 45 min, and a
longitudinal observation of the chest temperature at the 45th minute showed that YAL’s
chest temperature was significantly higher than that of AAL and SAL. Data analysis
showed that at the 15th, 30th, and 45th minutes, the back and the belly, the back and the
chest, and the back and the neck were significantly different (p < 0.01).

From Figure 11, it can be found that the temperature of the neck, hands, thighs, and
calves of the non-cooling group CON was higher than that of the cooling group, but the
temperature difference between the cooling groups was not significant because the neck,
hands, thighs, and calves were not the direct cooling area of the garment, but part of the air
volume of the fans still blowing out from the neck, hands, thighs, and calves through the
torso. Thus, it also indicated a certain cooling effect.

5.2. Core, Mean Skin, and Mean Torso Temperatures

The changes in core temperature are shown in Figure 12. The core temperatures of
both AAL and YAL were lower than the CON group at the 9th minute, indicating that
the cooling effect of AAL and YAL was more significant at the beginning. And the core
temperatures of all three clothing groups were lower than the control CON group at the
27th and 45th minutes, indicating that all three cooling garments had a certain cooling
effect, but the maximum temperature difference during the whole experiment was only
0.1 ◦C, which was not significant. Data analysis showed that there was no significant
difference between the four clothes during the whole experiment at the p < 0.05 level.
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The mean skin temperature changes are shown in Figure 13, which shows that the
mean skin temperature of the non-cooled group (CON) showed a significant increasing
trend, while the cooling garment group showed different degrees of decrease, and
all were lower than the non-cooled group (CON). At the end of the experiment, the
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maximum mean skin temperature of the non-cooled group (CON) was 35 ◦C, while the
maximum mean skin temperature of the cooled garment group was 34.6 ◦C, a decrease
of 0.4 ◦C. At the 9th min of the experiment, the temperature of the CON was 34.8 ◦C
and the temperature of the YAL was 34.1 ◦C, a difference of 0.7 ◦C, which indicated
that the cooling garment had an effective cooling effect. Data analysis showed that
there was a significant difference (p < 0.01) in the cooling effect of the four garments
on the mean skin temperature throughout the experiment. A two-by-two comparison
revealed that there was a significant difference between AAL and YAL and CON at the
9th minute, between YAL and CON at the 27th minute, and between AAL and CON at
the 45th minute.
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The mean torso temperature is shown in Figure 14. It can be seen that the temperature
of the control group (CON) showed a significant increasing trend, and the torso temperature
was higher than that of the liquid–air garments group (AAL, SAL, YAL). At the end of the
experiment at 45 min, the torso skin temperature in the CON was 35.2 ◦C, while the highest
torso temperature in the liquid–air cooling garment was 34.4 ◦C, a decrease of 0.8 ◦C. The
mean torso skin temperature difference between the control group and the cooling garment
group was greater than the mean skin temperature difference, mainly because the torso is
the main action part of the garment and the data are more intuitive. Data analysis showed
that there was a significant difference (p < 0.01) in the effect of the four garments on the
mean skin temperature throughout the experiment. A two-by-two comparison revealed
that AAL, SAL, and YAL all differed significantly from CON. The mean torso temperature
of the aluminum tube group (AAL) was consistently lower than that of the silicone group
(SAL) during the experiment.

5.3. Perceptual Responses

The thermal sensation of the torso brought to the subjects by the four garments is
shown in Figure 15. The torso thermal sensation of the subjects wearing the CON was
significantly higher than that of the cooling garments, and the data can visually show
that the subjects felt relatively cooler when wearing the liquid–air cooling garments. This
indicates that the cooling garment has an effective cooling effect. The data analysis showed
that there was a significant difference between CON and AAL, SAL and YAL (p < 0.01).
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The torso thermal comfort of the subjects is shown in Figure 16. The subjects’ torso
thermal comfort while wearing the CON was significantly lower than that of the cooling
garment, and the data visually show that the subjects had greater thermal discomfort when
they did not have the cooling garment. This indicates that the cooling garment has an
effective effect on improving thermal comfort. Analysis of the data showed that there were
significant differences between CON and AAL, SAL, and YAL at both the 9th and 27th
minute on torso thermal comfort (p < 0.01). There was a significant difference between
CON, AAL, and YAL at the 45th minute (p < 0.01)
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6. Discussion
6.1. Effect of Liquid–Air Hybrid Cooling on Cooling Performance

The liquid–air cooling garments provided effective convection and conduction of heat
dissipation compared with the no-cooling state, resulting in a significant decrease in local
skin temperature, mean skin temperature, mean torso skin temperature, thermal sensation,
and an increase in thermal comfort, while having little effect on core temperature. The
liquid–air cooling garments showed significant differences in skin temperature in five local
regions of the torso, including the neck, chest, belly, shoulder, and back, compared with
the CON, and its cooling effect was mainly for the torso. In the local skin temperature
comparison of YAL with AAL and SAL, it was found that the back skin temperature of YAL
was lower than that of AAL and SAL among the three cooling garments, which indicates
that the design form of its garment has the best cooling effect on the back. This is because
when wearing the YAL, the back of the body was cooled by the conduction of the liquid
cooling tube and also by the air-cooling cycle of the fan across the torso. With AAL and
SAL, the back was only cooled by air. The skin temperature of the back area showed that
when the local area was cooled by a combination of liquid and air cooling, the cooling effect
was better than air cooling only. The experimental results of Yang [39] also showed that
among the four parts of the torso, back cooling was the most effective. For the mean torso
skin temperature, it was found that the mean torso skin temperature of the aluminum tube
(AAL) was always lower than that of the inner yarn (YAL) during the experiments, which
indicated that the cooling of the torso with the aluminum tube (AAL) design was better
than that of the inner yarn group (YAL). For the mean skin temperature, the inner yarn
group (YAL) was mostly lower than that of the aluminum tube (AAL). It indicates that the
two garments do not have the same cooling effect on the mean skin temperature and the
mean torso skin temperature, and the YAL has a better overall cooling effect for the whole
body, while the AAL has a better local cooling effect for the torso.

Through the analysis of the core temperature, the maximum temperature differ-
ence of the core temperature was only 0.1 ◦C during the whole experiment, which
was not significant. The reason for this is that the subjects sat still and did office
work during the experiment without strenuous exercise; thus, the effect on the core
temperature was not significant. This was also detected in the studies of Li et al. [40]
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and Yang et al. [41], in which the authors found that exercise intensity had a great effect
on the core and skin temperatures.

6.2. The Effect of Different Pipe Materials on Cooling Performance

The aluminum tube had a better local cooling effect on the torso compared with the
silicone tube, but did not affect the overall body cooling effect. In the local temperature
control between AAL and SAL, the difference between subjects wearing AAL and SAL
was only reflected in the local skin temperature of the shoulder, but not in the chest skin
temperature. During the experiment, there was a temperature difference of about 0.5 ◦C
between the shoulder skin temperature of the AAL and the shoulder skin temperature
of the SAL. This was because the clothing fit of the aluminum tube was not very good
due to the convex shape of the chest, while in the back the aluminum tube was able to fit
the body more closely. The use of aluminum tubes instead of silicone tubes did result in
a better cooling effect with the improved fit of the aluminum tubes. For the mean torso
skin temperature, it was found that the mean torso skin temperature in the aluminum
tube group (AAL) was consistently lower than that in the silicone group (SAL) during
the experiment. This indicates that the use of aluminum tubes (AAL) has a better cooling
performance than silicone tubes (SAL) during the experiments due to the better thermal
conductivity of the tubes. On the other hand, since the subjects were in a sedentary working
state which did not have a high requirement for the torso movement, the aluminum tubes
could be used for the liquid cooling, but for those working environments which require
frequent body movement, other types of tubes with high flexibility should be considered.

6.3. The Effect of Different Forms of Garment Design on Cooling Performance

From the design form of the three cooling garments, the inside and outside collocation-
type structure is better than the top and bottom collocation structure, which was demon-
strated by YAL with the best cooling effect. From the local skin temperature control of YAL,
AAL, and SAL, it can be found that the chest skin temperature of YAL was significantly
higher than that of AAL and SAL. From the design of the garment, YAL was only subjected
to the effect of circulating air in the chest, while AAL and SAL were designed with liquid
cooling tubes in the chest, so the chest skin temperature of YAL was slightly higher than
that of AAL and SAL. For the mean skin temperature, it was found that the mean skin
temperature of the subjects wearing the inner yarn cooling garment (YAL) was slightly
lower than the other two cooling garments (AAL and SAL) throughout the experiment,
which indicated that the cooling effect of the inner yarn YAL was better than that of the
garments AAL and SAL; YAL reached the lowest mean skin temperature point first, which
indicated that YAL had the fastest cooling speed. And also, it can be seen that the design of
the inner liquid cooling tube and outer fan collocation has an excellent cooling effect.

7. Conclusions

In this study, three liquid–air hybrid cooling garments and one control garment
were designed and explored to study and compare the local thermal comfort of female
participants working in an ambient temperature of 32 ◦C and 50% RH. The results
showed that the liquid–air cooling garments provided effective convection and conduc-
tion heat dissipation compared with the no-cooling state, resulting in lower local skin
temperatures and improved perceptual responses. Compared with the no-cooling state
of CON, the liquid–air cooling garments reduced the mean torso temperature by up to
1 ◦C. They reduced shoulder skin temperature and lower back skin temperature by up to
1.5 ◦C and 1.4 ◦C, respectively. The aluminum tube had a better cooling effect on the torso
skin temperature compared with the silicone tube, and the cooling of the AAL was 0.5 ◦C
lower than that of the SAL for the shoulder skin temperature. The inner liquid cooling
tube and the outer fan structure of the clothing style (YAL) could bring the best cooling
effect based on the lowest mean skin temperature. The liquid and air hybrid cooling
garment was portable, accessible, and sustainable compared with air conditioners, and,
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therefore, they could save energy and are recommended to be used in hot environments.
The study of the different materials and structures of liquid–air hybrid cooling garments
could provide a reference for the selection and design of personal cooling garments used
in hot indoor environments.
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