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Abstract: Personal wearable systems designed to manage temperature and moisture are gaining
popularity due to their potential to enhance human thermal comfort, safety, and energy efficiency,
particularly in light of climate change and energy shortages. This article presents the mechanisms of
thermal and moisture management, recent advances in wearable systems for human thermal and
moisture management, and methods for their performance evaluation. It evaluates the pros and cons
of various systems. The study finds that most wearable systems for thermal and moisture manage-
ment are being examined as individual topics. However, human heat and moisture management
have noteworthy interactions and impacts on human thermal comfort. There are certain limitations in
the methods used for evaluating personal heat and moisture management in wearable systems. This
review suggests future research directions for wearable systems to advance this field and overcome
these limitations.

Keywords: high-temperature and high-humidity environments; wearable clothing; thermal and
moisture management; performance evaluation indicators

1. Introduction

Personnel working in high-temperature and high-humidity environments, such as
outdoor medical personnel, workers in mining, metallurgy, and other industries who
need to wear heat-protective clothing, as well as firefighters, are not equipped with air
conditioning and other temperature-control devices due to the limitations of the workplace.
In addition, these personnel are also required to carry out high-intensity labor, which
is prone to generating excessive heat and then forming a high-temperature and high-
humidity microenvironment, resulting in uncompensated heat stress [1]. Physiological
studies indicate that high-temperature environments can decrease human concentration
and execution, while also triggering a sense of anxiety, which can significantly impact work
efficiency. Additionally, if body temperature exceeds 39 ◦C, individuals are at risk of a
heatstroke, and at a temperature of 40.6 ◦C, it can be life-threatening, as demonstrated in
Figure 1 [2]. Therefore, maintaining a constant human body temperature not only ensures
work efficiency but is also an important prerequisite for good health. In the face of the
growing demand for personal cooling/dehumidification, the concept of personal thermal
and moisture management wearable systems has been proposed [3]. Personal thermal and
moisture management wearable systems are one of the common solutions to protect the
body from heat stress, especially for those who work in hot and humid areas, which is
considered to be an effective personal protection measure [4].
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Figure 1. Association between work capacity and wet bulb temperature for different work intensi-
ties. 

The human body maintains its thermal equilibrium through the transfer of heat and 
sweat, which can occur via four primary pathways: thermal conduction, thermal convec-
tion, thermal radiation, and evaporation, as illustrated in Figure 2 [5]. Many personal ther-
mal and moisture management wearable systems have been designed for human temper-
ature and humidity regulation [6]. These devices can improve thermal comfort for the 
human body and provide better temperature and humidity control in hot and humid en-
vironments. These mechanisms play a crucial role in regulating body temperature and 
ensuring optimal physiological functioning. The development of these wearable systems 
represents a significant advancement in the field of personal thermal management [7]. By 
optimizing heat and moisture transfer, these devices can help individuals maintain a com-
fortable body temperature and mitigate the risk of heat-related ailments. Additionally, 
they have the potential to enhance overall well-being and performance in various settings, 
including sports, occupational environments, and daily activities [8,9]. 

In this paper, we explore the design, functionality, and performance of these personal 
thermal and moisture management wearable systems. We examine their potential benefits 
and limitations, discuss the underlying principles of heat and moisture transfer, and pre-
sent recent advancements in this rapidly evolving field. Through a comprehensive analy-
sis, we aim to shed light on the significance of these wearable technologies and their po-
tential applications in improving human thermal comfort and well-being. 

Figure 1. Association between work capacity and wet bulb temperature for different work intensities.

The human body maintains its thermal equilibrium through the transfer of heat
and sweat, which can occur via four primary pathways: thermal conduction, thermal
convection, thermal radiation, and evaporation, as illustrated in Figure 2 [5]. Many personal
thermal and moisture management wearable systems have been designed for human
temperature and humidity regulation [6]. These devices can improve thermal comfort for
the human body and provide better temperature and humidity control in hot and humid
environments. These mechanisms play a crucial role in regulating body temperature and
ensuring optimal physiological functioning. The development of these wearable systems
represents a significant advancement in the field of personal thermal management [7].
By optimizing heat and moisture transfer, these devices can help individuals maintain a
comfortable body temperature and mitigate the risk of heat-related ailments. Additionally,
they have the potential to enhance overall well-being and performance in various settings,
including sports, occupational environments, and daily activities [8,9].
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In this paper, we explore the design, functionality, and performance of these personal
thermal and moisture management wearable systems. We examine their potential benefits
and limitations, discuss the underlying principles of heat and moisture transfer, and present
recent advancements in this rapidly evolving field. Through a comprehensive analysis,
we aim to shed light on the significance of these wearable technologies and their potential
applications in improving human thermal comfort and well-being.

2. Thermal and Moisture Management Mechanism

The human–clothing–environment heat and moisture transfer mechanism includes
both heat and moisture transfer. When talking about human heat and moisture manage-
ment, clothing plays an important role in this process.

2.1. Thermal Transfer Mechanism

Heat transfer from the human body surface to the environment is a complex and
variable process involving the interaction of several factors. Among them, the air layer
between the skin and the garment, the thermal conductivity properties of the garment
material, and the heat transfer from the air layer between the garment and the environment
are the key elements. The modes of heat transfer include conduction, convection, radiation,
and evaporative heat dissipation, which interact and work together to influence the heat
exchange process between the body and the environment.

Clothing plays a crucial role in the heat exchange between the human body and the
environment, and it can provide thermal insulation and heat preservation. In order to
better understand the heat transfer performance of garments, researchers have abstracted
and idealized the heat transfer process of garments, thus establishing garment heat transfer
models, as shown in Figure 3. However, these models do not fully reflect the situation of
real human beings wearing garments, because the heat exchange between the human body
and the environment is very complex in real situations.
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Figure 3. Thermal transfer mechanism of clothing.

When the human body wears looser clothing, is in a state of motion, or is in an
environment with high airflow velocities, there is not only conduction and radiation but
also convective heat dissipation between the human body and the clothing and the air
layer between the clothing and the clothing. In addition, convective heat dissipation also
occurs between the air layer and the environment, and when the garment material is
fluffy, radiative heat dissipation also occurs within the garment. Therefore, in order to
evaluate the heat transfer performance of garments more comprehensively, researchers
have proposed the concept of garment thermal resistance [10]. Garment thermal resistance
integrates several factors, including the heat transfer performance of the garment material,
the heat transfer performance of the air layer between the body and the garment, the fit of
the garment to the body, and the flow of the air layer within the garment. By measuring
the size of the thermal resistance of a garment, we were able to evaluate the heat transfer
performance of the garment more comprehensively [11]. It is worth noting that current
cooling suits can put the human body in a comfortable temperature range, but there still
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is a risk of condensation, putting the human skin in a wet environment; thus, humidity
control is particularly important.

2.2. Moisture Transfer Mechanism

Water exists on the surface of human skin in two forms: gaseous and liquid. When
water spreads through a garment into the environment, the process is known as the
moisture permeability of the garment. Moisture permeability is the diffusion of water from
the surface of the human body into the environment through both the openings of the
garment and the fabric of the garment. Figure 4 shows a schematic diagram of the moisture
permeation of a garment, which includes the pathways of moisture transfer.
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Figure 4. Moisture transfer mechanism of clothing.

In order to assess the moisture permeability of garments, commonly used indicators
are the garment moisture resistance and the moisture permeability index [12]. The garment
moisture resistance is the degree to which a garment impedes the diffusion of water, i.e.,
the ability of the garment material to block water. The moisture permeability index is a
measure of the moisture permeability of a garment, which takes into account the moisture
resistance of the garment and the rate of diffusion of water vapor. The higher the moisture
permeability index, the better the moisture permeability of the garment and the more
effective the transfer of moisture from the surface of the human body to the environment.

By studying the moisture-wicking properties of garments, we can design and select
garments that are more appropriate for different environmental conditions and activity
levels. In addition, garments with good moisture-wicking properties can help the human
body stay dry and comfortable inside special garments that are airtight (e.g., epidemic-
proof garments, firefighting garments), reducing the retention of perspiration on the surface
of the skin and thus providing a better wearing experience [13]. This is of great importance
for firefighters, outdoor workers, and people in everyday life. Therefore, studying the
moisture permeability and wicking properties of garments is a key step in improving the
comfort and functionality of garments.
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3. Classification and Characteristics of Thermal Management Wearable Clothing

Thermal management wearable system refers to the use of gases, liquids, phase change
materials, and other cooling media for temperature control of the microenvironment under
the clothing, to mitigate the heat stress of the human body in a hot environment [14]. There
are various classifications of thermal management wearable systems based on different
characteristics. First, according to the classification based on the cooling coverage, they
can be divided into full-body-cooling garments [15] and localized-cooling garments [16].
Secondly, according to the classification of whether energy is consumed in the cooling pro-
cess, it can be divided into active-cooling garments [17] and passive-cooling garments [18].
In addition, according to the classification based on the cooling medium used for cooling,
it can be classified into evaporative-cooling clothing [19], air-cooling clothing [20], liquid-
cooling clothing [21], phase change-cooling clothing [14], radiant-cooling clothing [18],
and hybrid-cooling clothing [22]. Finally, the heat transfer pathways can be categorized as
thermal convection, thermal conduction, and thermal radiation [6]. In the following part
of this paper, we introduce and characterize the thermal management wearable system
according to heat transfer pathways.

3.1. Thermal Convection Wearable Clothing

Thermal convection wearable clothing is a type of clothing specifically designed to
regulate the body’s temperature. It is based on the principle that heat generated by the
body is carried away by means of convection heat transfer to reduce body temperature or
maintain a comfortable temperature. Gas-cooled garments and liquid-cooled garments are
two common types of thermal-convection wearable clothing.

(1) Air-cooling clothing

Air-cooling clothing typically employs low-temperature compressed air or ambient
air as a cooling medium. This is achieved by circulating the air through pipelines or a
sandwich of clothing, which then comes into contact with the surface of the human body.
The resulting convection heat transfer and evaporation then help to dissipate heat away
from the body [20]. Air-cooling clothing can be classified into two types: duct-type air-
cooling clothing and fan-type air-cooling clothing, as depicted in Figure 5. Sayed et al.
proposed an air/CO2-cooling garment, which utilized a cylinder to store high-pressure
gas, and the compressed gas expanded as it passed through the orifice, thereby cooling
the human microenvironment, as shown in Figure 5a [23]. To assess the cooling efficiency
of the clothing, a total of 19 male participants were part of an experimental procedure.
Compressed air was provided to the air-cooling clothing to facilitate an efficient airflow to
the body. The temperature of the air supplied was temperature-dependent for workplace
comfort. Nevertheless, duct-type air-cooling clothing has drawbacks, including a high
weight, noise, and a low reliability, hindering portable design implementation.

To meet the needs of certain industries that prioritize both comfort and portability,
researchers have devised cooling clothing with tiny fans that can fit each individual per-
fectly [24]. Wang et al. developed an air-cooled suit of dry ice combined with ventilation
that successfully stopped the mascot actor’s core temperature from rising during the per-
formance, as illustrated in Figure 5b [25]. Twelve healthy male volunteers took part in the
research. There were no reports of heat-related illnesses, as well as pulmonary, esophageal,
and cardiovascular diseases. The mean age, weight, height, body surface area, and body
mass index (mean ± SD) were 21.3 ± 1.9 years, 65.3 ± 6.5 kg, 1.75 ± 0.04 m, 1.79 ± 0.09 m2,
and 21.3 ± 1.9 kg/m2, respectively. The primary aim of cooling garments is to mitigate
heat stress in the human body by fostering the flow of ambient air throughout the body
for enhanced evaporative cooling and convective heat transfer, as noted in Ref. [21]. Nev-
ertheless, in environments featuring high temperature and high humidity, where sweat
accumulates on the body surface, air-cooling clothing’s efficacy is significantly restricted,
leading to discomfort and potential metabolic imbalances, as discussed in Ref. [26]. There-
fore, it may be necessary to select alternative cooling equipment for environments with
high temperature and humidity levels.



Processes 2023, 11, 3063 6 of 25

Processes 2023, 11, x FOR PEER REVIEW 6 of 26 
 

 

To meet the needs of certain industries that prioritize both comfort and portability, 
researchers have devised cooling clothing with tiny fans that can fit each individual per-
fectly [24]. Wang et al. developed an air-cooled suit of dry ice combined with ventilation 
that successfully stopped the mascot actor’s core temperature from rising during the per-
formance, as illustrated in Figure 5b [25]. Twelve healthy male volunteers took part in the 
research. There were no reports of heat-related illnesses, as well as pulmonary, esopha-
geal, and cardiovascular diseases. The mean age, weight, height, body surface area, and 
body mass index (mean ± SD) were 21.3 ± 1.9 years, 65.3 ± 6.5 kg, 1.75 ± 0.04 m, 1.79 ± 0.09 
m2, and 21.3 ± 1.9 kg/m2, respectively. The primary aim of cooling garments is to mitigate 
heat stress in the human body by fostering the flow of ambient air throughout the body 
for enhanced evaporative cooling and convective heat transfer, as noted in Ref. [21]. Nev-
ertheless, in environments featuring high temperature and high humidity, where sweat 
accumulates on the body surface, air-cooling clothing’s efficacy is significantly restricted, 
leading to discomfort and potential metabolic imbalances, as discussed in Ref. [26]. There-
fore, it may be necessary to select alternative cooling equipment for environments with 
high temperature and humidity levels. 

  

(a) (b) 

Figure 5. (a) Duct-type air-cooling clothing [23]; (b) Fan-type hybrid dry ice and air-cooling clothing 
[25]. 

(2) Liquid-cooling clothing 
The fundamental principle of liquid-cooling clothing is for the cryogenic liquid gen-

erated by the cold-source equipment to transfer heat with the human skin through the 
cooling tubing inside the clothing. This process lowers the body’s surface temperature and 
alleviates the heat strain caused by high temperatures [14]. Unfortunately, there are nu-
merous flaws in the current design of liquid-cooled clothing. First, many of the current 
liquid-cooling clothing’s cooling units are complicated, with some employing compres-
sors to cool the refrigerant, adding excess weight to the system and being inconvenient 
for personnel to carry [27]. Second, the majority of liquid-cooling clothing is tailored for 
specific environments, making them unsuitable for general workplaces [28]. Third, schol-
ars have utilized metal materials to construct piped systems for liquid-cooling clothing 
[29]. Although metals offer excellent thermal conductivity, they tend to be rigid and un-
comfortable to wear. These suits are categorized as thermoelectric and ice liquid-cooled 
depending on the type of cold source used [30]. 

The thermoelectric liquid-cooling clothing, illustrated in Figure 6a, comprises four 
main components: a cooling device, a cooling piping system, a micropump, and a basic 
garment [17]. The circulating cooling water in the thermoelectric suit absorbs body-gen-
erated heat through the piping, effectively lowering the body’s surface temperature [31]. 
In this process, the temperature of the hot side rises, and this temperature rise negatively 

Figure 5. (a) Duct-type air-cooling clothing [23]; (b) Fan-type hybrid dry ice and air-cooling clothing [25].

(2) Liquid-cooling clothing

The fundamental principle of liquid-cooling clothing is for the cryogenic liquid gen-
erated by the cold-source equipment to transfer heat with the human skin through the
cooling tubing inside the clothing. This process lowers the body’s surface temperature
and alleviates the heat strain caused by high temperatures [14]. Unfortunately, there are
numerous flaws in the current design of liquid-cooled clothing. First, many of the current
liquid-cooling clothing’s cooling units are complicated, with some employing compressors
to cool the refrigerant, adding excess weight to the system and being inconvenient for per-
sonnel to carry [27]. Second, the majority of liquid-cooling clothing is tailored for specific
environments, making them unsuitable for general workplaces [28]. Third, scholars have
utilized metal materials to construct piped systems for liquid-cooling clothing [29]. Al-
though metals offer excellent thermal conductivity, they tend to be rigid and uncomfortable
to wear. These suits are categorized as thermoelectric and ice liquid-cooled depending on
the type of cold source used [30].

The thermoelectric liquid-cooling clothing, illustrated in Figure 6a, comprises four
main components: a cooling device, a cooling piping system, a micropump, and a basic gar-
ment [17]. The circulating cooling water in the thermoelectric suit absorbs body-generated
heat through the piping, effectively lowering the body’s surface temperature [31]. In this
process, the temperature of the hot side rises, and this temperature rise negatively impacts
the cooling performance of the semiconductor cooling plate. Based on their experiments,
Zhang et al. [17] found that the cooling effect improved with the increasing flow rate under
an optimal operating voltage. The cooling suit’s average maximum temperature difference
was 5.5–39.2 ◦C. Thermoelectric liquid-cooling clothing has certain limitations, including a
low coefficient of performance (COP), a reduced efficiency in high-capacity applications,
and wide temperature ranges [32].

The ice liquid-cooling clothing, illustrated in Figure 6b, is typically worn with a fanny
pack or backpack containing an ice bag. The coolant exchanges heat with the ice storage
container, and a micropump propels the coolant through a circulating pipeline within
the clothing to exchange heat with the human body [30]. This sort of liquid-cooled attire
diminishes the device’s intricacy, reduces cost, and enhances portability. As a result, it is
more favored in the market and possesses greater practical application value. Nevertheless,
liquid-cooling clothing necessitates the timely replacement of its cooling source. For a liquid-
cooling suit, it is necessary to configure the type of cooling medium, inlet temperature, and
flow rate according to the actual situation. Table 1 shows the type of medium, medium
temperature, medium flow rate, and cooling efficiency for liquid-cooling clothing.



Processes 2023, 11, 3063 7 of 25

Processes 2023, 11, x FOR PEER REVIEW 7 of 26 
 

 

impacts the cooling performance of the semiconductor cooling plate. Based on their ex-
periments, Zhang et al. [17] found that the cooling effect improved with the increasing 
flow rate under an optimal operating voltage. The cooling suit’s average maximum tem-
perature difference was 5.5–39.2 °C. Thermoelectric liquid-cooling clothing has certain 
limitations, including a low coefficient of performance (COP), a reduced efficiency in high-
capacity applications, and wide temperature ranges [32]. 

The ice liquid-cooling clothing, illustrated in Figure 6b, is typically worn with a fanny 
pack or backpack containing an ice bag. The coolant exchanges heat with the ice storage 
container, and a micropump propels the coolant through a circulating pipeline within the 
clothing to exchange heat with the human body [30]. This sort of liquid-cooled attire di-
minishes the device’s intricacy, reduces cost, and enhances portability. As a result, it is 
more favored in the market and possesses greater practical application value. Neverthe-
less, liquid-cooling clothing necessitates the timely replacement of its cooling source. For 
a liquid-cooling suit, it is necessary to configure the type of cooling medium, inlet temper-
ature, and flow rate according to the actual situation. Table 1 shows the type of medium, 
medium temperature, medium flow rate, and cooling efficiency for liquid-cooling cloth-
ing. 

  
(a) (b) 

Figure 6. (a) Thermoelectric liquid-cooling clothing [17]; (b) ice liquid-cooling clothing [30]. 

Table 1. Cooling medium parameters and cooling efficiency. 

References 
Environmental 
Temperature 

Environmental 
Humidity/% 

Liquid 
Temperature/°C 

Liquid Flow 
Rate/𝐋 ∙ 𝐦𝐢𝐧ି𝟏 

Cooling 
Efficiency/W 

[21] 30 °C 40 - 3.8 300 
[17] 39.2 °C 60 16 0.9 160.43 
[33] 30 °C - 15.7 - 340.4 
[34] 45 °C - - 0.54 243.2 
[25] 34.0 ± 0.5 °C 78 ± 5 5.3 0.5 169.2 
[35] 35 °C 60 22 - 210 

3.2. Thermal Transfer Wearable Clothing 
Thermal transfer wearable clothing is a specialized garment that removes heat gen-

erated by the body through heat transfer, regulating body temperature. A prevalent type 
of heat transfer wearable clothing is the phase change-cooling suit. This cooling utilizes 
phase-change materials (PCMs) that absorb a considerable amount of latent heat at the 
phase-change point, resulting in cooling the human body. PCMs are a significant energy 
storage option [36,37], categorized into three groups: organic materials, inorganic materi-
als, and mixed cocrystals of the two [38]. Specific features are presented in Table 2 [39]. 
The phase-change cooling suits usually have pockets on the front and back that are spe-
cifically designed for the PCMs. Before usage, the materials should be stored in a cold 

Figure 6. (a) Thermoelectric liquid-cooling clothing [17]; (b) ice liquid-cooling clothing [30].

Table 1. Cooling medium parameters and cooling efficiency.

References Environmental
Temperature

Environmental
Humidity/%

Liquid
Temperature/◦C

Liquid Flow
Rate/L·min−1

Cooling
Efficiency/W

[21] 30 ◦C 40 - 3.8 300
[17] 39.2 ◦C 60 16 0.9 160.43
[33] 30 ◦C - 15.7 - 340.4
[34] 45 ◦C - - 0.54 243.2
[25] 34.0 ± 0.5 ◦C 78 ± 5 5.3 0.5 169.2
[35] 35 ◦C 60 22 - 210

3.2. Thermal Transfer Wearable Clothing

Thermal transfer wearable clothing is a specialized garment that removes heat gen-
erated by the body through heat transfer, regulating body temperature. A prevalent type
of heat transfer wearable clothing is the phase change-cooling suit. This cooling utilizes
phase-change materials (PCMs) that absorb a considerable amount of latent heat at the
phase-change point, resulting in cooling the human body. PCMs are a significant energy
storage option [36,37], categorized into three groups: organic materials, inorganic materials,
and mixed cocrystals of the two [38]. Specific features are presented in Table 2 [39]. The
phase-change cooling suits usually have pockets on the front and back that are specifically
designed for the PCMs. Before usage, the materials should be stored in a cold environment
to preserve their coldness, and they are later placed in the pockets. Once the PCM absorbs
heat and undergoes a phase change, it is taken out and placed back in a cold environment
to store cold for the next usage [40]. The cooling effectiveness of the phase-change cooling
suit is determined by the specific phase-change material used. Different materials extract
varying degrees of heat during the phase-change process, resulting in differences in cooling
capacity. The cooling duration of the suit typically lasts between 2 and 5 h [41]. Refer to
Figure 7 for a schematic illustration of the phase-change cooling suit’s structure [3].
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Table 2. Comparison of different phase-change materials.

Description Organic PCMs Inorganic PCMs Eutectic Material

Materials Fatty acids Paraffinic Metals Hydrated salt Mixtures
Melting point 30~70 ◦C 40~70 ◦C 20~100 ◦C −20~100 ◦C −20~100 ◦C

Latent heat 150~250 kJ/kg 150~250 kJ/kg 100~500 kJ/kg 200~400 kJ/kg 100~500 kJ/kg

Advantages

Good stability, good
reusability,

well-defined
phase-transition

point [42]

Good stability,
good reusability,

adjustable melting
point [43]

Good stability,
good thermal
conductivity,
nontoxic and
harmless [44]

High latent heat,
good reusability,
inexpensive [45]

High thermal
conductivity, high
latent heat, good

stability, adjustable
melting point [46]

Drawbacks

Low melting point,
low phase-transition
temperature range,

easily contaminated,
toxic, and slightly

corrosive

Corrosive to plastic
containers. High
volume change,

volatile, flammable

High melting
point, high weight,

small
phase-transition

temperature range,
more expensive

Corrosive and
slightly toxic. Poor

stability,
susceptible to

moisture, easily
crystallized

Heavy weight and
high cost
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Phase-change cooling clothing has a simple structural design, does not require the
installation of refrigeration equipment like air-cooled suits and liquid-cooled suits, is easy
to put on and take off, and has a good cooling effect. However, the production cost of
phase-change materials is high, the weight of phase-change materials increases the burden
of the cooling suit, and the phase-change materials installed in the pockets of the clothing
lead to phase-change cooling suits with poor breathability, preventing the evaporation of
sweat. To improve the cooling performance of phase-change cooling clothing, the common
method is to select phase-change materials with high thermal properties and temperatures
close to the skin temperature and reasonably distribute phase-change materials according
to the temperatures of different parts of the human body. In addition, adding an insulating
layer outside the phase-change material to reduce the heat absorption of the phase-change
material from the external environment, and adding metal nanoparticles, graphene, or
other thermal fillers to the phase-change material to enhance the thermal conductivity of
the phase-change material is also one of the methods to improve the cooling performance
of phase-change cooling suits [14]. Tesar and Kordik [47,48] conducted experimental tests
on PCM-based clothing for soldiers in hot desert climates. The moderate melting-point
temperature of n-ecosane (35.7 ◦C) made it highly advantageous as it allowed for the main-
tenance of a temperature of 35 ◦C. Butts et al. [49] utilized PCM to cool 20 male participants
in their clothing and observed a significant reduction in their thermal, psychological, and
perceptual strains when compared to males not exposed to PCM under test conditions of
34.2 ◦C and 54.7% RH.
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3.3. Thermal Radiation Wearable Clothing

The utilization of radiative cooling in thermal protective clothing exhibits potential
for energy conservation owing to its passive nature. Human skin displays emissivity
values greater than 0.95 [50,51] and can be regarded as being almost entirely comprised of
blackbody radiation. This elevated emissivity characterizes the human skin as a special
infrared emitter. In a typical indoor setting, up to 50% of the total heat loss arises from
radiation [52]. Nevertheless, traditional clothing design does not make provisions for the
radiation component. Radiant cooling clothing is a developing approach to cooling the
body. It achieves this by enhancing the body’s radiative heat loss to the environment, as
well as reflecting heat radiation from sunlight through the spectral selectivity of the fabric’s
microfiber structure [53]. The use of passive cooling technology in radiant cooling suits
means that they do not require an external energy supply, bringing the benefits of simplicity
and energy savings. Since the solar spectrum is mainly between 0.3 and 4.0 µm [53], it is
promising and feasible to enhance solar reflection and dissipate human thermal radiation.
Zhao et al. developed a layered nanofiber textile with improved thermal insulation and
radiant heat management for effective personal heat management in harsh temperatures,
achieving a temperature reduction of 7.2 ◦C over white cotton in hot environments, as
shown in Figure 8 [54].
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In recent years, numerous research teams have focused on creating textiles that possess
exceptional radiative cooling capabilities. Cai et al. [53] were the first to present a spectrally
selective, radiatively cooled textile suited for outdoor cooling, with an over 90% reflectance
of solar irradiance and a satisfactory transmission of thermal radiation to the human body.
This was achieved through avoiding overheating of the simulated skin, ranging from
5–13 ◦C when compared with cotton fabrics. Irfan et al. [55] developed a nanotextile using
nanoparticle-doped polymeric materials and electrostatic spinning technology. Results
showed 91% solar reflectance, 81% mid-infrared transmission, and a cooling performance
of 9 ◦C compared to cotton textiles.

These findings suggest that radiatively cooled clothing has great potential for effective
cooling and various applications. In addition, a thorough examination of radiant thermal
cooling and heating, which includes reflective surfaces, has been conducted [56]. This
review offers significant insights into radiant-cooling technologies. Radiant-cooling technol-
ogy has a critical role in personal thermal management, particularly in the context of clean
energy radiation that does not contribute to carbon emissions. However, this technique
is limited by weather conditions and cannot be fully applied in all circumstances [57].
Lin et al. [58] conducted a comprehensive review study addressing atmospheric conditions
in various regions, including application challenges. Nonetheless, many issues still need to
be addressed for passive personal cooling clothing, such as material stability, durability,
and comfort. Thus, there are currently no established products available for practical use.
Therefore, extensive research and development are required to enhance the effectiveness
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and dependability of novel radiative cooling materials and manufacturing techniques.
Table 3 presents an outline of thermoregulation textiles that rely on radiant heat transfer.

Table 3. Summary of thermoregulation textiles based on thermal radiation.

References Types Materials Results

[51] Radiation-cooled, infrared,
transparent, visible, opaque fabric

Parallel-aligned polyethylene fibers
with a low infrared absorbance

The infrared transmittance of the
fiber is 0.972

[59] Radiation-cooled fabrics are
opaque, transparent to mid-infrared Nanoporous polyethylene It reduces skin temperature by up

to 2.7 ◦C.

[60] Radiation-cooled fabrics are
opaque, transparent to mid-infrared

Homogeneous and continuous
nano-polyethylene

It reduces skin temperature by up
to 2.3 ◦C.

[61] Cooling and heating of fabrics by
mid-infrared emitted radiation Polyethylene nanolayer Maximum core temperature

reduction up to 36.59 ◦C

[62] Mid-infrared solar reflective
emission cooling textiles

Integrated solar reflectors and
thermal emitters 5 ◦C cooling in direct sunlight

[63]
Mid-infrared solar reflective

emission radiation heating and
cooling of textiles

Photonic structure Temperature difference of 20 ◦C for
radiant textiles

[64] Low and medium infrared-emitting
radiant fabrics

Silver nanowire composite coated
on cotton

Average reflectivity is 66% higher
than conventional fabrics

3.4. Hybrid-Cooling Wearable Clothing

Hybrid-cooling wearable clothing refers to garments that employ a combination of
two or three heat-transfer mechanisms [65].

Hybrid-cooling wearable clothing is specifically engineered to optimize the benefits of
various cooling techniques to achieve a superior cooling efficiency [22]. Figure 9 demon-
strates a hybrid-cooling wearable clothing that combines microfans and PCM to improve
cooling efficiency while addressing the drawbacks of air-cooling and phase change-cooling
clothing [66]. Wang et al. [25] designed a suit based on dry ice and ventilated fans, utilizing
the sublimation of dry ice to reduce the wearer’s load and reinforce air circulation to
effectively alleviate thermal discomfort in mascot actors. The experiment demonstrated the
effectiveness of the hybrid-cooling suit in preventing the mascot actor’s core body temper-
ature from exceeding 38.0 ◦C and consistently maintaining an average skin temperature
below 36.5 ◦C. Ni et al. [67] proposed a hybrid-cooling garment that combined PCM and a
ventilation fan, resulting in the improved regulation of heart rate and skin temperature.
One of the benefits of this design was that the PCM, without additional cooling, absorbed a
significant amount of potential [37,68–70]. Kang et al. [71] provided a similar hybrid design
that combined PCM and a ventilation fan, which was also proven effective in thermal
management. The design of hybrid-cooling suits can be customized to different usage
scenarios and necessities. For instance, in high-temperature environments, liquid and air
cooling can be combined to take advantage of the effective cooling properties of liquid and
the rapid cooling features of air, resulting in faster and more efficient cooling. In addition,
hybrid-cooling wearable clothing could incorporate additional features, such as protection
and breathability, to better meet user needs.

3.5. Characterization of Thermal Management Wearable Clothing

Personal cooling clothing effectively lowers the body’s surface temperature in high-
temperature settings, reduces discomfort and fatigue caused by heat, improves work
efficiency, and protects individuals’ health. The suit finds practical uses in various settings
such as industrial production, fieldwork, and others that require cooling. The performance
characteristics of various cooling suits are compared in the introduction above. Please refer
to Table 4 for a summary of the results.
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Table 4. Comparison of performance characteristics of several cooling clothing [72].

Types Cooling Method Total Weight Cooling
Temperature

Mean Cooling
Power (6 h) Notice

WCDS Thermoelectric
and blowers 1.2 kg 26.5∼28.8 ◦C 51.7 W -

Air-cooling
clothing Ventilating fans 0.7 kg 32.5 ◦C 9 W -

Liquid-cooling
clothing

Ice water and
water circulation

tubing system
4.3 kg 11.1 ◦C 37.1 W Condensation

water

Ice-cooling
clothing Ice gel packs 1.9 kg 4.2 ◦C 25.6 W Condensation

water

Note: -, not available.

In summary, although these cooling methods can effectively regulate the temperature
of the environment around the human body to a more suitable temperature if the tem-
perature of the cooling medium is lower than the dew point of the air, it will lead to the
emergence of a condensation phenomenon. Condensation is the process by which water
vapor on the surface or inside a cooling suit condenses into water droplets when it comes
in contact with a cooler surface [73].

The occurrence of condensation is a challenge to human comfort. When condensation
occurs, garments around the human body become wet, which not only causes discomfort
but also leads to increased heat loss, further affecting the body’s perceived temperature.
Damp garments can also cause discomfort or health problems, such as a feeling of cold-
ness and moisture that harbors bacteria [74]. As a result, cooling alone to reduce body
temperature is no longer sufficient to meet the body’s comfort needs.

There are a number of factors that need to be considered to address the problems
associated with the risk of condensation. Firstly, the design of cooling suits should take full
account of factors such as ambient temperature and humidity to determine the appropriate
cooling water temperature and avoid the occurrence of condensation caused by cold water
that is too low. Secondly, the material and structure of the cooling suit should have good
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moisture permeability and fast drying properties to quickly remove moisture and improve
wear comfort [75].

4. Classification and Characteristics of Moisture Management Wearable Clothing

The quantity of sweat that does not evaporate from the skin’s surface per hour is
typically between 30 and 80 g when the surrounding temperature is not high. Under such
circumstances, the sweat can easily spread into the surrounding environment through
the gaps among clothing fibers. Yet, during physical exertion or hotter weather, sweat
production significantly increases resulting in a larger quantity of sweat accumulating
on the skin’s surface [72]. At present, it is no longer sufficient for clothing to simply
be breathable and permeable to moisture in order to effectively dissipate sweat. Rather,
clothing must be able to absorb significant amounts of sweat before releasing the resulting
moisture into the surrounding air through evaporation. In cases where the surrounding air
is dry or windy, sweat can evaporate quickly. However, if the humidity of the surroundings
exceeds 60%, individuals may feel increasingly uncomfortable. Therefore, being in a highly
humid environment or sweating during exercise and causing your clothing to become wet
can influence and alter the thermal and humidity comfort of your attire.

Personal moisture management wearable clothing is a type of clothing with a unique
design that is capable of effective sweat regulation in addition to body temperature regula-
tion. Moisture transport in textiles has a significant impact on the physiological comfort
of the human body. When the human body produces sweat, a series of wetting, penetra-
tion, transport, and evaporation processes occur with the textile. At the same time, the
temperature, humidity, and wind speed of the environment will also have an impact on the
exchange of moisture and heat, which further affects the comfort of the human body.

4.1. Moisture Management Materials

Textile regulation of humidity is the process of transferring perspiration through the
textile and usually involves two aspects depending on the different aggregation states of
humidity, i.e., the regulation of sweat vapor and liquid sweat [76]: (1) the movement of
moisture in the gaseous components of the material, e.g., the transfer of water molecules
within fibers or in the space between fibers; (2) the interaction of humidity with the
solid components of the material, e.g., repulsion or adsorption of water molecules with
hydrophobic or hydrophilic groups for humidity transfer.

(1) Water vapor regulation

Gaseous perspiration wearable clothing is an important sweat transfer method in
wet management wearable systems. Evaporative-cooling garments are used to remove
heat from the body by absorbing heat through the evaporation of moisture as shown
in Figure 10 [19]. Evaporative-cooling garments can be made from a variety of highly
absorbent polymers that are more effective than conventional textiles [77–80]. When
the human body perspires, the sweat penetrates the inner fabric layers of the moisture
management garment. These inner fabric layers are usually made of special materials
that have a large surface area and good breathability. Through the action of this material,
sweat can evaporate quickly, removing heat from the body’s surface and expelling moisture
from the body. In this way, individual moisture-regulating clothing can help the human
body stay dry and comfortable, avoiding excessive sweat accumulation on the skin surface,
which causes discomfort and a feeling of wetness and coldness [6]. At this point, water
vapor moves through the air space between fibers by diffusion or through their internal
molecular structure when the vapor is under a vapor concentration gradient. Current sweat
vapor-conditioning methods generally involve the design of materials that facilitate the
transfer of sweat vapor from the body to the environment, which is achieved through pore
size design, i.e., materials with a high water vapor permeability [81].



Processes 2023, 11, 3063 13 of 25

Processes 2023, 11, x FOR PEER REVIEW 13 of 26 
 

 

from the body by absorbing heat through the evaporation of moisture as shown in Figure 
10 [19]. Evaporative-cooling garments can be made from a variety of highly absorbent 
polymers that are more effective than conventional textiles [77–80]. When the human body 
perspires, the sweat penetrates the inner fabric layers of the moisture management gar-
ment. These inner fabric layers are usually made of special materials that have a large 
surface area and good breathability. Through the action of this material, sweat can evap-
orate quickly, removing heat from the body’s surface and expelling moisture from the 
body. In this way, individual moisture-regulating clothing can help the human body stay 
dry and comfortable, avoiding excessive sweat accumulation on the skin surface, which 
causes discomfort and a feeling of wetness and coldness [6]. At this point, water vapor 
moves through the air space between fibers by diffusion or through their internal molec-
ular structure when the vapor is under a vapor concentration gradient. Current sweat va-
por-conditioning methods generally involve the design of materials that facilitate the 
transfer of sweat vapor from the body to the environment, which is achieved through pore 
size design, i.e., materials with a high water vapor permeability [81]. 

 
Figure 10. (a) Schematic diagram of evaporative cooling clothing; (b) heat and mass transfer pro-
cesses involved in evaporative cooling [19]. 

The evaporative moisture-regulating clothing material has strong water absorption 
properties and good breathability and comfort, which can effectively help sweat to be dis-
charged, thus enhancing the effect of evaporative cooling [79]. It is worth noting that the 
effect of evaporative-cooling clothing is greatly affected by environmental factors, and in 
high-temperature and high-humidity environments, it is difficult to evaporate the mois-
ture inside the clothing, so the effect of evaporative cooling will be limited. On the con-
trary, in an environment with a low relative humidity, the effect of evaporative cooling 
will be better because the moisture is easier to evaporate, thus removing body heat [82]. 
Therefore, the advantages of evaporative-cooling garments are that they are light to wear, 
easy to use, simple to manufacture, and suitable for industrial mass production; the dis-
advantages are that the liquid adhering to the inner surface of the garment seriously af-
fects the comfort of the human body, inhibits the evaporation of sweat, and is more effec-
tive in environments with a low relative humidity. 
(2) Liquid vapor regulation 

As an intermediate layer between the skin and the environment, textiles play a critical 
role in achieving personal comfort and safety by managing the thermal and moisture con-
ditions of the localized body. When liquid sweat is in direct contact with the moisture-
regulating clothing material, liquid sweat is transferred through the material in both in-

Figure 10. (a) Schematic diagram of evaporative cooling clothing; (b) heat and mass transfer processes
involved in evaporative cooling [19].

The evaporative moisture-regulating clothing material has strong water absorption
properties and good breathability and comfort, which can effectively help sweat to be
discharged, thus enhancing the effect of evaporative cooling [79]. It is worth noting that the
effect of evaporative-cooling clothing is greatly affected by environmental factors, and in
high-temperature and high-humidity environments, it is difficult to evaporate the moisture
inside the clothing, so the effect of evaporative cooling will be limited. On the contrary,
in an environment with a low relative humidity, the effect of evaporative cooling will be
better because the moisture is easier to evaporate, thus removing body heat [82]. Therefore,
the advantages of evaporative-cooling garments are that they are light to wear, easy to use,
simple to manufacture, and suitable for industrial mass production; the disadvantages are
that the liquid adhering to the inner surface of the garment seriously affects the comfort of
the human body, inhibits the evaporation of sweat, and is more effective in environments
with a low relative humidity.

(2) Liquid vapor regulation

As an intermediate layer between the skin and the environment, textiles play a critical
role in achieving personal comfort and safety by managing the thermal and moisture
conditions of the localized body. When liquid sweat is in direct contact with the moisture-
regulating clothing material, liquid sweat is transferred through the material in both
in-plane and trans-plane directions [83]. Many studies have focused on sweat-directed
transplanar transfer, i.e., the transfer of liquid sweat from the skin to the outer surface of
the material to keep the skin dry. Many researchers have achieved a directional liquid
transfer of materials through a fabric structure design by mimicking plant structures [84].
Miao et al. investigated sandwich-structured textiles with hierarchical nanofiber networks
and Janus wettability, as shown in Figure 11 [85]. The human body temperature covered by
this sandwich-structured textile decreased by about 4.2 ◦C with rapid sweat evaporation
compared to commercial cotton textiles. The driving force for the movement of liquid sweat
within the material was capillary forces, which were influenced by intermolecular forces
between the liquid and the surrounding fiber surfaces, as well as the size and configuration
of the space within the textile. Although water transfer in materials is accompanied by
energy transfer, existing material strategies have paid less attention to the energy transfer
of liquid sweat. Most material designs for liquid sweat conditioning do not quantify or
consider the thermal energy transfer involved [86]. As shown in Figure 11, sweat can affect
cooling efficiency in two ways: (I) by increasing the evaporative distance from the skin
through cross-plane transfer and (II) by increasing the evaporative surface area through
in-plane transfer.
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4.2. Moisture Management Clothing

The effectiveness of thermoregulatory clothing is limited in hot and humid envi-
ronments because less moisture is transferred to the pairs within the garment, with the
attendant risk of sweating and condensation within the thermoregulatory clothing. Wang
and Hu [87] showed that the average thermal sensation in humans under hot conditions
was related to the sensation of sweating. Keeping the skin and microclimate air dry can
be achieved by using solid desiccant packs. Solid desiccants such as silica gel can reduce
the moisture content of the microclimate air between the fabric layers within the cooling
undershirt through an adsorption process. However, the released adsorbed heat can in-
crease the temperature of the microclimate air if the thermoregulation suit is not sufficient
to absorb the heat generated by the desiccant and lost from the human torso [88]. It is of
interest to determine whether a thermoregulation device in combination with a desiccant
pack would improve the cooling performance of the undershirt.

The purpose of the PCM composite desiccant packs proposed by Mariam Itani et al. [89]
was to provide cooling to the human body working in hot conditions and to adsorb water
vapor in the microclimate air, thus increasing the evaporation of sweat from the skin layer
and improving the cooling of the human body. Experimental modeling and validation were
conducted to find the state of the microclimate air and its moisture content under the influ-
ence of using PCM desiccant packs. The idea was to use a solid desiccant in addition to the
PCM package to keep the skin and the macroclimatic air layer dry to prevent condensation
and enhance sweat evaporation from the skin, as in Figure 12a [89]. A wearable cooling
and dehumidification system was designed by Lou et al., as shown in Figure 12b [72]. A
lightweight air-ventilated undershirt was worn underneath a protective suit, and an air
cooling and moisture-removal (ACMR) chamber was attached to the lower back area of the
knitted undershirt. In a simulated hospital environment, the optimal cooling effect corre-
sponded to a 3.5 ◦C drop in ambient temperature and a 6% reduction in relative humidity.
The properties of sweat-expulsion clothing and desiccant-adsorption wearable clothing
are demonstrated in Table 5. Specific properties may vary depending on product design
and material selection. When selecting an appropriate moisture management garment, it is
recommended that a comprehensive evaluation be performed based on individual needs
and environmental conditions.
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Table 5. Comparison of sweat expulsion clothing and desiccant adsorption wearable clothing.

Types Principle Dehumidification Effect Drawback

Moisture management materials Surface evaporation 140–160 g/m2/h [74]
Depending on ambient

humidity
Desiccant-dehumidification

clothing
The adsorption capacity of

the desiccant
Decrease from 21.23 g/kg to

19.74 g/kg [89]
Dehumidification process is

exothermic
Condensation-dehumidification

clothing Cold-surface condensation 26.3 g/h [72] High energy consumption,
condensation

In summary, there is a risk of temperature increase in dehumidified clothes during
the process of humidity regulation, especially when desiccant-dehumidified clothes use
a desiccant to absorb water vapor around the human body. However, this method of
dehumidification can effectively regulate the humidity of the environment around the
human body to keep it appropriate. However, at the same time, the absorption of water
vapor releases latent heat, which causes the temperature of the desiccant to increase [89].
This phenomenon of temperature increase has a certain impact on human comfort. As
the temperature of the desiccant increases, the temperature of the garment around the
human body increases accordingly, reducing comfort. As a result, dehumidification alone
can no longer satisfy the human body’s need for comfort. Despite the rapid development
of materials, there are both challenges and opportunities. Can new textiles maintain all
aspects of their performance after many normal washings? Consideration should also
be given to whether the materials are sufficiently readily available and cost-effective for
large-scale industrial production.

A number of factors need to be considered to address the problems associated with
rising temperatures. First, the design of dehumidifying garments should take full account
of the thermal conductivity and heat dissipation properties of the desiccant to minimize
the extent of a temperature rise. Secondly, the material and structure of the dehumidifying
garment should have good air permeability and heat dissipation to quickly dissipate heat
and maintain a suitable temperature on the surface of the garment. In addition, the use
of intelligent control systems can monitor and regulate the dehumidification process to
ensure a balance between dehumidification performance and comfort.
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5. Performance Evaluation Indicators of Personal Wearable Thermal and Moisture
Management Clothing

At present, there are many methods for evaluating the thermal and moisture comfort of
garments, mainly analyzing and evaluating them from physical [90], physiological [91], and
psychological [65] perspectives, and the evaluation methods can be divided into subjective
and objective evaluations. An objective evaluation uses physical indicators and their fabric
performance indicators and human physiological indicators, and a subjective evaluation is
based on the psychological indicators of the human body [92–94].

5.1. Objective Evaluation Methods

The objective evaluation method is an evaluation method that uses objectively chang-
ing data that can be specifically measured and the results derived by instruments [94]. This
evaluation method mainly evaluates the thermal and moisture comfort of garments from
the following aspects: (1) using the thermal and humidity properties of textile materials as
well as the thermal and humidity properties of the entire garment to evaluate the thermal
and humidity comfort of the garment [95]; (2) using the garment microenvironment as
the basis for the study of thermal and humidity comfort, and reflecting the influence of
fabrics on the human body’s sense of comfort by measuring the changes in temperature
and humidity of the climatic region between the fabric and the skin, and proposing eval-
uation indices [96]; (3) analyzing human physiological data, clothing physiology points
out some important physiological indexes, including body core temperature [97], average
skin temperature [90], average body temperature, metabolic heat production, heat balance
difference, heat loss, perspiration, heart rate [98], and blood pressure [99,100].

Typically, a two-step method is used for active sweat measurement. The measurement
process of this method is as follows: first, the dry heat dissipation is measured while
wearing a thousand dummy garments, and then the total heat dissipation (including the
evaporative heat dissipation portion) is measured for a wet dummy attire. By calculating
the wet heat dissipation minus the dry heat dissipation, the result of evaporative heat
dissipation can be obtained [101]. In contrast, the “Walter” sweat warmer dummy for
passive sweating uses a different measurement method [102]. In the measurement process,
the total moisture resistance is calculated by considering the skin as a layer of the garment,
and then the moisture resistance of the skin is subtracted from the total moisture resistance
to obtain the moisture resistance of the garment and the surface air layer. Different from
the two-step method, the evaporated sweat and wet-state heat dissipation of the warm
body dummy are measured first in the measurement process to get the wet resistance and
thousand-state heat dissipation, and then the thermal resistance is calculated based on the
dry-state heat dissipation. As an instrument for testing the overall thermal and humidity
performance of garments, the warm body dummy can simulate the mass transfer and heat
transfer between the human body and the environment. Its measurements are objective,
accurate, and repeatable [103]. To avoid ethical issues, inter- and intrasubject variability,
and high costs, sweat dummies are often used to simulate sweat-induced evaporative
cooling. Table 6 shows the different sweating simulation methods dummies used [104].

Table 6. Dummies with different methods of sweating simulation.

References The Dummy Characterization

[105] Tore Prewetted tight fabric skin applied to a dry thermal manikin
[102] Walter Water-filled manikin with a waterproof but vapor permeable surface

[104] Coppelius Manikin with an inner skin spreading water superficially and an
outer vapor-permeable skin

[106] Newton Manikin with a supply of water to a fabric skin by means of sweating
outlets distributed over the manikin’s surface

[104] ADAM Manikin with a porous metal surface with superficial sweating



Processes 2023, 11, 3063 17 of 25

5.2. Subjective Evaluation Methods

The subjective evaluation method is a method of measuring the thermal comfort of
garments which utilizes the psychological thermal comfort feelings of subjects in a specific
environment for the assessment and is also known as the psychological method. As a
supplement and validation of the objective evaluation method, the steps of this method are
to predesign a questionnaire form and allow subjects to rate the comfort indicators of the
garment according to their personal psychological feelings during the garment-wearing
experiment. The scales and the meaning of subjective votes are shown in Table 7. The
determination of the indicators and the division of the scoring scale are the key links in the
subjective evaluation method, which still needs to be further improved.

Table 7. Subjective rating scales.

Scales Thermal
Sensation Thermal Comfort Thermal

Satisfaction
Thermal

Preference Sweat Feeling Cold Stimuli
Sensation

+4 Very hot Extremely
uncomfortable Very unsatisfied Very strong cold

stimuli sensation

+3 Hot Very uncomfortable Unsatisfied Much warmer
The very strong

feeling of
sweating

Strong cold
stimuli sensation

+2 Warm Uncomfortable Slightly
unsatisfied Warmer

The strong
feeling of
sweating

Medium cold
stimuli sensation

+1 Slightly warm Slightly
uncomfortable Satisfied A little warmer Slight feeling of

sweating
A little cold

stimuli sensation

0 Neutral Comfortable Very satisfied No change No feeling of
sweating

No cold stimuli
sensation

−1 Slightly cool A little cooler
−2 Cool Cooler
−3 Cold Much cooler
−4 Very cold

The sweating dummy is also a tool for assessing the comfort of garments, effectively
avoiding moral and physiological factors in human experimentation, and is not subject to
psychiatric factors. It has a good reproducibility. However, the sweating dummy is still a
device that simulates the shape and physiological characteristics of the human body, and
its assessment results do not fully and realistically reflect the actual subjective feelings
of humans.

5.3. Thermal and Moisture Regulation Model

The thermal and moisture regulation model is a method for evaluating the thermal and
humidity comfort of garments, which simulates the processes of human body temperature
regulation and thermal and moisture transfer of garments by establishing a thermal and
moisture transfer model. The thermal and moisture regulation model has been widely
used at home and abroad to evaluate the thermal and humidity comfort of clothing, which
mainly includes the human body temperature regulation model, the thermal and moisture
transfer model of clothing, and the human body–clothing–environment system model.

5.3.1. Human Thermoregulation Model

The human thermoregulation model consists of equations describing heat transfer
and regulatory responses in the body. Over the last half-century, scholars have conducted
substantial research and developed numerous human thermoregulation models. These
models differ in the delineation of body nodes, and different methods of delineating body
nodes correspond to different forms of equations for describing the regulatory responses of
the body [107,108].
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(1) The two-node model

The simplest two-node model, in which the human body is represented by a seg-
ment with two nodes in the core and skin layers, has gained popularity in engineering
applications due to its simplicity, ease of implementation in computer tools, and faster
computation time [109].

Gagge et al. laid the foundation for a two-node model of the whole body. The model
was based on a direct, one-dimensional, transient heat transfer from the core to the skin
layer to the environment. However, the thermoregulatory systems of sweating, skin blood
flow, and shivering were based on empirical relationships developed for the average young
adult. The accuracy of empirical models, especially the model constants, is closely related
to experimental conditions, parameter ranges, quality of measurements, and physiological
differences in subjects [110]. Doherty et al. [111] found that the model underpredicted skin
wettability by 0.16 ◦C, and core temperature by 0.31 ◦C, but overpredicted skin temperature
by 0.48 ◦C. At the same time, Ooka et al. [112] found that the model predicted a skin
temperature 0.75 ◦C higher and a core temperature 0.32 ◦C lower. The model deviated
from the experimental results. In addition to this, Takada et al. [107] found that the model
underestimated skin temperature by up to 1.8 ◦C and core temperature by up to 0.5 ◦C,
under cold-exposure conditions. Therefore, further improvement of the thermoregulatory
system of the two-node model is needed, and a corresponding improvement scheme should
be proposed. The flow diagram of a two-node model of the thermoregulatory system is
shown in Figure 13 [113]. In this system dynamics model, the core and skin nodes of
the Gagge model are modeled as two stocks that store the body’s energy, which is then
converted into the temperatures of two nodes, Tskin and Tcore.
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Figure 13. Flow diagram of a two−node model of the thermoregulatory system [113].

To overcome this problem, recent studies have proposed improved two-node models to
more accurately assess the effects of personal cooling systems. These improvements include
the consideration of local insulation and heat transfer in clothing, as well as modeling the
heat exchange characteristics of cooling devices [114].
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(2) Multinode model

The multinode body heat model is an extended and more complex version of the two-
node model, as shown in Figure 14 [115]. Various models have been proposed to predict
the state of heat regulation in the human body. Perhaps the most influential is the 25-node
model proposed by Stolwijk [116], consisting of 24 body “nodes” (six body segments with
four compartments each) and a central blood “node”. Each node has a certain amount
of metabolic heat generation, convective heat exchange with the central blood chamber,
and convective heat exchange with neighboring nodes. Subsequently, some scholars have
also improved this human thermal regulation model to make it suitable for application
in a wider range of scenarios, such as cold environments, space environments, and so
on. Researchers have made various enhancements to the model to accurately forecast the
patterns of local responses in different parts of the human body. Munir et al. [117] reassessed
the dynamic characteristics of the Stolwijk model and examined several modifications to
the model.
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Multinodal models use partial differential equations to describe the heat transfer
problem in the human body. The differential equations are usually discretized using the
finite difference method, finite volume method, or finite element method to obtain the
linear algebraic equations at each node. The advantage of the multinode model is that
it can be divided into sections and nodes as needed, has better flexibility and accuracy,
and can be applied to dynamic, nonstationary environments. The disadvantage is that the
accuracy is not as good as the multinodal model in environments with large temperature
gradient changes. The characteristics of the specific model can be seen in Table 8.

Table 8. The characteristic of the specific models [114,118].

Model Name Model Classification Model Characteristics

Human thermoregulation model Two-node model
Multinode model

When there are large temperature differences in the human
body, more accurate simulation results can be obtained by using

multinode and multiunit models.
Heat and moisture transfer

modeling of clothing
Steady-state model

Transient model
Simulate the heat and moisture transfer process of garments to

derive the heat and moisture properties of garments.
Human

body–clothing–environment
system model

-
The human body–clothing environment as a whole combines a

model of human thermoregulation and a model of heat and
moisture transfer from clothing.
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5.3.2. Evaluation of Thermal and Moisture Management Performance

There is no generalized performance evaluation method that can be used to assess the
performance of wearable systems in managing thermal and moisture. The performance
assessment of wearable systems involves two main aspects: (i) wearer comfort and safety;
(ii) functionality of the wearable system. Ismail et al. [119] investigated the effect of
uniform crosswinds on ventilation, heat, and moisture transfer to a clothed human body
by simplifying the human body as a vertical cylinder with a uniform annular air layer.
However, the existing evaluation methods are not sufficiently developed, especially for
the performance evaluation of wearable systems under specific hot and humid conditions.
Due to the wide variety of wearable systems and the different functions and technologies
involved, specific assessment methods need to be developed for different types of wearable
systems. These evaluation methods should be able to comprehensively consider the impact
of thermal and moisture on the comfort and safety of wearable systems and accurately
assess the performance of thermal and moisture regulation and energy conversion. Existing
standard evaluation methods for thermal and moisture management of wearable systems
are shown in Table 9 [75].

Table 9. Existing standard evaluation methods for thermal and moisture management of
wearable systems.

Thermal/Moisture Transfer Thermal/Moisture
Transfer Indexes Test Equipment

Human body→ environment
Heat transfer Thermal resistance Hot plate; thermal torso;

thermal manikin
Moisture transfer Liquid-water transfer indexes Moisture management tester
Coupled heat and
moisture transfer Evaporative resistance Sweating hot plate; sweating torso;

sweating thermal manikin

Environment→ human body Heat transfer
Water vapor transmission Test dish, balance

Absorbed thermal energy
Thermal protective performance;

tester, radiant protective
performance tester

From the perspective of thermal and moisture management, the performance eval-
uation of wearable systems can include the following aspects: (i) wearable comfort and
safety under specific thermal and moisture conditions, taking into account the thermal and
moisture regulation performance as well as the thermal and moisture conditions of the
human body and the environment; (ii) wearable functionality under specific thermal and
moisture conditions, including thermal and moisture energy conversion and physiological
sensing. In order to evaluate the performance of wearable systems under such hot and hu-
mid conditions, there is a need to provide standardized and repeatable evaluation methods
to support the development of wearable systems.

Our research group is currently developing a cooling and dehumidifying garment that
uses membrane separation to reduce skin temperature and absorb surface sweat, thereby
creating a cool and comfortable microenvironment within the garment. Therefore, future
research should further explore technologies that simultaneously regulate temperature
and humidity to improve thermal and moisture comfort for the human body and provide
better protection.

6. Conclusions

The presented analysis provided a comprehensive overview of wearable systems for
personal thermal and moisture management, discussing their functions, latest develop-
ments, and performance evaluation approaches. The findings contribute to the understand-
ing of the challenges and considerations involved in regulating temperature and humidity
within wearable systems. In the light of this study, the main findings derived can be stated
as follows:
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(1) Although current cooling methods are effective in regulating the surrounding temper-
ature, condensation can result if the temperature of the cooling medium is below the
dew point of the air.

(2) Moisture removal from textiles is strongly influenced by the humidity of the surround-
ing environment. In addition, when a desiccant is used to absorb water vapor from
around the body, the desiccant absorbs the water vapor, releasing latent heat and
leading to an increase in body temperature.

(3) Temperature and humidity regulation is a complex coupled process, and there are no
generalized performance evaluation methods available to assess the performance of
wearable systems in managing temperature and moisture.

(4) Addressing the issues involved requires considering a combination of cooling and
dehumidification factors, such as the use of intelligent control systems, which play
a vital role in maintaining the delicate balance between effective dehumidification
performance and optimal comfort.
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