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Preface

The rapid advancement of smart wearable technology is transforming how we interact with

our environment, offering innovative solutions to enhance human comfort, safety, and performance.

Smart Wearable Technology: Thermal Management and Energy Applications brings together cutting-edge

research at the intersection of material science, energy efficiency, and intelligent design. This book

highlights breakthroughs in wearable systems that address thermal regulation, energy sustainability,

and real-time monitoring—critical areas for healthcare, industrial work, and everyday life.

As global challenges like climate change and energy demands grow, the need for adaptive,

efficient wearable technology becomes urgent. This volume explores advanced textiles and devices

that regulate body temperature, from cooling garments for heat stress to self-heating fabrics for

extreme cold. It also examines energy-harvesting solutions, such as solar-integrated textiles and

piezoelectric systems, which reduce reliance on traditional power sources.

A key focus is the integration of smart technologies like AI and IoT for real-time physiological

monitoring and responsive fabric systems. Research on respiratory tracking, activity recognition, and

defect detection in conductive textiles demonstrates the potential of data-driven wearables. Practical

applications, such as cooling systems for healthcare PPE, showcase how these innovations improve

safety and comfort in demanding environments.

This book serves as a valuable resource for researchers, engineers, and industry professionals,

offering insights into both current advancements and future directions. We thank the contributors for

their pioneering work and invite readers to explore the transformative potential of smart wearables.

Zhanxiao Kang and Qing Chen

Guest Editors
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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].

Processes 2023, 11, 3063. https://doi.org/10.3390/pr11113063 https://www.mdpi.com/journal/processes1
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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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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.
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(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.
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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].
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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
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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.

Processes 2023, 11, x FOR PEER REVIEW 18 of 26 
 

 

widely used at home and abroad to evaluate the thermal and humidity comfort of cloth-
ing, which mainly includes the human body temperature regulation model, the thermal 
and moisture transfer model of clothing, and the human body–clothing–environment sys-
tem 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]. 
(1) The two-node model 

The simplest two-node model, in which the human body is represented by a segment 
with two nodes in the core and skin layers, has gained popularity in engineering applica-
tions due to its simplicity, ease of implementation in computer tools, and faster computa-
tion 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 phys-
iological differences in subjects [110]. Doherty et al. [111] found that the model underpre-
dicted 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 devi-
ated 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 thermoreg-
ulatory 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 thermoregu-
latory 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. 

 

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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Figure 14. Comparison of the model segmentation, and the two-node and multinode models [115].

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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Abstract: Textiles are often used to protect people from cold environments. While most garments
are designed for temperatures not far below 0 ◦C, very cold regions on the earth near the poles
or on mountains necessitate special clothing. The same is true for homeless people who have
few possibilities to warm up or workers in cooling chambers and other cold environments. Passive
insulating clothing, however, can only retain body heat. Active heating, on the other hand, necessitates
energy, e.g., by batteries, which are usually relatively heavy and have to be recharged regularly. This
review gives an overview of energy-self-sufficient textile solutions for cold environments, including
energy harvesting by textile-based or textile-integrated solar cells; piezoelectric sensors in shoes and
other possibilities; energy storage in supercapacitors or batteries; and heating by electric energy or
phase-change materials.

Keywords: personal protective equipment; energy harvesting; energy storage; heating; flexible solar
cells; temperature sensors

1. Introduction

Keeping people warm in a cold environment is one of the main purposes of clothes.
While thousands of years ago, natural fibers from animals and plants, as well as fur parts,
were woven into warming garments [1], nowadays, chemical fibers are being investigated
more and more regarding their applicability in warming clothes [2–4]. Besides passive
warming by reflecting thermal radiation back towards the human body [5,6], creating air
layers as insulation to reduce heat convection [7,8] or increasing the ratio of absorbed
thermal radiation from the sun [9,10], there are nowadays many attempts to provide
active heating.

Amongst the physical effects that can be used for heating up garments, there are
phase-change materials (PCMs) [11–13], as well as different possibilities for converting
electric energy into heat [14–16]. While the first are energy-self-sufficient, they have the dis-
advantage that they can only work in a material-dependent temperature range and cannot
be controlled by the user. Electric heating of garments, also called Joule heating [17], on the
other hand, needs the possibility of storing electric energy in batteries or supercapacitors to
make it available when it is needed and ideally to harvest energy by the garment to make it
independent from external power supplies.

This review gives an overview of recent research regarding energy-self-sufficient
textiles for active heating to protect people from very cold environments, such as workers
in cold storage houses, astronauts, people living near the poles or homeless people. The next
sections review different possibilities for actively heating textiles by PCMs or electrically to
harvest and store energy in textiles, and then the main part discusses recent research on
energy-self-sufficient heating textiles and their potential applications.
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2. Active Heating with Textiles

Active heating always requires energy, usually either in the form of electric energy or
as latent heat stored in PCMs or subcooled liquids, whereupon the latter are usually not
applied in textile fabrics but in simple heat pads activated by buckling a metal sheet. Here
we give an overview of different ways of active heating with textile fabrics.

2.1. Phase-Change Materials

Phase-change materials can be integrated into textiles in the form of fibers, microcap-
sules or nanocapsules [18–20]. PCMs store a large amount of latent heat when molten and
release it during solidifying [21]. This process, as shown in Figure 1, makes them espe-
cially interesting for textiles used in environments with fluctuating temperatures, e.g., for
astronauts’ space suits [22]. During melting or crystallization, the temperature of the PCM
remains approx. constant. During an increase in temperature, the PCM can absorb heat
that is stored in the liquefied phase, while decreasing external temperatures will lead to the
release of this stored heat energy by the solidification of the PCM [23].
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Figure 1. Schematic representation of phase-change process. Reprinted from [22], Copyright 2008,
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Different materials have not only different temperature ranges for storing and releasing
heat but also different energy storage properties. While water at 0 ◦C or even 100 ◦C
can also be regarded as a PCM, several materials provide much higher energy storage
capacity combined with high thermal conductivity in a suitable temperature range [24].
For paraffin waxes, Farid et al. reported melting temperatures of 44–64 ◦C and latent
heats of 167–210 kJ/kg [25]. A better suitable temperature range of 30–65 ◦C was found for
fatty acids, which could store latent heat of 153–182 kJ/kg [26]. Glauber salt has a melting
temperature of 32 ◦C, a high latent heat of 254 kJ/kg and is an inexpensive material but
shows problems with phase segregation, similar to most other hydrated salts [27].

Amongst the potential problems with using PCMs for active heating/cooling, the
usually very low thermal conductivity should be mentioned [28]. To increase their thermal
conductivity, metallic or graphitic nano- or microstructures can be embedded in the PCM,
whereupon too much additional conductive material would reduce the specific energy
storage capacity [29,30].

Depending on the environmental conditions, this range of energies stored as latent
heat defines how long a PCM can maintain its melting/solidifying temperature, naturally
scaling with the mass of PCM included in a garment. However, the calculation is less simple
than may be expected. For a PCM inside a spherical capsule of approx. 100 mm diameter,
Tan et al. compared experimental observations during melting with a computational
approach [31]. They found thermally stable structures at the top of the capsule, while
unstable structures were found at the bottom of the capsule, as depicted in Figure 2a,
leading to clear differences in the calculated and measured temperatures, especially in the
lower half of the capsule, as visible in Figure 2b [31]. Besides, calculations with different
numerical simulations may lead to slightly varying results [32]. In addition, even small
changes in the melting temperature near the environmental temperature will lead to large
changes in the additional necessary energy to keep a defined temperature [33]. Besides
the melting temperature, thermal conductivity was found to have the largest influence
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on the cooling energy demand [34]. Due to these potential sources of relatively large
errors, this review will concentrate on the measured effects of PCMs in garments in cold
environments reported in different studies instead of extrapolating the measured findings
to other environmental situations.
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2.2. Joule Heating

The most often used possibility for converting electrical energy into heat is based on
the so-called Joule heating, also called resistance heating or electro-thermal conversion [35].
Theoretically, the heating power P can simply be calculated by the Joule–Lenz law as
P = RI2 = U2/R, with the resistance R and the current I flowing through it. The thermal
energy QW is equal to the electrical energy Eel and can be calculated as the integral over
P, or in the case of time-independent power, it becomes QW = Eel = Pt with the duration
t of heating [17]. This means that conductive materials are necessary for electro-thermal
conversion, such as intrinsically conductive polymers or polymers filled with metallic
nanoparticles, graphene, graphite, carbon nanotubes, carbon black or, nowadays, MX-
enes [17]. For use in garments, all of them have specific challenges, such as relatively low
conductivity and missing long-term stability of conducting polymers, health risks posed
by metallic nanoparticles and MXenes, or low washing resistance of graphene and other
materials [17]. Nevertheless, Joule heating is a very often studied method for producing
clothing with active heating. It should be mentioned that while the resistance of the heating
circuit in a textile fabric is essential for the heating power, this value is often not given
or only partly given as linear resistance of a yarn or sheet resistance of a coating whose
thickness may be different in different areas of a garment. This makes calculations of the
heating power and necessary energy often complicated or even impossible.

2.3. Peltier Element Heating

Peltier elements are based on the Peltier effect, or thermoelectric effect, which converts
electrical energy into a temperature gradient inside a semiconducting material [36]. Several
factors influence the figure of merit, which defines the performance of organic, inorganic
or hybrid Peltier materials, which should have low thermal conductivity, high electric
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conductivity and a high Seebeck coefficient [37]. Due to the interconnections between these
parameters, optimization is not straightforward but necessitates complicated methods
such as strengthening phonon scattering [38], band engineering [39] or nanostructuring
materials [40].

It must be mentioned that, unlike Joule heating textiles, Peltier elements do not heat
up through the whole material but have one warmer and one cooler side. Schmidl et al.,
e.g., prepared Al-doped ZnO-coated polyester spacer fabrics and measured a temperature
difference between both sides of the spacer fabric of up to 12 K, which was converted upon
changing the polarity of the electrical contacts [41]. This fact must be taken into account
when an active heating garment based on Peltier elements is created. On the other hand,
Peltier elements in clothing offer heating and cooling depending on the polarity of the
applied voltage, making them highly suitable for varying weather conditions [42].

3. Energy-Harvesting Textiles

While PCMs store thermal energy received from the environment in the form of latent
heat, electrically heated textiles need to harvest and store energy that can be used for active
heating. Mainly, such devices are based on triboelectric nanogenerators (TENGs), solar
cells and thermoelectric devices [43], but there are also other mechanisms integrated into
different smart textiles to harvest body heat energy, biochemical energy, etc. [44]. This
section gives an overview of potential methods of harvesting energy by clothing.

3.1. Triboelectric Nanogenerator

When a person is moving, this mechanical energy can principally be harvested by
a triboelectric (nano)generator (TE(N)G) [45]. Movements of the human body, such as
walking or arm movements, offer several ten watts of kinetic power [46]. A TENG can be
used to transfer movements into contact electrification and electrostatic induction, in this
way harvesting energy from human motion [47,48]. Generally, a TENG consists of two
materials with different electron affinity, resulting in electrostatic induction when these
materials are coupled and moved relative to each other during body movements [49]. This
induced potential difference can be reduced by a current through a load connecting the
electrodes attached to the triboelectric materials, thus resulting in an AC power output for
a periodic movement [49]. Depending on the positioning and movement of triboelectric
materials and electrodes, TENGs can be separated into vertical contact-separation mode,
lateral sliding mode, single-electrode mode and freestanding triboelectric-layer modes, as
depicted in Figure 3 [49]. Most textile-based TENGs work in the vertical contact separation
mode due to the ease of embedding them into shoe insoles or other textiles that are steadily
pressed or stretched [49].

The first textile-based realizations of TENGs were based on coated yarns, e.g., one with
carbon nanotubes and the other one with polytetrafluoroethylene (PTFE), to convert motion
or vibration energy into electric energy by the electrostatic effect, leading to relatively
small output power densities of ~1 mW/m2 [50]. A similar value of 1.8 mW/m2 was
reported for alternating polyimide (PI)/polyurethane (PU) strips on a sleeve and alternating
polydimethylsiloxane (PDMS)/aluminum strips on the torso for a movement frequency
of 1.5 Hz [51]. Slightly higher power densities of 27 mW/m2 were reported for a TENG
that combined shear-thickening fluid and magneto-sensitive films, in this way adding
impact-resistant properties [52]. A much higher power density of 953 mW/m2 was found
for a single-thread TENG, produced using a stainless-steel core with a silicone rubber shell
and placed on a textile in a sine-like shape [53]. An approx. doubled power density of
2 W/m2 was found for a PEDOT:PSS-coated textile and PTFE under foot stepping with
a frequency of 2 Hz [54]. Still higher values of 3.2 W/m2 were found for a freestanding
triboelectric-layer TENG prepared from Ni-coated electrodes and a parylene triboelectric
layer [55]. Even 8.9 W/m2 was reached by a TENG in which the palm skin was used as a
freestanding triboelectric layer and a silicone rubber- and Ni-coated polyester woven fabric
as an electrode [56]. Developing textile-based TENGs further, an extremely high power
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density of 336 W/m2 was reported for an AlNP-coated top textile and a nanostructured
PDMS bottom textile [57].
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It should be mentioned that these areal power densities are usually peak instantaneous
values, while many applications—such as active heating—necessitate a DC power [49].
Besides, the comparison above is based on different areas, varying frequencies and different
forces and loads, making a rating of recently investigated textile TENGs complicated. In
addition, wash-and-wear resistance, as well as general durability, are in many cases not
given, and the areal power density does not take into account the thickness or mass of the
respective textile. However, power densities in the range of some ten milliwatts per square
meter up to a few watts per square meter are typical for recent textile TENGs and can be
used as a base for calculations of harvestable electric energies.

3.2. Solar Energy

Solar energy is the primary source of energy on Earth; thus, harvesting is a natural
approach. Different photovoltaic (PV) materials are able to convert the photons of sunlight
into electrical energy using the photovoltaic effect [58]. The photovoltaic conversion efficiency
can be calculated as η = Pout/Pin, with the output electrical power Pout and the input solar
radiation power Pin [58]. While conventional PV systems are rigid, nowadays flexible PV cells
can also be produced, e.g., based on dye-sensitized solar cells (DSSCs) [59,60].

To produce photovoltaic textiles, usually flexible, organic PV films are mounted
on a fabric, or textile fibers/yarns or textile layers are prepared to have photovoltaic
properties [60,61]. Typical efficiencies of such textile-based solar cells are around 1% for
optimum production methods, dyes—in the case of DSSCs—and conductivities of the
electrodes [62–64] but can be much smaller if non-toxic materials are used for a planned
application near the human body [65–67]. Assuming a conversion efficiency of 1% and a
perfect orientation of the textile towards the sun, the average solar radiation flux density of
approx. 165 W/m2 [68] would enable energy harvesting of 16.5 W/m2 with textile-based
solar cells.

Generally, such textile-based solar cells are problematic to tailor, which is only scarcely
addressed [69]. Wash is even more complicated and necessitates encapsulation, e.g., by lam-
ination and thus modifying the original textile haptics, or by using very small, encapsulated
modules, which only slightly increase the bending rigidity of a textile fabric [70–72]. How-
ever, these challenges, combined with the well-known problem that efficiencies are reduced
for larger cells [73], typically reduce the aforementioned optimum solar energy harvesting.
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3.3. Thermoelectric Devices

While Peltier elements can be used to create a temperature difference between both
sides of the element by applying a voltage (cf. Section 2.3), the Seebeck effect can, vice
versa, be used to generate a thermoelectric potential energy due to a temperature differ-
ence between both electrodes on the respective thermoelectric element [74]. Generally, a
thermoelectric element consists of a pair of p- and n-doped semiconductors between a hot
and a cold side in which the heat flow from the hot to the cold surface is accompanied by
an electric current, as depicted in Figure 4 [75]. The generated voltage V is proportional to
the temperature difference ∆T according to V = α∆T with the Seebeck coefficient α [75].
The power generation also depends on the cross-sectional area of the thermoelectric device
and the length of their legs, besides the aforementioned material properties, such as the
Seebeck coefficient and electrical and thermal conductivity [75].
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Figure 4. Single thermoelectric pair consisting of n-type and p-type materials. Heat flows from hot
side to top side (QH→QC), and electrical current (I) flows from n-type to p-type material due to
a temperature gradient (∆T = THs − TCs). Reprinted from [75], Copyright 2017, with permission
from Elsevier.

With a wearable thermoelectric generator, calculated for a skin temperature of 34 ◦C,
ambient temperature of 22 ◦C and a heat flow of 20 mW/cm2, the human body could
maximally generate 180 µW/cm2, i.e., 1.8 W/m2, with power generation around 1–37 mW
for different body parts [76,77]. For larger temperature differences than 12 K, the generated
energy would be accordingly higher. While this value is approx. one order of magnitude
lower than the previously mentioned theoretical value for textile-based solar cells, it is
similar to the range of values reported for TENGs, as discussed before.

Several researchers have investigated textile-based thermoelectric generators and
optimized them. Lund et al. used a combination of PEDOT:PSS-coated silk threads and
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silver-plated polyamide threads to produce a thermoelectric generator by hand-sewing
through nine layers of felted wool, connected the legs on the textile surface by coating with
a silver-containing paste, and measured the power generation for the hot plate at 35 ◦C
and the cold plate at −30 ◦C to −5 ◦C, with results as depicted in Figure 5 [78]. With a
device area of (5.3 cm)2 and an optimized design, they reached a maximum of 1.2 µW for
∆T = 65 K [78], i.e., approx. 427 µW/m2 if the whole surface area is taken into account, not
only the embroidered parts.
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With 864 connected legs coated with PEDOT:PSS and poly([Na(NiETT)], respectively,
on an area of (25 cm)2, a temperature difference of 3 K resulted in a power of 13 µW,
whereupon the authors calculated that densely filling 8% of the whole body surface area
with the legs of a thermoelectric generator would result in 1 mW power output [79].
Combining PEDOT:PSS and a p-type semiconductor with n-type Ag2Te, a power output
of 6 mW/m2 was reached by a temperature difference of 20 K [80], while Ag2Se with Ag
connection resulted in a power density of 2.3 W/m2 for ∆T = 30 K [81].

For a one-dimensional thermoelectric generator with PEDOT:PSS and carbon nan-
otube/polyethylenimine hydrogel fibers, a value of 4.8 W/m2 was found for a temperature
difference of 60 K [82]. On the other hand, a three-dimensional woven textile produced
from a yarn with alternating n- and p-type segments reached a power output of approx.
0.65 W/m2 for a typical temperature difference of 55 K [83]. In many cases, however, only
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a maximum power is given for a textile-based thermoelectric generator [84], making it
more complicated to estimate the maximum thermoelectric power that could be generated
by garments.

3.4. Other Energy Harvesting Methods

Among the other methods of energy harvesting by garments, piezoelectric textiles must
be mentioned, which are regularly investigated. As depicted in Figure 6, piezoelectric materials
perform a charge separation when a pressure is applied or released, leading to a voltage [85].
Amongst the possible materials that show the piezoelectric effect, such as ZnO, BaTiO3 or
GaPO4, especially polyvinylidene fluoride (PVDF) has often been investigated due to its good
mechanical properties, flexibility and chemical and thermal stability [85–87]. For this material,
Liu et al. reported an efficiency of around 12% for the transition of mechanical into electrical
energy and vice versa [88]. With a combination of PVDF, BaTiO3 nanoparticles and reduced
graphene oxide nanoplates, even an energy conversion efficiency of 22.5% was reached [89].
For single melt-spun PVDF, polyamide 11 and polypropylene fibers, powers in the range
of 0.2 nW were generated [90]. Combining PVDF with lead zirconate titanate (PZT), a
piezoelectric nanogenerator from electrospun-aligned nanofibers produced 6.35 µW [91].
Besides electrospinning and melt spinning as typical fiber production methods, it is also
possible to use physical or electrochemical deposition of piezoelectric materials on textile
fabrics, which is especially relevant for non-polymeric materials such as ZnO [58].
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Other research groups suggested additional methods of harvesting energy by smart
textiles, e.g., biological fuel cells that generate energy by biodegradation of organic mat-
ter [92,93], partly using the wearer’s sweat to harvest biochemical energy [94].

Generally, as suggested by Lund et al. [78], a reasonable combination of different en-
ergy harvesting methods should be applied to optimize the overall gained energy. Depend-
ing on the environmental conditions (temperature difference, sunlight) and movements of
the person wearing the respective harvesting garments, a power density of the order of
magnitude 1 W/m2 can be expected. In the next section, storing the energy harvested in a
defined time in textiles will be discussed.

4. Energy-Storing Smart Textiles

Most of the aforementioned forms of energy that can be transferred into electrical
energy—sunlight, body movements—are not constantly available; only the temperature dif-
ference between skin temperature and surrounding temperature, as used in thermoelectric
devices, is automatically larger when more heating energy is needed. Using a combination
of different energy harvesting methods, however, necessitates storing parts of the energy
harvested in sunlight and during active movements for times when it is more needed.

Several researchers thus investigated methods to store energy in textile fabrics, either
fiber-, yarn- or fabric-based, usually in the form of batteries or supercapacitors, as depicted
in Figure 7 [95].
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lithium-ion battery. Reprinted from [95], Copyright 2016, with permission from Elsevier.

In all these cases, several design strategies have to be taken into account, such as
flexibility and washability of the materials, but also the electrical conductivity of electrodes
and wires, as well as more specific physical and chemical properties of the materials used
for batteries or supercapacitors [95–97]. This section discusses recent approaches to storing
electrical energy in textile fabrics.

4.1. Fiber-Based Supercapacitors

Fiber-based supercapacitors can be produced, e.g., by wet spinning, dry spinning,
microfluidic spinning, hydrothermal self-assembly and other methods based on graphene
and other materials [98]. An example of the production of a fiber-based supercapacitor
is shown in Figure 8, based on nitrogen-doped SiNs/graphene hybrid fibers [99]. More
precisely, the exfoliation of CaSi2 using HCl resulted in siloxene (SiNs) nanosheets after
several days, which were coated with polypyrrole (Ppy) before these nanosheets were
pyrolyzed, resulting in a nitrogen-doped carbon layer on the siloxene nanosheet (N-SiNs)
(Figure 8a). Wet spinning from a N-SiNs/GO (graphene oxide) dispersion and chemically
reducing the GO into rGO (reduced graphene oxide) resulted in fiber-based supercapacitors
(Figure 8b) with an areal specific capacitance of 264 mF/cm2 [99]. The capacitance C of a
supercapacitor enables storing an energy of E = 1/2CV2 with voltage V.
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When comparing different supercapacitors, it must be taken into account that some-
times only the electrodes are taken into account when calculating the capacitance for a
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certain mass, volume or area, while in other studies, the whole supercapacitor, including
the separator and the electrolyte, is considered [100]. On the other hand, sometimes, the
power density is given instead of an energy density.

A fiber-shaped supercapacitor in the form of a partially unzipped carbon nanotube/rGO
hybrid fiber was produced by wet spinning and chemical reduction, leading to a high volu-
metric energy density of 8.63 mWh/cm3 [101]. For an alginate/PEDOT:PSS@Ppy composite
fiber, a volumetric capacity of 568 F/cm3 and an areal capacity of 1000 mF/cm2 were found,
as well as a high energy density of 21 µWh/cm2 [102]. A smaller areal capacitance of
115 mF/cm2 and a similar energy density of 9 µWh/cm2, as well as a power density of
0.11 mW/cm2, were reported for hollow PEDOT:PSS thin-walled fibers [103]. Nanostruc-
tured MnO2-based fiber-in-tube and particle-in-tube supercapacitors reached a capacity of
432 F/g, an energy density of 46 mWh/g and a power density of 400 mW/g [104]. Com-
bining activated carbon fiber as substrate and a polyaniline (PAni) composite fiber coated
with commercial pen ink resulted in a linear capacitance of 108 mF/cm or 68 mF/cm2,
which was coupled with MnO2@ink/activated carbon fiber to reach an energy density of
102 µWh/cm2 and a power density of 1 mW/cm2 [105]. A capacitance of 17.5 F/cm3 or
10.7 F/g, leading to an energy density of 7.88 mWh/cm3 or 4.82 mWh/g and a power
density of 2.26 W/cm3 or 1.382 W/g, was reported for an asymmetric supercapacitor,
produced by twisting a MnO2/CNT fiber cathode and a Ppy/CNT fiber anode combined
with a LiCl/poly(vinyl alcohol) (PVA) electrolyte [106].

An interesting approach based on jute fibers with PEDOT:PSS and single-wall CNTs,
combined with a cellulose-based material as separator, was shown to reach an energy
density of 0.71 µWh/cm2 and a power density of 3.85 µW/cm2, as well as a specific
capacitance of 8.65 mF/cm, which is much smaller than the aforementioned values but was
aiming at a more environmentally friendly approach [107].

To evaluate these different values, we can assume that the power gained with the
aforementioned energy-harvesting textiles, which is in the order of magnitude 1 W/m2,
should typically be stored for approx. half a day, e.g., due to harvesting sun and movement
energy during daytime and releasing it again during nighttime, so that an energy of the
order of magnitude 10 Wh/m2 should be stored if the whole textile area covering the human
body is used for energy harvesting as well as for energy storing. The energy densities
reported for fiber-based supercapacitors are typically in the range of 5 mWh/m2–1 Wh/m2,
comparing the aforementioned and other values [108], which would not be sufficient to
store the whole energy that can theoretically be gained during half a day. However, there
are a few reports mentioning one or two orders of magnitude higher energy density, such
as 147 Wh/m2 for a core-shell MoS2 nanosheet array/graphene hybrid fibers showing an
increased specific capacitance by two orders of magnitude due to the MoS2 nanosheet array
surface deposition [109]. Apparently, it is necessary to use such specific materials to enable
storing all possibly harvested energy for about a half day in fiber-based supercapacitors.

4.2. Fabric-Based Supercapacitors

Fabric-based supercapacitors can be produced by different coating, printing and
lamination methods. As an example, for an inkjet-printed MnO2–NiCo2O4/rGO (posi-
tive/negative electrode) asymmetric supercapacitor on bamboo fabric, an areal capacitance
of 2.12 F/cm2 was found, leading to an energy density of 37.8 mW/cm3 and a power
density of 2.7 W/cm3 [110]. For a supercapacitor based on carbon fiber electrodes function-
alized with vertical graphene and MnO2 and a glass fiber separator, Sha et al. reported
an areal capacitance of 31 mF/cm2, an energy density of 12 mWh/kg and a power den-
sity of 2210 mW/kg [111]. Wen et al. showed a flexible zinc-ion supercapacitor with an
energy density of 0.32 mWh/cm2, which could also be used as a strain sensor [112]. A
detailed overview of materials, production methods and energy densities of fabric-based
supercapacitors can be found in [113] (Figure 9).
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In his recent overview, Khadem [113] reported energy densities of up to 4.7 Wh/cm2,
i.e., 47 kWh/m2 [114], which would be more than sufficient to store the aforementioned
10 Wh/m2 energy for approx. half a day of energy harvesting, or even 190 kW/m2 [115]
or 1.5 MWh/m2 [116]. However, most energy densities are several orders of magnitude
smaller [113,117–120], so here again, it is important to properly choose a suitable fabric-
based supercapacitor to enable sufficient energy storage capacity.

4.3. Flexible Batteries

Flexible fiber- or fabric-based batteries, such as lithium- or zinc-based batteries, often
suffer from problems regarding encapsulation, high internal resistance and low durabil-
ity [121]. There are, however, many more anode and cathode materials that have been
investigated for their potential use in flexible batteries, such as carbon, titanium compounds,
chalcogens or Na as anode materials and different oxides, sulfur or gasses as cathodes,
combined with different aqueous, gel-polymer or solid-polymer electrolytes, several of
which have also been investigated for fiber- or fabric-based batteries [122]. Recently, other
potential electrode materials, such as vanadium nitride, have been suggested [123].

A solid-state Zn/MnO2 fiber battery with high cycling stability was suggested by
Xiao et al., who used a graphene oxide (GO)-embedded polyvinyl alcohol (PVA) hydrogel
electrolyte (GPHE) (Figure 10) [124]. They found good mechanical properties, such as a
stretchability of 230% without breakdown and self-healing of the gel electrolyte, as well
as an energy density of 91 Wh/L, i.e., 91 mWh/cm3 [124]. For a highly elastic fiber-based
graphene/PAni-Zn@silver battery with a helical structure, a capacitance of 32.6 mAh/cm3

and an energy density of 36 mWh/cm3 were reported [125].
For fabric-based batteries, other problems may occur due to fractures of metalized

areas [126]. Printed batteries, e.g., by screen printing or inkjet printing, are thus advanta-
geous for the production of flexible fabric-based batteries [127]. Alternatively, batteries can
be produced as (nano-)composites from fibrous materials, as depicted in Figure 11 [128].
The fabric-based battery depicted here, based on NiCo2S4@rGO nanocomposites, reached a
power density of 3.2 W/g and an energy density of 0.455 Wh/g [128]. A similar energy
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density of 0.429 Wh/g was found for a sodium-ion with Na3V2(PO4)2F3@C cathode [129].
For a potassium-ion battery with potassium nickel iron hexacyanoferrate as the cathode
material, an energy density of 0.283 Wh/g was reported [130].
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For a broad range of different flexible batteries, either fiber- or fabric-based, Wang et al.
reported areal energy densities around 6–60 Wh/m2 for flexible lithium-ion batteries,
1–20 Wh/m2 for sodium-ion batteries, and 1.5–62 Wh/m2 for zinc-ion batteries [131]. On
the one hand, these values do not differ as strongly as those for fiber- or fabric-based
supercapacitors, making batteries potentially easier to build than flexible supercapacitors.
On the other hand, the aforementioned value of 10 Wh/m2, as a typical order of magnitude
which energy could be harvested during half a day by textile fabrics, can be reached by all
of these typical fiber- or fabric-based batteries.

As this section showed, it is thus generally possible to store the energy that could
be harvested in half a day inside a textile fabric of the same area, e.g., directly below a
photovoltaic textile. On the other hand, it is still necessary to find out which heating energy
is necessary in different situations, either for short stays in very cold environments, such
as space or cold stores, or for longer durations outside in the winter. The next section will
discuss active heating by electric energy or by PCMs, where the latter will be regarded with
respect to the duration of melting or crystallization at defined temperatures, while the first
will be discussed in terms of necessary electric energy.

5. Energy-Self-Sufficient Heating Textiles

Some research groups have investigated energy-self-sufficient—or self-powered—heating
textiles. In many cases, these studies are based on PCMs that can store a defined amount of
energy and release it afterward when the environmental temperature is reduced.

5.1. PCM as Self-Sufficient Heating Textiles

To get an idea of the energy that should be stored in PCMs, it is supportive to use the
heat that can be produced by a person, which is about 100 W at rest to about 600 W or even
more during work or sports [132]. Typical values of heat storage capacity of phase-change
materials are in the order of magnitude 200 J/g [132], meaning that energy of 1 kWh,
as released by the human body at rest within ten hours, necessitates 3.6 MJ of storage
capacity, i.e., phase-change material with a mass around 18 kg. This shows that PCMs
from common materials, such as octadecane, hexadecane, etc., should be used more for
repeatedly varying temperatures, as is the case for spacesuits in many situations, while
PCMs with much higher storage capacity would be needed to support homeless people
during nighttime.

It must be mentioned that there are several studies aimed at increasing the heat storage
capacity of PCMs; however, for use in textile fibers or fabrics, usually an encapsulation in
the form of microcapsules or core-shell fibers is needed, which reduces the mass-related
heat storage capacity again. For microencapsulated PCMs with a polyurethane (PU) binder,
e.g., a heat storage capacity of 0.2–7.6 J/g was reported [133].

On the other hand, the above calculation can only approximate an order of magnitude
necessary to use PCMs in textiles for active heating since the necessary amount of stored
energy depends strongly on the environmental temperature, isolation properties of the
whole garments, activity of the wearer, etc. Additionally, thermoregulation depends on
the position where the PCMs were integrated into the fabric, on the fabric construction,
etc. [134]. This section thus searches for examples of measured or calculated heat retention
by textile PCMs.

As an example, Zhang et al. developed a coaxially electrospun multicore-sheath
nanofiber mat based on methacrylic acid (MAA), ethylene glycol dimethacrylate (EGDMA)
and benzoyl peroxide (BPO) with dodecanol as a PCM, which reached a maximum latent
heat value of 106 J/g [135]. Their material showed a suitable phase-change temperature
of around 25–30 ◦C, latent heat retention of more than 98.3% after 500 thermal cycles,
and nearly unchanged latent heat and tensile strength after soaking the nanofiber mat in
water. The authors suggested it for potential use in space suits. Depending on the injection
speed ratio of the PCM core and acrylate copolymeric shell during coaxial electrospinning,
four different samples were prepared. Figure 12 shows the time-dependent temperature
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development of pure polyacrylate and the core-shell nanofiber mats (with an increasing
amount of PCM for increasing numbers CS-1 to CS-4) after cooling the samples from 50 ◦C
to room temperature [135]. While a clear difference from CS-1 to CS-4 is visible, it must
be mentioned that the time scale used here is not sufficient to provide active warming for
a longer duration. The specimens are reported to have a thickness of 85 µm, naturally
leading to fast cooling when they are placed on a table at room temperature, with much
higher mass and unknown thermal conductivity. Thus, these experiments can only serve
as basic material comparisons but do not allow a statement about their applicability for
longer active heating in garments.
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Figure 12. Thermographic images of neat polyacrylates and CS specimens after cooling from 50 ◦C to
RT and maintaining at RT for 3 s, 15 s or 30 s. In each image, the left and the right photo, respectively,
correspond to neat polyacrylates and CS specimens ((a) CS-1, (b) CS-2, (c) CS-3 and (d) CS-4). All
color scales are from 14 to 40 ◦C. Reprinted from [135], Copyright 2022, with permission from Elsevier.

On a longer time scale of up to 60 min, Yan et al. investigated knitted fabrics, partly
including hollow polypropylene (PP) fibers filled with up to 83% poly(ethylene glycol)
(PEG) as the PCM [136]. The phase-change temperatures were in the range of 16–40 ◦C,
depending on the amount of PEG in the PP fibers. Heating the samples fixed on a custom-
designed sample holder up to 40 ◦C for 20 min by an infrared lamp and subsequently
measuring the temperature of the sample with an infrared camera led to an increase in the
duration that the samples needed to reach ambient temperature, from 44 min to 62 min.
While this increase shows the effect of the PCM, Figure 13 [136] reveals that the difference
between both investigated samples is actually not large. Besides, the inset photographs
of the original and the final state show that the custom-made sample holder (of unknown
material and mass) has also been heated up by the infrared lamp and is, naturally, also
cooling down during the time of the experiment. Here again, the influence of the thermal
contact with the unknown sample holder cannot be estimated, so the results of this study
cannot be transferred to the situation of heating a person’s skin in a cold environment.
Generally, measuring heat retention by PCM textiles is challenging due to unclear or
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non-standardized factors that vary from one study to the other, such as environmental
conditions (room temperature, relative humidity, underground on which the fabric is
placed during measurements), fabric construction, fabric material, mass ratio of PCM to
textile fabric, etc.
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For the aforementioned microencapsulated PCMs with PU binder, heating durations
of up to 15 min were reported in different studies [137,138]. Similarly, Ying et al. found
the temperature changes between a non-PCM fabric and PCM fabrics with different PCM
levels between 20 and 120 g/m2, upon heating from 23 ◦C to 35 ◦C, vanished after less than
10 min [139]. Similar durations were found for a PCM-based cooling vest using Glauber’s
salt or pure gallium as the PCM in a heated chamber at 30–32 ◦C, starting from 22 to
25 ◦C [140].

Ghali et al. simulated the effect of a PCM textile upon a sudden change in the
environmental temperature and found a heating effect for approx. 12.5 min, depending
on the cold outdoor conditions, as well as a decrease of the clothed-body heat loss by
40–55 W/m2 for a one-layer garment [141]. Besides oscillating temperatures, they also
tested steady-state environmental conditions and stated clearly that the PCM did not
influence the thermal resistance in this scenario.

Comparing the aforementioned and several other studies from the recent literature
leads to the conclusion that, as discussed at the beginning of this section, PCM textiles are
not suitable for long-term use at the moment but are supportive in oscillating temperatures.
In addition, while only a few studies have investigated the long-term thermal performance
of PCMs, the thermal characteristics of several materials were found to be unstable. Behzadi
and Farid reported that Rubitherm 21, a paraffin mixture, significantly changed the peak
melting point and the latent heat of fusion, while mixed esters showed nearly no such
change [142]. For PCM heat storage as part of a solar combi system in a house, Johansen
et al. tested sodium acetate trihydrate and found it to work properly during half a year of
testing, with heating it up to 80 ◦C 53 times by the solar collectors [143]. For the numerical
investigation of a solar greenhouse, Chen and Zhou differentiated between short- and
long-term PCM storage, where an organic PCM was responsible for short-term energy
storage and release during the night while no longer working in the early morning, when a
mixture of salt hydrates with different melting temperatures could provide the additional
long-term heating [144]. In this study, the potential change in organic and inorganic PCMs
with longer use times was not investigated. Long-term stability was, however, found for
TiO2/tetradecanoic acid-based composite PCMs [145] or LiNO3/KCl-expanded graphite
(EG) composite PCMs [146]. Especially for textile fabrics, long-term stability was found for
microcapsules loaded with n-docosane as the PCM [147].
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While some tests of the long-term stability of PCMs have indeed been performed,
as these examples show, the studies indicating energy storage for several hours [144] or
even days [141] are still scarce and are usually not related to textile fabrics, where typically
only relatively small masses of PCMs can be integrated, making them more suitable for
short-term temperature variations than for energy storage for approx. half a day. The next
sections will thus concentrate on fabrics heated by electric energy.

5.2. Self-Sufficient Joule Heating Textiles

Many research groups show the results of Joule heating textiles prepared in diverse
ways. As an example, Ding et al. developed a polyester/spandex blend fabric-based Joule
heater by coating it with CNT/polydopamine (PDA) [148]. Depending on the applied
voltage, they reached different temperatures within approx. one minute, as depicted
in Figure 14, where the measurements were not taken on a glove but on a not-defined
underground with unclear thermal contact and unclear room temperature. Heating with
voltages around 3–7 V should be sufficient for most environmental situations; however,
without the resistance of the heating ring (which is not given in [148]), the calculation of a
heating power or the energy necessary for longer heating is not possible.
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Figure 14. (a) Optical photograph of active heating textile wrapped around a finger; thermal infrared
images at (b) 5 V and (c) 7 V; (d) temperature profiles of active heating textile at 3–12 V; (e1–e6) corre-
sponding thermal infrared images at 0–12 V. Reprinted from [148], Copyright 2023, with permission
from Elsevier.

For a cotton/tannic acid/Ag nanoparticle/PDMS knitted textile of dimensions 2 cm
× 1 cm and a resistance of approx. 3.8 Ω/cm, Guo et al. reported saturation temperatures
of 36–74 ◦C for voltages of 0.5–1.5 V, reached at a room temperature of around 30 ◦C [149].
This corresponds to a heating power of 0.07–0.6 W for the mentioned area of 2 cm2, i.e., a
necessary power density of 350–3000 W/m2. It must be mentioned that this calculation
highly overestimates the necessary energy for the given temperatures as the textile also has
to heat the (unknown) underground, and no isolation from the environment is given, so
this calculation cannot really be transferred to the situation of heating a human body in a
cold environment in addition to common isolation clothing.

Many other groups also measured the temperature development of a Joule heated
textile on an unknown underground instead of on a clothed thermal manikin or even on
probands [150–152], making comparisons with other studies or even extrapolating to a
real human in a cold environment quite challenging. This problem is also discussed in [8],
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where the authors mention the problems of transferring improvements of single thermal
properties, such as thermal conductivity, towards the real warming effect for the human
body and mention the necessity to perform manikin tests in simulated or real environments
as well as opinion polls. Shuvo et al. also discuss the influence of characterization methods
of Joule heating efficiency and boundary conditions in detail [153]. Comparing the heating
efficiency of different textiles with air flow to maintain a temperature of approx. 42 ◦C,
they found necessary power densities around 230–950 W/m2, which are all values far
above the values estimated for the power density of typical textile energy harvesting and
storage methods.

One of the few studies on human probands was reported by Song et al., who measured
the skin temperature on the feet inside a conventional and a heated sleeping bag on each
of seven male and female volunteers [154]. The heating pads from carbon heating wires
between two high-density polyester layers of area (38 cm2) could be heated by 0–45 W,
where 20 W was mostly regarded as thermo-neutral. The tests were performed in a climate
chamber with air temperature −0.4 ◦C (for female volunteers) and −6.4 ◦C (for male
volunteers), respectively, at an air velocity of (0.5 ± 0.1) m/s and a relative humidity of
(80 ± 5)%. In all cases, a strong difference was visible for the measured temperature of
the fourth toe and the left foot during 3 h of measuring, starting from approx. 24 ◦C (toe
temperature) and nearly 30 ◦C (left toe) and decreasing strongly in the toe and also visibly
in the foot for the conventional (unheated) sleeping bag, while the temperature slightly
increased up to an approximately constant value for the heated sleeping bag, as depicted in
Figure 15 [154]. Comparing the here-used heating power of 20 W with the aforementioned
order of magnitude of 10 Wh/m2 that could be harvested during half a day, however,
shows that with an assumed garment surface of 2 m2, only 1 h of using the heating pads
would be possible. On the other hand, Figure 15 clearly shows that a smaller heating power
would be sufficient to maintain a stable temperature of the feet.
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Figure 15. Evolution curves of the 4th toe and the left foot temperatures for females and males in
mummy-shaped sleeping bags (conventional: MARCON, heated: MARHT). Significant deviations
calculated by two-way ANOVA tests are given with significance levels p < 0.05 (marked * on the
graphs) and < 0.01 (**), respectively. From [154], originally published under a CC-BY license.
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A heated glove was used to maintain a minimum temperature of the finger surface
of 15.6 ◦C, which had been defined as the minimum standard of spacesuit ergonomics
design previously, while the environmental temperature around the clothed thermal hand
manikin was −130 ◦C [155]. While the special extravehicular activity (EVA) glove could
maintain the temperature measured at the middle finger at 20 ◦C for about an hour, heating
was necessary after 75 min. The authors reported a heating power of 4 W to be ideal
for maintaining the defined temperature of 15.6 ◦C [155], suggesting that either regular
warming in a space vehicle or regularly taking new power supplies from the space vehicle
is necessary, especially since not only the hands should be warmed during longer work
in space.

Many other studies lack exact definitions and descriptions, in this way impeding
extrapolations from the investigated situations to other environmental conditions. The
same problem occurs for textiles heated by Peltier elements, as the next section shows.

5.3. Self-Sufficient Peltier Heating Textiles

Peltier modules are often integrated into smart textiles for cooling, which is easier
by thermoelectric cooling than by a vest in which a coolant liquid circulates [156–158]. A
jacket that can heat or cool the wearer depending on the temperature was proposed by
Poikayil et al.; however, no experiments were performed with the proposed design [42].
Generating a neutral microclimate under clothing by Peltier cells was investigated by
Vlad et al., who found a drop in the relative humidity upon introducing Peltier cells due to
an increased temperature of the textile layers, as well as constant skin temperature during
exercise and rest [159]. The general possibility of using Peltier elements for heating was
mentioned in several papers [157,160–163], but no studies of this possibility were found.
No reports about tests on heating a volunteer or a thermal manikin by Peltier elements
were found in the literature.

6. Applications of Energy-Self-Sufficient Heating Textiles—Chances and Limits

Some of the potential applications of energy-self-sufficient heating textiles were already
mentioned in the previous sections. No papers mention the potential use of active heating
textiles for homeless people. Using heated textiles to survive cold environments is at least
scarcely mentioned [164–167].

Some studies investigated the possibility of using heated textiles for therapeutic
applications, such as relieving joint and muscle pain [168], supporting wound healing by
killing bacteria [169] or thermotherapy [170]. For sports and outdoor activities, mostly
cooling textiles are investigated, but cooling/heating textiles are also investigated, often
based on PCMs [171–173]. Another approach is the so-called personal thermal management,
which can be applied in indoor situations to heat only a person’s body, while the entire
indoor space can be cooler to reduce energy consumption [174–176].

More applications, however, are related to working in extreme cold, such as the aforemen-
tioned space suits [22,135,155]. Li et al. generally suggested their heated textiles in the form of
a garment, a seat and an insole for outdoor workers in winter [177], while many researchers
concentrated on heated gloves for protection from extreme cold [178–180]. Depending on the
specific environment and work, additional requirements have to be taken into account, such
as fire resistance, flame-retardant properties, defined hydrophobic/hydrophilic properties,
and windproof, fast-drying, isolating and other properties [156,181–183].

Most studies, however, exclude the long-term heating applications in which self-
sufficient heating would really be necessary. To support people working and living under
harsh environmental conditions, especially outdoor workers or homeless people during
winter, this should be changed in future research studies.

7. Conclusions and Outlook

To create energy-self-sufficient heating textiles, it is necessary to integrate energy
harvesting, energy storage and active heating in clothing. Different possibilities have
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been investigated for energy harvesting, such as triboelectric nanogenerators (TENGs),
photovoltaics, and thermoelectric or piezoelectric devices, and for energy storage, such
as supercapacitors or batteries. Electric energy can be used to prepare Joule heating or
Peltier heating textiles, while phase-change materials (PCMs) work independently from
electric energy.

While all necessary components to prepare energy-self-sufficient active heating textiles
are thus known and are being investigated by various research groups, there is still a
lack of real-life tests on probands under harsh conditions or on thermal manikins under
mostly realistic conditions. While most research groups aim at improving specific material
parameters, only very few studies yet exist that measure the necessary energy to heat
the inner part of a garment under defined environmental conditions towards a defined
temperature for a given time. This makes it nearly impossible to estimate how long, e.g.,
the energy stored and saved in a garment during daytime could heat the clothing in the
night, or how much energy must be stored in a working dress to enable active heating
towards a defined temperature during a long outdoor working day under extremely cold
conditions. Research on PCMs, on the other hand, clearly shows that they have recently
only been suitable for short-term temperature variations, not for longer energy storage.

In the future, it is thus necessary to significantly increase the studies of active heating
on a human volunteer or at least a thermal body manikin to gain more knowledge about
the necessary energy for heating to a defined temperature under different environmen-
tal conditions.

To make lab experiments more comparable, heated textiles should be investigated
under clearly defined, ideally standardized conditions, such as defined room temperature
and relative humidity, and ideally freely held in the air instead of placed on an unknown
underground to enable comparability across different studies. Since most of these experi-
ments are performed with an infrared camera, it is necessary for all studies to mention the
calibration of the emissivity, which strongly influences the measured temperatures [184].
In this way, comparability between different labs can significantly be increased, enabling
more reliable measurements of material properties.
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Abstract: Personal cooling garments (PCGs) have gained increasing attention as a promising solution
to alleviate heat stress and enhance thermal comfort in hot and humid conditions. However, limited
attention has been paid to the influence of clothing design on cooling performance. This review high-
lights the influence of design factors and provides a quantitative comparison in cooling performance
for different types of PCGs, including air cooling garments, evaporative cooling garments, phase-
change cooling garments, and liquid cooling garments. A detailed discussion about the relationship
between design factors and the cooling performance of each cooling technique is provided based
on the available literature. Furthermore, potential improvements and challenges in PCG design are
explored. This review aims to offer a comprehensive insight into the attributes of various PCGs and
promote interdisciplinary collaboration for improving PCGs in both cooling efficiency and garment
comfort, which is valuable for further research and innovation.

Keywords: personal cooling garments; cooling technique; cooling performance; clothing design;
quantitative comparison

1. Introduction

Heat stress has become a growing concern with the impact of climate change. The
high air temperatures, high relative humidity, high radiant temperature, and high activity
levels or a combination of these factors present a significant challenge to both public
health and occupational productivity [1–4]. Since humans can only regulate their core
body temperature within a narrow range, excessive body heat beyond the capacity of
physiological thermoregulation can result in heat accumulation. It may lead to a higher
risk of heat-related illness and conditions such as dehydration, heat stroke, chronic kidney
injuries, or even mortality [5–9].

Thermal comfort, as defined by the International Organization for Standardization [10],
refers to the subjective state of an individual’s satisfaction with the thermal environment.
Individual differences in thermal comfort may exist in different climates as well as differ-
ent physiological, behavioral, and cultural elements. Consequently, even when exposed
to the same environmental conditions, individuals may perceive thermal comfort differ-
ently [11,12]. Finding acceptable temperatures for individuals depends on their oppor-
tunities to adjust conditions, such as changing their clothing or workplace to feel more
comfortable. Although heating, ventilation, and air conditioning (HVAC) systems are
commonly employed in indoor environments to lower temperatures and alleviate heat
stress, they are primarily designed to cater to groups of occupants within buildings. Ad-
ditionally, they are limited by energy requirements and operational costs, making them
unsuitable for outdoor settings [13,14]. In contrast, personal cooling garments (PCGs) aim
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to provide direct thermal management to individuals, having been proven as an effective
measure to manage the thermal state, satisfy individual thermal comfort needs, and im-
prove working performance [15,16]. By focusing on individuals and offering personalized
cooling solutions, PCGs offer a promising approach to address thermal comfort challenges
in various situations.

Various types of PCGs have been investigated and reviewed in the past decade [17–24].
However, prior reviews primarily focused on the classification of PCG types, the intro-
duction of materials, and potential applications; there is limited discussion about the
quantitative comparison of different PCGs. Moreover, the factors of garment design that
are closely related to the cooling performance are mentioned less in previous reviews. This
paper aims to provide a comprehensive overview of the current state of the art, examine
design factors associated with cooling efficiency, and conduct a quantitative comparison of
different PCGs in critical aspects.

2. Methodology
2.1. Literature Search Strategy

Database searches were conducted in Google Scholar and Web of Science, covering
the period from 1966 to 2023. All the terms that related to ‘personal cooling garment’ and
‘cooling power’ were searched through the Google Scholar system. The search strategy
incorporated keywords and synonyms, which were searched in the title, abstract, or key-
word fields of the databases. Moreover, to find more relevant studies, we surveyed journals
using keywords that included ‘air cooling garment’, ‘evaporative cooling garments’, ‘phase
change cooling garments’, ‘liquid cooling garments’, ‘thermoelectric cooling garments’,
and ‘radiative cooling garments’. We also assessed all full-text papers for eligibility.

2.2. Selection Criteria

A systematic literature search was conducted to identify relevant articles, research
papers, and studies related to personal cooling garments. The following criteria were used
for source selection.

Inclusion criteria:

1. Peer-reviewed journal articles, conference papers, and academic studies.
2. Publications addressing personal cooling garments, technologies, and related topics.
3. Publications addressing cooling performance (e.g., cooling power).
4. Publications addressing the clothing design which affected the cooling performance.

Exclusion criteria:

1. Non-peer-reviewed sources, such as blog posts.
2. Publications that do not directly pertain to personal cooling.
3. Publications that do not assess the cooling performance (e.g., cooling power) of

personal cooling garments.
4. Publications that do not related to garments.

3. Classification and Design Parameters

Personal cooling garments can be categorized into six different types based on the
cooling technique used, namely, air cooling garments, evaporative cooling garments, phase-
change cooling garments, liquid cooling garments, thermoelectric cooling garments, and
radiative cooling garments. Detailed discussions such as the definition, principle, and
design factors affecting the effectiveness of each category will be discussed in this section.

• Air cooling garments

Air cooling garments (ACGs) which improve the convective and evaporative heat
dissipation of the human body can be classified into two types: active and passive ACGs.
The active ACGs require batteries or external energy supplies to promote ventilative heat
exchange within the clothing microenvironment. A forced convection can be introduced by
electronic devices such as fans [25] (Figure 1a), vortex tubes [26] (Figure 1b), blowers [27],
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etc. In terms of garment design, to create sufficient air space between the garment and the
human body, the outer layer of most active ACGs is usually made of wind-proof fabric
to prevent air from escaping to the environment. In contrast, passive ACGs rely on air
ventilation triggered by body movements and natural convection as well as the internal
characteristics of textiles. The cooling effect can be regulated by the opening and mesh or
spacer and mesh structures of a garment [28–31].
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(a) and vortex tube (b)).

The cooling effectiveness of ACGs can be affected by many factors, such as clothing
design, environmental conditions, and the users. From the aspect of clothing design, these
factors are related to the clothing size, the type of devices, the placement site of devices,
the opening site, and the clothing eyelet. Zhao et al. [32] studied the design of locations
for fans and openings at different torso sites. They found that the lower front placement
site with both front and back openings achieved the best cooling performance. For the
localized cooling, the ventilation location had more influence than the design of the opening.
The ventilation units can be placed anywhere requiring more evaporative cooling. The
adjustable openings (closed or opened) are helpful for the wearers’ comfort but have no
significant difference in the cooling performance under the same flow rate. Zhao et al. [33]
investigated the effect of clothing eyelet designs (sizes and positions) for the air ventilation
system and found that the eyelet could reduce the clothing bulkiness (p < 0.05) but had no
significant impact on the cooling effectiveness (p > 0.05). Ho et al. [28] designed 10 different
opening and mesh styles of T-shirts and found that the openings applied at two vertical
side panels along the side seams of t-shirts were the most effective to release heat and
moisture from the human body. Yang et al. [34] found that the upper body heat loss of
ACGs was related to the combined influences of ventilation rate and clothing size. The
ventilation rate can increase upper body heat loss, while the clothing size has almost no
impact on the effectiveness in high ventilation. Yi et al. [25] evaluated different ventilation
units for ACGs and found that ACGs with higher flow rates perform better, which can
achieve a higher cooling power. Lou et al. [35] investigated the effects of garment design on
cooling performance and recommended that the inner space between ACGs and the human
body that may influence the efficiency of heat exchange is important for garment design.
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In brief, ACGs provide an innovative approach to enhance thermal comfort and
mitigate physiological strain. These cooling garments, which create an air gap between the
body and clothing, coupled with active cooling mechanisms such as fans or blowers, offer
effective heat dissipation. For the design of active ACGs, the eyelet design and adjustable
openings are helpful for the bulkiness problem caused by the impermeable outer fabric;
at the same time, the inner space between ACGs and the human body also needs to be
considered in the design process. Placing devices with a higher flow rate at the sweating
region is preferred for improving cooling efficiency, while the direct cooling of fans at their
location may decrease the localized comfort sensation.

• Evaporative cooling garments

Evaporative cooling garments (ECGs) are based on the phase change of liquid (mostly
water or sweat generated by the human body) from liquid to vapor state that can absorb heat
for personal thermal management. As a passive cooling garment, it is energy-saving and
environment-friendly. There are two mainly used ECGs (Figure 2): One is a liquid-soaked
(water mainly) garment that provides cooling by direct contact with the skin surface; it
should be dipped in liquid to reserve the cooling liquid in the garment before use. Another
is dry evaporative cooling garments that need to be filled with water before use.
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Figure 2. The schematic diagram of evaporative cooling garments (ECGs).

The cooling performance of the ECG is related to the properties of the clothing fabric,
fitness, and ambient environment, such as the moisture evaporation and water vapor
permeability of fabric and the air gap between the human body and clothing. For this type
of garment, the cooling only happened on the outer clothing surface, not the inner surface.
Hes et al. [36] studied the cooling effect of wet fabric with the fabric worn with or without
an air gap between the skin and the fabric. They found that the cooling efficiency increased
with the increase of the fabric moisture content without air layers, and if 2 mm and 4 mm
thick air layers were involved, the total cooling efficiency would not be influenced by the
water content. The better cooling performance happened when the fabric had direct contact
with the skin. Guan et al. [37] studied the cooling power of ECGs that provide cooling by
sweating from the human body and showed that the evaporative area and locus (in-plane
and trans-plane moisture transfer) were determinants of the cooling efficiency. The cooling
efficiency was negatively correlated with the evaporative resistance and the thickness of
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the fabric. Gillis et al. [38] assessed an ECG saturated with combined menthol and ethanol
for evaporative cooling performance versus that with water and found that menthol and
ethanol caused cooler sensations and a heat storage response.

ECGs utilize the natural phase change of water from liquid to vapor to provide
effective personal cooling. They offer an energy-efficient and environmentally friendly
approach to maintaining thermal comfort. To improve the cooling performance of ECGs,
the first step is to increase the liquid content and ensure that the fabric has direct contact
with skin. The second is to decrease the evaporative resistance and thickness of the fabric
for ECGs.

• Phase-change cooling garments

Phase-change cooling garments (PCCGs) provide cooling through phase-change ma-
terials (PCMs) which can store latent heat for thermal energy transfer. PCMs can absorb
heat from the body surface during the phase-change process that can increase the heat
loss of the human body. PCMs can absorb or release heat at a constant temperature. Over
150 phase-change materials are used in scientific research [39]. Some commonly used PCMs
are ice, frozen gel, and paraffin waxes. They have different phase-change temperatures
(from 0–40 ◦C) and can be applied for various heat storage capacities [40]. There are
two primary technologies used for the development of PCCGs. One is the phase-change
material packs which can be placed inside the garment’s pockets (Figure 3). The other
is to incorporate PCMs into daily clothing, such as ordinary fabrics or fibers. (1) Phase-
change microcapsules are PCMs packaged within a suitable wall material which can be
impregnated or coated on the surface of the garment [41,42]. (2) Phase-change fiber is the
PCM packaged inside a fiber that can be used in garment textiles [43,44]. However, the
preparation process of phase-change microcapsules and fiber is complicated and costly,
and most studies focus on the development of materials; there are limited studies about the
cooling garments that are made by phase-change microcapsules and fiber.
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The cooling effect of PCCGs mainly depends on the clothing design as well as the form
and selection of PCMs. Yoo et al. [45] investigated the effects of the number and position
of PCM-treated fabrics and found that the treated fabric with a greater amount of PCMs
performed better. Moreover, if there is more than one layer, the outer layer of the garment
is more appropriate for the effects of the PCMs. According to Mokhtari et al. [23], the PCM
microcapsules can only provide a small capacity of heat absorption (about 15 W) with the
limitation of the weight of materials that can be coated on the garment. Hence, they are
not applicable in hot environments, where ice packs are more effective. House et al. [46]
assessed the performance of four PCCGs containing different PCMs, which melted at 0 ◦C,
10 ◦C, 20 ◦C, and 30 ◦C separately, and the PCCGs were worn under firefighters’ protective
clothing. They found that 10 ◦C has the best cooling efficiency when combining work and
rest periods, and they also stated that a cooling vest containing ice packs (melting at 0 ◦C)
could be used only if the thermal resistance between the ice packs and the skin was higher.
Gao et al. [47] evaluated PCCGs with different melting temperatures, masses, and covering
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areas and found that the PCCG with the lower melting temperature (24 ◦C) performed
better than those with higher melting temperatures. They also found that the cooling
performance was mainly determined by the covering area, while the cooling duration
depended on the PCM mass. In hot climates, the temperature gradient for PCCGs was
suggested to be equal to or greater than 6 ◦C.

PCCGs represent an innovative and promising solution for achieving effective cooling
and enhancing thermal comfort in various environments. By harnessing the properties
of PCMs that can change from solid to liquid and vice versa to create a cooling effect,
these garments offer a unique approach to regulating body temperature. The design and
composition of PCCGs play an important role in their cooling efficiency. A higher mass
of PCMs or PCM microcapsules is positive for cooling efficiency, and the lower melting
temperature can provide a higher cooling rate. The higher phase-transition temperature
can provide a longer cooling duration. A temperature gradient over 6 ◦C is recommended.
Ice packs can only be used when there is sufficient thermal resistance between the skin and
ice. At the same time, the covering area needs to be considered in the design of PCCGs.

• Liquid cooling garments

Liquid cooling garments (LCGs) provide cooling by the pump-driven circulation of
liquid coolant inside the tubes embedded in the garment (Figure 4). The tubes may be
sewn into the fabric layer, and the pump is powered by electricity. The circulating liquid
may be cold or icy water, liquid metal, or a mixture of water and propylene or ethylene
glycol [48,49]. The liquid microclimate cooling systems produce a temperature gradient
that makes the conductive and convective heat transfer take place among the coolant, the
human body, and the environment.
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The cooling performance of LCGs depends on the design of the clothing, the ambient
condition, and the controller, which determines the liquid flow rate, coolant temperature,
and intermittent or regional cooling control [50–54]. In terms of clothing design, it is related
to the fitness, tubing characteristics, different body areas, and fabric [55–58]. Kayacan
et al. [51] compared two different designed LCGs and found that the fabrics with a natural
curved structure performed better than the plain fabrics; they also found that when the
liquid inlet temperature was decreased, the effective cooling increased slightly. Burton
et al. [52] found that the heat removal rate of LCGs was not linearly related to the flow
rate when the flow was relatively slow. When the flow rate exceeds 1 L/min, little further
improvement in the cooling performance can be made with the increase in flow rate. These
findings were also shown by Frim et al. [50]. Dionne et al. [59] evaluated PCGs with
different densities of tubing through thermal manikin testing. They found that under
the condition of the same flow rate and liquid inlet temperature, the heat removal rate
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increased with the density of the tubing. Branson et al. [55] used a 3D body scanner to
compare the fit analyses of LCGs and indicated that from the aspect of different users, it is
better to develop an adjustable cooling garment. Cao et al. [58] investigated the effect of
inner fabric layers of LCGs on heat exchange and cooling efficiency. They found that an
inner layer with good thermal conductivity, good moisture management, and good tactile
properties is desirable.

LCGs offer a promising approach to regulating body temperature and enhancing
comfort. These garments utilize the circulation of cold liquid through tubes in clothing
to facilitate heat exchange between the body, the liquid, and the environment. For the
design of LCGs, a lower liquid temperature with a higher flow rate (no more than 1 L/min)
is beneficial to improve cooling performance. As conductive heat transfer is the primary
cooling mechanism for LCGs, a good fitness of LCGs can also increase cooling efficiency.
An adjustable (fitness and flows) LCG could be designed to reduce the discomfort caused
by the coolant having direct contact with skin, and a three-layer system may be better for
wearer comfort. The comparative analysis of different LCGs demonstrates their varied
cooling powers, durations, and temperature ranges, allowing for tailored choices based
on specific cooling needs. Further exploration and real-world studies will contribute to a
deeper understanding of LCGs’ performance and their utility in diverse settings.

• Thermoelectric cooling garments

Thermoelectric cooling garments (TCGs) are based on the Peltier effect that can convert
electrical energy into thermal power. The single-stage thermoelectric (TE) module is
composed of type-N and type-P semiconductors which connected electrically in series. The
Peltier effect can transfer heat from one side to the other; therefore, one face is heated and
the opposite is cooled, which can be changed by the direction of the electric current [60,61].
A single TE device can be embedded in a clothing system to provide cooling by direct
contact with the skin [62] (Figure 5). However, there are some apparent weaknesses in the
design of such TCGs, for example, the poor coefficient of performance and low efficiency, so
there is nearly no cooling garment designed solely using the Peltier effect. Some enhanced
cooling garments, such as the combination of the air and TE cooling techniques which
enhance air cooling through the TE unit [63,64] and the combination of the liquid and TE
cooling techniques which enhance liquid cooling through the TE unit [64] were developed
for better cooling performance.
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• Radiative cooling garments

Radiative cooling garments (RCGs) provide thermal comfort through enhanced ra-
diative heat loss from the human skin or the clothing outer surface. Human skin can
be regarded as a near-black radiating source with an emissivity value over 0.95 [65,66],
which makes it a near-perfect emitter of thermal infrared radiation. Based on this concept,
some fabrics, textiles, and garments were designed for personal thermal management. The
cooling garment with mid-IR transparency [67], mid-IR emissivity [68], or solar-reflecting
mid-IR emissivity [69] are all potential solutions to achieve better cooling efficiency. RCGs
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as passive cooling systems contribute to energy saving. The innovation of RCGs mainly
focuses on the material design [70–73]; there is limited knowledge about the cooling perfor-
mance of this kind of garment which may need more attention.

4. Comparative Study

Several methods have been employed to evaluate PCGs. Human trials, thermal
manikin tests, and model simulation were the three mainly used methods for the assessment
of PCGs [74]. Human testing provides practical data for the physiological impact of
PCGs on the human body with the work intensity and specific test conditions set [75–77].
A sweating, heated manikin (ASTM F2371-16) can provide objective and reproducible
results to assess the effectiveness of PCGs [78,79], while thermal manikins cannot simulate
realistic thermo-physiological responses, such as changes in sweat and heart rate. Thermal
manikins can be used as an alternative method when human trials are not applicable,
while it cannot replace the human subject tests. Generally, human trials can be conducted
independently or combined with thermal manikins to evaluate PCGs. Thermoregulation
models could be a good alternative to human trial studies to avoid the ethical problems and
operating limitations. Thermoregulation models that can simulate physiological responses
and the complex heat transfer of the human body were developed to predict human
thermal responses in different environmental and activity conditions [80–82]. However,
thermoregulation models need to be combined with human trials to demonstrate their
reliability and applicability. The evaluation of different types of PCGs plays an important
role in the development and improvement of cooling technology. In this section, the
separate and overall quantitative comparisons in cooling performance for different types of
PCGs will be discussed.

Table 1 provides a comparative analysis of different ACGs based on key parameters
such as cooling power, weight, duration, and flow rate. The cooling powers of the listed
ACGs in Table 1 were measured through thermal manikin tests (ASTM-F2371-16). ACG
1, designed by Zhao et al. [32], demonstrates the highest estimated cooling power range
of 71.5–106 W, while ACG 2 [83] offers a cooling power of 79.5–97.6 W, and the cooling
temperature is 30 ◦C. ACG 3 [25] has a cooling power of approximately 67.72 W. ACG 4 [63]
was proposed as a thermoelectric ACG, providing a personal cooling of 15.5 W. ACG 5 [84]
was designed for healthcare workers and provides a constant cooling temperature of
22.85 ◦C and exhibits a cooling power of 51.7 W. Notably, these ACGs were tested under
different environmental settings. ACG 4 [63] and ACG 5 [84] as the thermoelectric ACGs
that can provide a lower cooling temperature through a thermoelectric unit are heavier
than normal ACGs. The cooling duration of active ACGs mainly relies on the capacity
of the cooling device’s battery. Research by Yi et al. [25] highlights the positive impact of
higher airflow rates on ACGs’ performance. Additionally, the cooling coverage area is
influenced by the positioning and outlet of the cooling mechanism.

Table 1. Quantitative analysis for air cooling garments (ACGs).

No. Cooling Power Weight Duration Testing Scenario Flow Rate Cooling Area

ACG 1 71.5–106 W N/A N/A 34 ◦C, 60% RH, 0.4 m/s 12 L/s N/A

ACG 2 79.5–97.6 W N/A N/A 30–34 ◦C,
90% RH 10 m3/h or 14 m3/h. 0.53 m2

ACG 3 67.72 ± 0.74 W 98 g (Fan only) 7.05 h 34 ◦C, 60% RH, 0.4 ± 0.1 m/s 8–22 L/s N/A

ACG 4 15.5 W 994 g N/A 26.1 ◦C,
50% RH 1 × 10−3~1.17 × 10−3 m3/s N/A

ACG 5 51.7 W 1.2 kg N/A 23 ◦C,
50% RH 70 L/min N/A

Table 2 offers a comprehensive insight into the characteristics and performances
of different PCCGs as assessed in various studies. The cooling power of PCCGs 1—3
were measured through thermal manikin tests (ASTM-F2371-16), the value of PCCG 4 was
calculated from the average evaporation heat flux using an equation, and the value of PCCG
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5 was simulated through Stolwijk’s mathematical modeling [85]. A notable observation
is the variability in cooling power across the examined cooling garments, ranging from
6.0 to 98.6 W. Regarding cooling duration, the assessed garments demonstrate a range
from 65 to 360 min, suggesting varying capacities for sustained cooling during use. In
addition, the garments were evaluated under different testing scenarios, encompassing
diverse conditions such as hot climates and specific temperature gradients, which are
significant factors influencing their efficacy. PCCG 1 [47] exhibits varying cooling powers,
ranging from 6 to 28.4 W based on different phase-transition temperatures. The lower
phase-transition temperature can provide a longer cooling duration, and the duration of
the cooling is from 2.5 to 6 h. PCCG 2 [76] achieves cooling powers of 8.4 W and 10.5 W,
with a weight of 1296 g. It operates for durations of 65 min and 125 min which depends on
the different phase-transition temperatures. The cooling mechanism involves a dual-phase
transition at 15 ◦C + 15 ◦C and 15 ◦C + 23 ◦C, contributing to the flexibility of the garment
in addressing different thermal requirements. PCCG 3 [86] emphasizes its cooling power
from 10–20 W and its weight of 2224 g. It sustains cooling for an extended duration of
210 min under specific testing conditions. PCCG 4, designed by Yang et al. [77], is based
on the concept of vacuum desiccant cooling and emphasizes an average cooling power
of 89.6 ± 9 W with a weight of 3400 g. It can achieve a minimum cooling temperature of
16 ◦C. Hou et al. [87] proposed a PCM-liquid cooling garment (PCCG 5) to enhance PCCGs;
it demonstrates a cooling power ranging from 13.4 to 19.4 W, optimized for a prolonged
usage of over 2 h under a testing scenario of 30 ◦C and 45% relative humidity.

Table 2. Quantitative analysis for phase-change cooling garments (PCCGs).

NO. Cooling
Power Weight Duration Testing

Scenario
Phase-Transition

Temperature Cooling Area Cooling
Temperature

PCCG 1
19.2–28.4 W 2224 g 150 min Hot climates (the required

temperature gradient is suggested
to be greater than 6 ◦C)

24 ◦C
0.2054 m2

≥24 ◦C
12.9–21.2 W 2226 g 288 min 28 ◦C ≥28 ◦C
6.0–14.2 W 1973 g 360 min 32 ◦C ≥32 ◦C

PCCG 2
8.4 W 1296 g 65 min 30 ± 0.5 ◦C,

80 ± 5% RH, <0.1 m/s
15◦C + 15 ◦C

0.1404 m2 ≥15 ◦C
10.5 W 125 min 15◦C + 23 ◦C ≥15 ◦C

PCCG 3 10–20 W 2224 g 210 min 34 ± 0.5 ◦C, 60% RH, 0.4 m/s 21 ◦C 0.57 m2 ≥21 ◦C

PCCG 4 89.6 ± 9 W 3400 g N/A 37 ◦C, 50% RH N/A 0.4 m2 ≥16 ◦C

PCCG 5 13.4–19.4 W 1800 g ≥2 h 30 ◦C, 45% RH 24–26 ◦C N/A ≥24 ◦C

Table 3 provides a comparison of four LCGs based on these parameters including
cooling power, weight, duration, testing scenario, flow rate, cooling area, and cooling
temperature. The cooling power of the LCG 1 and LCG 4 is calculated through equations,
the value of LCG 2 is estimated by analysis, and the value of LCG 3 is estimated through
the previous study [88]. LCG 1, designed by Guo et al. [89], demonstrates the estimated
cooling power range of 67.2–138.1 W with a weight of 1.5 kg, and it offers a cooling
duration of 0.79 to 3.36 h, tested within a temperature range of 40 ◦C to 50 ◦C. Meanwhile,
LCG 2 [90] offers a relatively higher cooling power of 300 W, and its weight is less than
10 kg; it provided cooling for a minimum of 1 h under varying conditions of 30–45 ◦C in
temperature and 20–80% relative humidity. LCG 3 [91] has a cooling power of 90.8–96.5 W
with a weight of 3 kg, offering a cooling duration of 1.5 h within the specific conditions of
35.89 ◦C ± 1.25 ◦C in temperature and 35% relative humidity. Notably, LCG 2 [90] achieves
a cooling temperature range of 22 to 27 ◦C, whereas LCG 3 [91] achieves a lower cooling
temperature range of 10 to 15 ◦C. LCG 4 which was designed by Xu et al. [64] and based on
thermoelectric refrigeration exhibits a high cooling power of 340.4 W, thereby providing
effective cooling in a 30 ◦C environment.
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Table 3. Quantitative analysis for liquid cooling garments (LCGs).

NO. Cooling
Power Weight Duration Testing Scenario Flow Rate Cooling Area Cooling

Temperature

LCG 1 67.2–138.1 W 1.5 kg 0.79–3.36 h 40 ◦C–50 ◦C 224.5–544.2 mL/min 0.568 m2 N/A

LCG 2 300 W <10 kg ≥1 h 30–45 ◦C,
20–80% RH 3.8 L/min

N/A
22–27 ◦C

LCG 3 90.8–96.5 W 3 kg 90 min 35.89 ± 1.25 ◦C, 35% RH N/A 10–15 ◦C
LCG 4 340.4 W N/A N/A 30 ◦C N/A N/A 15.7 ◦C

Table 4 offers a comparative analysis of four different types of PCGs based on these
parameters including cooling power, weight, duration, testing scenario, cooling area, and
cooling temperature. The results show that the cooling powers of the different PCGs
range from 6 to 340.4 W. The enhanced LCG which is based on thermoelectric refrigeration
demonstrates the highest cooling power, while the PCCG exhibits the lowest. The estimated
cooling power for ACGs, PCCGs, LCGs, and ECGs ranges from 15.5 to 106 W, 6–98.6 W,
67.2–340.4 W, and 48–57 W, respectively. Weight is an important consideration for portable
cooling systems, and lighter systems are usually preferred [92]. The weight of the personal
cooling garments listed in this table varies from less than 100 g to over 3000 g, and ACGs
present a relatively lower weight among these cooling garments. The testing scenarios,
including temperature, humidity, and air velocity, listed in the table are important for
the evaluation and application of different cooling systems. Most cooling garments are
designed for use in hot climates which are higher than 30 ◦C, and the recommended
temperature gradient for PCCGs is suggested to be greater than 6 ◦C.

Table 4. Comparative analysis for different types of personal cooling garments (PCGs).

Ref. Cooling
Technique

Cooling
Power Weight Duration Testing Scenario Cooling Area Cooling

Temperature

[32]

ACG

71.5–106 W N/A N/A 34 ◦C, 60% RH, 0.4 m/s N/A N/A

[83] 79.5–97.6 W N/A N/A 30–34 ◦C,
90% RH 0.53 m2 30 ◦C

[25] 67.72 ± 0.74 W 98g (Fan only) 7.05 h 34 ◦C, 60% RH, 0.4 ± 0.1 m/s N/A N/A
[63] 15.5 W 994 g N/A 26.1 ◦C, 50% RH N/A 19.8–26.5 ◦C

[84] 51.7 W 1.2 kg N/A 23 ◦C,
50% RH N/A N/A

[47]

PCCG

19.2–28.4 W 2224 g 2.5 h Hot climates (the required
temperature gradient is suggested

to be greater than 6 ◦C)
0.2054 m2

≥24 ◦C
12.9–21.2 W 2226 g 4.8 h ≥28 ◦C
6.0–14.2 W 1973 g 6 h ≥32 ◦C

[76] 8.4 W 1296 g 65 min 30 ± 0.5 ◦C,
80 ± 5% RH, <0.1m/s 0.1404 m2 ≥15 ◦C

10.5 W 125 min ≥15 ◦C

[86] 10–20 W 2224 g 210 min 34 ± 0.5 ◦C, 60% RH, 0.4 m/s 0.57 m2 ≥21 ◦C
[77] 89.6 ± 9 W 3400 g N/A 37 ◦C, 50% RH 0.4 m2 N/A
[87] 13.4–19.4 W 1800 g ≥2 h 30 ◦C, 45% RH N/A N/A

[89]

LCG

67.2–138.1 W 1500 g 0.79–3.36 h 40 ◦C–50 ◦C 0.568 m2 N/A
[90] 300 W <10 kg ≥1 h 30–45 ◦C, 20–80% RH

N/A
22–27 ◦C

[91] 90.8–96.5 W 3000 g 90 min 35.89 ± 1.25 ◦C, 35% RH 10–15 ◦C
[64] 340.4 W N/A N/A 30 ◦C ≥15.7 ◦C

[93] ECG 48–57 W N/A N/A 40 ◦C, 10% RH 0.6 m2 N/A

The duration of cooling is an important consideration when choosing a cooling system
for a particular application. The cooling duration needs to be considered when selecting
a cooling system for a particular application. The duration of cooling provided by each
cooling technique ranges from less than an hour to several hours. For active ACGs, the
cooling duration is dependent on the battery provided for the cooling device. For PCCGs,
it is related to the weight, covering area, and cooling temperature of the PCM. For LCGs, it
is influenced by the flow rate, weight, and temperature of the cooling liquid.
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Additionally, the cooling area is more important for designers to achieve better cooling
performance. The cooling temperature for active ACGs is related to the environmental
temperature and cannot be controlled by users; PCCGs and LCGs’ cooling temperature
is related to the phase-transition temperature of the PCMs and the temperature of the
cooling liquid, respectively, and both cannot be controlled manually; and for ECGs, water
evaporation is highly wind-speed dependent.

5. Conclusions

This paper presents a literature review on the design and comparison of personal
cooling garments. Based on the cooling technique, PCGs are divided into six different
types, including ACGs, PCCGs, LCGs, ECGs, TCGs, and RCGs. A brief introduction of
each kind of cooling system has been presented, and the cooling efficiency, design-affecting
parameters were also discussed.

The results of this review reveal that the cooling power exhibited by different types of
cooling garments varies. It seems that these cooling garments are effective at reducing the
physiological strain in a hot environment. LCGs demonstrate a relatively higher cooling
power, ranging from 67.2–340.4 W.

As a relatively lightweight cooling garment, the cooling efficiency of ACGs is sensitive
to environmental factors such as humidity levels and air temperature. In addition, ACGs
rely on the exchange of the air from the inside to the outside of clothing; it cannot work
when worn underneath personal protective equipment (PPE). The active ACGs require
a power source to operate, and this can be problematic in situations where a continuous
power source is not readily available. The passive ACGs show limited cooling efficiency,
but they are lightweight and no extra devices needed, which is suitable for sportswear.
For the design of active ACGs, the fabric of the outer layer should be considered for
the air circulation inside the clothing, and the incorporating features such as the eyelet
design and adjustable openings can prove beneficial in mitigating the bulkiness problem.
Furthermore, optimizing the placement of devices with higher flow rates in the sweating
region is recommended to enhance cooling efficiency.

The suitability of LCGs and PCCGs as normal clothing is limited by their excessive
weight, which in turn affects the duration of cooling provided. The weight can add bulk,
making them less comfortable and practical for everyday use, especially in athletic settings.
The LCGs and PCCGs typically have a limited cooling duration, and their cooling sources
need to be recharged or replaced to maintain their function. This limitation can be a
concern for individuals requiring long-lasting cooling, such as athletes during extended
competitions. In terms of LCGs, optimizing the cooling performance involves utilizing
a lower liquid temperature coupled with a higher flow rate (not exceeding 1 L/min).
Additionally, the design of adjustable (fitness and flows) LCGs can minimize the discomfort
resulting from direct contact between the coolant and the skin. For PCCGs, enhanced
cooling efficiency can be achieved by increasing the mass of the PCMs or phase-change
microcapsules. Lower melting temperatures of the PCM provide higher cooling rates.
Finally, achieving a proper fit of LCGs and PCCGs is essential to enhance cooling efficiency.

The performance of ECGs is influenced by ambient temperature and humidity. In ex-
tremely hot or humid conditions, they may struggle to provide adequate cooling, especially
for individuals engaged in strenuous activities. To enhance the cooling performance of
direct ECGs, firstly, increasing the liquid content and ensuring direct contact between the
fabric and the skin can enhance cooling efficiency. Secondly, reducing the evaporative resis-
tance and the thickness of the fabric used in ECGs can promote improved cooling effects.

However, the detailed exploration of other cooling garments, such as TCGs and
RCGs, remains relatively limited in current research. Thus, further investigations in these
categories are warranted to expand our understanding and guide future advancements in
this field.

Further research is needed to balance the function, ergonomics, and aesthetic design
for different applications. The efficiency of these PCGs not only depends on the effect of the
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cooling performance but also the effects of ambient temperature and experimental protocol.
Therefore, different designs based on the consideration of end-use scenarios is necessary for
the improvement of PCGs. Moreover, the development of these types of PCGs requires the
impact of human factors, including metabolic rates and physical activities, on individuals’
responses during the use of cooling garments under normal working conditions and should
be studied in the future.
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Abstract: To gain a deeper understanding of the current research status of cooling suits in high-
temperature mines, this paper provides separate introductions to vest-type cooling suits and full-body
cooling suits. It summarizes the categories of cooling suits based on different cooling media and
systematically elucidates the advantages and disadvantages of each type. The paper also analyzes
the current application status of cooling suits in mine environments. It suggests that the future
research directions for cooling suits in mines include the miniaturization of components, intelligent
temperature control, optimization of new phase-change materials, development of cooling fabrics,
and research in smart fibers.

Keywords: cooling suit; thermal comfort; phase-change materials; high-temperature mine environment

1. Introduction

Currently, China possesses billions of tons of coal resources in need of extraction. Coal
resources have made a significant contribution to China’s economic and social development.
However, as the depth of mining increases year by year, reaching from several hundred
meters to a thousand meters, the temperature in mines is also rising. It can reach up to
40 ◦C, which greatly impacts the miners [1]. Due to limited space underground, the heat
generated by surrounding rocks, compressed air, and mechanical and electrical equipment
cannot be dissipated, resulting in a gradual deterioration of the thermal environment in
mines. Thermal hazards in mines are widespread. Therefore, it is crucial to lower the
temperature in the mining environment.

Methods for preventing and controlling heat hazards in mines can be broadly cate-
gorized into two main types: traditional cooling techniques and individual cooling suits.
Traditional cooling techniques primarily rely on ventilation to achieve lower temperatures.
This is achieved by controlling parameters such as the airflow speed, volume, and tem-
perature underground to achieve the desired cooling effect [2]. However, this method
has certain limitations, and the cooling effect may not be very pronounced. To meet the
demand for thermal comfort of personnel working in high-temperature mine environments,
improve their work efficiency, and ensure work quality, the development of individual
cooling suits has come into the view of researchers [3]. Individual cooling suits have the
capability to regulate the microclimate temperature between the human body and the
clothing. They exhibit high cooling efficiency, leading to effective temperature reduction
and ultimately enhancing the thermal comfort of mine workers. Therefore, herein existing
individual cooling suits have been classified and summarized. Initially, from a structural
perspective, they are divided into vest-type cooling suits and full-body cooling suits. Upon
analysis and comparison, it is evident that vest-type cooling suits are more suitable for
wearing in mining operations. They are easy to put on and take off, facilitate movement,
and provide good cooling effects. Based on their different cooling principles, the cooling
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suits are further categorized into gas-based cooling suits [4], liquid-based cooling suits [5],
phase change cooling suits [6], and hybrid cooling suits [7]. This paper concludes and
summarizes the working principles, advantages, disadvantages, and feasibility of using
various types of cooling suits in underground mines. The strengths and weaknesses of
different cooling suits are analyzed. Finally, recommendations are made for the future
development of cooling suits for mining applications.

2. Human Thermal Comfort

After a person puts on clothing, a small climate is formed between the surface of the
body and the outermost layer of clothing, known as the clothing microclimate. The comfort
of this microclimate is closely related to human comfort. Temperature and humidity are
important indicators for evaluating thermal comfort. The relationship between the clothing
microclimate and human thermal comfort is shown in Figure 1. As shown in the figure,
when the temperature of the clothing microclimate is between 31 ◦C and 33 ◦C, and the
relative humidity is between 40% and 60%, the person feels comfortable. According to
the ISO 7730-2005 “Ergonomics of the Thermal Environment” standard, human thermal
comfort is defined as the subjective thermal environment evaluation made by a person
in the surrounding environment. Thermal comfort occurs when the heat production and
dissipation of the human body are in balance. However, in mining environments, the
airflow between the underground environment and the outside world is weak, which
severely affects evaporative and convective heat dissipation. Therefore, heat-related issues
in mines significantly impact the thermal stability of mine workers, posing a threat to
their health. To address the issue of cooling the human body in a hot environment, a
method is proposed for mine workers to wear cooling suits in high-temperature mining
environments. By regulating the heat in the clothing microclimate, the goal is to achieve
thermal balance and thermal comfort for the human body. Factors affecting human thermal
comfort include aspects related to the human body, clothing, and the environment [8].
The relationships between the human body, the environment, and the cooling suit during
wearing are illustrated in Figure 2. For mine workers, it is challenging to control the
intensity of activities and the environmental temperature underground. However, utilizing
cooling suits to reduce the generation of body heat and facilitate heat dissipation is an
effective approach.
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3. Working Principle of Cooling Clothes

The heat generated during the human body’s metabolic processes is dissipated to the
surrounding environment through the skin. When the surrounding temperature is too
high or heat cannot be effectively dissipated, heat accumulates in the microclimate zone
on the surface of the skin, causing discomfort. Therefore, the primary purpose of cooling
garments is to regulate the temperature in the microclimate zone on the surface of the
skin. The human body dissipates heat through various methods, including convective heat
dissipation, radiative heat dissipation, conductive heat dissipation, and evaporative heat
dissipation. The cooling effect of cooling garments on the human body primarily involves
the transfer of heat between the skin surface, clothing, and the environment, as illustrated
in Figure 3.
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As seen in Figure 3, when the heat exchange between the human body and the
environment reaches dynamic equilibrium, the production and dissipation of heat by the
body are balanced. Wearing cooling garments involves two main paths of heat transfer
between the human body and the external environment: the first path involves the transfer
of heat generated by metabolic processes through the skin surface to the cooling garment in
a process of thermal equilibrium; the second path involves the transfer of heat between the
external environment and the cooling garment. In harsh mining environments, where the
heat generated by the body’s metabolism is constant, the cooling effect of cooling garments
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directly influences the heat transfer between the body and the environment. When the
body is in a high-temperature environment, cooling garments absorb excess heat produced
by the body to maintain thermal comfort.

4. Research Status of Cooling Clothing

Utilizing the Web of Science database for retrieval, we gathered 118 articles on cooling
garments from the past 20 years, as depicted in Figure 4. The linear trend chart indicates an
increasing focus by researchers on the innovation and application of cooling garments. The
prominent areas of interest include liquid-cooled garments, evaporative cooling, cooling
performance, cooling textiles, protective devices, phase-change materials, and others.
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The effectiveness of cooling suits is influenced by factors such as environmental
temperature and humidity, cool fabric, cooling clothing structure, cooling clothing design,
and level of physical activity, as shown in Figure 5. Among these, factors that can be
improved to enhance the cooling effect of cooling suits include the cool fabric, cooling
clothing structure, and cooling clothing design.
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4.1. Cool Fabric

In the high-temperature environment of mines, the use of cooling fabrics can enhance
heat conduction and facilitate more effective convective evaporation, thus increasing
comfort when the fabric is in close contact with the body. By increasing the thermal
conductivity of fibers, regulating fiber cross-sectional structures, introducing phase-change
materials, and employing post-fabric processing techniques, the fabric can rapidly transfer
heat and accelerate perspiration, resulting in a cooling effect. This, in turn, enhances
the thermal comfort of the human body. In recent years, experts and scholars have paid
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considerable attention to research on fiber thermal conductivity and the introduction of
phase-change materials. Elevating thermal conductivity can enhance the fabric’s ability to
dissipate heat to the environment. Among these, phase-change fibers utilize the properties
of phase-change materials to absorb and store body heat, thereby achieving a cooling
effect [9].

Thermal conductivity is a metric used to assess the ability of clothing fibers to conduct
heat. The thermal conductivity of fibers primarily depends on factors such as the internal
molecular arrangement of the material, fiber morphology, and the microstructure within
the fibers. Research conducted by You B et al. [10] through experimental comparative
analysis indicates that modal fibers are better suited for mining clothing due to their
high thermal conductivity, leading to enhanced cooling effects. To increase fiber thermal
conductivity, Gao et al. [11] prepared boron nitride/polyvinyl alcohol composite fiber
fabrics. The high thermal conductivity of the boron nitride nanosheets resulted in a thermal
conductivity coefficient of the composite fiber fabric that was 2.22 times that of cotton
fabric. Yuan et al. [12] utilized copper nanowires coated with polydopamine to prepare
electrically insulating epoxy resin nanocomposite fibers with a thermal conductivity of up
to 2.87 W/(m K). Wu et al. [13] developed a regenerated cellulose/BNNS (boron nitride
nanosheets) composite fiber with a high BNNS content of up to 60% (by weight percentage).
The thin and transparent two-dimensional structure of BNNS was particularly conducive to
heat conduction. Chien et al. [14] fabricated a semi-crystalline polyamide (nylon) nanofiber.
Annealing treatment was employed to enhance the configuration orderliness of the polymer,
resulting in a high thermal conductivity of 59.1 W/(m K). This fiber can be employed to
enhance the human thermal comfort performance.

Phase-change cooling fabrics integrate fibers with phase-change materials, leveraging
the capacity of these materials to absorb, store, and release heat during phase transitions.
This enables the regulation of skin temperature. In order to achieve an optimal thermal
regulation response with phase-change fibers, it is important to enhance the thermal
conductivity of both the phase-change material and the polymer substrate. Liu et al. [15]
utilized wet spinning and freeze-drying processes to prepare Kevlar aerogel fibers with high
porosity and surface area. After filling them with phase-change material, they obtained
phase-change fibers with a phase-change enthalpy of 162 J/g. Wu et al. [16] used silk fibroin
as a raw material and employed a freeze-spinning method to create microstructured fibers
with high porosity. They then filled these fibers with polyethylene glycol (PEG) and coated
them with polydimethylsiloxane (PDMS) to prevent leakage. The phase-change enthalpy
of these fibers was approximately 118.1 J/g.

With the development of smart fibers, material intelligence has gradually come into the
view of researchers. Wang Wen et al. [17] used deformable bacteria on fabrics to make them
sensitive to humidity. They placed the bacteria on both sides of latex and kept them stable
at room temperature. When one side was exposed to high temperatures, the expansion
of the bacteria caused the latex to bend outward. Sweat evaporates through the opened
ventilation port, achieving the goal of cooling. Lao S et al. [18] developed a solar cooling
suit. They installed a semi-flexible solar panel on the back of the suit and supplied power
to two battery packs through a controller. This provided a continuous power source for a
fan, enabling sustained cooling. This cooling suit is environmentally friendly. Ke et al. [19]
designed a ladies’ blouse made from nano-porous polyethylene material. The study found
that when using this cooling suit, increasing the set air conditioning temperature from
25.5 ◦C to 27.0 ◦C could save 9% to 15% of cooling energy. Wei et al. [20] applied a layer of
Al2O3-dispersed cellulose acetate on the textile. This increased the textile’s solar reflectance
from 62.6% to 80.1%. As a result, the wearer absorbs less radiant heat, achieving the goal
of cooling.

4.2. Cooling Clothing Structure

Experimental measurements have revealed that different parts of the human body
exhibit varying microclimates within clothing, and their relationship and response to the
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external environment are distinct. Areas such as the armpits, sides, and waist have relatively
little correlation with environmental climate variations (changing by approximately 5 ◦C
over the course of a year). Conversely, regions like the chest, back, shoulders, upper and
lower limbs, including the forearms and thighs, have a closer relationship with external
climate changes (varying by 5 ◦C to 10 ◦C for the forearms and thighs, and by 10 ◦C to
15 ◦C for the calves). Additionally, during physical activity, the trunk of the body has
the highest basal metabolic rate and heat capacity [4]. Based on the relationship between
different parts of the human body and environmental variations, various types of cooling
suits with different structural designs have been developed. Figure 6a depicts a vest-type
cooling suit. Vest-type cooling suits are widely used in various fields of production and
daily life due to their simple structure, ease of wear, effective cooling, and high practicality.
Figure 6b shows a full-body cooling suit. The advantage of a full-body cooling suit lies
in its ability to comprehensively cool the trunk, limbs, and other areas, ensuring that the
entire body remains in a relatively comfortable state. Gerrett et al. [21] conducted a study
analyzing the thermal sensitivity of different areas on the human body. They found that
the abdominal area and the sides of the lower back are more sensitive to cold sensations.
Therefore, cooling the lower half of the body is more conducive to enhancing thermal
comfort. In comparison to the upper body, the legs generate more heat during walking.
Cooling suits need to absorb a significant amount of heat. As a result, the legs may not
achieve the desired cooling effect in the later stages of exercise and during periods of
rest [22]. However, for workers in high-temperature mines with extensive work areas and
high intensity, it may affect their work efficiency and overall comfort of wearing.
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4.3. Cooling Clothing Design

To date, researchers have conducted extensive studies on different types of cooling
suits and their performance. Based on different cooling media, cooling suits can be catego-
rized as gas-based cooling suits, liquid-based cooling suits, phase-change cooling suits, and
hybrid cooling suits. According to the source of the cooling power, they can be classified as
active cooling suits or passive cooling suits. Additionally, based on different cooling meth-
ods, they can further be divided into cold storage cooling suits, vapor compression cooling
suits, vortex tube cooling suits, and thermoelectric refrigeration cooling suits [23–25].

4.3.1. Gas Cooling Suit

Gas-based cooling suits blow air into the microclimate of the clothing, dissipating heat
through evaporation and convection. This falls under the category of active cooling [26].
The principle of heat dissipation involves accelerating the evaporation of sweat and en-
hancing air convection, thereby achieving the goal of cooling. Depending on the different
methods of heat dissipation, gas-based cooling suits can be further divided into convective
gas-based cooling suits and evaporative gas-based cooling suits. Additionally, based on
different structural designs, gas-based cooling suits can be categorized as fan-type cooling
suits and duct-type cooling suits [27].
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Fan-based cooling suits primarily operate by using an external power source to drive
a fan or blower device, creating a flow of air between the clothing and the skin surface.
This accelerates the evaporation of sweat, thereby cooling the microclimate, as illustrated in
Figure 7. Currently, some construction workers and traffic control personnel have adopted
these suits. Mengmeng Zhao [4] conducted experiments under different fan placement
configurations and found that placing fans along the spine and lower back yielded the best
results. Yi et al. [28] added multiple settings to the fan in the cooling suit to ensure a stable
airflow. Each setting provided a relatively consistent volume of air. Gas-based cooling
suits offer excellent cooling effects. Underground environments are rich in gas resources,
allowing for extended cooling durations. These suits are compact, lightweight, and can
alleviate the burden on workers. However, fan-based cooling suits can be cumbersome
to wear, potentially hindering the wearer’s mobility. Moreover, there may be risks of
explosion in underground mines due to the presence of hazardous gases like methane. And
its cooling effect is not significant in high humidity or extremely hot environments [29].
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In 2005, Zheng Xiang Pu [30] introduced the duct-type gas-based cooling suit. In
this design, an air compressor compresses air and pre-cools it through a vortex tube. The
compressed air is then routed through a system of tubes distributed throughout the suit.
This promotes heat dissipation on the body surface through the evaporation of sweat
and air convection. The gas, having completed its heat exchange, is expelled through
the exhaust port. This technology applies the cooling effect of the vortex tube to provide
cooling protection for mine workers. During use, temperature output within the range
of human thermal comfort can be ensured simply by controlling the adjustment valve.
The suit features a straightforward structure, convenient operation, and occupies minimal
space, making it suitable for the complex environments found in mines. Compared to
traditional fan-based cooling suits, vortex-based cooling suits do not require power sources
or refrigerants and can operate continuously for extended periods. However, their cooling
effect is relatively weaker and is influenced by the intake pressure and flow rate. Guo
et al. [31] developed a tubular ventilation suit with an open front and unsealed ventilation.
The ventilation device introduces natural air or cool air into the duct, which is then blown
onto the inner clothing through holes. This design offers characteristics such as ease of
wear, being lightweight, and low resistance.
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4.3.2. Liquid Cooling Suit

Liquid-based cooling suits circulate a cooling liquid within the microclimate, dissipat-
ing the body’s metabolic heat to maintain thermal balance. This falls under active cooling.
The cooling mediums for liquid cooling suits mainly include water, a mixture of water and
ice, phase-change emulsions, and microcapsule emulsions. The design styles are depicted
in Figure 8. Since liquid cooling suits rely on conductive heat dissipation, they are typically
designed in a form-fitting style to ensure effective heat conduction by keeping the clothing
close to the skin [32]. However, to reduce the initial discomfort when the skin surface comes
into direct contact with the low-temperature pipes, McLellan [33] suggests wearing a T-shirt
or long-sleeved shirt underneath the liquid cooling suit. Guo et al. [5] developed a detailed
theoretical model for heat transfer from the liquid cooling suit to the environment and
determined its maximum working duration to be 3.36 h, which is relatively short. Liquid
cooling suits generally require additional equipment such as power sources, water pumps,
and refrigeration devices, making them heavy and less portable. To address these issues,
Rahman et al. [34] designed an active cooling system that uses non-toxic gallium-based
liquid metal (Galinstan) as the coolant. Compared to other active cooling systems, the
liquid-metal cooling system extended the cooling time by four times, reduced the weight
to one-third of the original weight, and lowered the cost to one-eighth of the original cost,
significantly improving upon the drawbacks of traditional liquid cooling suits. However,
further research is needed to address issues such as preventing leaks in liquid cooling suits
and improving freedom of movement while wearing them.
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4.3.3. Phase-Change Cooling Suit

According to the cooling principle, phase-change cooling suits fall under passive
cooling technology. Due to their simple system, user-friendly operation, lack of power
requirements, absence of explosion-proof demands, wide range of phase-change materials,
effective cooling performance, and reusability, phase-change cooling suits possess extensive
application prospects. They have become a focal point of research for international scholars.

Phase-change cooling suits operate on a passive cooling principle [35]. Typically, multi-
ple pockets are incorporated into the clothing to hold phase-change materials. Through the
phase transition of these materials, they absorb heat from the body, achieving the cooling
effect. Common phase-change materials include ice, dry ice, gels, crystalline salts, and
phase-change material capsules [36]. Ali et al. [37] explored the melting points of different
phase-change materials, ultimately choosing hexadecane, with a melting point of 18-20 ◦C,
as the phase-change material to develop a phase-change cooling suit. Itani et al. [38] tested
the metabolic rate of individuals wearing three different cooling vests at different environ-
mental temperatures to evaluate their respective cooling performance. The study found
that using a mixed-phase-change cooling suit with a desiccant vest had a good effect on
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maintaining a stable metabolic rate. Ji Changfa et al. [39] conducted experimental research
on the characteristics of phase-change storage materials in cooling suits. They found that
inorganic salts have good storage effects when used as coolants, demonstrating that an
inorganic salt solution with a certain concentration ratio can be used as a phase-change
refrigerant to fill the cooling suit.

However, phase-change cooling suits do have some drawbacks, such as a non-adjustable
temperature, heavy weight, limited duration, and potential for leakage. To address these
issues, Yuan Pei et al. selected a phase-change material with a transition temperature close
to body temperature and used a vortex tube as a cold source to cool the phase-change
material, resolving the problem of repeated cooling. Sun Wenjuan et al. [40] proposed a
composite phase-change latent heat storage material based on paraffin, which was blended
with a polymer material in a proportionate melt. When the paraffin-based phase-change
material underwent solid–liquid phase transition, the surface of the composite phase-
change material remained unchanged, effectively solving the issues of leakage and the
encapsulation of phase-change latent heat storage materials in individual cooling in mining.
Liang Y et al. [41] selected the TH-SL-23 hybrid solid–liquid phase-change material, which
has a high latent heat of fusion for an organic phase-change material, low undercooling
ability in the liquid phase, and stable thermal and chemical properties without reaction
or corrosion. The total mass of the working material was only 618 g. Today, various
critical issues in phase-change cooling suits have been resolved. However, the future focus
of research lies in how to integrate and apply these key technologies. This includes the
development of a new type of comprehensive cooling suit based on phase-change materials
that not only provides effective cooling but also offers temperature control. Additionally,
there is a need for improved encapsulation materials and methods, enhanced thermal
conductivity of phase-change materials, the development of composite phase-change
materials with excellent heat dissipation and long endurance, as well as the creation of new
materials or devices for rapid activation of phase-change materials, all of which will drive
the advancement of phase-change cooling suits.

4.3.4. Hybrid Cooling Suit

A hybrid cooling suit refers to a cooling suit that combines two or more cooling meth-
ods, taking advantage of their respective strengths and compensating for their weaknesses.
Song et al. [42] developed a hybrid cooling suit equipped with both a ventilation fan and
phase-change materials. Their research results indicate that compared to a single cooling
suit, wearing this hybrid cooling suit during indoor work for 90 min demonstrates better
cooling effects and a longer cooling duration. Kang et al. [43], on the basis of a hybrid
cooling suit combining phase-change materials and a fan, added an insulating layer to the
outer surface of the phase-change cooling suit to reduce the absorption of heat from the
external environment, significantly enhancing the cooling effectiveness and the duration of
effective cooling for the hybrid cooling suit.

5. The Application of Cooling Clothes in Mine Environments

In hot underground mining environments, the initial investment for cooling suits is
only 1/25 of that for traditional cooling methods, and the operational maintenance costs
are 1/16 of the original. Mining cooling suits are flexible and convenient to use, not limited
by the workplace, and can be moved according to changes in the mining face. It can be
foreseen that in the hot environment of mines, cooling suits have a broad application
prospect. The characteristics of various types of cooling suits are compared in Table 1.

75



Processes 2023, 11, 3256

Table 1. A comparison of characteristics of various cooling suits.

Types of
Cooling Suits

Cooling
Methods/Principles Advantages Disadvantages Is It Suitable for the Mine

Environment?

Vest-style
cooling suits

Cooling vest
designed for the torso

Simple structure, easy
to wear, effective
cooling, practical.

The application is limited, as
it may not be suitable for

certain specialized positions
that require

full-body protection.

Suitable

Full-body
cooling suits

Comprehensive
cooling for the trunk

and limbs

Provides
comprehensive cooling
protection for all parts
of the body, especially

suitable for special
operations or special

environments.

The range of motion and
comfort during activity are

limited, which can affect
operational and work

efficiency. It is not easy to
put on, and it is heavy.

Not suitable

Gas cooling
suit

Convective cooling
and evaporative

cooling

Abundant gas source,
lightweight, effective

cooling, and
sustainable cooling.

The volume of the clothing
after ventilation is relatively
large. The cooling effect is
poorer in hot and humid
environments. It is not

suitable for environments
above 45 ◦C.

It is not advisable for use in
environments with poor air

quality and hazardous gases.
Additionally, it can be bulky,

restricting the wearer’s
movement and potentially
impacting work efficiency.

Liquid
cooling suit Conductive cooling

Temperature
controllable, high

cooling efficiency, and
sustainable cooling.

There is a relatively high risk
of liquid leakage. It requires

a power source and a
refrigeration unit, making it

heavy and less portable.

Liquid leakage is a concern,
and the cooling device is

complex, heavy, and difficult
to carry. The comfort during
movement while wearing it

is also poor.

Phase-change
cooling suit Conductive cooling

No electronic devices,
easy to operate,
minimal risk of
overcooling or

overheating, effective
cooling, lightweight

and portable.

There are potential issues
with phase-change material

leakage, limited cooling
duration, uncontrollable

temperatures, and the need
for repeated material cooling.

It provides short-term
continuous cooling.

However, it has poor
breathability in the covered

areas, requires repeated
cooling, has uncontrollable
temperature, and may face

leakage issues.

Hybrid
cooling suit

Multiple cooling
methods

Promotes strengths and avoids weaknesses,
complements each other’s strengths. Indeterminacy

Based on the above comparative analysis, it is evident that existing cooling suits
still face challenges when applied in high-temperature mines, including limited cooling
duration, material leakage, and inconvenience in wearability. When selecting cooling suits
for use in high-temperature mines, various factors must be taken into consideration, such
as the hot and humid working environment, underground safety conditions, permitted
battery types and CO2 volume fractions, comfort and flexibility in wear, as well as overall
cost-effectiveness. Therefore, the issues that need to be addressed for different types of
cooling suits in mining applications include:

(1) The use of fan-cooled suits carries a risk of electrical leakage and explosion. Phase-
change cooling suits are susceptible to deformation and potential leakage of phase-
change materials when miners engage in high-intensity physical labor, which can lead
to skin corrosion, resulting in lower safety levels.

(2) While gas cooling and liquid cooling suits provide effective cooling, they rely on
refrigeration units to supply the cooling medium. This results in suits with a large
size and weight, which may impede the movement of underground workers.
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(3) Gas cooling suits are suitable for mines with low pollution levels, low cooling require-
ments, low humidity, and no electrical explosion-proof requirements. Liquid cooling
suits are suitable for large spaces in high-temperature mines. Phase-change cooling
suits are suitable for short-duration work in high-temperature mines.

6. Conclusions and Outlook

The fabric of the suit and the design of the cooling suit structure both impact the
cooling effectiveness of the cooling suit. Cooling suits have already been applied in high-
temperature mining environments to improve human thermal comfort.

With the advancement of technology, cooling fibers have emerged. Cooling suits
are no longer limited to conventional materials. Cooling-fabric-based cooling suits are
comfortable to wear and environmentally friendly. The development of new cooling
fabrics has improved the thermal conductivity and convective evaporation of cooling
suits, enhancing comfort when the suit is in close contact with the body. In the future,
interdisciplinary collaboration in fields such as textiles, materials, optics, thermodynamics,
and mechanics could lead to the development of intelligent cooling suits with new materials
that meet the basis of human thermal comfort.

Gas cooling suits, liquid cooling suits, phase-change cooling suits, and hybrid cooling
suits each have their own strengths and weaknesses. To be effectively used in mining envi-
ronments, further improvements are needed. In addition to ensuring safety and comfort,
factors such as cooling duration, weight, leakage issues, ease of wearing, power require-
ments, and aesthetics need to be comprehensively considered. Continued optimization in
design is necessary to meet the needs of mining personnel. Among them, hybrid cooling
suits exhibit excellent comprehensive performance and high practicality, making them a
key focus for future development.

Taking into consideration the unique environment and conditions in high-temperature
mines, the future development trends of cooling suits for mining will focus on the miniatur-
ization of components, intelligent temperature control, optimization of new phase-change
materials, development of cooling fabrics, and research in smart fibers. Among these,
phase-change cooling suits and composite cooling suits show significant potential and are
likely to be the best-suited cooling solutions for miners.
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Abstract: Intelligent textile clothing is one of the most popular topics in the field. In recent decades,
rapid advances have been made in the area of intelligent textile clothing research, and the intellectual
structure pertaining to this domain has significantly evolved. We used CiteSpace 6.2.R4, VOSviewer
1.6.19, to evaluate and visualize the results, analyzing articles, countries, regions, institutions, authors,
journals, citations, and keywords. Both a macroscopic sketch and a microscopic characterization
of the entire knowledge domain were realized. The aim of this paper is to utilize bibliometric and
knowledge mapping theories to identify relevant research papers on the subject of smart textiles and
clothing that have been published by the China Knowledge Network Web of Science (WOS) within
the last decade. It is concluded that the main topics of smart textile and garment research can be
divided into nine categories: wearable electronics, smart textiles, flexible antennas, energy storage,
textile actuators, mechanical properties, asymmetric supercapacitors, carbon nanotubes, and fiber
extrusion. In addition to the latter analysis, emerging trends and future research foci were predicted.
This review will help scientists discern the dynamic evolution of intelligent textile clothing research
as well as highlight areas for future research.

Keywords: smart textiles and clothing; smart fibers; CiteSpace; intellectual structure; knowledge
mapping; bibliometrics

1. Introduction

With the increasing popularity and advancement of smart textile clothing, a wide
range of smart clothing products are gaining traction in the market. As a result, people
have developed multifaceted demands for smart textile clothing with respect to its function-
alities [1]. Due to the interesting electrical, thermal, and optical properties of smart textile
garments, among others, a high degree of innovation and smart garment potential can be
realized, e.g., they can be used simultaneously as sensors, heaters, energy generators, and
storage devices. Smart textiles and clothing products utilize feedback mechanisms to sense
changes in both the external environment and the human body, allowing for a triangular
interaction between the wearer, their surroundings, and their garments. This creates an
interdependent organism. The development of intelligent textile garments requires multi-
disciplinary technical support and the integration of advanced technologies from various
fields, including biotechnology, sensor technology, computer science, microelectronics,
polymer chemistry, and materials science and technology [2–4].

There have been numerous studies and reports on wearable technology [5–7], garment
design [8–10], and smart clothing [11–13] in the context of smart textile garments. The aim
of this paper is to utilize bibliometric and knowledge mapping theories to identify relevant
research papers on the subject of smart textiles and clothing that have been published by
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the China Knowledge Network Web of Science (WOS) within the last decade. We used
CiteSpace 6.2.R4 and VOSviewer 1.6.19 software to analyze the data, aiming to understand
the research hotspots and trends in the field of smart textiles and clothing in China in recent
years. Additionally, we provided references for future research on this topic.

2. Research Methodology and Data Analysis
2.1. Research Methodology

The CiteSpace 6.2.R4 and VOSviewer 1.6.19 software were used to analyze the knowl-
edge structure, developmental patterns, and distribution of intelligent textiles and garments.
A knowledge graph is presented to illustrate the relationship between the annual article
volume, organizational affiliations, and author collaborations in this research field. This
graph intuitively reflects the internal relationships and trajectories within this field of study
while also sorting out its research trajectory and future trends [14].

2.2. Data Analysis

The data sources utilized in this study comprise the Web of Science (WOS) core
collection database, which was searched from 1 January 2012 to 31 December 2022.

A precise search was conducted in the WOS core collection database for articles with
subject terms (TS) = “Smart clothing*” or “Smart textiles*”. The retrieval strategy is shown
in Figure 1. The literature category included papers, reviews, and online publications in the
English language. The retrieved articles were exported in plain text format, including both
full records and cited references, resulting in 2456 articles. After deduplication processing,
2398 valid pieces of literature were obtained.

Processes 2023, 11, x FOR PEER REVIEW 2 of 15 
 

 

The aim of this paper is to utilize bibliometric and knowledge mapping theories to identify 
relevant research papers on the subject of smart textiles and clothing that have been pub-
lished by the China Knowledge Network Web of Science (WOS) within the last decade. 
We used CiteSpace 6.2.R4 and VOSviewer 1.6.19 software to analyze the data, aiming to 
understand the research hotspots and trends in the field of smart textiles and clothing in 
China in recent years. Additionally, we provided references for future research on this 
topic. 

2. Research Methodology and Data Analysis 
2.1. Research Methodology 

The CiteSpace 6.2.R4 and VOSviewer 1.6.19 software were used to analyze the 
knowledge structure, developmental patterns, and distribution of intelligent textiles and 
garments. A knowledge graph is presented to illustrate the relationship between the an-
nual article volume, organizational affiliations, and author collaborations in this research 
field. This graph intuitively reflects the internal relationships and trajectories within this 
field of study while also sorting out its research trajectory and future trends [14]. 

2.2. Data Analysis 
The data sources utilized in this study comprise the Web of Science (WOS) core col-

lection database, which was searched from 1 January 2012 to 31 December 2022. 
A precise search was conducted in the WOS core collection database for articles with 

subject terms (TS) = “Smart clothing*” or “Smart textiles*”. The retrieval strategy is shown 
in Figure 1. The literature category included papers, reviews, and online publications in 
the English language. The retrieved articles were exported in plain text format, including 
both full records and cited references, resulting in 2456 articles. After deduplication pro-
cessing, 2398 valid pieces of literature were obtained. 

 
Figure 1. Flowchart steps of the search strategy. 

3. Results and Analysis 
3.1. Volume of Literature 

The annual article count serves as a visual indicator of the current research status and 
facilitates the identification of developmental trends, which is crucial for predicting future 
directions. Based on the data from the WOS, Figure 2 depicts the trend graph of the article 
counts. 

Figure 1. Flowchart steps of the search strategy.

3. Results and Analysis
3.1. Volume of Literature

The annual article count serves as a visual indicator of the current research status
and facilitates the identification of developmental trends, which is crucial for predicting
future directions. Based on the data from the WOS, Figure 2 depicts the trend graph of the
article counts.

Figure 2 showed an upward trend in the overall number of WOS database papers from
2012 to 2022. Specifically, the average annual number of WOS articles is approximately 218,
which has been growing rapidly since 2015, exceeding 200 articles for the first time in 2018
and reaching 505 articles in 2021. The growth trend in the WOS’s postings since 2017 is
apparent, with an average annual growth of 27.7%.
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3.2. Network Analysis of the Country Based on Published Articles

National cooperation network mapping can be used to visualize the degree of connec-
tion and social relationships between different countries in this research field, providing
a novel perspective for evaluating the academic influence and research capacity of na-
tions. WOS documents were used to construct the cooperation network mapping between
countries and regions, as presented in Table 1 and Figure 3.

Table 1. Top five countries in terms of publication volume and centrality.

Ranking
Number of Essay Centrality Ranking Number of Essay

Country Number Country Value

1 China 909 United States 0.24
2 United States 338 China 0.21
3 Korea 246 Italy 0.19
4 England 187 Germany 0.15
5 Australia 105 England 0.12
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In the field of smart textiles and apparel, the WOS database contains 2398 papers
published in 83 countries and regions. China leads with 909 papers, followed by the United
States with 338 papers. Korea ranks third with 246 papers, and England and Australia
follow closely behind with 187 and 105 papers, respectively. In Figure 2, China and the
United States are the two dominant nodes, indicating their significant research leadership
in this field compared to other countries. The United States has the highest cooperation
centrality at 0.24, demonstrating its close collaboration with a total of 42 countries and
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regions. The quantity of literature published in China and indexed in WOS has significantly
grown in recent years, with a cooperation centrality of 0.21, ranking second. This indicates
the high level of international collaboration among Chinese scholars.

3.3. Institutions Analysis

Analyzing research institutions can facilitate our comprehension of the key players
in the field and offer guidance for scholars in selecting collaborative partners. The top
10 institutions, ranked by the number of their published articles in the WOS database [15],
are tabulated as shown in Table 2.

Table 2. Top 10 institutions in terms of publication volume and centrality.

WOS Database

Scientific Research Institution Frequency

1 Donghua University 143
2 Chinese Academy of Sciences 124
3 Hong Kong Polytechnic University 86
4 Jiangnan University 74
5 Qingdao University 67
6 University of Boras 53
7 Soochow University 46
8 University of Chinese Academy of Sciences 45
9 University of Manchester 40
10 Georgia Institute of Technology 31

The VOSviewer 1.6.19 software was used to visualize collaborative networks among
research institutions in the WOS literature. Among these, 224 foreign research institutions
were identified, including Donghua University (141 articles), the Chinese Academy of
Sciences (124 articles), Hong Kong Polytechnic University (86 articles), Jiangnan University
(74 articles), Qingdao University (67 articles), the University of Boras (53 articles), Soochow
University (46 articles), the University of Chinese Academy of Sciences (45 articles), the
University of Manchester (40 articles) and Georgia Institute of Technology (31 articles). The
number of articles issued by these institutions is substantial. This analysis indicates that
Donghua University and the Chinese Academy of Sciences have the highest number of
publications in English. Please refer to Table 2 and Figure 4 for details.
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3.4. Author Group Analysis

To gain a deeper understanding of the fundamental structure of this field, it is crucial
to identify its core authors. Table 3 presents the top six author groups ranked by their
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publication output. The statistical analysis was conducted in accordance with the Price
formula M = 0.749N1/2

max, where M represents the number of publications by core authors
and Nmax represents the number of publications by the author with the highest output in
that year. The selection criteria must be greater than or equal to the number of publications
by core authors [15,16]. In the WOS database, there were 71 core authors who had published
more than five articles. Only one author, Li Yi’s group from the University of Manchester,
had published more than 20 articles. Li Yi is considered a prolific author, with a total of
35 publications.

Table 3. Top six authors in terms of publication volume.

WOS Database

Volume of Literature/Articles Author Group Number of People

35 Li, Yi, Liu Zekun, Zheng Zijian et al. 43

23 Wang, Zhong Lin, Dong Kai, Zhang Yang, Liu
Mengmeng, Hu Weiguo et al. 48

20 Qu, Lijun, Tian, Mingwei, Zhang Xueji, Zhao
Hongtao, Liu Xuqing et al. 25

18 Chen, Jun, Chen Guorui, Zhou Yihao, Yang Jin,
Liu Jun, Zhao Xun et al. 33

15 Zheng, Zijian, Gao Yuan, Huang Qiyao, Hu
Hong, Xie Chuan et al. 33

14 Zhu Meifang, Chen Yanhua, Yang Shenyuan,
Ramakrishna Seeram et al. 29

In the WOS database, there are 54 distinct clusters of core authors based on publication
volume (see Figure 5), and the number of papers published by a maximum of one author
per cluster was selected as the standard. Li Yi’s group (35 articles), Wang Zhong Lin’s group
(23 articles), Qu Lijun’s group (20 articles), Chen Jun’s group (18 articles), and Zheng Zijian’s
group (15 articles) each form a cluster. Each cluster contains more than two authors. There
are nine closely cooperative teams, several of which have long-term collaborations with
high publication volumes. This forms a stable cross-team communication and cooperation
network. The most prominent team is Li Yi’s group at the University of Manchester, whose
collaborative network is the largest in this field. Their research focuses on characterizing
wearable tensile strain sensors [17].
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3.5. Journals Analysis

Papers related to intelligent textile clothing were published in 296 journals from 2012 to
2022. We listed the top ten journals in this field based on the number of publications, as
demonstrated in Table 4. ADV MATER was in first place with 447 published articles, ACS
APPL MATER INTER was in second place with 169 articles, and ADV FUNCT MATER was
in third place with 124 articles.

Table 4. Top 10 most productive journals.

Journal Count IF (2021) Quartile in Category (2021) H-Index

ADV MATER 1332 4.18 Q1 447
ACS APPL MATER INTER 1195 1.48 Q2 169

ADV FUNCT MATER 1058 2.66 Q1 269
ACS NANO 969 2.51 Q1 310

NAT COMMUN 761 3.13 Q1 248
SCIENCE 743 10.15 Q1 1058

SENSORS-BASEL 712 0.9 Q3 132
NANO LETT 672 1.95 Q1 430
SCI REP-UK 670 1.05 Q3 149
TEXT RES J 661 0.64 Q3 74

The JIF of a journal is another important parameter to evaluate the value of the journal
itself and the publications included in it. Among the top 10 academic journals, Science had
the highest JIF at 10.15, followed by ADV MATER at 4.18, and both were classified as Q1.
Additionally, the top three H-index journals were SCIENCE (1058), ADV MATER (447),
and NANO LETT (430). Based on the above, we believe that Science and Ad Mater are the
more authoritative journals in this field.

3.6. Citations Analysis

Citation analysis is an important indicator in bibliometric studies [18,19]. A total
of 254 co-cited references were visualized using CiteSpace 6.2.R4, with the time slice set
as one year and the time span spanning from 2012 to 2022. Table 5 showed the top ten
most cited papers, including four review studies (Stoppa M et al., 2014 [20]; Zeng W et al.,
2014 [21]; Heo JS et al., 2018 [22]; and Amjadi M, 2016 [23]) and six experimental studies
(Dong K et al., 2020 [24]; Weng W et al., 2016 [25]; Shi JD et al., 2020 [26]; Pu X et al.,
2016 [27]; Lee J et al., 2015 [28]; Chen J et al., 2016 [29]), which focused on the electronic
components and multi-functions of smart textiles. The most-cited papers were written
by Stoppa M’s group, who work at the University of Istituto Italiano di Tecnologia (IIT),
reflecting their great influence in the field. Citation bursts refer to references that caught
the attention of scholars in a specific field at a specific time interval and whose analysis can
be used to observe the evolution of a field of knowledge and to predict frontier trends. In
Table 6, the timeline is shown in a circle, and the burst time interval is shown in a solid black
circle, indicating the start year, end year, and duration of the burst. Of these burst citations,
the shortest burst duration for intelligent textiles and garments was one year, and the
longest was four years. Notably, 40% of the citation bursts ended close to 2019, focusing on
advances in flexible sensitive strain sensors and supercapacitors (Amjadi M et al., 2016 [23];
Wen Z et al., 2016 [30]; Pu X et al., 2016 [27]; Ren JS et al., 2017 [31]; Kou L et al., 2014 [32]).
Additionally, 15% of the citation bursts ending in 2022 or later focused on smart textiles
that integrate microelectronic systems and functional textiles (Hsu PC et al., 2016 [33]; Zhao
ZZ et al., 2016 [34]; Shi JD et al., 2020 [26]), suggesting that these research topics have been
receiving attention in recent years and are expected to be a focus of research in the future.
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Table 5. Top 10 most cited references.

Rank Title References Author Year Citation

1 Wearable Electronics and Smart Textiles: A Critical Review [20] Stoppa M 2014 143
2 Fiber-Based Wearable Electronics: A Review of Materials, Fabrication, Devices, and Applications [21] Zeng W 2014 77

3 Fiber/Fabric-Based Piezoelectric and Triboelectric Nanogenerators for Flexible/Stretchable and
Wearable Electronics and Artificial Intelligence [24] Dong K 2020 73

4 Recent Progress of Textile-Based Wearable Electronics: A Comprehensive Review of Materials, Devices,
and Applications [22] Heo JS 2018 70

5 Smart Electronic Textiles [25] Weng W 2016 67
6 Smart Textile-Integrated Microelectronic Systems for Wearable Applications [26] Shi JD 2020 67

7 Wearable Self-Charging Power Textile Based on Flexible Yarn Supercapacitors and
Fabric Nanogenerators [27] Pu X 2016 56

8 Conductive Fiber-Based Ultrasensitive Textile Pressure Sensor for Wearable Electronics [28] Lee J 2015 56
9 Micro-cable structured textile for simultaneously harvesting solar and mechanical energy [29] Chen J 2016 52
10 Stretchable, Skin-Mountable, and Wearable Strain Sensors and Their Potential Applications: A Review [23] Amjadi M 2016 52

Table 6. Top 25 references with the strongest citation bursts.

References Cited References Year Strength Begin End 2012–2022

Hu LB, 2010, NANO LETT, V10, P708, [35] 2010 13.37 2012 2015 ••••#######
Cherenack K, 2012, J APPL PHYS, V112, P0 [36] 2012 18.28 2014 2017 ##••••#####
Meng YN, 2013, ADV MATER, V25, P2326 [37] 2013 12.1 2014 2018 ##•••••####

Lee YH, 2013, NANO LETT, V13, P5753 [38] 2013 9.05 2014 2018 ###•••••###
Zeng W, 2014, ADV MATER, V26, P5310 [21] 2014 25.01 2015 2019 ###•••••###

Castano LM, 2014, SMART MATER STRUCT, V23, P0 [39] 2014 19.37 2015 2019 ###•••••###
Kou L, 2014, NAT COMMUN, V5, P0 [32] 2014 12.82 2015 2019 ###•••••###
Lee JA, 2013, NAT COMMUN, V4, P0 [40] 2013 10.68 2015 2018 ###••••####

Wang K, 2013, ADV MATER, V25, P1494 [41] 2013 8.44 2015 2018 ###••••####
Fu YP, 2012, ADV MATER, V24, P5713 [42] 2012 7.83 2015 2016 ###••######

Zhong JW, 2014, ACS NANO, V8, P6273 [43] 2014 7.66 2015 2017 ###•••#####
Stoppa M, 2014, SENSORS-BASEL, V14, P11957 [20] 2014 48.36 2016 2019 ####••••###

Lee J, 2015, ADV MATER, V27, P2433 [28] 2015 13.92 2017 2020 #####••••##
Amjadi M, 2014, ACS NANO, V8, P5154 [44] 2014 9.49 2017 2019 #####•••###

Wen Z, 2016, SCI ADV, V2, P0 [30] 2016 8.57 2017 2019 #####•••###
Pu X, 2016, ADV MATER, V28, P98 [27] 2016 8.53 2017 2019 #####•••###

Weng W, 2016, ANGEW CHEM INT EDIT, V55, P6140 [25] 2016 8.2 2017 2019 #####•••###
Cheng Y, 2015, ADV MATER, V27, P7365 [45] 2015 9.37 2018 2020 ######•••##

Seyedin S, 2015, ACSAPPL MATER INTER, V7, P21150 [46] 2015 8.15 2018 2020 ######•••##
Ren JS, 2017, CARBON, V111, P622 [31] 2017 7.48 2018 2019 ######••###

Liu MM, 2017, ADV MATER, V29, P0 [47] 2017 8.83 2019 2020 #######••##
Ryu S, 2015, ACS NANO, V9, P5929 [48] 2015 8.1 2019 2020 #######••##

Hsu PC, 2016, SCIENCE, V353, P1019 [33] 2016 11.2 2020 2022 ########•••
Zhao ZZ, 2016, ADV MATER, V28, P10267 [34] 2016 7.75 2020 2022 ########•••

Shi JD, 2020, ADV MATER, V32, P0 [26] 2020 7.69 2020 2022 ########•••

3.7. Keywords Analysis

This paper used VOSviewer 1.6.19 to visualize keywords in the literature and em-
ployed a keyword co-occurrence analysis to explore research hotspots in smart textiles
and apparel. To gain a deeper understanding of this field, we constructed visual maps for
2398 English literature, as shown in Figure 6.

The keywords were analyzed based on literature indexed in the Web of Science
database. The most frequently occurring terms included smart textiles, fibers, performance,
sensors, composites, textile design, fabrication techniques, and nanocomposites. After
excluding self-referential terms, the frequently occurring keywords included fibers, per-
formance, sensors, composites, design, fabrication, and nanocomposites. Based on these
identified keywords, it is evident that research on smart textiles and clothing can be clas-
sified into two distinct directions. The first direction pertains to material development,
which includes smart fiber materials [49,50] such as composite materials, nanocomposites,
phase change fibers, and shape memory fibers. The chemical fibers can be purified and
deodorized by adding nano-level ZnO, SiO2, or other chemicals. Adding nanometer-sized
ZnO to polyester fiber can increase the material’s anti-ultraviolet and anti-bacterial abilities.
Adding nano-sized metal particles to the chemical fibers can enhance the antistatic ability of
the material. Adding nanoscale silver ions to the chemical fibers can enhance the material’s

86



Processes 2023, 11, 2797

own bactericidal ability. In addition, adding carbon black nanoparticles to rubber materials
can also greatly improve the strength and anti-wear properties of rubber materials, thereby
improving their service life. The second aspect concerns garment design, which involves
dividing smart garment design into areas such as garment structure and fabric elasticity to
create functional garments that address specific issues [51].
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A keyword clustering analysis facilitates the identification of relevant studies in a
given field. A visual clustering analysis of these keywords was conducted using the LLR
test algorithm within the CiteSpace 6.2.R4 software. We identified the key research areas
in intelligent textiles and clothing from 2012 to 2021, and their clustering is illustrated in
Figure 7.
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The clustering module (Q) for the WOS literature keywords is 0.768, with an average
contour value (S) of 0.906, as depicted in Figure 7. The top nine keywords with the highest
frequency are “wearable electronics”, “smart textiles”, “flexible antennas”, “energy stor-
age”, “textile actuators”, “mechanical properties”, “asymmetric supercapacitors”, “carbon
nanotubes,” and “fiber extrusion”. It can be seen that the English literature also focuses
on smart wearable products and smart textiles. English literature places more emphasis
on mechanical properties, capacitors, and other electronic devices in smart textiles and
garments. This indicates that the interaction design between electronic devices and clothing
is a research hotspot.
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By importing the data into Gephi 0.9.7 and utilizing Scimago Graphica software for
timeline graphical analysis of literature keywords, we can correlate and analyze differ-
ent clusters over time, illustrating the development and coherence of research content
within each cluster. This approach clearly demonstrates trends in intelligent textile and
clothing research.

A time zone map provides a view that represents the evolution of knowledge in the
time dimension, which can intuitively show the changes and mutual influences of research
hotspots [52]. In the time zone diagram of WOS keywords, as depicted in Figure 8, the
literature clustering of smart textiles, carbon nanotubes, sensors, and wearable devices
continue to be the present throughout the time span and have good time continuity. The
pivotal node of smart textiles emerged in 2012. The most frequently cited literature on
this topic within the experimental database [53] reveals that researchers have developed
a flexible and stretchable electronic circuit technology that integrates electronic systems
into elastomeric materials to produce complex functional, stretchable, and flexible elec-
tronic modules. The primary focus in 2013 was on biological materials. Since 2015, yarn
supercapacitors have become a prominent topic in the field and are expected to remain so
until 2022. In summary, research on smart textiles and carbon nanotubes began in 2012.
Carbon nanotubes can optimize the cooperative loss mechanism of multiple components
and the absorbing performance by combining with magnetic metals and metal compounds.
This is an effective ways to achieve thinness, a light weight, a wide frequency band, and
strong absorption of the absorbing materials. For example, using cellulose fibers as raw
materials can realize the preparation of carbon nanotube absorbing materials. Using carbon
nanotubes and metal materials as functional particles, textile absorbing materials can be
prepared through electrospinning and finishing [54]. The timeline of smart materials re-
search shows that in 2013, there was a notable focus on this area. Starting in 2014, there has
been a focus on wearable electronics and energy storage within the realm of smart textile
and clothing research. The research focus in 2015 was mainly on posture pressure, while
from 2016 to 2018, the emphasis shifted towards wearable strain sensors and 3D printing,
both of which are within the scope of intelligent textile clothing research. From 2019 to
2022, the main directions for intelligent textile clothing research will include shape memory
and electronic skin development, as well as wearable strain sensing. The term “emergent
keyword” refers to a word that experiences a sudden increase in frequency within a specific
time period, with the growth rate of this word intensifying. This intensity can serve as an
indicator of research hotspots and trends during the aforementioned period. By utilizing
CiteSpace 6.2.R4 software to track emerging keywords in the literature from the WOS, we
can gain insights into the evolutionary dynamics of research hotspots in intelligent textiles
and clothing, ultimately enabling us to predict future development trends.

Figure 9 displays the emerging foreign research terms in the field of smart textiles
and clothing from 2012 to 2022. By conducting a keyword emergence analysis of the WOS
literature, we identified a total of 15 keywords with the highest emergence intensity. These
can be roughly divided into two phases based on time: (1) From 2012 to 2018, fifteen
emerging research hotspots were identified, including “circuit”, “smart fabric”, “yarn
supercapacitor”, and “flexible supercapacitor”. Among these hotspots, the research on
“yarn” has been continuously pursued for three to four years. Currently, foreign scholars are
focusing their attention on smart fabrics and electronic components. Smart textile garments
use yarn supercapacitors as energy storage devices. Large, high-stretch yarn electrodes are
manufactured using CNI impregnation and PPy electrodeposition processes [55]. Flexible
supercapacitors have unique advantages in terms of flexibility, shape, and weight due
to the development of carbon-based materials, composite materials, and flexible micro-
supercapacitors [56,57]. In addition, research on smart fabrics has make a significant
contribution to the development of smart clothing. For example, superhydrophobic-coated
fabrics have facilitated the creation of smart oil and water separators, microfluidic valves,
and chip experimental devices [58]. (2) In the years 2019–2022, foreign scholars primarily
focused on the development of pressure sensors in wearable devices and conductive textile
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research. For instance, thin-film flexible wireless pressure sensors can provide a wireless
monitoring platform [59]. Conductive textiles, including graphene-based textiles, offer
technical advantages in wearable products such as improved conductivity, ultra-flexibility,
and machine washability [60]. The current focus of scholarly research is on wearable
devices, which require a multidisciplinary approach to information collection, processing,
storage, battery technology, intelligent operating systems, and human–computer interaction
design. The integration of data processing, software, and haptic technologies enables the
achievement of specific intelligent functions [61,62].
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4. Limitations

The present study attempted to conduct a comprehensive bibliometric analysis of
papers related to intelligent textile clothing from 2012 to 2022. Although this paper presents
some meaningful findings, there are some limitations. Due to the formatting requirements
of the CiteSpace 6.2.R4 software, all the data were retrieved and downloaded from the Web
of Science database, excluding other databases such as CNKI and Wanfang. Additionally,
we have restricted the indexing, article type, and language type of the search, which may
result in the omission of some high-quality articles. However, we believe that the volume
of data retrieved is large enough to adequately reflect the current state of the research.

5. Conclusions

A combination of bibliometric and knowledge mapping analysis methods was used to
reveal the multidimensional structure and network relationships of relevant research in the
field of smart textiles and garments based on the WOS database. The main conclusions are
as follows:

(1) In terms of the number of published papers and countries represented, the WOS
has seen a steady increase in publications since 2015, with particularly rapid growth
observed after 2017 in terms of the number of published papers and countries repre-
sented. The United States has maintained close collaborations with other countries
and regions, followed by China, which has also emerged as a leading contributor to
global research output in recent years.

(2) From the perspectives of the authors and institutions, the WOS database research
institutions are very close, with institutions such as the University of Boras, Sweden,
Sungkyunkwan University, Korea, and the University of Manchester, UK, forming
the central collaborative forces. Among them, scholars such as Li, Yi, Qu, Lijun, Jin,
and Lu form the core group of authors, whose research concentration and intensity of
cooperation are greatest.

(3) Based on the journals and citations, SCIENCE and ADV MATER are the authoritative
journals in the field in the WOS database, and together with journals such as ACS
APPL MATER INTER, NANO LETT, and ADV FUNCT MATER, they constitute the
top journals in the field. The most cited paper was written by the Stoppa M. group,
which had a significant influence. It can be seen from the citation explosion that
research in this field focuses on flexible, sensitive strain sensors, supercapacitors,
integrated microelectronic systems, and functional textiles.

(4) Based on the analysis of keyword co-occurrence, the keywords in the WOS database
have a high frequency of occurrence and diversified research topics. The overall
intensity of keywords for smart textiles and clothing in the WOS database is large, and
there is a significant difference in intensity among the emergent words. The literature
in the WOS database focuses more on the manufacturing of electronic components and
smart fibers and polymers in smart textiles and clothing. Therefore, future research on
electronic component manufacturing and smart fibers and fabrics in the field of smart
textiles and apparel is expected to be the focus of attention.

(5) From the point of view of research hotspots and stage characteristics, the research
hotspots in the WOS in recent years have been more diverse, involving yarn superca-
pacitors, biomaterials, carbon nanotubes, wearable strains, and electronic skin. Future
research is expected to pay more attention to the intelligence of fibers and fabrics
and the accurate detectability of electronic components. This work will strengthen
the development of intelligent core technology, which will also be a key focus in
the future.
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Abstract: Healthcare professionals wearing personal protective equipment (PPE) during outbreaks
often experience heat strain and discomfort, which can negatively impact their work performance
and well-being. This study aimed to evaluate the physiological and psychological effects of a newly
designed wearable cooling and dehumidifying system (WCDS) on healthcare workers wearing PPE
via a 60 min treadmill walking test. Core temperature, mean skin temperature, heart rate, and
subjective assessments of thermal sensation, wetness sensation, and thermal comfort were measured
throughout the test. Additionally, ratings of wearing comfort and movement comfort were recorded
during a wearing trial. The results showed that the WCDS significantly reduced core temperature,
improved thermal sensation, and reduced wetness sensation compared to the non-cooling condition.
The microclimatic temperature within the PPE was significantly lower in the cooling condition,
indicating the WCDS’s ability to reduce heat buildup. The wearing trial results demonstrated general
satisfaction with the wearability and comfort of the WCDS across various postures. These findings
contribute to the development of enhanced PPE designs and the improvement in working conditions
for healthcare professionals on the frontlines during outbreaks.

Keywords: personal protective equipment; healthcare workers; wearable cooling and dehumidifying
system; thermal comfort; wearing comfort

1. Introduction

Healthcare professionals frequently work in environments with a high risk of viral
transmission. Personal protective equipment (PPE) is an essential component of isolation
precautions designed to protect these individuals from potential exposure to infectious
agents [1,2]. However, the prolonged use of PPE can lead to additional physical and mental
stress, such as heat strain, fatigue, and a potential decrease in work performance [3–6]. A
study revealed that healthcare professionals experienced heat strain symptoms approxi-
mately 25 times more frequently when working with PPE compared to working without
it [7].

To alleviate heat stress caused by PPE, personal cooling garments were developed
to enhance heat loss and improve thermal comfort by regulating body temperature and
reducing physiological stress. Several studies have evaluated the effects of existing per-
sonal cooling garments used with PPE, including PCM/ice vests [8–10], liquid cooling
garments [11–14], and ventilation cooling systems [15,16], all of which demonstrated sig-
nificant improvements in thermal comfort. However, PCM/ice vests and liquid cooling
garments have limitations in operating time [17,18], and both of these cooling methods
can cause skin wetness, which affects skin wetness comfort [19]. Additionally, existing
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air-cooling systems are impractical in environments with highly contagious infections as
they require air intake from the surroundings. Considering the limitations of phase-change
cooling vests, liquid cooling garments, and air-cooling systems, Lou et al. [20] developed
a novel and lightweight wearable cooling and dehumidifying system (WCDS) for use in
hazardous environments to reduce skin wetness and improve thermal comfort.

When examining the effects of personal cooling garments on healthcare professionals,
it is crucial to differentiate between thermal sensation and thermal comfort. Thermal
sensation refers to an individual’s immediate perception of coldness or warmth, which
is subjective and can vary among individuals. In contrast, thermal comfort is a state of
mind that indicates contentment with the surrounding thermal environment, taking into
account both physiological and psychological aspects. Although thermal sensation is an
essential aspect of thermal comfort, it is not the only determining factor. For example, a
healthcare worker may experience a neutral thermal sensation while wearing PPE but still
feel uncomfortable due to skin wetness caused by sweating. Consequently, when assessing
the effectiveness of personal cooling garments, it is necessary to consider both thermal
sensation and thermal comfort.

Previous studies have not considered the specific challenges posed by the use of PPE
during a pneumonia outbreak. Furthermore, the precise psychological and physiological
effects of wearing WCDS under personal cooling garments in real working conditions have
not been adequately investigated. To address this gap, additional research is necessary
to gain a comprehensive understanding of the psychological and physiological impact of
WCDS in the working environment, which will facilitate optimal design and improved
performance. Therefore, this study was conducted to evaluate the physiological and psy-
chological impact of a newly designed cooling suit on healthcare workers. The study
analyzed the impact of WCDS on the thermal comfort of healthcare workers by monitoring
skin temperature, core temperature, and heart rate. Additionally, a subjective evaluation
questionnaire and a wearing trial, which included assessments of wearing comfort and
movement comfort, were administered. The aim was to obtain a comprehensive assessment
of the effectiveness of the WCDS application by examining the thermal perception, phys-
iological responses, and wearing comfort of healthcare workers. This research provides
valuable insights for the design of future PPE and contributes to enhancing the occupational
environment for those on the healthcare frontlines.

2. Methods
2.1. Participants

Eight healthy male college students voluntarily participated in the study. The partici-
pants had a mean age of 27 ± 2.1 years, height of 178.3 ± 2.2 cm, weight of 69.6 ± 3.6 kg,
BMI of 21.8 ± 1.3 kg/m2, and body surface area of 1.8 ± 0.1 m2. Before participation, each
participant was comprehensively informed about the experimental procedure and potential
risks and provided written informed consent. None of the participants had a history of heat-
related illness, cardiovascular, metabolic, or respiratory disease. Additionally, they were
instructed to refrain from consuming tea, coffee, or alcohol for at least 24 h prior to each
test. The Human Subjects Ethics Sub-Committee of the Hong Kong Polytechnic University
approved the experimental procedures under protocol number [HSEARS20210514003].

2.2. Clothing

The wearable cooling and dehumidifying system (WCDS) (Figure 1), developed by
Lou et al. [20], is intended for use in hazardous and infectious environments without
compromising the protective capabilities of personal protective equipment (PPE). The
system is designed as a knitted vest with an embedded tube that provides cooling air.
During each test, participants wore a standard PPE ensemble recommended for use during
the COVID-19 pandemic, which included a surgical mask, eye protection, a Dupont Tyvek
600 (Tyvek 600 Plus, Dupont, Wilmington, DE, USA) plus coverall as a protective gown,
and gloves. In addition to the PPE, subjects wore basic undergarments consisting of
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a t-shirt, trousers, underwear, and socks [21]. The WCDS was worn underneath the
protective clothing. Prior to the human trials, all garments, including the cooling ones,
were conditioned in a climatic chamber for 24 h.
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Figure 1. Wearable cooling and dehumidifying system (WCDS).

2.3. Protocol

The study took place in a climatic chamber set to 23 ◦C, 50% relative humidity, and
an air velocity of 0.1 m/s, simulating the conditions of a clean workroom in a Hong Kong
hospital. Participants underwent two 120 min experimental trials: one with a cooling
garment (cooling) and a control trial (without cooling). Initially, subjects were given a
30 min acclimatization period in the chamber, during which they were briefed on the
test procedures and the interpretation of perceptual rating scales. Following this, they
were instructed to change into the provided attire and were equipped with monitoring
instruments. For 60 min, the participants walked on a treadmill at a speed of 3.0 km/h,
representing a typical work intensity level [22] (Figure 2). After a 30 min recovery period,
they removed their clothing and equipment and exited the chamber. To ensure safety,
the test was immediately terminated if any of the following conditions were met: (1) the
subject’s core temperature exceeded 38 ◦C, (2) the heart rate surpassed 95% of the average
maximum heart rate, or (3) the subject expressed a desire to stop due to volitional fatigue.
In such cases, subjects were scheduled to retake the same test during their next visit. It
is important to note that participants had the option to stop the test at any time for any
reason.
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2.4. Measurements
2.4.1. Physiological Measurement

Core body temperature measurements were recorded at one-minute intervals using a
wearable sensor device (CORE, greenTEG). The microclimatic temperature was monitored
every minute using digital thermometers (DS1923, iButton) attached inside the personal
protective garment on the upper back area. Skin temperature sensors (DS1923, iButton)
were placed at eight locations (forehead, left upper chest, right scapula, left and right
arm, left hand and calf, and right anterior thigh; see Figure 3) using waterproof adhesive
tape (PVC, 3M). These sensors consistently recorded local skin temperatures every minute
throughout the entire test period. To calculate the mean skin temperature, an eight-point
weighting scheme, as specified in the ISO 9886 standard, was employed (Table 1).
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Table 1. Measuring sites and weighting coefficients.

Measuring
sites Forehead Right

scapula

Left
Upper
chest

Right
arm

Left
arm

Left
hand

Right
anterior

Left
calf

Weighting
coefficients 0.07 0.175 0.175 0.07 0.07 0.05 0.19 0.2

The mean skin temperature is obtained via the following formula:

tsk = ∑ ki tski

2.4.2. Subjective Evaluation

Thermal sensation, wetness sensation, and thermal comfort sensation were assessed
initially and then every 10 min throughout the entirety of the trials. The mean value was
calculated for each parameter. Thermal sensation for both the whole body and the upper
body was rated using a nine-point scale (Figure 4a), ranging from −4 (very cold) to +4
(very hot), with 0 indicating a neutral thermal sensation. Wetness sensation for the whole
body and the upper body was measured using a seven-point scale (Figure 4b), where
−3 corresponds to a very wet sensation, +3 to a very dry sensation, and 0 represents a
neutral wetness sensation. Thermal comfort for the whole body and the upper body was
assessed using a five-point scale (Figure 4c), ranging from −4 (extremely uncomfortable) to
0 (comfortable).
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2.4.3. Wearing Trial

Post-experimental assessments of wearing comfort were conducted using a seven-
point Likert scale, ranging from −3 (very unsatisfied) to 3 (very satisfied) (Figure 5a).
The assessed criteria included ease of wearing, ease of removal, fit, flexibility, and safety.
Additionally, evaluations of body movement comfort were carried out in the same climatic
chamber. Participants, dressed in identical clothing, simulated six distinct postures: transi-
tioning from standing to sitting, sitting to standing, walking, bending forward and then
straightening up, squatting and then standing upright, and twisting (refer to Figure 6).
After each posture, participants provided subjective ratings of their comfort and freedom
of movement using a seven-point scale, ranging from −3 (very uncomfortable) to 3 (very
comfortable) (Figure 5b).
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2.5. Statistical Analysis

Statistical data analysis was performed using IBM SPSS Statistics (Version 19.0, IBM
Corporation). Unless otherwise specified, all values are presented as mean ± standard
deviation. Paired t-tests were employed to assess both physiological and perceptual results
over time and between treatments (with and without cooling). A 95% confidence level was
set for all statistical analyses.

3. Results
3.1. Physiological Parameters

Core temperature, mean skin temperature and heart rate measurements were recorded
at one-minute intervals. A significant difference (p < 0.05) in core temperature between the
control and cooling conditions (Figure 7a) was observed from the 42nd minute onwards,
with a maximum difference of 0.22 ◦C between the two conditions. Although both groups
experienced an increase in core temperature throughout the exercise duration, the increase
was less pronounced in the cooling group. The cooling intervention effectively maintained
the core temperature at a lower level compared to the non-cooling condition, demonstrating
the potential benefits of cooling in maintaining a stable core temperature and preventing
excessive heat accumulation. Statistical analysis revealed no significant difference (p > 0.05)
in average skin temperature between the control and cooling conditions (Figure 7b). The
cooling group’s mean skin temperature was slightly higher than that of the control group
from the 29th minute of the testing period. This result could be attributed to the lower core
temperature of human subjects. It is known that the perspiration rate is closely related to the
change in core temperature. The cooling effect of the WCDS resulted in less perspiration
and lower skin wetness and therefore reduced the evaporative heat loss rate from the
skin. The thermal conditions of the experiment were carefully selected to avoid exposing
participants to severe thermal stress, simulating real hospital and working conditions while
ensuring participant safety under protective clothing. Regardless of the test variant, with
or without cooling, the heart rate did not exceed 101 bpm, and there was no significant
difference (p > 0.05) in the results (Figure 7c).
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3.2. Microclimatic Temperature

A significant difference in the microclimatic temperature was observed from the
2nd minute onwards (p < 0.05), suggesting that the WCDS has the ability to reduce the
temperature within personal protective clothing (Figure 8). The maximum temperature
difference (5.3 ◦C) of the microclimate under the protective garment was recorded at the
28th minute of the experiment.
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3.3. Subjective Assessments

As depicted in Figure 9a,b, the overall and upper body thermal sensations under
the cooling condition were consistently lower than those under the non-cooling condition
throughout the testing period. A significant difference (p < 0.05), ranging from 0.8 to 1.7,
was observed from the 10th minute in the overall body thermal sensation between the two
conditions, suggesting that the WCDS enhanced the overall body thermal sensation. A
significant difference (p < 0.05) was also noted in the upper body thermal sensation, with a
disparity ranging from 0.7 to 1.8 between the two conditions.
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Figure 9c,d illustrate that the overall and upper body wetness sensations under the
cooling condition were lower than those under the non-cooling condition throughout the
testing period. A significant difference (p < 0.05) in the overall body wetness sensation was
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observed from the 10th minute, with a maximum difference of 1 between the two conditions.
A significant difference (p < 0.05) in the upper body wetness sensation was also observed
from the 10th minute, with a maximum difference of 1.3 between the two conditions. This
result proves that the cooling effect of WCDS reduced the perspiration of human subjects.

The whole-body thermal comfort sensation and upper-body thermal comfort sensation
were presented in Figure 9e and 9f, respectively. Throughout the testing period, participants
reported a higher level of comfort under the cooling condition compared to the non-cooling
condition, suggesting that the WCDS is an effective method to improve thermal comfort.
A significant difference (p < 0.05) was observed in both the overall body thermal comfort
sensation and the upper body thermal comfort sensation between the two conditions, with
a range of 0.5 to 1.5.

3.4. Wearing Trial Results

The wearing comfort of WCDS is shown in Figure 10a. The data indicate a general
satisfaction with wearability. Figure 10b illustrates the comfort levels associated with body
movement in six different postures, as well as the evaluation of freedom of movement. The
participants provided relatively positive comfort ratings for the WCDS across the various
postures.
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4. Discussion

This study aimed to investigate the effectiveness of a wearable cooling and dehumidi-
fying system (WCDS) in mitigating thermal stress and enhancing comfort under protective
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clothing. The findings provide valuable insights into the physiological and subjective re-
sponses to the WCDS, as well as its impact on the microclimate within protective clothing.

The physiological data revealed that the cooling intervention effectively maintained
a lower core temperature throughout the exercise duration, indicating its potential to
prevent excessive heat accumulation. Importantly, the heart rate remained below 101 bpm
in both conditions, which may be associated with the exercise intensity [23], indicating that
the WCDS did not impose additional cardiovascular strain. Mean skin temperature was
more likely to be affected by skin wetness and sweat evaporation. The air-cooling system
tended to reduce the sweating rate and enhanced the ventilative heat exchange. But in
this experiment, the skin was covered by undergarments instead of being exposed to the
cooling air, so the evaporative heat loss from the skin and mean skin temperatures were
not significantly different for the cooling and non-cooling groups.

The WCDS also significantly altered the microclimatic temperature within the protec-
tive clothing. This is a crucial finding, as the microclimate is a key determinant of thermal
comfort [24]. Compared to a traditional air-cooling system, this system can effectively
lower the microclimatic temperature and reduce the risk of infectious diseases caused by
air cooling, which cools via air circulation from the surroundings. The significant reduction
in microclimatic temperature demonstrates the WCDS’s potential to enhance comfort and
reduce thermal stress in real-world settings.

The subjective assessments provide compelling evidence for the psychological benefits
of the WCDS. The significant improvements in overall and upper body thermal sensations,
along with reduced wetness sensations, highlight the WCDS’s role in enhancing wearer
comfort. This is particularly relevant for healthcare workers who must wear PPE for
prolonged periods, as discomfort can lead to distraction, decreased work performance, and
reduced compliance with necessary protective measures.

The wearing trial results further support the practicality of the WCDS, with partic-
ipants reporting general satisfaction with its wearability and movement comfort. This
suggests that the WCDS can be integrated into protective clothing without significantly
compromising mobility, which is critical for occupational settings.

It is important to recognize certain limitations of this laboratory study. To ensure
participant safety, variables such as environmental conditions and exercise intensity were
strictly controlled. A field study may provide a more realistic assessment of the cooling ef-
fect. Furthermore, the study’s participants were exclusively college students, not healthcare
workers. The influence of gender should also be considered in future research.

5. Conclusions

This study provides valuable insights into the effectiveness of a wearable cooling
device system (WCDS) in mitigating thermal stress and enhancing comfort under protective
clothing. The WCDS significantly reduced core temperature, improved thermal sensation,
and reduced wetness sensation compared to the non-cooling condition without imposing
additional cardiovascular strain or compromising mobility. The wearing trial results
indicated general satisfaction with the wearability and movement comfort of the WCDS.
This suggests that the WCDS can be integrated into protective clothing without significantly
compromising mobility, which is critical for occupational settings.

In conclusion, the WCDS appears to be a promising strategy for mitigating thermal
stress and enhancing comfort under protective clothing. Future research should explore
the long-term effects of the WCDS and its applicability in various occupational and clinical
settings. The findings of this study have important implications for the design of protective
clothing and the development of strategies to enhance comfort and safety for personal
protective clothing.
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Abstract: As an important parameter of garment comfort, the thermal sensation of fabrics changes
with factors such as sweat-induced humidity, making it a crucial area of research. To explore the
coolness sensation of fabrics under different humidities, we tested heat transfer between fabrics
and skin for 20 different fabrics with varying thermal absorption rates using fuzzy comprehensive
evaluation to objectively assess their coolness levels. Subjective evaluation was then obtained by
having subjects touch the fabrics and provide feedback, resulting in a subjective evaluation of
their coolness levels. We compared the objective and subjective evaluations and found them to be
highly consistent (R2 = 0.909), indicating accurate objective classification of fabric coolness levels.
Currently, random forest regression models are widely used in the textile industry for classification,
identification, and performance predictions. These models enable the prediction of fabric coolness
levels by simultaneously considering the impact of all fabric parameters. We established a random
forest regression model for predicting the coolness of wet fabrics, obtaining a high accuracy between
predicted and tested thermal absorption coefficients (R2 = 0.872, RMSE = 0.305). Therefore, our
random forest regression model can successfully predict the coolness of wet fabrics.

Keywords: wet state; coolness sensation; sensory evaluation; thermal absorptivity; random forest
regression model

1. Introduction

Clothing is an important barrier to maintaining thermal and moisture balance in the
human body. Choosing the right clothing can help people maintain a state of psychological
and physiological comfort during work and activities, which is why consumers pay more
attention to the thermal and moisture comfort of clothing [1]. When the skin comes into
contact with fabric, heat on the skin surface will quickly diffuse to the cooler fabric surface,
causing a brief decrease in skin temperature, stimulating skin temperature receptors, and
forming a cool or warm sensorial judgment in the human brain [2]. The thermal sensation
of fabrics is influenced by factors such as fabric type, structure, thickness, density, and
surface treatment, and is also closely associated with fabric humidity [3]. The skin surface
of the human body is constantly perspiring, including visible and invisible perspirations
that affect the humidity of the fabric. In summer, high temperatures accelerate human
sweat production to regulate body temperature, with an average sweating rate of up
to 1.5 L/h [4]. As a result, the fabric can become soaked with sweat, which significantly
changes the thermal sensation of the fabric and affects the comfort of the clothing. Therefore,
accurately assessing the strength of the thermal sensation of fabrics is of great significance
in the research and development of clothing products.

A fabric can be regarded as a mixture of fibers, air, and water [5] and the factors
affecting the coolness of contact are numerous and complex, making it a hot research topic.
Many studies have investigated the factors influencing the coolness of fabrics. Atalie et al.
measured the thermal parameters of fabrics before and after composite finishing with
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different counts, twists, variation of mass (CVm), thickness, and strength, and found that
the thermal absorption coefficient of the fabric changed significantly [6]. Akcagun et al.
measured the thermal sensation of wool/PET-knitted fabrics with different water contents,
and the results showed that wool causes a slow decrease in thermal sensation as humidity
changes, giving it good thermal comfort [7]. Qian et al. studied knitted fabrics and
explored the effects of fabric structure and porosity on thermal absorption coefficient
and other parameters [8]. Mansoor et al. used the Alambeta method to test the thermal
absorption coefficient of socks before and after water absorption, and the results showed
that the thermal absorption coefficient of the fabric significantly increased after moisture
absorption [9]. In summary, objective evaluation of the coolness of the fabric based on
a single physical index measured using experimental instruments has been the common
approach in research on the thermal sensation of fabrics. Unfortunately, there is little
consideration of the subjective perception of the fabric’s contact with human skin, and
subjective evaluation of the coolness of fabrics often requires a lot of time and high labor
costs. Improving the connection between subjective and objective evaluation and proposing
an effective prediction model is an important way of solving this problem.

In recent years, many researchers have studied prediction models of fabric thermal
performance based on fiber, yarn, and fabric structural parameters. Dias and Delkumbure-
watte proposed a prediction model that can effectively predict the thermal conductivity
of fabrics [10]. Mangat et al. proposed a thermal resistance prediction model based on
the combination of air, water, and fiber polymer in series and parallel in the wet state [11].
Bhattacharjee and Kothari proposed a model for predicting heat conduction through woven
fabrics and radiation through yarns [12]. Kanat et al. used an Artificial Neural Network
(ANN) model to predict thermal resistance at different moisture levels [13]. To more accu-
rately classify the coolness levels of fabrics in the wet state and establish a fabric prediction
model for evaluating the coolness contact of fabrics with different water contents, this study
tested the thermal absorption coefficients of 20 types of fabrics with different water content
levels. The fuzzy comprehensive evaluation method was then used to study the level of
cooling sensation offered by the fabric. Finally, a comparison with the subjective evaluation
level of the subjects was conducted to determine the level of cooling sensation that is in
line with the actual user experience. A Random forest regression model was established
to effectively predict the coolness of fabrics based on objective evaluation of parameter
characteristics and human sensory evaluation results.

2. Methods
2.1. Objective Evaluation Method

The objective evaluation method divides the thermal sensation characteristics of the
fabric by measuring related parameters. The main evaluation method currently used is
the thermal absorption coefficient method. The thermal absorption coefficient method
characterizes the heat absorption capacity of the fabric based on the heat value absorbed by
the test sample during transient heat transfer following skin contact based on the size of the
thermal absorption coefficient. The thermal absorption coefficient is also commonly referred
to as the heat storage coefficient or heat dissipation coefficient and was first proposed by
Hes and Dolezal [14] to describe the instantaneous sensation felt when contact occurs
between the skin surface and the fabric surface, reflecting the fabric’s ability to absorb heat
from the skin during contact with the human body. The thermal absorption coefficient is
calculated based on the thermal conductivity of the sample. The thermal conductivity of
the fabric represents the amount of heat passing through 1 m2 of material at a distance of
1 m in 1 s and is calculated using the Fan formula [15]:

λ =
Qh

tS∆T
(1)

b =
√

λρc (2)
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where λ is the thermal conductivity of the fabric, W/(m·◦C); Q is the heat passing through
the body, J; h is the measured thickness of the fabric, m; S is the area through which the
heat passes, m2; t is the flow time, s; ∆T is the temperature difference in the direction of
heat conduction, ◦C; b is the thermal absorption coefficient of the fabric, Ws1/2/(m2·◦C);
c is the specific heat capacity of the fabric, J/(kg·◦C); and ρ is the volume density of the
fabric, kg/m3.

As shown in Equation (2), the thermal absorption coefficient of the fabric is determined
using three parameters: thermal conductivity, volume mass, and specific heat capacity.
The larger the thermal absorption coefficient of the fabric, the stronger its heat absorption
capacity, the more heat is lost when it comes into contact with the skin, and the better the
coolness of the fabric. Conversely, if the thermal absorption coefficient of the fabric is small,
the warming sensation of the fabric will be better. The actual thermal absorption coefficient
of dry textiles usually ranges from 30 to 300 Ws1/2/(m2·◦C) while for wet fabrics, the
thermal absorption coefficient can even exceed 500 Ws1/2/(m2·◦C) due to the high thermal
conductivity and specific heat capacity of water [9]. The thermal absorption coefficient can
only reflect the thermal transfer performance of the fabric in a steady-state environment
and cannot reflect the dynamic heat transfer process when the fabric comes into contact
with the skin.

2.2. Subjective Evaluation Methods

Objective evaluation methods have the advantages of strong repeatability and ease
of operation. However, the coolness of fabrics is fundamentally a subjective sensation
of human comfort, which can vary among individuals due to factors such as sensitivity
to temperature and physical health conditions. Therefore, there is currently no accurate
physical quantity that can directly measure the coolness of fabrics. Subjective evaluation
is the most commonly used method for evaluating fabric comfort and mainly involves
collecting subjects’ feelings about fabric contact through questionnaire surveys and rating
them based on subjective evaluation levels [16]. This can specifically express subjects’
sensory perceptions of fabrics. Subjective evaluation methods mainly involve measuring
the coolness sensation of a fabric when it comes into contact with the skin by directly
touching the inner forearm of the subjects. Previous research has shown that the perception
of heat sensation is similar between the forearm and the back, making it a more convenient
option than directly measuring the coolness sensation by wearing the fabric. To accurately
express the coolness of fabrics, a psychometric scale can be adopted to divide the human
subjective sensation into levels and assign corresponding values, thereby quantitatively
evaluating such qualitative issues [17]. In this study, the coolness levels of fabrics were
divided into five levels based on a five-level psychometric scale. Level A indicated no
coolness (x1 = 1), level B indicated a slight coolness (x2 = 2), level C indicated a general
coolness (x3 = 3), level D indicated an obvious coolness (x4 = 4), and level E indicated a
strong coolness (x5 = 5). Subjects rated the fabric based on their feelings following contact
between the fabric and the inner forearm. The number of ratings for each level was used as
the weight for each level, which was denoted as ω1, ω2, ω3, ω4, and ω5, respectively. The
formula for the weighted average of the coolness of the fabric is:

xi =
x1ω1+x2ω2+x3ω3+x4ω4+x5ω5

ω1+ω2+ω3+ω4+ω5
(i = 1, 2, · · · , 20) (3)

2.3. Coolness Sensation Level Classification

Fuzzy mathematics is based on fuzzy set theory [18], which is used to describe sets
that are not clearly defined. The fuzzy comprehensive evaluation method is adopted to
classify thermal absorption coefficient values of fabrics into membership degree levels. First,
establish the evaluation factor object set U = |u1, u2, u3, . . ., ui| (i = 1, 2, . . ., n), where the
evaluation object ui is the thermal absorption coefficient bi. Second, establish the evaluation
level set V = |v1, v2, v3, . . ., vj| (j = 1, 2, . . ., n), where the evaluation level, vi, is the coolness
level of the fabric. Finally, by performing the membership degree function operation, the
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membership degree of the evaluation factors to the evaluation level is classified, making
the fuzzy mathematical concepts more intuitive.

This study uses the trapezoidal distribution of fuzzy distribution. The mathematical
model of the membership degree function is as follows:

Level A : V1(ui) =





1, ui < x1
1
2

(
1 + ui−x1

x2−x1

)
, x1 < ui < x2

0, ui > x2

(4)

Level B : V2(ui) =





0, ui < x1
1
2

(
1 + ui−x1

x2−x1

)
, x1 < ui < x2

1
2

(
1 + ui−x2

x3−x2

)
, x2 < ui < x3

1
2

(
1− ui−x3

x4−x3

)
, x3 < ui < x4

0 ui > x4

(5)

Level C : V3(ui) =





0, ui < x2
1
2

(
1 + ui−x3

x3−x2

)
, x2 < ui < x3

1
2

(
1 + ui−x3

x4−x3

)
, x3 < ui < x4

1
2

(
1− ui−x5

x5−x4

)
, x4 < ui < x5

1
2

(
1− ui−x5

x6−x5

)
, x5 < ui < x6

0 ui > x6

(6)

Level D : V4(ui) =





0, ui < x4
1
2

(
1 + ui−x5

x5−x4

)
, x4 < ui < x5

1
2

(
1 + ui−x6

x6−x5

)
, x5 < ui < x6

1
2

(
1− ui−x7

x7−x6

)
, x6 < ui < x7

0 ui > x7

(7)

Level E : V5(ui) =





0, ui < x6
1
2

(
1 + ui−x6

x7−x6

)
, x6 < ui < x7

1, ui > x7

(8)

2.4. Random Forest Regression Model

Random Forest is a machine learning classification algorithm based on statistical
theory, first proposed by Leo Breiman [19]. It combines Breiman’s “Bootstrap aggregating”
idea [20] and Ho’s “random subspace” method [21] and can be used for both classification
and regression. The Random Forest algorithm is a predictive tool that has high classification
accuracy and is a new research hotspot in the field of data analysis. The principle is to
generate a strong learning model by combining multiple weak learning models to improve
the accuracy of the prediction model, a process called classifier combination. The Random
Forest regression model can establish a complex nonlinear relationship between multiple
independent variables and the dependent variable. Multiple sub-training sample sets are
formed by using Bootstrap sampling to randomly extract data samples from the original
training dataset, and each sub-training sample set has the same number of samples as the
original training dataset. A decision tree model is then constructed. Due to randomness,
hundreds or even thousands of decision trees can be generated, and the tree with the
highest repeatability is selected as the final result. The prediction result of the Random
Forest regression model is the average of all decision tree results. The specific process
of constructing a Random Forest is as follows: first, randomly select m samples with
replacement from the original sample set of n samples to construct m sub-sample sets. By
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training m sub-sample sets, m regression trees are constructed and the remaining samples
are used as the test set to verify the prediction effect of the model. Then, set the regression
model parameter “mtry”. Assuming that there are k evaluation features of the fabric sample,
randomly select a subset of mtry features (mtry < k) as the splitting node and determine
the best splitting based on the optimal branching criterion. Finally, each regression tree
stops growing based on the number of trees (ntree), and after training, m decision trees
are generated to form a Random Forest regression model. The arithmetic mean of the
training results of the m decision trees is taken as the final model prediction result. The
Random Forest prediction model is shown in Figure 1. The prediction effect of the model is
evaluated using the root mean square error (RMSE) and the coefficient of determination
(R2) of the test set as shown in the following formula:

RMSE =
i

∑
n=1

(
yi − y′i

)2/n (9)

R2 = 1− RMSE/Y2 (10)

where yi represents the true value of the test sample in the test set, y′i represents the
predicted value of the regression model, Y2 represents the variance of the predicted value,
and n is the number of samples in the test set.

Figure 1. Random Forest regression model.

3. Experimental Section
3.1. Materials

This study involves analyzing the thermal contact coolness of multiple types of wet
fabrics. All samples were selected from commonly used clothing fabrics in the market,
and included fabrics of different materials and types. The parameters of all the fabrics are
shown in Table 1. Before the experiment, the fabrics were subjected to low-temperature
ironing to ensure a smooth surface. Then, the samples were cut into pieces with a length
and width of 0.3 m and stored for later use after being placed in a room with a temperature
of 24 ◦C and relative humidity of 65% for 24 h. Ionized water made in the laboratory was
used to wet the fabrics.

The fabric thickness and surface density can be directly measured. There are many
methods for measuring fabric porosity. In this study, fabric surface density, fabric thickness,
and fabric fiber density were used to calculate the porosity [22] (see Equation (11)).

ε = 1− m
h · ρ f ib

(11)

where ε is the porosity of the fabric, %; ρfib is the fiber density at the stipulated regain, g/m3;
and m is the measured surface density of the fabric, g/m3.
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Table 1. Fabric specifications.

Symbol Composition Structure Thickness
(mm)

Weight
(g/m2)

Fiber Density
(kg/m3) Porosity

#1 60S Cotton 100% Plain 0.78 121.87 1540 0.90
#2 60S Cotton 100% 2/1 Twill 1.08 226.86 1540 0.86
#3 24S Jute 100% 2/1 Twill 0.93 249.25 1500 0.82
#4 21S Ramie 100% 3/1 Twill 1.13 208.55 1510 0.86
#5 60S Silk 100% Plain 0.63 72.94 1360 0.91
#6 100S Wool 100% 2/2 Twill 1.02 175.39 1310 0.87
#7 40S Polyester 100% Plain 0.66 90.05 1380 0.90
#8 21S Nylon 100% Plain 0.72 161.06 1140 0.80
#9 120S Viscose 80% + Polyester 20% Plain 0.90 130.44 1500 0.90
#10 60S Polyester 90% + Elastane 10% Plain 0.89 155.37 1370 0.87
#11 60S Polyester 65% + Cotton 35% Plain 1.41 227.26 1270 0.89
#12 40S Acrylic 70% + Viscose 30% Plain 0.91 200.62 1142 0.80
#13 60S Nylon 85% + Elastane 15% Warp knit 0.77 136.69 1419 0.87
#14 45S Polyester 98% + Elastane 2% Warp knit 0.95 125.70 1378 0.90
#15 12S Nylon 70% + Polyester 30% Warp knit 0.91 115.34 1212 0.89
#16 80S Polypropylene 65% + Polyester 35% Weft knit 0.82 108.92 1068 0.87
#17 40S Cotton 80% + Polyester 20% Weft knit 0.95 263.15 1508 0.81
#18 60S Polyester 58% + Cotton 42% Weft knit 1.15 215.06 1447 0.87
#19 21S Wool 75% + Polyester 25% Weft knit 1.16 133.69 1328 0.91
#20 32S Acrylic 80% + Polyester 20% Weft knit 1.20 166.89 1196 0.88

When the fabric is made of two types of fibers blended together, the blended fiber
density cannot be obtained directly but can be estimated using the following equation
proposed by Militky [23].

ρab = rρa + (1− r)ρb (12)

In the formula, a and b represent the types of fibers; ρa and ρb represent their fiber
densities; r represents the proportion of fiber a; and ρab represents the density of the blended
fiber. All tests were conducted under laboratory conditions at a temperature of 20 ± 1 ◦C,
relative humidity of 50 ± 5%, and wind speed of less than 0.4 m/s.

3.2. Experimental Preprocessing

The study required measuring the maximum water absorption of each sample and
dividing the fabric water content level based on the maximum water absorption. The
experiment was conducted according to the method described by Tang et al. [24] and the
pre-treated samples were ironed at low temperature and then dried in a 105 ◦C oven for
30 min before measurement to remove excess moisture inside the fabric and achieve the
“ultra dry state” mentioned by Naka et al. [25]. The fabric samples were then soaked in
deionized water for 3 min until completely wet, and then hung vertically to dry until there
was no more liquid dripping for 30 consecutive seconds, indicating that the fabric was
in a fully wet state. The weight difference between the fabric before and after soaking
represents the maximum water content. The amount of humidity in each sample was
determined based on the maximum water absorption. The study used fabric water content
as the parameter for characterizing fabric moisture level, with the water content as the
percentage of the sample’s humidity level to the maximum water absorption reflecting
the saturation level of the water content in the sample. The specific steps for adding
humidity to the samples were as follows: the ultra-dry fabric was laid flat on a tabletop and
a certain amount of deionized water was weighed using an electronic scale and poured
into a humidifying spray bottle. The spray bottle was suspended about 2 cm above the
center of the sample and the deionized water sprayed evenly over the fabric surface. The
test was conducted after waiting for 5 min for the fabric to be fully wet. The study was
conducted under conditions of ultra-dry state and water content levels of 20%, 40%, 60%,
80%, and 100%.

3.3. Objective Measurement Experiment

The experiment referred to the ISO 22007-2 [26] and ASTM D7984 [27] standards and
was conducted at a constant temperature and humidity of 20 ± 0.5 ◦C and 60 ± 5%, respec-
tively. A TPS 2500S thermal constants analyzer (Hot Disk AB., Co., Ltd., Göteborg, Sweden)
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was used to measure thermal conductivity and specific heat capacity of 20 fabrics with
different water contents. Thermal absorption coefficient, which characterizes the thermal
sensitivity performance of the fabric, was then calculated. The fabrics’ thermal sensitivity
levels were objectively evaluated based on the evaluation criteria. The instrument was
turned on in advance and preheated for 30 min. The probe temperature was set to 35 ◦C,
the same as the temperature of human skin. The resistance of the probe changed after
contact with the sample. The thermal conductivity and thermal absorption coefficient of
the fabric can be accurately calculated based on the change in probe resistance. The sample
had to be in the same thermal state before each test and consecutive measurements were
not allowed. Adequate time was required to ensure that the previously measured samples
returned to their initial thermal states.

3.4. Subjective Measurement Experiment

Subjective evaluation was carried out in a laboratory at constant temperature and
humidity (temperature setting of 20 ± 0.5 ◦C, humidity of 60 ± 5%, and wind speed less
than 0.4 m/s) to ensure that the subjects’ physiological functions were at their best state and
their senses were more sensitive. At the same time, the psychological state was adjusted to
ensure the smooth progression of the experiment. Subjects evaluated the coolness sensation
of the fabric using the inside of their forearms [2]. Twelve college students—six males and
six females—with an age of 21.8 ± 1.3 years (range 20–23), a height of 1.65 ± 0.04 m (range
1.52–1.82), and a weight of 55.6 ± 10.4 kg (range 43.3–82.4) volunteered to participate in
this study. The subjects received relevant experimental training before the test, including
an explanation of the definition of the thermal sensation from the fabric, the method for
touching the samples during the test, and the rating method in the questionnaire. To avoid
different scales, the same researcher explained the method for rating thermal sensation
before each experiment to ensure smooth progression of the experiment and reliability and
accuracy of the experimental results. Before touching the test samples, the subjects needed
to sit quietly in the laboratory for 10 min to adapt to the surrounding environment and
adjust their mental state. During the test, the subject extended their forearm forward with
the inside of their forearm facing upwards, and the researcher placed the fabric on the
forearm and pressed it appropriately to simulate the pressure exerted by clothing on the
skin. As heat is conducted to the fabric when it comes into contact with human skin, to
avoid errors, samples from the previous test were tested at an interval of 2 min to allow
the fabric to return to its initial thermal state before the next test. The two forearms were
covered alternately, and the test was completed when the two sensory evaluations given
were consistent. If any inconsistency occurred, the process was repeated until all samples
gave consistent evaluation results. The subjects filled out the questionnaires based on the
warm/cool sensation felt by the forearm when it came into contact with the fabric. The
coolness level was divided based on the individual’s subjective feeling.

3.5. Statistical Analysis

The SPSS software (Version 27.0, IBM Co., Ltd., Armonk, NY, USA) was used to
analyze the correlation between factors affecting the coolness sensation of wet-state fabrics
using one-way analysis of variance and Pearson correlation analysis, with the significance
level set at p < 0.05. Origin software (Version 2023, OriginLab Co., Ltd., Northampton,
MA, USA) was used to compare the objective and subjective measurements by fitting the
analysis and determining the linear relationship between the two.

4. Results and Discussion
4.1. Coolness via Objective Measurement

A study was conducted on 20 commonly used clothing fabrics as experimental samples.
Before the experiment, all fabrics were pretested to ensure a smooth surface. The fabrics
were then analyzed using a fabric thermal conductivity analyzer to measure the thermal
absorption coefficient of different water contents. The thermal absorption coefficient of
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each sample is shown in Table 2. The coolness of the fabric was characterized based on the
measured thermal absorption coefficient. A higher thermal absorption coefficient indicates
a more significant coolness sensation upon contact with the fabric. Statistical analyses
were conducted to identify factors that may affect the coolness of the fabric. The results
showed that there were no significant differences in the coolness of different samples
under dry conditions. A one-way ANOVA test showed that the water content of the
fabric is the key factor affecting its coolness (p < 0.05). Pearson coefficients were used to
characterize the relationships between the factors. The results showed that the type of
fiber in the fabric (Pearson = 0.556), the thickness (Pearson = 0.157), the surface density
(Pearson = 0.433), and the porosity (Pearson = −0.349) all affect the coolness of the fabric.
Of these factors, water content was found to be the critical factor determining the thermal
absorption coefficient of the sample. This is because the thermal conductivity of fabric
fibers generally ranges from 0.03 to 0.10 W/(m·◦C), while the thermal conductivity of
still water at 20 ◦C is 0.57 W/(m·◦C) and the thermal conductivity of water is generally
2–6 times higher than that of fiber polymers. At 37 ◦C, the volumetric heat capacity of
water is 4200 J/(kg·◦C), while the specific heat capacity of fiber polymers is approximately
1400–3300 J/(kg·◦C). The volumetric heat capacity of water is generally 1.3–3 times higher
than that of fiber polymers. Therefore, the thermal absorption coefficient of the fabric
increases significantly when soaked in water [28,29]. The study also measured the thermal
absorption coefficient of fabrics at moisture levels of 20%, 40%, 60%, 80%, and 100% (see
Table 2). For each sample, each wet condition was analyzed in triplicate and outliers were
removed to ensure that the coefficient of variation was less than 3%. The average result
was rounded to two significant figures.

Table 2. Effect of water content on thermal absorptivity (Ws1/2/(m2·°C)).

Symbol Ultra-Dry
State 20% 40% 60% 80% 100%

#1 100.43 141.45 174.68 248.78 325.51 441.08
#2 112.72 161.58 184.66 253.77 330.31 455.97
#3 95.23 126.32 178.51 242.83 277.65 354.97
#4 70.33 111.54 157.80 267.90 302.14 326.57
#5 91.98 125.30 168.83 220.80 230.07 344.47
#6 95.30 136.83 155.74 232.62 293.51 402.60
#7 83.82 112.74 141.64 213.88 252.48 328.22
#8 109.49 138.81 164.54 224.52 253.28 321.52
#9 96.86 137.18 164.96 248.94 273.78 373.60
#10 111.40 139.66 165.65 222.35 260.57 317.49
#11 124.06 152.41 180.66 198.59 212.30 321.74
#12 118.97 148.77 192.06 232.60 251.46 358.26
#13 75.03 125.35 177.46 222.54 346.82 377.57
#14 89.56 97.29 137.43 190.10 243.79 284.75
#15 87.60 127.40 131.02 192.90 273.35 293.35
#16 85.89 101.75 106.39 194.50 220.74 331.11
#17 92.07 118.58 148.53 260.84 294.85 309.52
#18 83.01 149.91 207.67 312.59 331.89 344.66
#19 99.11 124.50 135.91 184.37 294.63 371.40
#20 91.08 130.89 117.35 179.77 303.61 374.26

4.2. Coolness Level Classification Results

The fabrics’ thermal absorption coefficient values obtained during experimental testing
were classified into different levels based on the fuzzy comprehensive evaluation method,
giving a more scientifically reasonable range of coolness levels for the fabric. Fabrics were
classified into different coolness levels based on the fuzzy mathematical model, as shown in
Figure 2. Fabrics with thermal absorption coefficients of ≤100 Ws1/2/(m2·◦C) were defined
as having no coolness (Level A), fabrics with thermal absorption coefficients ranging from
100 to 200 Ws1/2/(m2·◦C) were defined as having general coolness (Level B), fabrics with
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thermal absorption coefficients ranging from 200 to 300 Ws1/2/(m2·◦C) were defined as
having slight coolness (Level C), fabrics with thermal absorption coefficients ranging from
300 to 340 Ws1/2/(m2·◦C) were defined as having obvious coolness (Level D), and fabrics
with thermal absorption coefficients of≥ 340 Ws1/2/(m2·◦C) were defined as having strong
coolness (level E). Level A fabrics mainly contain 100% water, while Level B fabrics contain
80–100% water, Level C fabrics contain 60% water, and Level D fabrics contain 40% water.
Level E fabrics mainly include ultra-dry fabrics and fabrics with a water content of 20%. As
most dry fabrics had a thermal absorption coefficient of no more than 100 Ws1/2/(m2·◦C)
(14/20), it can be concluded that fabrics conduct non-coolness only in the dry state.

Figure 2. Thermal absorption coefficient class classification results.

By comparing the thermal absorption coefficient values of different types of fabrics, it
was found that most fabrics have a thermal absorption coefficient of 100–300 Ws1/2/(m2·◦C).
Sample #2 (100% Cotton) had the highest thermal absorption coefficient at different water
contents, indicating the strongest coolness effect. Sample #16 (98% Polyester + 2% Elastane)
had the lowest thermal absorption coefficient at different water contents, indicating the
least obvious coolness effect. This may be due to the fact that pure cotton fabrics are
hydrophilic materials, whereas polyester fibers are hydrophobic. Polyester fibers have a
stronger drying sensation after water absorption compared with other fabrics; a similar
phenomenon was observed in the study by Mansoor et al. [9]. Comparison of the thermal
absorption coefficients of fabrics with different water contents showed that the thermal
absorption coefficient of most fabrics increased by 200–300% from dry to completely wet,
while Sample #15 (85% Nylon + 15% Elastane) had the highest increase of 403% and Sample
#13 (65% Polyester + 35% Cotton) had the lowest increase of 159%, which may be associated
with the degree of water absorption. Sample #12 (90% Polyester + 10% Elastane), which
has a composition similar to Sample #13, also demonstrated a similar phenomenon, with
only an 185% increase.

4.3. Coolness via Subjective Measurement

The subjective evaluation experiment was conducted in a laboratory under con-
stant temperature and humidity, where 12 graduate students of different sexes evaluated
20 different types of fabrics for their coolness. The constant temperature and humidity
environment ensured that the human sensory organs were in the best state and the psycho-
logical state was stable, which was conducive for the smooth progression of the experiment.
The air velocity was set to not exceed 0.04 m/s to simulate a still environment, thereby
increasing the accuracy and reliability of the subjective evaluation results and reducing
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experimental errors. The results showed that fabrics that were more compressible and more
easily bent (had lower stiffness) tended to have higher coolness levels against the inner
side of the forearm during subjective evaluations. When fabrics were wet, they tended
to have a stronger tactile sensation due to the tighter contact with the skin, resulting in
higher coolness levels and a feeling of stickiness that made the experience uncomfortable.
To test the consistency of the subjects’ evaluations, Spearman rank correlation coefficient
was used to analyze the correlation between the coolness evaluations of the fabrics by
the subjects. The results are shown in Table 3 and indicate that there was a significant
positive correlation between the subjective evaluations of the coolness effects of the fabrics,
with most significance levels having p < 0.05. This suggests that the subjects’ evaluations
were consistent and reliable and had a certain reference value. The evaluation levels were
determined by taking the most common level for each sample among the subjects. The
weighted average range for Level A was l–1.5, for Level B was 1.5–2.5, for Level C was
2.5–3.5, for Level D was 3.5–4.3, and for Level E was 4.3–5. The subjective evaluations
were based on personal experiences and subjective judgments of the subjects, and due to
individual differences, their experiences of coolness may differ.

Table 3. Spearman’s rank correlation coefficients between coolness evaluations for each pair
of subjects.

Subjects S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12

Mean 0.951 * 0.852 * 0.854 * 0.765 * 0.865 * 0.758 * 0.876 * 0.875 * 0.876 * 0.858 * 0.855 * 0.890 *
S1 0.958 * 0.876 * 0.872 * 0.875 * 0.524 0.582 0.874 * 0.587 0.878 * 0.734 * 0.854 *
S2 0.912 * 0.654 * 0.756 * 0.675 0.847 * 0.784 * 0.875 * 0.914 * 0.821 * 0.587
S3 0.758 * 0.958 * 0.687 0.678 0.774 * 0.882 * 0.555 0.659 0.847 *
S4 0.707 * 0.879 * 0.911 * 0.768 * 0.745 * 0.576 0.879 * 0.861 *
S5 0.875 * 0.875 * 0.734 * 0.616 0.754 * 0.758 * 0.688
S6 0.758 * 0.548 0.702 * 0.662 0.725 * 0.651
S7 0.599 0.857 * 0.785 * 0.889 * 0.854 *
S8 0.798 * 0.714 * 0.854 * 0.741 *
S9 0.624 0.678 0.752 *

S10 0.758 * 0.732 *
S11 0.818 *

Note: * p < 0.05 (i.e., highly significant).

4.4. Consistency of Subjective and Objective Evaluations

Comparisons between the subjective evaluations and objective tests of the fabrics’
coolness levels are shown in Table 4. Based on statistical analysis, there was a significant
correlation between the subjective and objective evaluations of the coolness levels of the
fabrics (p < 0.05). Additionally, the fitting curve in Figure 3 indicates good consistency
between the subjective and objective evaluations of the fabrics’ coolness levels (R2 = 0.909;
i.e., the closer R2 is to 1, the higher the degree of fitting). The proportion of samples with
consistent subjective and objective levels was 75.8%, validating the effectiveness of the
thermal absorption coefficient method for evaluating the coolness performance of fabrics.
It is worth noting that some samples showed differences between subjective and objective
evaluations. For instance, samples #10, #11, and #12 in an ultra-dry state and samples #3
and #7, with a water content of 20%, had an objective evaluation level of B, while their
subjective evaluation level was A. Sample #16, with a water content of 20%, and samples #1,
#2, #11, and #14, with a water content of 40%, had an objective evaluation level of B, while
their subjective evaluation level was upgraded to C. Samples #3, #5, and #9, with a water
content of 60%, had an objective evaluation level of C, while their subjective evaluation
level was B. Samples #1, #2, #5, and #14, with a water content of 60%, had an objective
evaluation level of C, while their subjective evaluation level was B. Samples #12, #15,
#17, and #19, with a water content of 80%, had an objective evaluation level of C, while
their subjective evaluation level was D. Samples with different subjective and objective
evaluation results can also be explained using their thermal absorption coefficients. Most
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of the measured results lie around the boundary of the objective classification, thus the
differences in subjective and objective evaluations between different samples will not
exceed one grade. In addition, when observing the results of subjective evaluation, it was
found that more subjects tended to choose grades B or C. After questioning the subjects
afterward, it was discovered that when the subjects did not feel the fabric’s characteristics
clearly or experienced sensory fatigue due to the experiment lasting too long, they would
choose a more moderate grade to avoid making mistakes. Thus, grades A and E were
rarely chosen, which could easily cause errors in the subjective evaluation experiment.
However, the subjective and objective evaluations maintained a high degree of consistency
for samples with obvious characteristics.

Table 4. Objective and subjective evaluations of fabric coolness levels.

Symbol Ultra-Dry State 20% 40% 60% 80% 100%

Ob Sub Ob Sub Ob Sub Ob Sub Ob Sub Ob Sub

#1 A A B B B C C C D D E E
#2 B B B B B C C C D D E E
#3 A A B B B B C B C C E E
#4 A A B A B B C C D C D E
#5 A A B B B B C B C C E E
#6 A A B B B B C C C C E E
#7 A A B A B B C C C C D E
#8 B B B B B B C C C C E E
#9 A A B B B B C B C C D D
#10 B A B B B B C D C C D D
#11 B A B B B C C C C C D E
#12 B A B B B B B C C D E E
#13 A A B B B B C C E D E E
#14 A A A B B C B C C C C E
#15 A A B B B B B C C D C C
#16 A A B C B B B B C C D D
#17 A A B B B B B B C D D D
#18 A A B B B B D C D D E E
#19 A A B B B B B B C D E E
#20 A A B B B B B B D D E E

Note: Ob and Sub represent objective and subjective evaluations, respectively.

Figure 3. Fitting curves for subjective and objective evaluations.
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4.5. Random Forest Model Predicts Coolness

A random forest regression model was used to predict the coolness of fabrics with
different water contents. Five indicators, including the density of fiber bodies, the thickness
of fabrics, the surface density, the porosity, and thermal conductivity in the dry state, were
used as evaluation features in the random forest regression model. The original fabric
sample set contained 100 samples, with 3/4 used as the training set and 1/4 used as the
testing set. Combined with the subjective evaluation results, a random forest regression
model was established, with the training set used for building the random forest algorithm
and the testing set used for evaluating the remaining data. When the accuracy of the testing
set is much higher than that of the training set, there is underfitting, while the opposite
indicates overfitting. After analyzing the parameters of the random forest regression model,
a random forest regression model for fabric coolness was established, and the model was
used to predict the coolness level of fabrics with different water contents. The predicted
results were compared with the measured values, as shown in Figure 4. The evaluation
index of the model, R2, was 0.872 and the RMSE was 0.305 (an RMSE of 0.2–0.5 indicates that
the model can accurately predict the data and the smaller the value, the better the prediction
effect). The low R2 may be caused by a low sample size, although it still indicates that
the model has good predictive performance and is effective at predicting and evaluating
fabric coolness.

Figure 4. Comparison of the consistency between predicted and measured values.

4.6. Limitations

This study had its limitations. First, because the TPS 2500S thermal constant analyzer
has different testing principles from Heat flux sensor-based instruments such as Alambeta,
the thermal conductivity of the sample may be underestimated, which may also lead to
the low thermal absorption coefficient of the sample. Second, the subject experiments are
affected by steady-state heat conduction when the contact time between the skin and the
sample exceeds 2 s. Even though emphasis was placed on the subjects to evaluate the
instantaneous contact coolness of the fabric during the experiment, they are inevitably
affected by steady-state heat conduction. We must admit that the above errors will occur
during the experiment.

5. Conclusions

A thermal constant analyzer was used to test the thermal absorption coefficients of
20 commonly used clothing fabrics—including natural fibers, synthetic fibers, and blended
fabrics—at different levels of water contents. The fabrics were objectively classified into
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five levels of coolness using fuzzy comprehensive evaluation and subjectively classified
using participant evaluations. The results are as follows:

(1) The five levels of coolness classification provided by the fuzzy comprehensive evalua-
tion method can give specific level indicators. For example, fabrics with a coolness
level of A have a thermal absorption coefficient lower than 100 Ws1/2/(m2·◦C) and
the coolness upon contact with the fabric is defined as none. Fabrics with a coolness
level of B have a thermal absorption coefficient of 100–200 Ws1/2/(m2·◦C) and the
coolness upon contact with the fabric is defined as general. Fabrics with a coolness
level of C have a thermal absorption coefficient of 200–300 Ws1/2/(m2·◦C) and the
coolness upon contact with the fabric is defined as slight. Fabrics with a coolness
level of D have a thermal absorption coefficient of 300–340 Ws1/2/(m2·◦C) and the
coolness upon contact with the fabric is defined as obvious. Fabrics with a coolness
level of E have a thermal absorption coefficient greater than 340 Ws1/2/(m2·◦C) and
the coolness upon contact with the fabric is defined as strong.

(2) Analysis of the consistency between the subjective and objective coolness levels of
the fabrics indicates that using the thermal absorption coefficient as the objective
evaluation index for perceived coolness is reliable. A comprehensive evaluation of
fabric coolness based on both subjective and objective aspects can accurately reflect
the real perception of the fabric when in contact with the skin. This can provide
reliable data support for consumers when purchasing related products in the future
and can also serve as a reference for developing fabric coolness level standards.

(3) The thermal absorption coefficient of the fabric made of 100% cotton under wet
conditions is high, ranging from 112.72 to 455.97 Ws1/2/(m2·◦C), while the thermal
absorption coefficient of the blended fabric made of 98% polyester + 2% elastane
under wet conditions is low, ranging from 85.89 to 331.11 Ws1/2/(m2·◦C). This is
because the fabric made of 100% cotton has more water absorption than the 98%
polyester + 2% elastane blend fabric, resulting in stronger contact coolness.

(4) The established random forest regression model can effectively predict the coolness
of fabrics at different water content levels. The evaluation indicators for the training
set prediction results show that the R2 is 0.872 and the RMSE is 0.305, indicating that
the model has good predictive performance.

(5) Water content is the most important factor affecting the coolness of fabrics. As the
water content of the fabric increases, the coolness of the fabric continuously improves.
However, the corresponding humidity of the fabric also increases, potentially causing
discomfort to the wearer. Therefore, when choosing summer clothing, it is important
to consider fabric coolness upon contact under humid conditions and try to avoid the
decrease in clothing comfort due to sweat-soaking.
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Abstract: To investigate the dynamic thermal resistance of woven fabrics in different wetting states,
ten commonly used clothing fabrics were selected and tested for fabric thermal resistance under
different levels of water saturation in accordance with Chinese national standards. Based on Mangat’s
eight thermal resistance prediction models, the study improved the models by replacing the original
moisture content with water content saturation. The suitability of the eight models in predicting the
thermal resistance of woven fabrics in wet states was compared using the sum of squared deviations
(SSD), sum of absolute deviations (SAD), and correlation coefficient (R2). The results showed that
during the process from initial wetting to complete immersion, the measured thermal resistance
values of the ten fabric samples were consistent with the predicted values from Model 5 in the
theoretical model of thermal resistance (R2 > 0.955). The characteristic of Model 5 is that the air
thermal resistance and water thermal resistance are first connected in parallel and then connected in
series with the fiber thermal resistance. The corrected predicted values from Model 5 were highly
consistent with the experimental measurement values and can be used to approximate the thermal
resistance of woven fabrics in wet states.

Keywords: wet state; ultradry state; thermal resistance; thermal comfort; empirical model

1. Introduction

As the “second skin” of the human body, clothing is the most important barrier for
maintaining thermal stability [1]. Clothing should help maintain the body’s thermal and
moisture balance, enabling the body to be in a state of psychological, physiological, and
sensory comfort during long periods of work and activity. When factors such as sweating,
rainwater, and accidental immersion cause clothing to become wet, both the thermal
resistance and moisture resistance of the clothing will change, affecting its comfort. Fabric
thermal resistance is influenced by factors such as the fabric structure, density, humidity,
and surface treatment and is closely related to fabric thickness, yarn density, fabric surface
friction coefficient, and fabric type [2–4]. In wet conditions, the moisture absorption and
release of the fabric will cause a constant change in the proportion of water and air in the
fabric, and the thermal resistance of the wet fabric will also dynamically change [5]. The
three key factors affecting fabric moisture absorption are thickness, porosity, and fiber type,
and thicker and higher-porosity fabrics can absorb more water, with natural fibers having
greater moisture absorption than synthetic fibers. In wet conditions, due to the participation
of water, the structure and composition of the fabric will undergo small changes, making
the thermal performance of clothing more complex than in dry conditions.

There have been numerous studies on fabric thermal resistance in wet conditions
worldwide. Hes et al. [6] tested the thermal resistance of fabrics per unit thickness in dry
and wet conditions, and the results showed that the thermal resistance of fabrics in wet
conditions was significantly lower than in dry conditions. Oğlakcioğlu et al. [7] tested the

Processes 2023, 11, 1630. https://doi.org/10.3390/pr11061630 https://www.mdpi.com/journal/processes120



Processes 2023, 11, 1630

thermal resistance of 10 kinds of knitted pure cotton fabrics in wet conditions; the conclusion
was that increasing the moisture content of the fabric significantly increased its heat transfer
capability. Wang et al. [8] tested the thermal resistance of seven different thicknesses of
cotton and polyester fabrics in fully saturated conditions, confirming that fabric thickness
and fiber material have a significant impact on thermal resistance. Akckgun et al. [9] tested
the thermal resistance changes in wool and wool/polyester blend fabrics at different levels
of moisture, and the results showed that fabric porosity also has a significant impact on
thermal resistance. Yang et al. [10] tested the thermal resistance of three typical clothing
items in saturated conditions and found that the thermal insulation performance was
significantly reduced compared with dry conditions. Therefore, the fundamental factors
affecting fabric thermal resistance in wet conditions are fabric fiber type, the water in the
fabric, and the distribution of water in the fabric. Establishing a theoretical model for the
thermal resistance of wet fabrics based on fabric composition and structure is scientifically
significant for analyzing complex wet thermal resistance.

In the past few decades, many researchers have studied the prediction of thermal
resistance models for fabrics, both theoretically and experimentally. Nake et al. [11] were
the first to propose a three-parameter theoretical model of air, water, and fiber polymers,
including series, parallel, and combined usage, some of which could be used for ther-
mal resistance prediction; however, these models were very complex and limited to the
dry state. Hes [12] assumed that the thermal resistance of the fabric was parallel to the
thermal resistance of water in his proposed thermal resistance model, which had higher
predictability. Mangat et al. [3] proposed a theoretical model for the combination of series
and parallel air, water, and fiber polymer thermal resistance under wet conditions. They
tested the thermal resistance of cotton knitted fabrics at different moisture levels, and the
results showed that two sets of models had the best consistency with experimental data. In
addition, the experimental conclusion also suggested that the model may be applicable to
other types of fabrics; this conclusion needs to be verified by subsequent experiments. In
addition to the above thermal resistance models, the literature also mentions six thermal
resistance models [13]. Through the comparison of experimental data and models, it is
believed that these models have poor correlation with the thermal resistance of wet fabrics.
Although individual thermal resistance models involve the influence of moisture, they do
not consider the dynamic thermal resistance changes of fabrics due to moisture increase. In
summary, previous studies mostly involved the prediction of thermal resistance of knitted
fabrics, lacking the prediction of the thermal resistance of woven fabrics as a large category.
In order to more comprehensively analyze the thermal resistance changes in various types
of fabrics under wet conditions, this study refers to national standards to test the thermal
resistance values at each moisture level and analyzes the effect of fabric humidity on ther-
mal resistance by studying the thermal resistance changes in different fabrics after wetting.
Based on the test results, the theoretical model of fabric thermal resistance is modified and
verified more accurately.

2. Thermal Resistance Theoretical Model

Fabric is typically composed of fiber polymers, stagnant air within the fabric, and
absorbed water molecules [3]. The material that provides warmth is primarily the stagnant
air, and the main role of the fiber polymers is to provide storage space for this air. Under
natural conditions, the water content in fabrics is minimal and mainly achieved through
the binding of hydrophilic groups within the fiber polymers to water vapor in the air
or in the form of adsorption onto the fabric surface. The thermal resistance of fabrics is
a critical parameter for measuring their ability to insulate heat transfer, is an important
indicator of fabric thermal comfort, and primarily dependent on fabric thickness and
thermal conductivity [14,15] (see Equation (1)),

Rt =
h
λ

(1)
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where Rt is the thermal resistance of the fabric in m2·◦C/W, h is the fabric thickness in m,
and λ is the thermal conductivity of the fabric in W/(m·◦C).

The thermal resistance of fabric is largely dependent on the amount of stagnant air
within it. Therefore, it can be concluded that factors affecting the air content in fabrics
determine their thermal resistance. These factors include fabric fiber type, thickness, surface
density, organizational structure, and porosity, all of which are critical in determining
clothing thermal resistance. Fabric thickness and surface density can be directly measured,
and there are many methods for measuring fabric porosity. Studies have used fabric surface
density, fabric thickness, and fabric fiber density to calculate porosity [3] (see Equation (2)).

ε = 1− m
h · ρ f ib

(2)

where ε is the porosity of the fabric in percentage, ρfib is the fiber density under standardized
moisture regain in g/m3, and m is the measured areal density of the fabric in g/m2.

The dry fabric system is composed of fibers and air, with the air uniformly distributed
in the voids of the entire fabric system, including the interstices between the fabric structure
and yarns, the interstices between fibers, and the internal voids of the fibers. Assuming a
constant capacity of the fabric system, when the external environment is humid, the dry
fabric continuously absorbs moisture from the outside. Unlike air, the interaction between
water molecules and fibers is more complex, which Hes [16] describes in four forms: after
the fabric absorbs water, water molecules first enter the micro-pores of the fibers and
quickly form strong hydrogen bonds with the hydrophilic groups in the fiber polymers,
whereas the remaining water molecules quickly occupy all the voids in the entire fabric
system outside the fiber polymers until almost all the air in the fabric system is driven
out. Finally, some of the water molecules are adsorbed on the fabric surface and the fabric
reaches the state of saturation absorption, with the maximum water content. Sugawara and
Yoshizawa [17] proposed that the thermal conductivity of porous materials depends on
the thermal conductivity of the fluid and the solid. For fully saturated porous fabrics, the
fabric thermal resistance can be regarded as the combination of fiber thermal resistance and
water thermal resistance. Since the thermal conductivity of water is 22 times higher than
that of air (0.57/0.026) [18], as the proportion of water in the fabric increases, the overall
thermal conductivity of the fabric will significantly increase, resulting in a decrease in the
fabric’s insulation ability.

Many scholars have constructed theoretical and empirical models of fabric thermal
resistance under different humidity levels through practical experiments and theoretical
analyses. Among them, Mangat et al. [3] proposed a theoretical model for the wet-state
thermal resistance of single-layer fabrics based on previous theories, which macroscopically
considers the wet-state thermal resistance of fabrics as consisting of fiber thermal resistance,
air thermal resistance, and water thermal resistance. The following assumptions were made:
(1) the voids are uniformly distributed throughout the fabric system, and the moisture
content contained in the fabric is constant. When the fabric is soaked, the water entering
the fabric replaces some of the air in the voids; (2) when the hygroscopic fabric expands
after absorbing water, the fabric undergoes changes and the thickness and area of the fabric
increase, whereas the voids between the fibers and yarns decrease. However, since the
macroscopic changes are still relatively minor, the changes can be ignored; (3) when the
fabric is completely immersed, the water in the voids can be regarded as countless water
columns, and the height of the water columns in the voids can be regarded as the thickness
of the fabric. If the fabric has not reached complete wetting, the height of the water columns
and air columns cannot be measured; (4) this model is based solely on thermal conduction
and does not consider the effects of convection, radiation, and evaporation.

This series of models defines wet-state fabrics as a mixed system of fibers, water,
and air, and the total thermal resistance of the fabric is jointly determined by the thermal
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resistance of the fibers, air, and water. The thermal resistance calculation formulas for the
three factors are [3] (see Equations (3)–(5)):

Fiber thermal resistance : R f =
h(1− ε)

λ f
(3)

Air thermal resistance : Ra =
hε

λa(1− µ)
(4)

Water thermal resistance : Rw =
hε

λwµ
(5)

where Rf, Ra, and Rw represent the thermal resistance of fibers, air, and water, respectively,
m2·◦C/W. λf is the thermal conductivity of fiber polymers, W/(m·◦C). λa is the thermal con-
ductivity of air, in W/(m·◦C), whereas λw is the thermal conductivity of water, W/(m·◦C).
µ is the moisture content of the fabric, %.

The thermal resistance of a fabric in a wet state can be predicted by combining the
thermal resistance of its fiber, air, and water components in series, parallel, or a combination
of both. Based on different serial and parallel configurations in practice, Mangat et al. [3]
summarized eight thermal resistance models for wet fabrics (see Equations (6)–(13)). By
comparing the predicted results of these models with actual measurements, the thermal
resistance model with the best correlation was finally selected as the theoretical prediction
model for thermal resistance. The eight thermal resistance models are as follows:

Model 1 : Rt = R f + Ra + Rw (6)

Model 2 : Rt = (R−1
f + R−1

a + R−1
w )
−1

(7)

Model 3 : Rt =
Ra · R f

Ra + R f
+ Rw (8)

Model 4 : Rt =
R f · Rw

R f + Rw
+ Ra (9)

Model 5 : Rt =
Ra · Rw

Ra + Rw
+ R f (10)

Model 6 : Rt =
Rw(Ra + R f )

Ra + Rw + R f
(11)

Model 7 : Rt =
Ra(Rw + R f )

Ra + Rw + R f
(12)

Model 8 : Rt =
R f (Rw + Ra)

Ra + Rw + R f
(13)

Among the eight models summarized by Mangat et al. [3], Models 1 and 2 represent
the predicted thermal resistance values for fiber, air, and water in direct series and in
parallel and therefore should be excluded from consideration when selecting the optimal
thermal resistance model. In their subsequent experiments, Mangat et al. validated the
accuracy of the above models in predicting the thermal resistance of a single-layer knitted
fabric at different levels of moisture content. The results showed that Model 3 in their model
group had a good correlation with a certain twill cotton fabric tested, whereas Models 5
and 7 exhibited the best consistency with all experimental data and were applicable to
different types of knitted fabrics.
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It should be noted that Mangat et al. used the moisture content µ and 1− µ to represent
the ratio of water and air in the interstices of the fabric, respectively, in the calculation
formulas for air and water thermal resistance. According to the formula for moisture
content, it represents the proportion of water in the wet fabric. Therefore, using moisture
content to represent the ratio of water and air in the fabric interstices is not rigorous. The
thermal resistance prediction curve in Mangat et al.’s results often underestimated the
actual measurement values, which may be caused by the definition of moisture content.
In this study, we followed the thermal resistance prediction model framework of Mangat
et al. and used water content saturation to represent the ratio of water and air in the fabric
interstices, which is the maximum water content that the fabric can absorb. The water
content saturation was calculated as the ratio of the weight of water measured during the
test to the maximum water absorption weight of the fabric. The maximum water absorption
of the fabric was calculated based on the weight of the sample before and after immersion,
using the Formulas (14) and (15):

WAC =
mwater

SA
× 100% (14)

η =
mwet −mdry

WAC
× 0.09 (15)

where WAC is the maximum water absorption of the fabric in g/m2, SA is the fabric area in
m2, mwater is the maximum water weight that the fabric can absorb, g, mwet is the weight
of the wet fabric, g, mdry is the weight of the ultradry fabric, g, and η is the water content
saturation, %. The fabric samples are all large samples with a size of 0.3 m × 0.3 m; the
total area of the samples is 0.09 m2.

3. Experimental
3.1. Materials

Previous research on the thermal performance of wet fabrics has primarily focused on
porous and highly moisture-absorbent knitted fabrics. In this study, we investigated the
thermal performance of various types of woven fabrics commonly used in clothing, includ-
ing natural fiber fabrics such as cotton, linen, silk, and wool, as well as synthetic fiber fabrics
such as nylon and polyester. We also included blended fabrics such as polyester/cotton, ny-
lon/spandex, polyester/viscose, and polyester/ammonia. To prevent moisture evaporation
from the fabric during thermal resistance testing, we sealed the fabric samples in flat bags
(0.4 m × 0.3 m). The fabric samples were wetted with laboratory-made deionized water to
ensure consistency across all samples. See Table 1 for details on all fabric parameters.

Table 1. Fabric specifications.

Symbol Composition Structure Thickness (mm) Weight (g/m2) Porosity

CO Cotton 100% Plain 0.78 121.87 0.8985
JU Jute 100% Twill 0.93 249.25 0.8213
SI Silk 100% Plain 0.63 72.94 0.9148

WO Wool 100% Twill 1.02 175.39 0.8697
PO Polyester 100% Plain 0.66 90.05 0.9011
NY Nylon 100% Plain 0.72 161.06 0.8037
PE Polyester 90% + Elastane 10% Plain 0.89 155.37 0.8739
PC Polyester 65% + Cotton 35% Plain 1.41 227.26 0.8877
AV Acrylic 70% + Viscose 30% Plain 0.89 200.62 0.8047
NE Nylon 85% + Elastane 15% Plain 0.77 136.69 0.8748

3.2. Sample Preparation

Measuring the maximum water absorption of a fabric sample is the first step in
evaluating a fabric’s ability to absorb and store moisture. The experimental method
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followed that by Tang et al. [19]. To ensure that the fabric was completely dry before
measurement, all test fabrics were dried in an oven at 105 ◦C for 30 min to remove any
excess moisture and achieve an “ultra dry state” as proposed by Naka et al. [11]. Then, the
fabric sample was soaked in deionized water for 3 min and hung vertically until there were
no liquid droplets falling for 30 s, indicating complete wetting of the fabric.

Based on the maximum water absorption of the fabric, the fabric saturation level, and
the area of the fabric sample, the amount of water added to the fabric sample is determined.
The fabric saturation level is defined as the percentage of the added water to the maximum
water absorption of the fabric, reflecting the degree of water content saturation in the fabric.
Since the testing time of the thermal resistance tester is relatively long, the evaporation of
water from the test fabric during the test will not only affect the temperature and humidity
of the surrounding environment but also cause a decrease in the moisture content of the
fabric. To address this issue, the method proposed by Raccuglia et al. [20] was adopted to
seal the wet fabric. Specifically, the ultradry fabric was placed flat in a sealed bag and a
certain amount of deionized water was measured and poured into a humidifying spray
bottle. The spray bottle was then suspended about 2 cm above the center of the fabric
sample and sprayed evenly with deionized water. After 5 min of standing, the bag is sealed
once the fabric is fully wetted.

In addition, the thermal resistance tests were conducted on the ultradry fabric and on
fabrics with saturation levels of 20%, 40%, 60%, 80%, and 100%. If the saturation level of the
test sample exceeded 100%, i.e., there is excess water between the fabric and the simulated
skin, the humidification procedure is performed in two steps to avoid insufficient water
due to excess water adhering to the inner wall of the sealed bag. First, the added water is
determined based on the maximum water absorption of the sample, followed by adding the
excess water using a micro pipette to the center of the sample before the thermal resistance
test is performed.

3.3. Equipment and Methods

The thermal conductivity, thermal resistance, and insulation properties of fabric sam-
ples were measured using a textile heat transfer performance tester (Ningbo Textile Instru-
ment Co., Ltd., Ningbo, China, YG606E, see Figure 1) in accordance with GB/T 11048-2018
(Textiles—Physiological effects—Measurement of thermal and water-vapour resistance un-
der steady-state conditions (sweating guarded-hotplate test)) [21]. The instrument provides
rapid measurement of both steady-state and transient thermal performance. To some extent,
this instrument simulates the heat flow density q (W/m2) from human skin to fabric when
the fabric is initially in contact with the skin in an environment without forced convection.
The fabric thickness was determined using a digital fabric thickness gauge (Wenzhou In-
terco Testing Instruments Co., Ltd., Wenzhou, China, YG(B)141D) in accordance with GB/T
3820-1997 (Determination of thickness of textiles and textile products) [22], whereas the
surface density was determined using an electronic balance with an accuracy of ±0.1 g in
accordance with GB/T 4743-2009 (Textiles—Yarn from packages—Determination of linear
density (mass per unit length) by the skein method) [23]. The fabric samples were dried
in a ventilated oven (Wenzhou Baien Instrument Co., Ltd., Wenzhou, China, Y802K) and
sealed using a hand-press sealing machine; a humidifier was used.

When two fibers are blended during the fabric weaving process, the density of the
blended fibers cannot be directly obtained. However, it can be estimated using the following
equation proposed by Militky [24].

ρab = rρa + (1− r)ρb (16)

where a and b represent the types of fibers, ρa and ρb represent their fiber densities, r
represents the proportion of fiber a, and ρab represents the density of the blended fiber. All
tests were conducted under laboratory conditions with a temperature of 20 ± 1 ◦C, relative
humidity of 50 ± 5%, and wind speed < 0.4 m/s.
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3.4. Thermal Properties Characterization

The thermal properties of textiles, such as the heat transfer coefficient (U), thermal
resistance (Rt), and thermal insulation (Q), are influenced by factors such as the fabric
type and environment. In this study, a textile heat transfer performance tester was used to
measure these properties in a constant temperature and humidity room. The laboratory
temperature was set at 25 ± 1 ◦C, with a humidity of 65 ± 5% and a wind speed less than
0.4 m/s. The temperature of the test plate was set at 35 ◦C, and square fabric samples
measuring 0.3 m × 0.3 m were prepared for each fabric type. Before each day’s experiment,
a blank test was conducted, then the instrument chamber was opened and the sealed
bag with the wetted fabric was laid flat onto the test plate of the thermal resistance tester.
During the experiment, care was taken to maintain stable air inside the instrument as much
as possible. After a period of testing, the thermal properties of the fabric could be read
from the instrument panel. Each experiment was performed three times and the results
were averaged, with a coefficient of variation between the test results being less than or
equal to 3%.

The heat transfer coefficient of a fabric refers to the heat flux passing through a unit
area of fabric when there is a surface temperature difference of 1 ◦C [25]. The formula for
calculating the heat transfer coefficient is as follows:

U =
Ubp ×U1

Ubp −U1
(17)

where U is the heat transfer coefficient of the fabric, W/(m2·◦C), Ubp is the heat transfer
coefficient of the experimental plate without specimen, W/(m2·◦C), and U1 is the heat
transfer coefficient of the experimental plate with specimen, W/(m2·◦C).

The thermal resistance is the reciprocal of the heat transfer coefficient, and its conver-
sion formula for thermal resistance is:

Rt =
1
U

(18)

Rtm = Rct − Rct0 (19)

where Rtm is the actual measured thermal resistance of the fabric in m2·◦C/W; Rct is the
final thermal resistance test reading of the thermal resistance tester, which is the sum of the
fabric thermal resistance and the sealing bag thermal resistance in m2·◦C/W; and Rct0 is the
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thermal resistance of the sealing bag in m2·◦C/W, which can be directly tested by the thermal
resistance tester. The thermal resistance of the sealing bag Rct0 is 12.8 × 10−3 m2·◦C/W.

The thermal insulation rate is the percentage of the difference between the heat dissi-
pation with and without the sample to the heat dissipation without the sample. It is related
to the thermal conductivity and porosity of the fibers and reflects the ability of the fabric
to prevent the loss of body heat. According to the latest textile thermal insulation testing
standard GB/T 35762-2017 (Textiles—Test method for thermal transmittance—Flat plate
test), the equation for calculating the thermal insulation rate is as follows [26]:

Q =
W2 −W1

W1
× 100% (20)

where W1 is the heat dissipation of the blank test plate (W/◦C) and W2 is the heat dissipa-
tion of the sample test plate (W/◦C).

4. Result and Discussion
4.1. Effect of Water Content Saturation on Fabric Thermal Resistance

In this study, the thermal performance changes of ten different fiber types of woven
fabrics were measured at various humidity levels. The measurement results of thermal re-
sistance and insulation rate in dry and wet states are shown in Figures 2 and 3; each sample
was measured three times. The coefficient of variation (CV) for the measurement results
was less than 3%. As shown in the figures, the fabrics deteriorated in thermal performance
after wetting and the thermal resistance and insulation rate both decreased as the water
content saturation level of the fabric increased. Compared with the thermal resistance
of all fabrics in the ultradry state, when the water content saturation level reached 20%,
the thermal resistance significantly decreased in the range of 8.3~12.1 × 10−3 m2·◦C/W,
with an average decrease of 42.5%. Subsequently, when the water content saturation level
reached 40%, 60%, 80%, and 100%, the average decreases in thermal resistance were 61.8%,
71.5%, 74.9%, and 77.8%, respectively. It was observed that the degree of decrease in
thermal resistance gradually decreased as the water content saturation level of the fabric
increased; this ultimately decreased to 22.2% of the thermal resistance in the ultradry state.
This may be because a small amount of water in the fabric provides a shortcut for heat
transfer when the water content saturation level of the fabric is low, significantly increasing
the thermal conductivity of the fabric. As the water content saturation level increases, water
molecules gradually enter the interior of the fabric until all the voids in the fabric system
are occupied [27]. The thermal conductivity of fabric fibers generally ranges from 0.033 to
0.100 W/(m·◦C) according to literature [17]. Air, as a poor conductor of heat, has a stable
thermal conductivity of only 0.026 W/(m·◦C) at 20 ◦C, whereas the thermal conductivity of
still water at 20 ◦C is 0.57 W/(m·◦C), which is 22 times higher than that of air. The specific
heat capacity of water is 3431 times that of air at 37 ◦C [28]. When water occupies the entire
fabric system, it not only destroys the loose structure of the fabric but also significantly
reduces the thermal resistance of the fabric due to its higher thermal conductivity. When
a large number of water molecules are adsorbed on the surface of the fabric, the fabric
surface becomes moist [29]. As the proportion of adsorbed water in the fabric increases,
the impact on thermal resistance gradually becomes less significant because the adhesion
force and the action force of adsorbed water are weak [10]. For blended fabrics, due to the
different blending proportions of hydrophilic and hydrophobic fibers, it can be found that
the proportion of hydrophilic fibers is greater than hydrophobic fibers in materials such
as NE (Nylon 85% + Elastane 15%), whose thermal resistance loss after complete wetting
is 84.21% of the ultradry-state thermal resistance, whereas the proportion of hydrophobic
fibers is greater than hydrophilic fibers in materials such as PC (Polyester 65% + Cotton
35%), whose thermal resistance loss was 68.70% of the ultradry-state thermal resistance.
This finding may indicate that the thermal resistance loss after wetting is greater for blended
fabrics with a higher percentage of hydrophilic fibers.
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4.2. Selection of a Theoretical Model for Thermal Resistance

Exploring the accuracy of different models in predicting the thermal resistances of
wet fabrics, we conducted statistical comparisons between the predicted values from each
model and the experimental values. We used three methods: sum of squared deviations
(SSD), sum of absolute deviations (SAD), and coefficient of determination (R2), according to
standard procedures, to analyze the accuracy of the model predictions. Tables 2–4 compare
the predicted thermal resistance values and actual test values for Model 1 to Model 8, with
the two best results highlighted in bold. The results show that all three evaluation methods
gave consistent results and that Model 5 was the closest to the actual test values for all
ten fabric samples (R2 ≥ 0.955). This model’s characteristics are that the air resistance
and water resistance are connected in parallel, followed by a series connection with the
fiber resistance. Although Model 7 did not perform as well as Model 5 (R2 ≥ 0.917), it
still demonstrated good predictive ability. This model’s characteristics are that the water
resistance and fiber resistance are connected in series, followed by a parallel connection
with the air resistance. Therefore, we consider that the predictions of Model 5 and Model 7
for the thermal resistance of moist fabrics have some reference value. This finding is similar
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to the results of Mangat et al. [3], indicating that the use of woven fabric samples is also
applicable to Model 5 in this study.

Table 2. Sum of squares of deviations of each model.

Symbol Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8

CO 0.933199 0.000101 0.000904 0.928485 0.000002 0.000021 0.000008 0.000085
JU 1.219922 0.000149 0.000977 1.212564 0.000007 1.212564 0.000019 0.000048
SI 1.22135 0.001666 0.000076 0.000462 0.000003 0.000027 0.000012 0.000056

WO 0.859346 0.011524 0.005531 0.859995 0.000009 0.010149 0.000023 0.011331
PO 1.001217 0.000123 0.000901 0.998148 0.000011 0.000015 0.000013 0.000121
NY 0.774761 0.000105 0.000676 0.770626 0.000012 0.000019 0.000021 0.000097
PE 0.639571 0.000084 0.000565 0.637524 0.000008 0.000012 0.000011 0.000821
PC 0.605522 0.000072 0.000581 0.602423 0.000005 0.000017 0.000009 0.000061
AV 0.843322 0.005482 0.001254 0.598752 0.000014 0.000017 0.000027 0.000121
NE 0.755424 0.000382 0.000951 0.754122 0.000022 0.000017 0.000034 0.000201

Table 3. Sum of absolute deviations of each model.

Symbol Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8

CO 1.101330 0.019659 0.033001 1.053953 0.003696 0.010501 0.005818 0.015354
JU 1.255706 0.025461 0.036638 1.202308 0.004415 1.202308 0.008084 0.015765
SI 1.263636 0.008987 0.018391 1.024102 0.003267 0.012435 0.006348 0.012336

WO 1.089659 0.154268 0.106831 1.120350 0.005283 0.145965 0.009126 0.146836
PO 1.139877 0.017560 0.034325 1.094537 0.006141 0.007583 0.007124 0.017053
NY 1.005387 0.016181 0.031567 0.961944 0.007786 0.008308 0.009639 0.016016
PE 0.909487 0.015569 0.027219 0.873232 0.005527 0.007134 0.006164 0.014718
PC 0.886296 0.016374 0.027933 0.847941 0.004618 0.009027 0.006348 0.013441
AV 0.756122 0.022356 0.032515 0.235551 0.003155 0.004655 0.008759 0.012581
NE 0.842523 0.015666 0.012111 0.616515 0.004235 0.023151 0.007989 0.014587

Table 4. Correlation between the measured and predicted values.

Symbol Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8

CO −0.365 0.880 0.958 −0.400 0.985 0.883 0.979 −0.038
JU −0.382 0.838 0.914 −0.410 0.999 0.811 0.956 −0.046
SI −0.349 0.841 0.951 −0.346 0.987 0.876 0.961 −0.059

WO −0.292 0.816 0.894 −0.324 0.976 0.933 0.939 −0.066
PO −0.310 0.839 0.921 −0.344 0.958 0.858 0.961 −0.068
NY −0.310 0.850 0.920 −0.344 0.984 0.856 0.959 −0.070
PE −0.384 0.860 0.937 −0.418 0.972 0.871 0.971 −0.094
PC −0.441 0.850 0.907 −0.473 0.997 0.846 0.939 −0.182
AV −0.522 0.872 0.891 −0.423 0.965 0.817 0.921 −0.132
NE −0.221 0.897 0.905 −0.373 0.955 0.873 0.916 −0.061

The coefficient of determination (R2), sum of squared deviations (SSD), and sum of
absolute deviations (SAD) were calculated as follows:

R2 = S2
xy/S2

xS2
y (21)

SSD =
n

∑
i=1

(Rtm,i − Rt)
2 (22)

SAD =
n

∑
i=1
|Rtm,i − Rt| (23)
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where Rtm,i represents the actual thermal resistance of the fabric measured by the exper-
imental instrument, in units of (W·m2)/◦C, i indicates the order of the actual thermal
resistance test, and Rt is the predicted thermal resistance value of the model, in units of
(W·m2)/◦C.

4.3. Modification of Thermal Resistance Model

According to the assumptions of the theoretical model (i.e., the voids in the fabric are
uniform and constant), the model was revised by using the water content saturation instead
of the moisture content to characterize the proportion of water in the fabric system voids.
The study compared the fitting relationship between the prediction curve and experimental
measurements before and after the revision of Model 5, as shown in Figure 4. From the
figure, it can be clearly seen that the prediction curve is generally lower than the measured
value, especially when using the original model. The revised model can obtain results
closer to the measured value than the original model. Among the 10 sets of revised model
prediction curves, 8 sets (80%) had R2 values ranging from 0.95 to 0.99. Only one set of
the revised model (NE group) had an R2 value lower than 0.90 (R2 = 0.896), which was
higher than the original model (R2 = 0.824) by 0.072. However, this was still higher than the
acceptable range of R2 values required by correlation analysis (R2 > 0.8) [30]. It was also
found that, especially at low water content saturation levels, the slope of the prediction
curve of the revised model was smaller than that of the original model and the downward
trend was more gentle, which was in line with the experimental test results. Comparison of
the model prediction curve with the experimental results by Mangat et al. [3] also revealed
that the original model always underestimated the thermal resistance compared with
the actual measurement. Using water content saturation instead of moisture content can
effectively improve the prediction accuracy of the model. The experimental results support
the applicability of the model in predicting the wet-state thermal resistance of single-layer
woven fabrics, indicating a great consistency between the measured and predicted values.
Therefore, this study suggests that the revised Model 5 be used as the optimal model for
predicting the wet-state thermal resistance of fabrics.
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4.4. Relationship between the Theoretical Models and Test Results

Exploring the composition of the fabric thermal resistance and the effect of moisture
on fabric thermal resistance, we explain the changes in thermal resistance observed in our
experiments based on a theoretical model. As shown in Figure 4, the prediction curve of
Model 5 more clearly illustrates the rate at which fabric thermal resistance deteriorates after
absorbing moisture. According to the trend of Model 5’s curve, we found that as the fabric’s
water saturation level increases, its thermal resistance significantly decreases. Moreover, we
observed that the thermal resistance curve changes significantly around a water saturation
level of 20%. Therefore, the fabric moisture absorption can be roughly divided into two
processes: the initial stage of moisture absorption when the water saturation level is
between 0~20% and the later stage of moisture absorption when the water saturation level
is above 20%. The initial stage is characterized by a rapid decline in thermal resistance,
with a decrease of approximately 51.92% to 64.28% compared with the ultradry state. The
later stage is characterized by a slow decline in thermal resistance, with a decrease of only
approximately 23.08% to 27.14% compared with the ultradry state.

According to the thermal resistance composition analysis of Model 5, the air thermal
resistance and water thermal resistance are parallel components, whereas the fiber thermal
resistance is a series component. The primary factor that affects fabric thermal resistance is
the composition of the filler in the fabric’s void spaces. The reason for the abrupt decline in
the first half of the thermal resistance curve during the initial stage of moisture absorption
is that the air content in the fabric’s void spaces gradually decreases, whereas the water
content gradually increases. Therefore, the factors that determine the amount of void
space in the fabric, such as fabric thickness and porosity, become critical in affecting the
thermal resistance of the wet fabric. When humidity changes, the fiber thermal resistance
in the fabric’s total thermal resistance does not change, but the composition of air thermal
resistance and water thermal resistance does change. Therefore, the fiber’s ability to
adsorb water is also an important factor affecting the change in thermal resistance of wet
fabrics. When the fiber becomes wet, its physical and chemical properties change, leading
to significant microscopic effects on the system’s internal energy, which manifests as a
significant change in thermal conductivity. When a small amount of water enters the fabric,
it first forms strong hydrogen bonds with hydrophilic fibers and then penetrates into the
microporous structure of the porous fibers [31]. With an increase in moisture content, the
water gradually fills the large pores formed by the fabric’s tissue, forming numerous water
columns that provide many transmission channels to accelerate heat transfer. After filling
the void spaces of the fabric with water, excess water will accumulate on the fabric’s surface
due to its adsorption effect, resulting in a slow decline in the fabric’s thermal resistance.
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However, the effect of water absorption on thermal resistance is significantly smaller than
that of moisture absorption, as indicated by the gentle slope of the curve in the latter stage.

4.5. Limitations and Applications

The theoretical model of fabric thermal resistance is not a perfect simulation of the
real fabric structure due to the inherent complexity of the fabric itself. When the filling
material in the fabric is only water or air, the thermal resistance of the fabric is composed
of only two components: fiber thermal resistance and filling material thermal resistance,
with the total fabric thermal resistance being the sum of the two. When the wetting is
incomplete, the distribution of water and air inside the fabric becomes more complex.
Water, which possesses surface tension and viscosity compared with air [32], has a more
complicated contact situation with the fibers, and the number and position of the contact
points have an impact on the overall thermal resistance of the fabric. This is difficult to
measure or calculate; instruments can only measure the average thermal resistance of the
fabric. As a part that is favorable for heat transfer is added to the filling material, the overall
thermal resistance of the fabric decreases. However, as the proportion of one component
continues to increase, the rate of change of the overall thermal resistance with respect to
that component also increases, reflecting the heat conduction ability of that component [33].
In summary, the thermal resistance with respect to changes in water content cannot ignore
the influence of the various components in the filling material. Such situations are difficult
to predict and can only be derived from empirical models. The modified Model 5 can
be used to approximate the thermal resistance of fabrics in the wet state and is a good
alternative empirical model.

5. Conclusions

The thermal resistance of ten typical fabrics at different moisture levels was measured
in this study to observe the changes in thermal resistance of woven fabrics as they are
gradually humidified. The study found that as the humidity of the fabric increased, the
thermal parameters including thermal resistance and thermal insulation rate deteriorated.
The thermal resistance and thermal insulation rate of completely wetted fabrics were
only 22.2% and 23.4% of that in the ultradry state. Based on Mangat et al.’s model, a
model was selected and improved to predict the thermal resistance of woven fabrics
at different moisture levels. After replacing the moisture content with water content
saturation, the thermal resistance prediction model showed a more accurate prediction
ability. The modified model had a significant improvement compared with the original
model, as demonstrated by the correlation coefficient (R2) test. The improved Model 5 fills
the gap in predicting the thermal resistance of woven fabrics in a wet state. These results
indicate that the modified Model 5 can be used to predict the thermal resistance of various
types of woven fabrics under different moisture levels. This method provides an effective
reference for quantifying the impact of moisture on the thermal resistance of woven fabrics
and provides a theoretical basis for evaluating the thermal and moisture comfort of fabrics.
Future research will consider using physiological saline to humidify fabrics to predict the
thermal resistance of fabrics after being humidified by human sweat and to test other types
of mathematical models using this method.
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Abstract: Measuring breathing changes during exercise is crucial for healthcare applications.
This study used wearable capacitive sensors to capture abdominal motion and extract breath-
ing patterns. Data preprocessing methods included filtering and normalization, followed by
feature extraction for classification. Despite the growing interest in respiratory monitoring,
research on a deep learning-based analysis of breathing data remains limited. To address this
research gap, we optimized CNN and ResNet through systematic hyperparameter tuning,
enhancing classification accuracy and robustness. The optimized ResNet outperformed the
CNN in accuracy (0.96 vs. 0.87) and precision for Class 4 (0.8 vs. 0.6), demonstrating its
capability to capture complex breathing patterns. These findings highlight the importance of
hyperparameter optimization in respiratory monitoring and suggest ResNet as a promising
tool for real-time assessment in medical applications.

Keywords: deep learning; respiratory signal; wearable sensor; convolutional neural network;
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1. Introduction
Respiratory changes during exercise are critical indicators in healthcare fields, such as

sports monitoring. Previous studies have suggested that fast inputs, including central
command, primarily regulate respiratory signal during exercise [1]. This regulation may
explain the strong association between respiratory signal and perceived exertion across
various exercise conditions. Emerging evidence highlights that respiratory signal can effec-
tively reflect the level of effort during cycling exercise [1–3]. In this way, respiratory signal
serves as a prominent indicator of physical effort during exercise, surpassing the relevance
of other commonly monitored physiological variables [4]. For example, respiration during
exercise is primarily regulated by central command, along with input from muscle afferent
fibers and metabolic signals [5]. Respiration is influenced by inputs that operate at distinct
timings in response to sudden changes in exercise intensity. Rapid increases in respiration
at the onset of exercise are driven by fast inputs, including central command and afferent
feedback, while metabolic stimuli contribute to respiration with a delayed response [6].
Evidence indicates that respiratory signal more accurately represents physical effort com-
pared to blood lactate, particularly in conditions such as post-exercise muscle damage [7],
glycogen depletion [8], and in individuals with McArdle’s disease [9]. Thus, respiratory
signal provides corresponding data on physical effort during exercise.

Moreover, measuring respiratory signals is not an easy task, making wearable devices,
data preprocessing, and analysis methods such as deep learning critical factors in the mea-
surement process. Wearable devices come in a variety of forms, including clothing, bracelets,
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and belts, each with their own advantages and disadvantages. Wearable respiratory sen-
sors have gained significant attention for their ability to non-invasively monitor breathing
patterns. Recent advancements, including deep learning-assisted portable biosensors,
have enabled real-time respiratory analysis using compact and cost-effective devices [10].
Among these, clothing-based wearables are particularly well suited for everyday use.
By utilizing lightweight and flexible materials, they allow for unrestricted movement,
enabling the convenient measurement of body activity data, such as respiratory monitoring.
For instance, a study developed a resistive sensor that can measure changes in breathing
caused by emotional states. This was achieved by detecting changes in waist circumference,
showing that clothing-based sensors can effectively capture respiratory changes associated
with bodily movements [11]. Another study investigated textile-based sensors that measure
breathing through contact resistance changes between fibers, even under different postural
conditions [12]. Research on respiratory monitoring using clothing-based sensors is on the
rise. However, while the classification of breathing patterns and data processing methods
are critical, these aspects remain relatively underexplored.

Typically, respiratory signal estimation is directly performed from previously de-
tected respiratory signals using deep learning, particularly Convolutional Neural Networks
(CNNs) [13,14]. A CNN is a computational model composed of multiple processing lay-
ers capable of learning data representations [15]. This model enables tasks such as image
classification, image segmentation, and action recognition. Despite their high applicability,
CNNs occasionally encounter issues where neurons “die” during the learning process and
fail to recover [16,17]. Additionally, as the model introduces more parameters, overfitting may
occur, or training errors may increase [18]. To overcome these challenges, various methods
have been proposed, one of which involves using a Residual Network (ResNet) [19,20]. Deep
learning is utilized not only in medical image analysis but also in the classification of bio
signals using wearable sensors, making it particularly useful for processing time series such
as breathing patterns [21]. The key distinction of ResNet lies in the inclusion of shortcut
connections within convolutional layers. These connections help address common CNN
issues, allowing the gradient to backpropagate more effectively, thereby accelerating the train-
ing process [22]. As demonstrated, different training methods have distinct characteristics,
and selecting the appropriate deep learning model that aligns with the research objective is
essential. Additionally, choosing suitable parameters based on the characteristics of the data
can significantly impact the accuracy of the results. Therefore, the selection of an appropriate
deep learning model and parameter configuration that fit the research objective is crucial.

In this study, respiratory data generated during physical activity were trained using
deep learning models such as CNN and ResNet to identify the most suitable approach
for improving prediction accuracy. To measure respiration during exercise, a wearable
respiration sensor was developed. The sensor was designed to be positioned at the front
and back of the torso, specifically near the xiphoid process, to measure changes in capac-
itance caused by thoracic expansion and contraction during breathing. The respiration
changes were observed according to different exercise conditions. To accurately classify and
detect these changes, a comparative analysis of CNN and ResNet models was conducted.
The method that demonstrated higher accuracy was considered the most appropriate for
the given dataset. These findings highlight the development of an optimized system for
selecting deep learning models that best suit the characteristics and objectives of the dataset,
ultimately enhancing prediction accuracy. The research process is illustrated in Figure 1,
providing a clear visualization of the study’s workflow. This diagram helps readers easily
understand the research objectives.
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Figure 1. A schematic of the proposed work.

2. Materials and Methods
2.1. Respiration Measurement System
2.1.1. Breathing Mechanism

Understanding the mechanism of breathing is essential for accurate respiratory mea-
surement. Equally important is the selection of a sensor measurement method that effec-
tively corresponds to this mechanism. Various methods exist for measuring respiration,
including monitoring airflow through the nose, capturing respiratory sounds, and track-
ing abdominal movement. Among these, this study focuses on measuring abdominal
movement. This approach was chosen because it is the most suitable for wearable sensor
applications and can be easily implemented in daily life.

In this method, respiration is measured using capacitive values (C) derived from abdom-
inal movement (Equation (1)). The principle of measurement is as follows: when inhaling, air
enters the lungs, causing the lungs to expand. This expansion leads to the spreading of the
ribcage and the subsequent expansion of the thorax and abdomen. Conversely, when exhaling,
air exits the lungs, the ribcage contracts, and the abdomen compresses. This process results
in variations in abdominal volume, which correspond to changes in the distance between
electrodes in a capacitive sensing system. By analyzing these differences in capacitive values,
respiration can be assessed.

The two sensors were placed on the front and back of the body near the xiphoid
process, where the abdominal movements caused by breathing can be most effectively
measured. When the abdomen expands, the distance between the electrodes (d) is denoted
as d0, and during contraction, it is d f . The difference between these distances, ∆d, is
used to analyze respiration (Equation (2)). The measurement principle and the breathing
mechanism are illustrated in Figure 2 [23].

C =
εA
d

(1)

∆d = d f − d0 (2)
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2.1.2. Fabrication of Wearable Sensors

The electrodes were designed to have a rectangular shape with dimensions of 100 mm
in width and 50 mm in height. The connectors for measurement were circular, measuring
20 mm × 20 mm. The stitch connecting the sensors to the connector was made in a zigzag
pattern with a total length of 335 mm. The placement of the sensors is shown in Figure 3a,
where the distances relative to reference points can also be observed. The area density of
the embroidery (line/mm) was set to 6 for the sensor electrodes and 4.5 for the connectors.
As the connection line consists of stitch lines, it does not have an embroidery area density.
Regarding the stitch pattern, the electrodes and connectors were designed with a running
stitch for the top thread and a fill stitch for the bobbin thread, while the connection line
used a zigzag stitch.
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The stitch length for the electrodes and connectors was set to a width of 2 mm and a
height of 4 mm, whereas the connection line had a width of 5 mm and a height of 1 mm. Finally,
the total amount of thread used was 9526 stitches for the electrodes and 606 stitches for the
connectors. This information is provided only for embroidered area measurements. Detailed
specifications of the sensors are provided in Table 1 [24].

Table 1. Specifications of the wearable sensors.

Parameter Electrodes Connection Line Connectors

Dimension (width × height) 100 × 50
(
mm2 ) 335

(
mm2 ) 20 × 20

(
mm2 )

Density (line/mm) 6 - 4.5
Shape of stitch Running, fill Zigzag Running, fill

Length of stitch (mm) 2, 4 5/1 (width/height) 2, 4
Number of stitches 9526 - 606

The electrodes of the sensors were directly embroidered onto fabric (87% polyester,
13% spandex) (Sumnfit, Seoul, Republic of Korea) using silver-coated thread (AMANN,
Bönnigheim, Germany) and an embroidery machine (BROTHER, Bridgewater, NJ, USA).
Silver-coated thread was used as the top thread, while 100% rayon embroidery thread was
used as the bobbin thread. The top thread was placed on the inner side of the garment,
which encounters the body, while the bobbin thread remained on the outer side. To protect
the outer side, a polyurethane (PU) film was heat-bonded onto the surface.
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As shown in Figure 3a [23], rectangular electrodes were directly embroidered onto the
front and back of the garment near the xiphoid process. The electrode placement was chosen
to align with the areas of the abdomen that exhibit the most significant volume changes during
respiration. To prevent any obstruction to breathing during measurements, the connector
was positioned at the bottom hem of the garment, allowing seamless connection to the
measurement device. The connectors were symmetrically aligned on both the front and back
of the garment. To connect the electrodes and the connectors, a zigzag stitch was used, creating
a straight pathway from the rectangular electrodes to the circular connectors.

The silver-coated thread consists of 34 twisted nylon filaments. This thread is widely
used in wearable applications due to its compatibility with embroidery [25] and sewing
machines. It has also been evaluated as safe in cytotoxicity tests following the biological
evaluation standard for medical devices (DIN EN ISO 10993-5) [26]. Therefore, it is suitable
for placement on the inner side of garments where it comes into direct contact with the skin.
In this regard, ply refers to the unit indicating the number of strands twisted together to
form a thread. A single-ply thread consists of one twisted strand, while a triple-ply thread
consists of three twisted strands. As shown in Figure 3b [27], the resistance of the thread
decreases as the number of twists increases, demonstrating that the thread used in this
study minimizes measurement errors caused by resistance.

2.2. Experimental Setup and Acquistion

The experiment was conducted to measure breathing under different intensity lev-
els through cycling. The measurement process involved wearing a garment-based sensor
and using an indoor cycling apparatus (XAMEN KANGTO FITNESS FOUPWENT CO,
Xiamen, China). For precise measurements, an LCR meter (KEYSIGHT, Santa rosa, CA, USA)
and the Keysight Benchvue program (KEYSIGHT, Santa Rosa, CA, USA) were employed
instead of simple devices.

The intensity levels were divided into four categories: resting state (no activity),
low intensity, moderate intensity, and high intensity. Low intensity corresponded to
an average speed of 15–20 km/h, moderate intensity to 20–30 km/h, and high intensity to
30–40 km/h. Each intensity level was measured for 5 min, followed by a 1 min rest period
before proceeding to the next measurement. The schematic diagram of the measurement
setup is shown in Figure 4a [23], and the actual measurement process is illustrated in
Figure 4b. The temperature was measured at room temperature (18 ◦C to 20 ◦C), and the
experiment was conducted at approximately 60% humidity.
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𝑦 ൌ 𝐹ሺ𝑥ሻ ൅ 𝑥  (4)

Figure 4. (a) Schematic of LCR meter [23]; (b) measurement of wearable sensors.
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2.3. Signal Processing with Deep Learning

Signal processing was conducted using MATLAB R2023a. The data, representing
the capacitive values of the sensor corresponding to respiration, were normalized to a
range between −3 and 3 to enhance model generalization and improve training stability.
Using the normalized data, classification results were analyzed with CNN and ResNet to
determine the most suitable algorithm for the dataset used in this study. Figure 5 illustrates
the hierarchical structures of the networks, where 5a represents the CNN architecture and
5b depicts the ResNet architecture.
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A CNN is an algorithm that processes multiple layers sequentially. The CNN used
in this study consists of seven convolutional blocks, each containing convolution, normal-
ization, ReLU, and dropout layers. After repeating these blocks seven times, the network
concludes with a global pooling layer and a fully connected layer for final classification.
Through the pooling layer, features can be directly extracted, and hierarchical learning
makes it effective for capturing complex data. However, as mentioned in the introduction,
issues such as neuron death and non-recovery occasionally occur during this process.
To address these limitations, ResNet, which has a similar structure but overcomes such
challenges, is one of the alternative algorithms.

The structure of ResNet consists of two residual blocks, each containing two sets
of convolutional blocks. A distinguishing feature of ResNet is its ability to learn the
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residual function F(x), which represents the difference between the input (x) and the
output (y), unlike conventional neural networks. The mathematical representation of the
residual function is provided in Equation (3), where H(x) denotes the target function.
Furthermore, as illustrated in Figure 5b, simple skip connections ensure that information is
preserved during transmission, preventing performance degradation even as the network
depth increases. The mathematical formulation of these skip connections can be found in
Equation (4). After the residual blocks, the network concludes with global pooling and a
fully connected layer, like CNN, to produce the final classification results.

F(x) = H(x)− x (3)

y = F(x) + x (4)

The total dataset consists of 157 samples, with 100 sets used for training, 24 sets for
validation, and 23 sets for testing. Both algorithms classify four classes using a single input.
The dropout rate is set at 0.5, with a filter size of 5 and 32 filters. The maximum number of
epochs is configured as 200 for CNN and 1000 for ResNet. The initial learning rate is set to
0.0005 for CNN and 0.001 for ResNet.

Table 2 includes all materials and methods used in this work together with their purposes.

Table 2. Summary of analyzed materials and test devices used.

Component Remark Manufacture Purpose

Electrodes Silver-coated outer nylon
cores covered by PU

AMANN,
Bönnigheim, Germany

Creating sensing area of
upper and lower plates

Embroidery machine PR670E BROTHER, Bridgewater,
NJ, USA

Sewing electrodes,
connection wires,
and connectors

Indoor cycling apparatus MKHB-01
XAMEN KANGTO FITNESS

FOUPWENT CO,
Xiamen, China

Device for measuring
respiration based on

exercise intensity

LCR meter E4980AL KEYSIGHT, Santa rosa,
CA, USA

Measurement of capacitance
values based on respiration

MATLAB R2023a MathWorks, Natick, MA, USA
Data classification and

optimization using
deep learning

3. Results and Discussion
Breathing data were collected under four conditions, resting, low intensity, moder-

ate intensity, and high intensity, based on changes in cycling speed. Using this dataset,
classification was performed using both CNN and ResNet algorithms, and their results
were compared to determine the most suitable algorithm for this classification task.
Figure 6 sequentially presents the capacitive data measured by the respiratory sensor for
each condition: (a) resting, (b) low intensity, (c) moderate intensity, and (d) high intensity.
Additionally, the results were derived by comparing accuracy, precision, recall, and the
F1-score. Accuracy refers to the proportion of correctly predicted samples out of the total
samples. Precision measures the proportion of true positive predictions among all positive
predictions, while recall measures the proportion of true positive instances among all actual
positive instances. The F1-score represents the harmonic meaning of precision and recall.
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3.1. Analysis of Results from CNN Algorithms

During the process of result derivation, the parameters and the number of blocks
were adjusted to identify the most suitable configuration. In the initial model, CNN-1,
the baseline number of blocks was set to seven, with the hypothesis that increasing the
number of blocks would enhance training capacity and ultimately improve final accuracy.
Deep learning training was conducted under this assumption.

Contrary to expectations, the training results failed to identify meaningful patterns,
resulting in significantly low validation and test accuracy of 25%. Instead, all predictions
were classified as resting (Class 1) breathing. These outcomes are visualized in Figure 7,
where (a) displays the training results window, and (b) presents the confusion matrix.
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This result suggests that increasing the number of blocks led to overfitting, thereby de-
grading generalization performance. Additionally, it may be attributed to information loss
during propagation due to neuron deletion, which was previously identified as an issue.

In the second training session (O-CNN), improvements were made by fixing the num-
ber of blocks at seven and varying the number of epochs between 150 and 300 to identify
the point where accuracy steadily increased without overfitting. Ultimately, the most
stable gradient was achieved at 200 epochs. The final validation accuracy reached 79.16%,
while the test accuracy was 83.92%. Additionally, the final loss value decreased to 0.89.
Therefore, this model represents the optimized CNN (O-CNN) configuration, and the
validation accuracy results along with the final loss value graph are shown in Figure 8a,b,
respectively. These findings suggest that a deeper network than the CNN classification
algorithm and an approach capable of preserving information throughout propagation are
required to achieve the optimal outcome for this dataset.
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3.2. Analysis of Results from ResNet Algorithms

Training with ResNet also involved varying the number of epochs to test for accurate
improvements. Compared to CNN, ResNet utilizes a deeper network, requiring a longer
training duration to achieve higher accuracy. Accordingly, the training was conducted with
epochs ranging from 1000 to 2000, with the initial training set to approximately 2000 epochs.
Unlike CNN, ResNet demonstrated superior initial performance, achieving a validation
accuracy of 87.5% and a notably low loss value of 0.4. Both the testing and validation curves
showed similar trends with gradual gradients. The test accuracy reached an impressive
91%. These results indicate that ResNet effectively overcomes the limitations of CNN by
leveraging skip connections to mitigate neuron loss, leading to higher accuracy. The results
are illustrated in Figure 9a,b.
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The test results were further improved when we used the optimized ResNet (O-ResNet),
with the number of epochs reduced to 1000 for retraining. While the validation accuracy
remained similar at 87%, the loss value decreased significantly to 0.003, and the test accuracy
increased to 95%. These results suggest that an excessive number of epochs can negatively
impact test performance and confirm that ResNet is more suitable for classifying this dataset
compared to CNN. These results can be observed in Figure 10.
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The comparative analysis of CNN and ResNet in this study highlights the effective-
ness of deep learning architectures in respiratory signal classification. While both models
share similar layer structures, ResNet’s skip connections play a crucial role in preserving
important features during training, thereby enhancing classification performance. The
ability of ResNet to maintain higher accuracy across different training conditions under-
scores the importance of selecting appropriate network structures and training parameters.
These findings demonstrate that deep learning model selection and optimization are critical
factors in achieving robust classification performance for physiological signal processing.

3.3. A Comparison to the State of the Art

The proposed models’ performance is presented in comparison with existing deep
learning-based studies on similar datasets, as shown in Table 3. The results indicate that
the optimized CNN (O-CNN) model achieved an accuracy of 83.92%, while the optimized
ResNet (O-ResNet) model attained an accuracy of 95%. Although our models did not
surpass all previously published studies, they demonstrated performance comparable to
the highest accuracy levels reported in the literature.

A review of related research reveals that many studies focus on combining models op-
timized for specific datasets or conducting comparative analyses with existing architectures.
However, there remains a lack of studies exploring parameter tuning experiments and
the application of deep learning to respiratory signal-based data analysis. These findings
highlight the necessity of this research and underscore the importance of optimizing deep
learning models for specific datasets.

While our models did not achieve the highest reported accuracy, they successfully
reached the performance range of state-of-the-art studies. More importantly, this study
contributes to the field by identifying dataset-specific optimal models through adjustments
in the number of epochs and network blocks, demonstrating the significance of tailored
optimization in deep learning applications.
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Table 3. A comparison with state-of-the-art deep learning models.

Authors Model Accuracy (%)

[28] Convolutional Neural Network—Mixture of Experts (CNN-MoE) 84.6
[29] Deep Convolutional Autoencoder (CAE) 94.2
[30] Convolutional Autoencoder for Multi-Person Activity Sensing (CAE-MAS) 97.13
[31] Artificial Hydrocarbon Network (ANN) 98.24
[19] ResNet-18, ResNet-34, ResNet-50, ResNet-101, ResNet-152 96.43
[32] Convolutional Neural Network (CNN) 94.5
[33] Residual Neural Network (ResNet) 99.99
[20] ResNet-RS (Improved ResNet Scaling Strategies) 86.2

Optimized Convolutional Neural Network (O-CNN) 83.92
Optimized Residual Neural Network (O-ResNet) 95

3.4. Classification Analysis Across Different Breathing Intensities

The classification of the four types of breathing was analyzed based on accuracy,
precision, recall, and F1-score to evaluate how well each breathing type was classified.
The results of the classification using O-CNN are presented in a confusion matrix, as shown
in Figure 11. The four classes are as follows: Class 1 represents resting, Class 2 represents
low-intensity breathing, Class 3 represents moderate-intensity breathing, and Class 4
represents high-intensity breathing.
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The accuracy of the model is observed by examining the true positive (TP) values
along the diagonal of the confusion matrix, with an overall accuracy of 0.87. The precision
values for each class are 1.0, 0.85, 1.0, and 0.6, respectively. Similarly, the recall values
for the classes are 0.83, 1.0, 0.75, and 1.0. Finally, the F1-scores for the classes are 0.9,
0.92, 0.86, and 0.75, in the same order. Both precision and recall values above 0.7 are
generally considered satisfactory. Based on these results, the O-CNN metrics demonstrate
satisfactory performance overall. However, for Class 4, the precision is significantly low at
0.6, indicating reduced reliability in classification. Additionally, the F1-score for Class 4 is
also relatively low at 0.75, suggesting that O-CNN performs the least effectively for this
specific class. The detailed metrics can be found in Table 4.
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Table 4. Classification performance metrics of O-CNN.

Metric Class 1 Class 2 Class 3 Class 4 Macro Average

Precision 1.0 0.85 1.0 0.6 0.86
Recall 0.83 1.0 0.75 1.0 0.9

F1-score 0.9 0.92 0.86 0.75 0.86
Accuracy 0.87

The results of the O-ResNet classification showed an accuracy of 0.95. The precision values
were as follows: 1.0 for Class 1, 1.0 for Class 2, 1.0 for Class 3, and 0.8 for Class 4. The recall
values were 1.0, 0.86, 1.0, and 1.0, respectively. Finally, the F1-scores were 1.0 for Class 1, 0.92 for
Class 2, 1.0 for Class 3, and 0.89 for Class 4. These results indicate strong overall performance,
with all metrics exceeding 0.7, which is generally considered a good threshold.

A detailed analysis revealed the following:
Class 1 achieved a perfect score (1.0) across all metrics, demonstrating that O-ResNet

enables flawless classification for this category.
Class 2 showed a slightly lower recall compared to precision, indicating a minor

shortfall in correctly predicting actual positive instances from the dataset.
Class 3 exhibited perfect scores across all metrics, confirming its reliable classification.
Class 4 had the lowest precision (0.8) among all metrics. As shown in the confusion matrix

(Figure 12), while all other classes were classified with 100% accuracy, Class 4 was classified with
an 80% accuracy rate. Nevertheless, since all metrics exceed 0.7, this is considered satisfactory.
When precision and recall were harmonically averaged, Class 4 achieved an F1-score of 0.89,
which is close to 1.
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These results demonstrate that O-ResNet classification is well suited for this dataset,
particularly as indicated by the F1-score, which accounts for both precision and recall.
Furthermore, the results reflect the strong performance of the O-ResNet model, indicating
appropriate parameter selection and effective use of the data. All evaluation metrics are
summarized in Table 5.

To further assess the effectiveness of the O-ResNet model, its performance was com-
pared to that of O-CNN using standard deep learning evaluation metrics. Accuracy,
precision, recall, and the overall F1-score were used for comparison, and the results were
analyzed for each breathing intensity. When comparing accuracy, O-CNN achieved 0.87,
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while O-ResNet achieved 0.96, both of which are considered satisfactory. A closer examina-
tion of the metrics revealed that the precision for Class 4 was 0.6 in O-CNN but significantly
improved to 0.8 in O-ResNet. These findings indicate that O-ResNet enhances precision
and demonstrates its suitability and reliability for the classification task in this study.

Table 5. Classification performance metrics of O-ResNet.

Metric Class 1 Class 2 Class 3 Class 4 Macro Average

Precision 1.0 1.0 1.0 0.8 0.95
Recall 1.0 0.86 1.0 1.0 0.96

F1-score 1.0 0.92 1.0 0.89 0.95
Accuracy 0.96

In this study, a wearable respiratory sensor was employed to classify breathing pat-
terns of varying intensities across cycles using deep learning techniques. The results
demonstrate that wearable respiratory sensors can effectively capture and differentiate
breathing patterns in both physical activities and daily life. The enhanced classification
performance of O-ResNet highlights its potential for detecting abnormal breathing patterns,
which could be valuable for health monitoring applications.

Despite these promising results, several challenges remain. First, the dataset used in this
study was relatively small and was collected under controlled conditions, which may limit its
generalizability. Future research will address this limitation by incorporating a more diverse
dataset, considering various exercise conditions, postures, and sensor placements. Second,
while O-ResNet demonstrated strong performance, it may encounter difficulties in processing
more complex breathing patterns or real-time applications. To overcome these challenges,
future work will explore alternative models, such as LSTM or GAN, which may enhance clas-
sification accuracy, particularly for long-term respiratory monitoring and data augmentation.
Lastly, the real-world implementation of wearable respiratory sensors requires careful consider-
ation of factors such as sensor placement variability, motion artifacts, and individual differences.
Future studies will focus on refining sensor design and preprocessing techniques to improve
the practicality of these models in real-world health monitoring systems.

4. Conclusions
This study investigated the classification of breathing patterns using a wearable

respiratory sensor and deep learning models. The findings confirm that O-ResNet, with its
skip connection architecture, outperformed O-CNN in accuracy and precision, particularly
in detecting high-intensity breathing patterns. These results underscore the potential of
wearable sensors and deep learning techniques for real-time health monitoring, offering a
promising approach for capturing complex respiratory signals.

Despite these advancements, this study has limitations, including the relatively small
dataset collected under controlled conditions. To address this, future research should
incorporate larger and more diverse datasets while also exploring alternative models,
such as LSTM or GAN, to improve classification performance. The insights gained from
this study contribute to the advancement of wearable respiratory monitoring, paving the
way for more accurate and reliable health applications.
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Abstract: This study introduces a Textile Image Processing Algorithm (TIPA) designed
to detect defects in conductive textiles, a crucial element of wearable technology. TIPAs
employ image preprocessing, filtering, and classification to identify issues like uneven
distribution of conductive particles. When applied to fabrics produced via dip-coating,
our TIPA was optimized using a threshold ratio, achieving over 85% accuracy, with a
maximum of 100% under ideal conditions. However, detection challenges were noted in
fabrics with large, diffuse stains, particularly at extreme threshold ratios. This TIPA proves
to be a valuable tool for improving quality control in smart textiles, with potential for
further optimization.

Keywords: conductive textiles; textile image processing algorithm (TIPA); defect detection;
dip-coating process; image filtering; algorithm optimization

1. Introduction
Conductive textiles, which have gained attention as soft smart materials [1,2], are

fusion materials used in various wearable products due to their ability to measure a
range of biometric data [3,4], including heart rate [5], respiration [6,7], movement [6],
voice [8], and pulse [9]. The mechanical properties of conductive textiles maintain the
physical characteristics of traditional textiles, making them flexible [10], lightweight [11],
and stretchable [12]. Conductive particles that are processed in textiles determine their
electrical properties [10]. When they mechanically deform under external forces, their
electrical properties are changed by changes in the distribution of conductive particles and
the structure of the circuits. This property enables the measurement of parameters such
as pressure and strain, facilitating the acquisition of diverse biometric information in the
wearable technology field.

The manufacturing process of conductive textiles typically involves two main approaches.
The first involves treating fibers with conductive particles at the fiber scale to produce the
textile, or imparting conductivity by treating a textile with suitable mechanical properties
using conductive particles [13]. The second approach, particularly the dip-coating method,
which involves using a solution with dispersed conductive particles, is advantageous as
it allows for the use of textiles with appropriate physical properties and can be applied in
continuous processes such as roll-to-roll manufacturing [3,14]. However, textiles produced
through this method may suffer from defects similar to those observed in dyeing processes,
where uneven distribution of particles can result in blemishes or streaks (Figure 1).
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The defects of dip-coated conductive textiles are particularly evident with common
conductive particles such as carbon nanotubes (CNT) and Mxene, both of which are carbon-
based and impart a black color to the textile [15–18]. One of the primary concerns of defects
is the uneven distribution of conductive particles, which can lead to localized variations
in electrical resistance. Such inconsistencies may result in signal distortions, reduced
conductivity, and, in extreme cases, circuit discontinuities that impair the textile’s sensing
and actuation capabilities. Therefore, in the field of wearable technology, where precise
signal transmission and control are essential, defects in conductive textiles directly lead to
product malfunctions. To address this issue, this study aims to develop an image processing
algorithm specifically tailored for detecting defects in conductive textiles, ensuring their
reliability and functionality in wearable applications.

Due to recent advancements in computational capabilities, the development of ma-
chine learning (ML) [19], particularly in the area of image processing algorithms (IPA) using
two-dimensional and three-dimensional images [20,21], has made it possible to replace
humans in many fields. Specifically, in the quality inspection sector of textile manufactur-
ing [22–25], cameras and various algorithms can now replace the human eye and brain to
detect and classify defects.

However, textile materials, due to their diverse weaving methods, patterns, and
colors, present significant challenges for feature extraction in images [15,26,27]. There
are various types of defects in conductive textiles, including missing yarn, broken ends,
needle lines, spots, stains, holes, press-off, mixed yarn, and gouts [28]. Of these, this study
focuses specifically on stains defects. While other types of defects often occur during
the textile manufacturing process or result from physical damage during use, changes
in electrical properties that hinder resistance measurement typically manifest as stains
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or irregular patterns. Therefore, stain defects are particularly critical for assessing the
functional integrity of conductive textiles [29,30].

Since the detection of stains through textile image processing algorithms (TIPAs)
requires a precise definition of defects, threshold-based methods serve as a fundamental
approach in defect detection [31,32]. Moreover, these thresholds act as a critical variable
that directly influences the overall accuracy of TIPAs. Setting a standardized reference value
in image data is inherently challenging, necessitating various preprocessing techniques
and adaptive thresholding methods [33]. For instance, in the case of the textiles produced
through the dip-coating process during this study, the degree of darkness varies depending
on the penetration level of conductive particles. As a result, simply classifying areas as
stains based solely on brightness or darkness could lead to misjudging the entire conductive
fabric as defective (Figure 2).
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One study proposed a TIPA that uses an encoder–decoder structure to detect defects
in textiles, employing image preprocessing techniques such as dilation, median filtering,
and edge detection to identify defects [34]. Another study utilized wavelet functions to
improve detection performance by identifying coefficients from defect-free textiles and
optimizing them through a subset selection using a genetic algorithm [35]. Additionally, an-
other study demonstrated superior detection performance by addressing low performance
in detecting defects of various shapes and sizes using histogram and threshold-setting
techniques [36–38]. These examples underscore the importance of strategic structuring and
optimization in TIPAs for effective image processing.

Overall, the objective of this study is to develop a Textile Image Processing Algo-
rithm (TIPA) capable of detecting stain defects, which are caused by the agglomeration
of conductive particles during the manufacturing process of conductive textiles, that lead
to non-uniformity resistance. To achieve this, histogram equalization is employed as a
preprocessing step to enhance contrast, enabling defect detection across various brightness
conditions of conductive textiles. The algorithm’s structure includes a multi-step detection
process based on defect size, which is optimized by fine-tuning the threshold ratio. The first
filtering step is designed to classify whether an image belongs to the normal or defective
category by analyzing the spatial distribution of defect-suspect pixels. The second filtering
step, on the other hand, specifically aims to detect and isolate abnormal regions within
defective images, ensuring that only significant defect areas are identified while minimiz-
ing false positives from minor variations or noise. The final evaluation is conducted on
22 conductive textile samples fabricated through the dip-coating process.
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2. Materials and Methods
2.1. Fabrication of Conductive Textile by Dip-Coating Process

The dip-coating process for manufacturing conductive textiles was conducted based
on the fabrication procedures referenced in studies utilizing conductive fabrics. As illus-
trated in Figure 3, this process was implemented accordingly [15]. A 0.1 wt% aqueous
dispersion of Single-Walled Carbon Nanotubes (SWCNT) (WART1200, KORBON Co., Ltd.,
Gangneung, Republic of Korea) was prepared by ultrasonically dispersing the solution at
1000 rpm for 1 h. The fabric used for dip-coating was a stretchable fabric consisting of 95%
cotton and 5% spandex, with dimensions of 300 cm × 300 cm. This fabric was immersed in
the 0.1 wt% SWCNT aqueous dispersion, followed by squeezing with a padding machine
to ensure uniform coating. The coated fabric was then dried in an oven at 80 ◦C for 10 min
to evaporate the water solvent, taking care to avoid boiling.
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Figure 3. Dip-coating process of conductive textile fabrication.

The image files of conductive fabrics for the TIPA to be used on were produced using
a consistent light source to prevent distortions caused by factors such as lighting, shadows,
and lens effects. This was achieved by utilizing the scanner of a printer (LaserJet Pro MFP
M428fdw, HP Korea Inc., Seoul, Republic of Korea.), which features an optical resolution
of up to 1200 × 1200 dpi and a fixed focal distance optimized for contact image sensor
(CIS) technology. The scanning process was performed with a maximum scan size of
216 × 297 mm (flatbed) and 216 × 356 mm (ADF), ensuring precise image acquisition for
defect detection. To clearly distinguish between defect pixels and non-defect pixels, the
images were saved in PNG format, which allows for minimal image loss due to its low
compression ratio. The final image files were secured at a resolution of 1440 × 1440 pixels.
A total of 22 conductive fabric image files were obtained, consisting of 15 normal images
without defects and 7 images with defects. Figure 4 presents two representative normal
images and two defect images from this collection.
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2.2. Textile Image Processing Algorithm (TIPA) for Defect Detection

To detect defects in the conductive fabric produced via the dip-coating process, a
TIPA was designed, as illustrated in Figure 5. All steps of the TIPA were implemented
using MATLAB 2023a to preprocess images and detect defects in each conductive textile
image. The first step involved preprocessing the images, where histogram equalization
was applied to smooth out the contrast. The histogram equalization involves calculating
the cumulative distribution function (CDF) of the input image and using it to remap the
pixel values to improve the contrast of the image. The mathematical equation of histogram
equalization can be expressed as follows:

s = (L − 1)× ∑r
k=0 Pr(k)

N
(1)

where the r is original pixel value, L is the 256 of the 8-bit images in this study, Pr(k) is the
frequency of pixel value k, and N is the total number of pixels. In our TIPA, histogram
equalization was performed using a MATLAB function. Histogram equalization was em-
ployed to enhance the contrast of the image by normalizing the histogram of pixel intensity
values. This process involved measuring the occurrence frequency k of each pixel inten-
sity, standardizing the histogram, and replacing each pixel value with its corresponding
relative proportion. Subsequently, the cumulative distribution function (CDF) was utilized
to compute and map the pixel values to new intensity levels, ensuring a more uniform
distribution across the image.
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Grayscale conversion was performed using a MATLAB function, and the coefficients
used for calculating the grayscale value were rounded to three decimal places. These values
correspond to those specified in Rec. ITU-R BT.601-7 for computing luminance (gray value),
which are as follows:

Gray value = 0.299 Red value + 0.587 Green value + 0.114 Blue value. (2)

These coefficients are widely adopted for grayscale conversion in image processing to ensure
accurate luminance representation, particularly in video and image standardization processes.

The grayscale values, which range from 0 to 255, were binarized with a threshold set
at 90. This threshold was chosen to represent approximately one-third of the full grayscale
range, effectively excluding the most definitive background values while ensuring the
detection of all potential defect areas. However, since the binarized values alone are not
sufficient to accurately define defects, the pixels were expanded by doubling their width
and height to enhance defect visibility and improve detection accuracy.

Primary size filtering was conducted with a threshold set at 30 after the pixel expansion
step. This threshold was chosen based on the observation that, in defect images with high
grayscale contrast, defect-suspect pixels tend to be spatially clustered, whereas in normal
images, pixels are more evenly distributed. Upon expansion, defect pixels are more likely
to connect, whereas isolated pixels remain sparse. Therefore, if the number of connected
pixels is three or fewer, they are considered part of the background and filtered out. This
step effectively reduces false positives by removing small, non-defect-related variations.
Subsequently, gaps between defective regions were filled to enhance connectivity before
secondary size filtering was performed with a threshold set at 1000 pixels. This threshold
serves as a criterion to distinguish actual stains from random small spots, ensuring that
only sufficiently large defect regions are classified as stains while filtering out minor noise
or non-significant small defects.

The purpose of this TIPA, which is to detect defect areas and evaluate quality, was
first approached by classifying images as normal or defective based on the number of
pixels detected after primary size filtering. Specifically, the number of 1st detected pixels
was compared to the threshold, which is 300,000 pixels, which comprised about 15% of
the total pixel count of the image. This classification leverages the observation that more
uniform fabrics tend to have a higher count of 1st detected pixels. Subsequently, the ratio
of the number of 1st detected pixels to the number of 2nd detected pixels (obtained after
secondary size filtering) was calculated as follows:

detection ratio = The number of the 1st detected pixels/The number of the 2nd detected pixels. (3)

This ratio was then used to perform a second classification based on a threshold ratio.
The threshold ratio in this TIPA was optimized to distinguish between defective and normal
images, and the detected white defects were compared with actual defects in the images to
verify accuracy, with discrepancies highlighted in red.

3. Results
3.1. Preprocessing Images in TIPA

The purpose of the preprocessing step is to maximize the continuous tonal values to
improve the accuracy of defect detection. Figure 6a,b illustrate the preprocessing process
of our TIPA before it was applied to a representative conductive fabric containing defects,
showing a comparison between the histogram-equalized image and the original image.
By examining the contrast values and the histogram after equalization, it is possible to
observe a peak value in the dark contrast areas where the defects are detected. This
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indicates that the subsequent filtering step, which is based on pixel values and size, can be
effectively performed.
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Based on this analysis, Figure 6c presents the grayscale conversion, where the RGB values
have been removed, followed by an inversion of the image to facilitate easier defect detection.

3.2. Filtering Images in TIPA

Figure 7 illustrates the filtering results and the process of defect detection in our TIPA.
Figure 7a shows the binarization filtering, where pixels are divided based on a threshold of
90 within the grayscale range of 0 to 255. The white areas represent pixels that are potential
defects. While stains defined as defects in the conductive fabric are visible, many uniform
fabric pixels also appear white, indicating that the binarization alone is insufficient for
accurate defect detection. Figure 7b presents the results after expanding the filtered pixels
by doubling their width and height, followed by size filtering based on a size threshold of
30. This process effectively filters out a significant number of pixels, leaving behind most
of the stained areas. However, some of the stained pixels are still filtered out, indicating the
need for additional processing. Figure 7c shows the results after a secondary size filtering
process, where the edge pixels have been expanded into a circular shape with a radius of
four pixels, followed by size-based filtering with a threshold of 1000 pixels. Ultimately, all
non-defective pixels are removed, and the defect areas are largely filled, confirming the
effectiveness of the filtering process.
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Figure 8a shows the original image of a normal conductive textile with uniformly
distributed conductive particles. Figure 8b presents the result after the first filtering stage
of the TIPA. At this stage, numerous isolated pixels are detected, but they do not form
any discernible pattern of stains and are uniformly distributed. After the second filtering
stage, shown in Figure 8c, no pixels are detected, indicating that the fabric is defect-free
and classified as normal.
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3.3. Evaluation and Optimization of Conductive Textile Using TIPA

The detection results and accuracy based on the threshold ratio, a key parameter
in TIPAs, are summarized in Table 1. The results indicate that at lower threshold ratios,
conductive fabrics that are normal were incorrectly detected as defective, while at higher
threshold ratios, defective conductive fabrics were incorrectly classified as normal. The
difficulty in detection is particularly evident in conductive fabrics like those shown in
Figure 9, where the distribution of stains is large and diffuse, making it challenging to
accurately classify the stains as defects. However, the overall accuracy remained above
85%, and through optimization, a maximum accuracy level of 100% was achieved. The
analysis of our TIPA’s precision, recall, and F1-score reveals that precision remained at 1 for
threshold ratios above 15%, while for lower thresholds, it was measured at approximately
0.7 and 0.78. Conversely, the recall was highest for thresholds below 15% and decreased to
a minimum of 0.57 at the highest threshold. The final F1-score ranged from a minimum
of 0.73 to an average of approximately 0.86, with the 15% threshold achieving the highest
F1-score of 1.0. Ultimately, while 15% yielded the best overall performance in this study, it
was determined that threshold ratios in the range of 10% to 20% could be applicable for
stain detection, depending on stain size and classification requirements.

Table 1. The results of all images processed by our TIPA, according to threshold ratio.

Threshold Ratio [%] Defective 1 Accuracy Precision Recall F1-Score

5 10 0.86 0.7 1 0.83
10 9 0.90 0.78 1 0.88
15 7 1 1 1 1
20 6 0.95 1 0.86 0.92
25 5 0.90 1 0.71 0.83
30 4 0.86 1 0.57 0.73

1 The number of defective conductive textiles was 7.
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4. Discussion
This study presents a Textile Image Processing Algorithm (TIPA) specifically designed

for the detection of defects in conductive textiles manufactured through the dip-coating
process. The proposed algorithm demonstrates significant efficacy, achieving overall accu-
racy exceeding 85%, with a maximum performance of 100% under optimized conditions.
These findings underscore the algorithm’s potential to address critical quality control chal-
lenges in the domain of conductive textiles, a pivotal component in wearable technology
applications. Table 2 presents a comparison between the results of this study and those
obtained using various artificial intelligence models trained specifically for detecting stains
or spot defects in actual textile fabrics. Except for the basic shallow CNN model, which
achieved an accuracy level of 62.67%, other models demonstrated high accuracy, exceeding
approximately 90%. The differences between the studies in terms of the image collection
methods and training datasets used must be considered. However, this study optimized
threshold criteria, achieving a remarkably high accuracy level of 100%, demonstrating the
superiority of the proposed model.

Table 2. The comparative accuracy of various TIPAs.

Algorithm Model Accuracy [%]

CNN [39] 62.67
VGG16 [39] 90.17

MobileNet [39] 97.64
InceptionV3 [39] 93.92

Xception [39] 96.89
DAGMC9 [34] 99.60

This study 2 100
2 Threshold ratio: 15%.

The primary contribution of this research lies in the multi-step processing frame-
work encompassing preprocessing, filtering, and threshold optimization. By employing
techniques such as histogram equalization and size-based filtering, our TIPA effectively
identified and classified defect regions characterized by the uneven distribution of con-
ductive particles. This approach builds upon existing studies, emphasizing the necessity
of tailored image processing methodologies for detecting defects in textiles with intricate
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patterns and material heterogeneity. Moreover, this TIPA advances prior methodologies
by optimizing threshold ratios to adapt to various defect types, thereby enhancing its
robustness and applicability. A notable aspect of this study is the role of threshold ratios in
controlling defect detection sensitivity. Adjusting the threshold ratio within the range of
5% to 30% allowed the algorithm to effectively adapt to diverse defect characteristics. This
adaptability underscores our TIPA’s flexibility and utility for a wide range of textile appli-
cations. While certain challenges persist in detecting large and diffuse stains, these cases
were minimal and did not significantly impact the overall performance of the algorithm.

The limitations of this study lie in the classification criteria for grayscale-converted
pixel values, which are influenced by various parameters. The filtering thresholds deter-
mined by the primary and secondary pixel sizes, as well as the classification of defective
and normal images based on the first detected pixels and threshold ratio, are dependent on
several factors. These include the base fabric color, the type of conductive particles, and the
overall image resolution. As these factors can vary, it is essential to establish appropriate
classification and filtering criteria tailored to specific conditions. This study aimed to
propose a fundamental framework for the preprocessing and detection principles of a new
TIPA, which is designed specifically to detect stain defects caused by the aggregation of
conductive particles—one of the critical defects that can occur in conductive textiles.

Future research will focus on several key areas to further enhance the applicability
and effectiveness of this TIPA. Expanding the dataset to include a broader variety of
textiles and defect types will ensure greater generalizability across diverse manufacturing
scenarios. Incorporating advanced machine learning techniques, such as convolutional
neural networks (CNNs), could complement the current framework by enhancing its
ability to detect complex defect patterns. Additionally, the development of real-time
implementation strategies for industrial environments will be a critical step in validating
the algorithm’s practical utility. Further exploration of adaptive thresholding methods
that respond dynamically to varying defect characteristics will also refine the algorithm’s
precision and robustness.

5. Conclusions
The findings of this study underscore TIPAs as transformative tools in the domain of

textile quality control, particularly for conductive textiles employed in wearable technology.
Our algorithm’s high accuracy and adaptability render it highly effective for detecting
defects in textiles with varied patterns and compositions. Beyond mere defect detection,
the successful application of TIPAs promises numerous benefits, including enhanced
production efficiency, reduced material wastage, and improved reliability of wearable
devices that depend on conductive textiles.

In practical applications, TIPAs prove invaluable in identifying defects that occur
when conductive textiles function as electronic circuits. For instance, these algorithms can
detect anomalies such as stains that compromise both aesthetic and functional properties,
or areas with abnormally high or low surface resistance that impede electrical performance.
These capabilities are critical in contexts where consistent electrical properties are essential,
such as wearable biosensors, flexible displays, or energy-harvesting electronic fabrics. By
detecting such defects during the early stages of production, TIPAs significantly enhance
the reliability and performance of the final products. The optimization and industrial
deployment of TIPAs have the potential to set new benchmarks for quality control in smart
textile manufacturing. Addressing current challenges and expanding our algorithm’s func-
tionality will establish TIPAs as a cornerstone for the integration of intelligent technologies
in the textile sector, paving the way for innovative and dependable smart textile solutions.
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Abstract: This study presents a 1D Residual Network(ResNet)-based algorithm for human
activity recognition (HAR) focused on classifying 14 different workouts, which represent
key exercises commonly performed in fitness training, using wearable inertial measurement
unit (IMU) sensors. Unlike traditional 1D Convolutional neural network (CNN) models,
the proposed 1D ResNet incorporates residual blocks to prevent gradient vanishing and
exploding problems, allowing for deeper networks with improved performance. The IMU
sensor, placed on the wrist, provided Z-axis acceleration data, which were used to train the
model. A total of 901 data samples were collected from five participants, with 600 used
for training and 301 for testing. The model achieved a recognition accuracy of 97.09%,
surpassing the 89.03% of a 1D CNN without residual blocks and the 92% of a cascaded 1D
CNN from previous research. These results indicate that the 1D ResNet model is highly
effective in recognizing a wide range of workouts. The findings suggest that wearable
devices can autonomously classify human activities and provide personalized training
recommendations, paving the way for AI-driven personal training systems.

Keywords: 1D ResNet; neural network; artificial intelligence; human activity recognition;
wearable healthcare

1. Introduction
In recent years, human activity recognition (HAR) using wearable sensors has gained

considerable attention in the wearable technology field. HAR, which involves classifying
and recognizing human movements and behaviors, is being explored in a wide range of
applications, including virtual reality (VR) [1–4], sports [5–7], healthcare [8], robotics [9–11],
and entertainment [12,13]. In these areas, various types of sensors are utilized to track or
monitor movements. Broadly, these can be categorized into vision-based sensors and wear-
able sensors. Vision-based sensors, such as Microsoft’s Kinect [14,15], radar [16,17], and
optical devices like cameras, track movements externally by employing image processing
or signal analysis techniques. In contrast, wearable sensors measure actual movements
through data such as joint angles, acceleration, and gyroscopic information, often utilizing
sensor fusion methods to provide more accurate motion tracking [18–20].

Vision-based sensors are capable of tracking human movement without limitations
on the number of joint points or body parts, enabling real-time analysis and making
them suitable for highly precise measurements and detailed analysis. However, there
are significant limitations to this method. Optical sensors are prone to inaccuracies due
to environmental factors such as lighting conditions, reflections, or obstacles, as well as
the resolution limitations of the equipment itself. Consequently, the use of expensive
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equipment and the necessity of a controlled environment often make this approach less
feasible for widespread use. Additionally, as the measurement duration increases, the
volume of image processing data grows exponentially, requiring substantial computational
resources and leading to increased costs and time for both measurement and analysis.

On the other hand, wearable sensors offer significant convenience by being minimally
attached to critical joints or positions while still effectively analyzing or recognizing move-
ments [21–23]. The smaller amount of data they generate allows for easy storage in compact
modules or devices and enables real-time wireless transmission through technologies like
Bluetooth or Wi-Fi. Furthermore, wearable sensors are less affected by external environ-
mental factors, reducing the margin of error, which makes them particularly well-suited for
outdoor activities, training, and exercise. Their accessibility and ease of use are enhanced
by their relatively low cost, allowing for widespread adoption. Moreover, these sensors
are typically lightweight and flexible, enabling prolonged use without causing discomfort
to the wearer. Also, wearable sensors, due to their advantage of being wearable, can
be utilized not only in special scenarios such as dangerous situations involving soldiers,
firefighters, or police officers, artificial joints that move in coordination with the limbs of
individuals with amputated body parts, and sensing abnormal muscle tremors caused by
irregular brain signals in Parkinson’s disease, but also in everyday applications such as
monitoring athletes, supporting dieting efforts, and measuring sleep patterns.

Notably, numerous studies have utilized wrist-mounted IMU sensors for human
activity recognition (HAR), as the wrist exhibits significant movement during various
physical activities, making it an ideal location for capturing representative HAR data.
In a related study, a wearable device was developed to recognize gestures from wrist
movements occurring during motion [24]. Another study focused on detecting abrupt
gestures rather than repetitive ones [25]. Such studies highlight the extensive research
being conducted to interpret user intentions and states from the complex data generated by
the hand and wrist, which are commonly involved in various activities [26]. In this study,
we considered a watch-type wearable product, which is a representative wearable sensor,
and attached an IMU sensor to the wrist to obtain Z-axis acceleration data for recognizing
14 types of movements.

Another reason why research on human activity recognition (HAR) is receiving in-
creased attention is the rapid advancement of recognition algorithms driven by artificial
intelligence (AI) [27–29]. With the development of machine learning and deep learning
techniques, AI can now efficiently classify and recognize the complex and nuanced features
present in human movement data. This has greatly simplified the process of analyzing
and interpreting intricate motion patterns, which were previously difficult to capture and
understand. AI’s ability to handle large datasets and uncover hidden patterns has sig-
nificantly enhanced the accuracy and efficiency of HAR systems. In previous research, a
workout classification algorithm using a 1D CNN was designed to classify fitness exercises
using artificial intelligence. To improve accuracy, a cascade structure was employed, where
the first step involved pre-processing by grouping exercises into categories before final
classification. This approach improved the classification accuracy from 82% to 92% [30].
Although traditional artificial intelligence models have demonstrated remarkable achieve-
ments across various domains by utilizing deep learning techniques, they face limitations
due to vanishing or exploding gradient problems in deep learning layers. These issues
result in significantly lower training accuracy as the gradient, propagated backward during
training, diminishes or amplifies excessively as the network depth increases. Such limita-
tions become more pronounced when attempting to utilize deeper network architectures,
posing a significant obstacle to effectively learning complex data patterns [31].
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In this study, we employed ResNet, a cutting-edge artificial intelligence image clas-
sification model that utilizes residual blocks, to develop a deeper-layer human activity
recognition (HAR) algorithm and enhance its accuracy. ResNet was introduced during the
2015 ImageNet Large Scale Visual Recognition Challenge (ILSVRC), where it demonstrated
a breakthrough by extracting features through 152 layers, significantly deeper than the
20–30 layers used in previous algorithms. One of the key innovations of ResNet is the use
of residual blocks, which help overcome the vanishing gradient problem that often occurs
in very deep neural networks. As a result, ResNet achieved an error rate of 3.57%, which
is notably lower than the human error rate of around 5%, establishing itself as one of the
most advanced recognition algorithms available [31]. One of the most prominent features
of ResNet is the residual block, which effectively addresses the vanishing or exploding
gradient problem that occurs as neural networks become deeper. In traditional deep learn-
ing models, the gradient can diminish to zero or explode as it propagates back through
many layers due to extensive calculations and weight adjustments. ResNet resolves this
issue by adding the initial input (residual) to the output of the deeper layers, a method
known as skip connection (or short connection). These skip connections ensure that gra-
dients can flow more easily through the network, preventing their loss or divergence. By
designing networks with multiple residual blocks, ResNet not only preserves gradient
flow but also enables much deeper architectures, resulting in improved accuracy and more
stable learning.

In summary, this study developed an algorithm to recognize 14 different workouts
using the Z-axis accelerometer sensor of a wristband. To enhance accuracy, we utilized
ResNet, which features a residual block structure designed to mitigate the vanishing and
exploding gradient issues common in deep neural networks. A comparative analysis was
conducted against existing studies, focusing on improvements in classification accuracy and
model performance. The use of the Z-axis accelerometer was particularly advantageous for
capturing vertical motion data, making it suitable for recognizing a wide range of workouts.

2. Materials and Methods
2.1. Z-Axis Acceleration Data for Workout Recognition

In this study, we used an Inertial Measurement Unit (IMU) sensor as a wearable
device to measure the Z-axis acceleration of the wrist. The IMU sensor is composed of
a 3-axis accelerometer and a 3-axis gyroscope, providing a 6-axis measurement system.
Additionally, some IMU sensors include a 3-axis magnetometer, forming a 9-axis system,
which allows for the measurement of orientation relative to the Earth’s magnetic field. All
of these sensors are designed specifically for motion tracking. In this research, we employed
the EBMotion V5.2, an IMU sensor from E2BOX (Hanam, Gyeonggi, Republic of Korea),
which includes a wireless sensor (EBIMU24GV52) and a wireless receiver (EBRCV24GV5).
This setup was used to accurately capture the Z-axis acceleration data. When measuring
motion related to physical activities using Z-axis acceleration data, the Z-axis is more
significant than the X and Y axes because it is the axis most affected by gravity when we
are standing. One of the challenges with accelerometers is that it is difficult to determine
the initial position of the object. When a person is standing still, the accelerometer detects
gravitational acceleration along the Z-axis, resulting in a value of approximately -g. This
value is recorded even when there is no motion, because the sensor continuously measures
the gravitational force. However, during movement or when assuming a preparatory
posture for specific activities, the Z-axis value is influenced by both internal and external
factors due to gravity. These variations enable the extraction of meaningful features for
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motion analysis. This concept is depicted in Figure 1, and the equation representing the
change in the accelerometer’s angle with respect to its position is provided below.

⇀
Az = −⇀

g × cosθ +
⇀
l (1)

where
⇀
Az is the acceleration vector along the Z-axis,

⇀
g is the acceleration vector of gravity,

⇀
l indicates the acceleration vector of the arm movement over time, and θ is the angle

between the
⇀
Az and

⇀
g . At the initial position, the sensor’s acceleration value is determined

by calculating the angle difference between the gravitational force and the sensor’s Z-axis.
This angle can be obtained through trigonometric functions or rotational transformations,
depending on the orientation of the sensor. As the workout progresses, motion-induced
acceleration is added to the initial value over time, allowing for the comprehensive tracking
of dynamic movements.
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Figure 1. The sensing mechanism for workout recognition using the Z-axis acceleration of an IMU
sensor using gravity.

2.2. 14 Workout Data

In this study, with reference to previous studies [30], a wristband equipped with an
IMU sensor was designed, as shown in Figure 2, and worn on the right wrist to collect
exercise data. The red arrow indicates the Z-axis of the sensor. A total of 14 different
exercises, illustrated in Figure 3, were measured, with the initial movements based on
the actions performed on the left side. To minimize the effects of body tremors and
measurement noise during movements, a low-pass filter with a cutoff frequency of 40 Hz
was applied during data processing. The filter was designed to remove high-frequency
noise while preserving the relevant motion signals. The sampling frequency was set to
10 Hz, and a total of 18,020 data points were collected. Data from five male participants
were used in this study, with an average height of 176 cm and an average weight of
77.4 kg. Detailed information about the participants, including variability in their physical
characteristics, is provided in Table 1.

Table 1. The characteristics of 14 workout subjects.

Subject Height (cm) Weight (kg)

Subject 1 170 75
Subject 2 183 80
Subject 3 180 78
Subject 4 173 80
Subject 5 174 74

166



Processes 2025, 13, 207Processes 2025, 13, x FOR PEER REVIEW 5 of 14 
 

 

 

Figure 2. The wristband with IMU sensor and the red arrows are the Z-axis in the sensor coordinate 
system. 

 

Figure 3. The 14 workouts were chosen for recognition. (a) Bench press, (b) Incline bench press, (c) 
Dumbbell shoulder press, (d) Dumbbell triceps extension, (e) Dumbbell kick, (f) Dumbbell front 
raise, (g) Lat pull down, (h) Straight arm lat pull down, (i) Deadlift, (j) Dumbbell bent row, (k) One-arm 
dumbbell row, (l) EZ-bar curls, (m) Machine preacher curl, (n) Seated dumbbell lateral raise [30]. 

2.3. 1D-ResNet 

All algorithm structures and code in this study were designed and implemented us-
ing MATLAB R2023a. The original ResNet is designed for image classification and recog-
nition, typically handling 2D and 3D image data. However, since the Z-axis data used in 
this study are one-dimensional, we modified the input data structure to accommodate 1D 
data by replacing the input layer with a sequence input layer. For the input data, 20 data 
points, corresponding to approximately 2 s of data with a sampling frequency of 10 Hz 
and one workout cycle, were grouped into sequences within single cells, resulting in a 
total of 901 sequences. The output data were labeled according to the corresponding 
workout type. Out of the 901 data samples, 600 were randomly allocated for training and 
301 for testing. This 2:1 split ensures that the model has sufficient data to learn while main-
taining enough data for evaluation. The data were randomly split to ensure an unbiased 
distribution between the training and test sets. 

The key concept of ResNet, the residual block, can be divided into the main path and 
the skip connection. The main path consists of convolutional layers, batch normalization 

Figure 2. The wristband with IMU sensor and the red arrows are the Z-axis in the sensor coordi-
nate system.

Processes 2025, 13, x FOR PEER REVIEW 5 of 14 
 

 

 

Figure 2. The wristband with IMU sensor and the red arrows are the Z-axis in the sensor coordinate 
system. 

 

Figure 3. The 14 workouts were chosen for recognition. (a) Bench press, (b) Incline bench press, (c) 
Dumbbell shoulder press, (d) Dumbbell triceps extension, (e) Dumbbell kick, (f) Dumbbell front 
raise, (g) Lat pull down, (h) Straight arm lat pull down, (i) Deadlift, (j) Dumbbell bent row, (k) One-arm 
dumbbell row, (l) EZ-bar curls, (m) Machine preacher curl, (n) Seated dumbbell lateral raise [30]. 

2.3. 1D-ResNet 

All algorithm structures and code in this study were designed and implemented us-
ing MATLAB R2023a. The original ResNet is designed for image classification and recog-
nition, typically handling 2D and 3D image data. However, since the Z-axis data used in 
this study are one-dimensional, we modified the input data structure to accommodate 1D 
data by replacing the input layer with a sequence input layer. For the input data, 20 data 
points, corresponding to approximately 2 s of data with a sampling frequency of 10 Hz 
and one workout cycle, were grouped into sequences within single cells, resulting in a 
total of 901 sequences. The output data were labeled according to the corresponding 
workout type. Out of the 901 data samples, 600 were randomly allocated for training and 
301 for testing. This 2:1 split ensures that the model has sufficient data to learn while main-
taining enough data for evaluation. The data were randomly split to ensure an unbiased 
distribution between the training and test sets. 

The key concept of ResNet, the residual block, can be divided into the main path and 
the skip connection. The main path consists of convolutional layers, batch normalization 

Figure 3. The 14 workouts were chosen for recognition. (a) Bench press, (b) Incline bench press,
(c) Dumbbell shoulder press, (d) Dumbbell triceps extension, (e) Dumbbell kick, (f) Dumbbell
front raise, (g) Lat pull down, (h) Straight arm lat pull down, (i) Deadlift, (j) Dumbbell bent row,
(k) One-arm dumbbell row, (l) EZ-bar curls, (m) Machine preacher curl, (n) Seated dumbbell lateral
raise [30].

2.3. 1D-ResNet

All algorithm structures and code in this study were designed and implemented using
MATLAB R2023a. The original ResNet is designed for image classification and recognition,
typically handling 2D and 3D image data. However, since the Z-axis data used in this study
are one-dimensional, we modified the input data structure to accommodate 1D data by
replacing the input layer with a sequence input layer. For the input data, 20 data points,
corresponding to approximately 2 s of data with a sampling frequency of 10 Hz and one
workout cycle, were grouped into sequences within single cells, resulting in a total of
901 sequences. The output data were labeled according to the corresponding workout type.
Out of the 901 data samples, 600 were randomly allocated for training and 301 for testing.
This 2:1 split ensures that the model has sufficient data to learn while maintaining enough
data for evaluation. The data were randomly split to ensure an unbiased distribution
between the training and test sets.

The key concept of ResNet, the residual block, can be divided into the main path and
the skip connection. The main path consists of convolutional layers, batch normalization
layers, and ReLu layers where the input data undergo processing. The skip connection,

167



Processes 2025, 13, 207

however, allows the initial input to bypass any processing and pass directly to the output.
At the end of the process, the values from both the main path and the skip connection are
combined through residual mapping, which helps mitigate the vanishing gradient problem
and allows deeper networks to perform better. The equation for this process is as follows:

X + F(X) (2)

where X is the input value and F(X) is the value that passes through the main path.
Additionally, the residual block where residual mapping occurs can be illustrated as shown
in Figure 4.
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The 1D-ResNet model in this study, as depicted in Figure 5, consists of three residual
blocks. Each convolutional layer has a kernel size of 3 × 3, with 64 filters in the first
block, 128 filters in the second block, and 256 filters in the third block. Following the
residual blocks, a global average pooling layer is used to reduce the dimensionality while
retaining important features. This is followed by two fully connected layers, a dropout
layer with a dropout rate of 0.5 to prevent overfitting, and a softmax layer for calculating
class probabilities. The final classification layer then recognizes the workout based on these
features. The algorithm was trained using Root Mean Square Propagation (RMSprop) as
the solver, chosen for its ability to adapt the learning rate during training, which helps
in improving convergence. The model was trained for 200 epochs (800 iterations) with a
batch size of 128, an initial learning rate of 0.001 and decrease factor of 0.5 per 25 epochs,
allowing for a balance between learning speed and stability. Furthermore, we conducted
the same training and validation processes with 3D input data comprising X-, Y-, and Z-axis
dimensions to investigate the performance differences compared to the 1D ResNet model.

To validate the performance of the trained 1D ResNet algorithm, we utilized 301 test
data samples as input to generate predictions. These predictions were then used to calculate
not only the overall accuracy but also key classification metrics such as precision, recall,
and F1-score. These metrics were calculated as follows:

Precision =
TP

TP + FP
(3)
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Recall =
TP

TP + FN
(4)

F1 score = 2
Precision × Recall
Precision + Recall

(5)

where the true positive (TP) refers to the number of positive samples correctly classified
as positive. False positive (FP) is the number of negative samples incorrectly classified
as positive, and false negative (FN) refers to the number of positive samples incorrectly
classified as negative.
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Precision measures the proportion of true positive predictions (TP) out of all predic-
tions made for the positive class (TP + FP). It evaluates the model’s ability to avoid false
positives. Recall, also known as sensitivity, measures the proportion of actual positive
instances correctly identified (TP) out of the total actual positives (TP + FN). It evaluates
the model’s ability to detect true positives. The F1-Score is the harmonic mean of pre-
cision and recall, balancing their trade-offs. It is particularly useful when dealing with
imbalanced datasets.

Finally, to verify the reliability and precise applicability of the algorithm modeling
method, we excluded 173 data samples from one participant (segment 2) who performed the
14 workout movements. The remaining 728 data samples from the other four participants
were used for training, and the fresh data from segment 2 were utilized for testing.

3. Results and Discussion
3.1. Evaluation of 1D ResNet

Figure 6 presents the Z-axis acceleration data from a single sequence for the bench
press exercise, recorded from subject 1 and used as input for the ResNet model in this study.
With a sampling frequency of 10 Hz and an approximate workout duration of 2 s, each
sequence is composed of 20 data points. For the bench press, the upward and downward
movements of the bar, driven by the hands and arms, are clearly captured in the Z-axis
data. This highlights the suitability of the Z-axis acceleration for accurately reflecting the
motion dynamics of this exercise.

As illustrated in Figure 7, the training accuracy of both the 1D ResNet and 3D ResNet
models was evaluated using the 600 training data samples across the training epochs.
To monitor overfitting, the validation accuracy was also measured and compared using
the 301 test data samples. While the 3D ResNet model achieved 100% training accuracy
by epoch 200 and maintained it throughout, its validation accuracy fluctuated between
80% and 90%, ultimately stabilizing at 87.02%. This discrepancy can be attributed to the
increased information complexity in the 3D data, which allowed the model to create more
nuanced classifications for training data but led to overfitting, as evident from the lower
validation accuracy compared to training accuracy. In contrast, the 1D ResNet model
developed in this study also achieved a final training accuracy of 100% while maintaining
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a validation accuracy of 97.02%, closely matching its training performance. These results
indicate that the 1D ResNet model achieved higher accuracy while effectively minimizing
overfitting. This suggests that for workout data, which inherently include noise and human
error, a simpler yet efficient model like 1D ResNet, which focuses on essential information
rather than excessive data, is more suitable for classification tasks.
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Figure 8 presents the confusion matrix, which compares the predicted workout results
from the 1D ResNet model trained on the final 301 test data samples with the actual work-
out labels. The confusion matrix helps visualize how well the model predicts each workout
category. First, misclassifications were observed in workouts (a), (b), and (c)—Bench press,
Incline bench press, and Dumbbell shoulder press. Although these exercises involve differ-
ent degrees of upper body inclination, the arm movements are highly similar, which likely
contributed to the higher misclassification rate. Nevertheless, with a minimum accuracy of
88.2%, the model’s performance is still sufficient for reliable workout recognition. Secondly,
workouts (j) and (k)—Dumbbell kickback and One-arm dumbbell row—also had some mis-
classifications. The primary differences between these exercises involve whether both arms
are engaged and whether the foot is elevated during the movement. Despite the similarity
in arm motion, the misclassification rate remained low, with a maximum error rate of only
6.9%, suggesting that the algorithm is adequately robust for workout recognition.

Table 2 presents the classification metrics, including precision, recall, and F1-score, for
each of the 14 workout categories evaluated in this study using the 1D ResNet model. The
results demonstrate the model’s high effectiveness in recognizing diverse workout types.
The average precision, recall, and F1-score across all categories were 0.98, 0.97, and 0.97,
respectively, indicating consistent performance across various exercises. Notably, exercises
such as (d) Dumbbell triceps extension, (j) Dumbbell kickback, and (k) One-arm dumbbell
row achieved perfect scores of 1.0 across all metrics, showcasing the model’s robustness in
identifying these movements.

Figure 9 and Table 3 present the results obtained using the same algorithm mod-
eling method, excluding the data from one participant (segment 2) out of the total of
five participants. Compared to training with the complete dataset, the accuracy decreased
to 90.17%. The confusion matrix, which compares actual and predicted classifications,
revealed that while the confusion among exercises (a), (b), and (c) remained the same,
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additional confusion was observed between exercises (d) and (m). This confusion is pre-
sumed to be influenced by the similar degree of arm rotation between the two exercises,
despite their differing directions, and may have been further impacted by human error. As
shown in Table 3, precision, recall, and F1-score decreased overall but remained approxi-
mately 90%. Considering the application to new data, this level of performance is deemed
sufficiently high.
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Table 2. The metrics of 1D Resnet model.

Workout Precision Recall F1-Score

(a) 1 0.94 0.97
(b) 0.93 0.93 0.93
(c) 0.90 0.96 0.93
(d) 1 1 1
(e) 1 1 1
(f) 1 1 1
(g) 1 0.88 0.94
(h) 0.86 0.95 0.90
(i) 0.96 0.96 0.96
(j) 1 1 1
(k) 1 1 1
(l) 1 1 1

(m) 1 1 1
(n) 1 1 1

0.98 * 0.97 * 0.97 *
* The average value of each metric.
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Table 3. The metrics of 1D Resnet fresh test model.

Workout Precision Recall F1-Score

(a) 0.81 0.93 0.87
(b) 0.69 0.85 0.76
(c) 0.89 0.53 0.67
(d) 1 0.45 0.62
(e) 1 1 1
(f) 1 1 1
(g) 0.75 1 0.86
(h) 1 1 1
(i) 1 1 1
(j) 1 0.91 0.95
(k) 0.93 1 0.97
(l) 1 1 1

(m) 0.68 1 0.81
(n) 1 1 1

0.91 * 0.91 * 0.89 *
* The average value of each metric.

3.2. Comparison with Previous Research

Finally, the accuracy of the 1D ResNet model for workout recognition in this study
was compared with previous studies and a 1D CNN model without the residual block
structure to assess the impact of the residual block on performance. This comparison
highlights how the addition of residual blocks improves the model’s ability to recognize
workouts accurately. Although the 1D CNN without residual mapping had the same
number of learning layers, its recognition accuracy was 89.03%. The cascaded 1D CNN
structure from previous research achieved a higher accuracy of 92% [30]. However, the
1D ResNet model developed in this study achieved the highest recognition accuracy of
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97.09%, demonstrating that the inclusion of residual mapping significantly improves model
performance compared to both previous approaches.

The input values passed through residual mapping help retain crucial information
from the initial IMU data related to the starting posture, minimizing the loss of valuable
input features. Moreover, by preventing gradient vanishing and exploding issues in
deep learning layers, the 1D ResNet model demonstrated higher accuracy in recognizing
14 different exercises compared to previous research that utilized a traditional 1D CNN
algorithm. This shows that the use of residual blocks improves both information retention
and overall model performance.

4. Conclusions
In summary, this study developed an algorithm for classifying 14 different workouts

within the field of human activity recognition (HAR) using artificial intelligence in the
wearable technology sector. By leveraging ResNet, which has demonstrated low error rates
in recent studies, this research achieved substantial improvements in accuracy compared to
previous algorithms. These findings suggest the potential for AI-powered personal training
systems, where wearable devices can autonomously recognize user activities, gather data,
and provide tailored workout techniques and plans to users. This system would enable
more efficient and personalized training without requiring direct user input, paving the
way for more advanced AI-driven personal training solutions.

The future research will focus on developing algorithms capable of classifying a wider
variety of exercises and enhancing the applicability of the model by incorporating data
from a larger and more diverse population. These efforts aim to improve the robustness
and generalizability of the system, paving the way for broader adoption and effectiveness
in real-world applications.
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Abstract: In order to develop a highly efficient and stable high-temperature heat pump to realize high-
efficient electrification in the industrial sector, performance of high-temperature heat pumps with a
flash tank vapor injection and sub-cooler vapor injection are compared under different evaporation
temperatures, condensation temperatures, compressor suction superheat degrees, subcooling degrees
and compressor isentropic efficiencies. The results show that the COP, injection mass flow ratio and
VHC of the FTVC are higher than those of the SVIC-0, SVIC-5, SVIC-10 and SVIC-20 under the same
working conditions, while the discharge temperature of the FTVC is approximately equal to that
of the SVIC-0 and lower than those of the SVIC-5, SVIC-10 and SVIC-20. When the evaporation
temperature, the condensation temperature and injection pressure are 55 ◦C, 125 ◦C and 921.4 kPa,
respectively, the system COP of the FTVC is 4.49, which is approximately 6.7%, 7.3%, 7.8% and 8.9%
higher than those of the SVIC-0, SVIC-5, SVIC-10, and SVIC-20, respectively.

Keywords: high-temperature heat pump; vapor refrigerant injection technique; sub-cooler; flash
tank; industrial electrification

1. Introduction

To cope with global climate change and carbon emission reduction, electricity-based
and low-carbon alternatives are a global development trend in the heating sector. Industrial
process heating is an important direction for the development of electricity-based alter-
natives in the future. According to the report of the International Energy Agency, global
carbon dioxide emissions were 33.267 billion tons in 2019, of which the industrial sector
accounted for about 40% of carbon dioxide emissions in energy consumption [1]. In Europe,
20% of total greenhouse gas emissions are currently from industrial processes. The heat
pump is an important piece of equipment used to realize efficient industrial electrification
to reduce greenhouse gas emissions.

The heat pump is an energy-saving and environmentally friendly technology. It
extracts low temperature heat from a heat source by refrigerant state change and then
transfers the high-temperature heat to a heat sink. During the heat transfer process, high
grade energy (electric power or high-temperature heat) must be input to the heat pump.
Normally, the heat transferred to a heat sink is several times greater than the electric power
required to input the heat pump. Therefore, compared to conventional heating technologies
such as boilers or electric heaters, heat the pump is far more efficient. However, the low
output temperature of the traditional heat pump is insufficient at meeting the temperature
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requirements for heating in industrial processes, which limits the application of the heat
pump in the industrial sector [2,3].

Refrigerant injection is a technique that uses some condensed refrigerant from the
condenser outlet to inject to the compressor suction line, the sealed compressor pocket, or
the condenser inlet in a vapor compression heat pump system. Refrigerant injection tech-
niques can be used to lower the temperature of an electric motor, the compressor discharge
temperature, reduce the compressor power consumption, and improve the cooling/heating
capacity. Liquid refrigerant injection and vapor refrigerant injection are the two main
types of refrigerant injection. Vapor refrigerant injection techniques have been widely used
in the refrigeration system to improve the refrigeration system COP. The earliest vapor
refrigerant injection technique was applied in cold storage, freezing engineering. When the
heat pump system was applied in a cold region, the high compression pressure ratio would
lead to a considerably high discharge temperature and low COP. So, the vapor refrigerant
injection technique is also widely used in heat pump systems applied in cold regions. Xue
et al. experimentally analyzed the refrigerant vapor-injection air source heat pump system
with R32 used as the working fluid. The results showed that the injection ratio, heating
capacity and compressor power consumption of the system increased with the increase
in intermediate pressure, while the discharge temperature decreased. The heating COP
decreased with the increase in intermediate pressure when the ambient temperature was
higher than −5 ◦C. But when the ambient temperature was below −5 ◦C, the COP first
increased and then decreased with the increase in intermediate pressure [4]. Roh et al.
found that the advantage of the refrigerant vapor-injection technique under the condition
of a small pressure ratio was not significant [5,6]. Zhang et al. established the refrigerant
vapor-injection air source heat pump system in Lanzhou, China. The experimental results
showed that the energy efficiency of the refrigerant vapor-injection air source heat pump
system increased by 4~6% compared with that of the air source heat pump system without
refrigerant vapor-injection [7]. Heo et al. investigated the influence of the refrigerant
vapor-injection on the performance of the two-stage heat pump system. The results showed
that under the ambient temperature of −25 ◦C, the COP and heat capacity increased by
10% and 25% compared with the two-stage heat pump system without refrigerant vapor-
injection [8,9]. Mathison et al. studied the influence of the refrigerant vapor-injection
technique with multiple injection ports on the performance of heat pumps. The results
showed that the performance of heat pumps improved significantly for air conditioning
and refrigeration applications when an economized refrigerant was injected at an infinite
number of ports to maintain saturated vapor in the compressor [10].

Different types of refrigerant injection show different effects on the heating perfor-
mance of heat pumps. Wang et al. found that two-phase suction, liquid injection and
two-phase injection could effectively decrease the discharge temperature of an R32 scroll
compressor used in a heat pump, and the two-phase injection showed better performance
than the other two methods in cooling capacity and COP [11]. Qi et al. developed a hybrid
vapor injection air-source heat pump cycle with sub-cooler and flash tank using R290 as a
refrigerant. The simulation results indicated that the coefficient of performance and the
volumetric heating capacity of the hybrid vapor injection cycle could be 2.8–3.3% and
6.4–8.8% higher than those of the conventional sub-cooler vapor injection cycle system
and 1.1–2.0% and 3.2–6.0% higher than those of the flash tank vapor injection cycle system,
respectively [12]. Kim et al. established a numerical model to compare and analyze the
influence of liquid, vapor and two-phase injection techniques on the performance of heat
pumps with a scroll compressor using R410A. Results showed that there was an optimum
injection quality that made the two-phase injection heat pump exhibit the highest COP
among all injection types and the two-phase injection heat pump with optimum injection
quality more effective at improving the COP and reducing the discharge temperature when
the outdoor temperature decreased [13].

The high-temperature heat pump needs to solve the problems of low efficiency and
high discharge temperatures brought about by the large temperature rise, and the refrig-
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erant vapor-injection technique is an important technical means to solve these problems.
Previous studies mainly focus on the effect of the refrigerant vapor-injection technique on a
conventional heat pump system. There are still only a few research studies which focus
on analyzing refrigerant vapor-injection techniques on performance of the HTHP system,
especially on the HTHP system with output temperatures higher than 100 ◦C. In this paper,
the performance of high-temperature heat pumps with flash tank vapor injection (FTVI)
and sub-cooler vapor injection (SCVI) are compared under different evaporation temper-
atures, condensation temperatures, compressor suction superheat degrees, sub-cooling
degrees and compressor isentropic efficiencies.

2. System Description

There are two types of vapor injection cycles: the flash tank vapor injection (FTVI)
cycle and the sub-cooler vapor injection (SCVI) cycle. In the FTVI cycle, the injected vapor
refrigerant is provided by phase separation in the flash tank. Firstly, the vapor-liquid two-
phase refrigerant absorbs heat from the heat source and the liquid refrigerant evaporates
and becomes vapor refrigerant in the evaporator. Then the vapor refrigerant enters the
compressor suction and is compressed to the intermediate pressure. The compressed
vapor refrigerant from the compressor suction mixes with vapor refrigerant from the flash
tank at the intermediate pressure location in the compressor. The mixed vapor refrigerant
continues to be compressed to the condensing pressure and is discharged to the condenser.
The compressed high-temperature vapor refrigerant releases heat to the heat sink and
condensed to liquid refrigerant in the condenser. The condensed liquid refrigerant flows
through expansion valve 1 and expands to be vapor-liquid two-phase refrigerant at the
intermediate pressure. Then the vapor-liquid two-phase refrigerant is separated into liquid-
phase refrigerant and vapor-phase refrigerant in the flash tank. The liquid refrigerant enters
expansion valve 2 and then circulates through the evaporator. The vapor-phase refrigerant
is injected into the compressor pocket at the intermediate pressure, as shown in Figure 1. In
the SCVI cycle, the injected vapor refrigerant is generated from the sub-cooler. The vapor-
liquid two-phase refrigerant absorbs heat from the heat source and the liquid refrigerant
evaporates to vapor refrigerant just like evaporation part of the FTVI cycle. Then the
vapor refrigerant flows into the compressor suction and is compressed to the intermediate
pressure. The compressed vapor refrigerant from the compressor suction mixes with vapor
refrigerant from the sub-cooler at the intermediate pressure location in the compressor.
The mixed vapor refrigerant continues to be compressed to condensing pressure and then
enters the condenser. The high-pressure and high-temperature vapor refrigerant condenses
to liquid refrigerant by releasing heat to the heat sink. The liquid refrigerant from the
condenser is separated into two paths. One path injects the refrigerant to the compressor
pocket in the intermediate pressure. In this path, the liquid refrigerant from the condenser
passes through expansion valve 1 and becomes two-phase refrigerant in the intermediate
pressure. The two-phase refrigerant absorbs heat from refrigerant in another path in
the sub-cooler and becomes vapor which is then injected into the compressor pocket in
the intermediate pressure. In another path, the liquid refrigerant from the condenser is
subcooled by two-phase refrigerant injected to the compressor pocket in the intermediate
pressure. Then the sub-cooled liquid enters expansion valve 2 and flows to the evaporator,
as shown in Figure 2.

Refrigerant has a decisive influence on the design of HTHPs, so the selection of the
refrigerant is key in the design of HTHPs. A suitable refrigerant for HTHPs should have
excellent thermodynamic properties at the operating conditions of high-temperature and
pressure, it should also be highly energy efficient, commercially available, have low global
warming potential (GWP), a zero or negligible Ozone Depletion Potential (ODP) and other
factors. The critical temperature of refrigerant is an important property when selecting
working fluids for HTHPs. The upper temperature limit of subcritical heat pump cycles is
determined by the critical temperature of the refrigerant. A temperature gap of about 10 to
15 K from the desired condensation temperature has to be maintained to ensure subcritical
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heat pump operation [14]. Additionally, the pressure level of the heat pump system is
also an important property for selecting working fluid. The higher pressure should be
kept below a practical value of about 25 bar, and the pressure ratio should be as low as
possible [15]. HFC-245fa belongs to hydrofluorocarbon chemicals and offers zero ODP and
relatively high critical temperatures of 154.0 ◦C at moderate pressures of 36.5 bar, which is
suitable for HTHPs, so R245fa is selected as the working fluid of the high-temperature heat
pump. The parameters of HFC-245fa are shown in Table 1.
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Table 1. Parameters of HFC-245.

Working Fluid Chemical Formula Group M [g/mol] tcr [◦C] Pcr [bar] NBP [◦C] GWP ODP SG

R245fa CHF2CH2CF3 HFC 134.05 154 36.5 15.3 858 0 B1

3. Model Establishment
3.1. Assumptions and Boundary Conditions

To analyze the performance of high-temperature heat pumps with different vapor
injection techniques, mathematical models are developed based on assumptions as follows:

(1) The working fluid in the heat pump system is steady state;
(2) The heat loss and pressure loss in heat exchangers and pipelines are ignored;
(3) The compressor efficiencies in heat pumps are constant;
(4) The expansion valve process is considered isenthalpic.

The reference values and the boundary conditions are shown in Table 2.
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Table 2. The reference values and the boundary conditions.

Parameters Reference Values Boundary Conditions

Refrigerant mass flow rate
.

mref/(kg/s) 1 -
Evaporation temperature te/◦C 55 40~80

Superheat degree tsup/◦C 10 0~15
Condensation temperature tc/◦C 125 100~130

Subcooling degree tsub/◦C 5 0~15
Injection mass flow ratio A 0.3 -

Relative injection pressure RIP 1 -
Injection superheat degree tsup,inj/◦C 5 0~20
Compressor isentropic efficiency ηis 0.72 0~0.9

3.2. Model Establishment

Thermodynamics models of high-temperature heat pumps with flash tank vapor
injection and sub-cooler vapor injection are established based on the energy conservation
equation and the mass conservation equation.

In the condenser, heat transfers from the working fluid to the heat sink and the enthalpy
of the working fluid decreases while the pressure loss is slight. So, the condensation process
can be considered as heat release process with constant pressure. Condensation heat can be
calculated as Equation (1) with the product of working fluid mass flow rate and the inlet
and outlet condenser enthalpy difference.

Qcond =
(
1 + A)× .

mref × (hcond,in − hcond,out) (1)

The expansion valve throttling process is considered as the isenthalpic process, so

hth,in = hth,out (2)

For the SCVI heat pump system, heat transfer takes place in the sub-cooler, so

.
mref ×

(
h6 − h9) =

.
mref × A× (h3 − h8) (3)

For the flash tank in the FTVI heat pump system

.
mre f × (1 + A)× h6 =

.
mre f × h7 +

.
mre f × A× h3 (4)

In the evaporators of the two heat pump systems, evaporation heat can be calculated
as Equation (5) with the product of working fluid mass flow rate and the inlet and outlet
evaporator enthalpy difference:

Qevap =
.

mref × (hevap,out − hevap,in) (5)

In compression processes of the two cycles, processes 1–2 and 2’–4 are the adiabatic
compression process, and process 3–2 can be treated as the mixing process with a constant
pressure, so

h2 = (h2s − h1)/ηis + h1 (6)

h4 = (h4s − h2′)/ηis + h2′ (7)

.
mref × (1 + A)× h2′ =

.
mref × h2 +

.
mref × A× h3 (8)

Wc1 =
.

mref(h2 − h1) (9)

Wc2 =
.

mref × (1 + A)× (h4 − h2′) (10)
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W = Wc1 + Wc2 (11)

Injection mass flow ratio A and relative injection pressure RIP are defined as follows:

A =

.
minj
.

mref
(12)

RIP =
Pinj√

PcondPevap
(13)

The compressor discharge temperature can be calculated from the condensation pres-
sure and refrigerant enthalpy at the compressor outlet.

tdisch = f (Pcond, hdisch) (14)

Most commonly, the coefficient of performance (COP) is used to evaluate the efficiency
of a heat pump system. The COP is obtained from the heating capacity and the compressor
power consumption, as shown in Equation (15). To compare the influence of the heating
capacity and the volumetric flow rate at the suction line, the volumetric heating capacity
(VHC) is calculated using Equation (16):

COP = Qcond/(Wc1 + Wc2) (15)

VHC = Qcond/
.

mrefν1 (16)

4. Results and Discussion

Evaporation temperature, condensation temperature, compressor suction superheat
degree, sub-cooling degree and compressor isentropic efficiency are the main factors that
influence the performance of a high-temperature heat pump. So, the performance of a
high-temperature heat pump with flash tank vapor injection and that with sub-cooler vapor
injection are compared under these different main factors.

4.1. Performance Comparison under Different Evaporation Temperatures

Figure 3 shows the performance comparison at different evaporation temperatures of
the high-temperature heat pump cycles with flash tank vapor injection and sub-cooler vapor
injection. One of the important differences between the two cycles is that the refrigerant
vapor injected into the compressor of the FTVC is in a saturated state, while that of the SVIC
can be in either a saturated state or superheated state. Therefore, the SVIC with different
injection superheat degrees are also investigated. SVIC-0, SVIC-5, SVIC-10 and SVIC-20
represent the SVIC with the injection superheat degrees of 0 ◦C, 5 ◦C, 10 ◦C and 20 ◦C,
respectively. As can be seen from Figure 3a, the COP of the FTVC system is higher than the
SVIC at the same evaporation temperature. At the same time, it can be seen from Figure 3a
that the COP of the SVIC heat pump system decreases as the injection superheat degree
increases. When the evaporation temperature, the condensation temperature and injection
pressure are 55 ◦C, 125 ◦C and 921.4 kPa, the system COPs corresponding to the FTVC,
SVIC-0, SVIC-5, SVIC-10 and SVIC-20 are 4.49, 4.19, 4.16, 4.14 and 4.09, respectively, and
the COPs of the FTVC are 6.7%, 7.3%, 7.8% and 8.9% higher than those of the systems of
the SVIC-0, SVIC-5, SVIC-10 and SVIC-20, respectively. Figure 3b shows that the injection
mass flow ratio decreases with the increase in evaporation temperature, which is explained
by the fact that the increase in evaporation temperature leads to the decrease in pressure
difference between the condensation pressure and injection pressure. It can also be seen
from Figure 3b that the injection mass flow ratio of the FTVC is higher than those of the
SVIC under different injection superheat degrees, which causes the higher COP of the FTVC
than that of the SVIC under the same injection pressure. At the evaporation temperature
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of 55 ◦C, condensation temperature of 125 ◦C and injection pressure of 921.4 kPa, the
injection mass flow ratio of the FTVC is 18.6%, 23.6%, 28.0% and 35.2% higher than the
SVIC-0, SVIC-5, SVIC-10 and SVIC-20, respectively. Figure 3c shows that the volumetric
heating capacity of the FTVC is also higher than those of the SVIC at different injection
superheat degrees. When the evaporation temperature, the condensation temperature and
injection pressure are 55 ◦C, 125 ◦C and 921.4 kPa, the VHCs of the FTVC, SVIC-0, SVIC-5,
SVIC-10 and SVIC-20 are 3976, 3714, 3710, 3706 and 3699 kJ/m3, respectively. Figure 3d
shows the discharge temperature of different systems at different evaporation temperatures.
According to Figure 3d, the FTVC and SVIC-0 have equivalent discharge temperatures at
different evaporation temperatures. When the evaporation temperature and the injection
superheat degree increase, the discharge temperature increases.
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4.2. Performance Comparison under Different Condensation Temperatures

Figure 4 shows the performance comparison of the FTVC and SVIC at different
condensation temperatures. From Figure 4a, it can be seen that at the same injection
pressure and condensation temperature, the COP of the FTVC system is always higher
than those of the SVIC with different injection superheat degrees. The higher condensation
temperature leads to the larger COP difference between the FTVC system and the SVIC
system. At the evaporation temperature of 55 ◦C, condensation temperature of 100 ◦C,
compressor suction superheat degree and condensation subcooling degree of 5 ◦C, COPs
corresponding to the FTVC, SVIC-0, SVIC-5, SVIC-10, and SVIC-20 are 6.15, 5.93, 5.92,
5.90 and 5.88, respectively. COP of the FTVC is 3.7%, 3.9%, 4.2% and 4.6% higher than
those of the SVIC-0, SVIC-5, SVIC-10, and SVIC-20, respectively. When the condensation
temperature is 130 ◦C and the other conditions are kept the same, COP of the FTVC is
7.9%, 8.9%, 9.8% and 11.3% higher than those of the SVIC-0, SVIC-5, SVIC-10 and SVIC-
20, respectively. According to Figure 4b, the injection mass flow ratio increases with
the increase in condensation temperature. The main reason is that as the condensation
temperature increases, the pressure difference between the condensation pressure and the
injection pressure increases, causing the injection vapor mass flow rate to increase. At
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the evaporation temperature of 55 ◦C, condensation temperature of 100 ◦C, compressor
suction superheat degree and condensation subcooling degree of 5 ◦C, the injection vapor
mass flow ratio of the FTVC is 24.2%, 29.9%, 35.5% and 46.6% higher than those of the
SVIC-0, SVIC-5, SVIC-10 and SVIC-20. When the condensation temperature is 130 ◦C
and the other conditions are kept the same, the injection vapor mass flow ratio of the
FTVC is 22.5%, 31.4%, 40% and 57% higher than those of SVIC-0, SVIC-5, SVIC-10, and
SVIC-20, respectively. Figure 4c shows that the VHC of the FTVC increases with the
increase in condensation temperature and the SVIC-0, SVIC-5, SVIC-10 and SVIC-20 slightly
decrease with the increase in condensation temperature. At the evaporation temperature
of 55 ◦C, condensation temperature of 130 ◦C, compressor suction superheat degree and
condensation subcooling degree of 5 ◦C, the VHCs of the FTVC, SVIC-0, SVIC-5, SVIC-10
and SVIC-20 are 4015, 3723, 3717, 3712 and 3702 kJ/m3, respectively. Compared with
the condensation temperature of 100 ◦C, the VHC of the FTVC increases by 3.5%, while
the VHCs of SVIC-0, SVIC-5, SVIC-10 and SVIC-20 decrease by 0.5%, 0.7%, 0.8% and
1.1%, respectively. Figure 4d shows the discharge temperature at different condensation
temperatures. When the condensation temperature and the injection superheat degree
increase, the discharge temperature increases.
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Figure 4. Performance comparison under different condensation temperatures. 
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4.3. Performance Comparison under Different Suction Superheat Degrees

Figure 5 shows the performance comparison of the FTVC and SVIC under different
compressor suction superheat degrees. According to Figure 5a, the COPs of FTVC, SVIC-0,
SVIC-5, SVIC-10 and SVIC-20 all increase with the increase in compressor suction superheat
degree and the COP of the FTVC is higher than those of the SVIC-0, SVIC-5, SVIC-10 and
SVIC-20 at the same conditions. At the evaporation temperature of 55 ◦C, condensation
temperature of 125 ◦C, subcooling degree of 5 ◦C and compressor suction superheat degree
of 15 ◦C, the COPs of the FTVC, SVIC-0, SVIC-5, SVIC-10 and SVIC-20 are 4.58, 4.29,
4.26, 4.24 and 4.19, which are 2.9%, 3.4%, 3.5%, 3.5% and 3.6% higher than those of the
compressor suction superheat degree of 0 ◦C, respectively. From Figure 5b, the injection
mass flow ratio does not change with the increase in the suction superheat degree. Figure 5c
shows that the VHCs of the FTVC, SVC-0, SVIC-5, SVIC-10 and SVIC-20 increase with the
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increase in compressor suction superheat degrees. The VHC is decided by the total heat
capacity, working fluid volume flow rate and suction specific volume. When the compressor
suction superheat degree increases, the working fluid volume flow rate remains the same
and the suction specific volume and total heat capacity increase. Meanwhile, the increase
in total heat capacity is more than the increase in suction specific volume, thus causing
the increase in VHC. Figure 5d shows the comparison of the discharge temperature of the
FTVC and SVIC under different compressor suction superheat degrees. As can be seen
from the figure, wet compression would take place for both the FTVC and SVIC-0 when
the compressor suction superheat degree is low.
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4.4. Performance Comparison under Different Subcooling Degrees

Figure 6 shows the performance comparison of the FTVC and SVIC under different
condensation subcooling degrees. As shown in Figure 6a, the COPs of FTVC, SVIC-0 and
SVIC-5 decrease with the increase in condensation subcooling degree; however, the COPs
of SVIC-10 and SVIC-20 decrease first and then increase with the increase in condensation
subcooling degree. The explanation for this phenomenon is that while the condensation
subcooling degree increases, the initial temperature of refrigerant flowing into the sub-
cooler or flash tank decreases, which causes the decrease in injection mass flow ratio and
COP at a constant injection vapor pressure. On the other hand, the heat capacity increases
with the increase in condensation subcooling degree, which leads to the increase in the COP.
The joint action of two factors causes the trend in the COP. From Figure 6b, the injection
mass flow ratio decreases sharply as the condensation subcooling degree increases. When
the condensation subcooling degree changes from 0 to 15 ◦C, the injection mass flow ratios
of the FTVC, SVIC-0, SVIC-5, SVIC-10 and SVIC-20 change from 0.74, 0.61, 0.57, 0.53 and
0.47 to 0.33, 0.27, 0.26, 0.24 and 0.20, decreasing by 55.4%, 55.7%, 54.4%, 54.7% and 53.2%,
respectively. Figure 6c shows that the VHCs of the FTVC, SVC-0, SVC-5, SVIC-10 and
SVIC-20 decrease with increasing condensation subcooling degrees. The VHC of FTVC
changes more sharply than those of SVIC-0, SVIC-5, SVIC-10 and SVIC-20. Figure 6d shows
the discharge temperature under different condensation subcooling degrees. According to
Figure 6d, the discharge temperature of FTVC and SVIC-0 remain unchangeable with the
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increase of condensation subcooling degree, while those of SVIC-5, SVIC-10 and SVIC-20
decrease slightly.
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4.5. Performance Comparison under Different Compressor Isentropic Efficiencies

Isentropic efficiency is widely used in evaluating the performance of compressors,
and the performance of compressors have great influence on the performance of heat
pumps. Figure 7 shows the performance comparison of the FTVC and SVIC under different
compressor isentropic efficiencies. According to Figure 7a, the COPs of the FTVC, SVIC-
0, SVIC-5, SVIC-10 and SVIC-20 all increase with isentropic efficiency. Under the same
isentropic efficiency, the COP of the FTVC is higher than those of the SVIC-0, SVIC-5,
SVIC-10 and SVIC-20. At the evaporation temperature of 55 ◦C, condensation temperature
of 125 ◦C, subcooling degree of 5 ◦C, compressor suction superheat degree of 15 ◦C and
compressor isentropic efficiency of 0.75, the COPs of the FTVC, SVIC-0, SVIC-5, SVIC-10
and SVIC-20 are 4.63, 4.32, 4.29, 4.26 and 4.22, respectively. From Figure 7b, the injection
mass flow ratio does not change with the increase in compressor isentropic efficiency. At
the same compressor isentropic efficiency, the FTVC has the largest injection mass flow
ratio. Figure 7c shows that the VHCs of the FTVC, SVC-0, SVIC-5, SVIC-10 and SVIC-20
decrease with the compressor isentropic efficiency. Figure 7d shows the comparison of the
discharge temperature of the FTVC and SVIC under different isentropic efficiencies. From
the figure, although the high isentropic efficiency will help to improve the performance
of the system, the state of working fluid in the compressor is a two-phase state when the
compressor suction superheat degree is small, which will form wet compression especially
for the FTVC. So, the compressor suction superheat degree of the FTVC must remain large
enough to prevent wet compression when the compressor isentropic efficiency is high. At
the evaporation temperature of 55 ◦C, condensation temperature of 125 ◦C, subcooling
degree of 5 ◦C, compressor suction superheat degree of 15 ◦C and compressor isentropic
efficiency of 0.75, the discharge temperatures of the FTVC, SVIC-0, SVIC-5, SVIC-10, and
SVIC-20 are 125.6, 125.8, 127.1, 128.2 and 130.3 ◦C, respectively.
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5. Conclusions

The COP, injection mass flow ratio and VHC of the FTVC are higher than those of
the SVIC-0, SVIC-5, SVIC-10 and SVIC-20 under the same working conditions, while the
discharge temperature of the FTVC is approximately equal to the SVIC-0 but lower than
the SVIC-5, SVIC-10 and SVIC-20. When the compressor suction superheat degree is low
and the compressor isentropic efficiency is high, wet compression may happen for the
FTVC system and the SVIC-0 system, which would lower the performance and even be
harmful to the running safety of the HTHP system. Therefore, enough compressor suction
superheat degree should be designed to avoid wet compression in the compressor. The
COP of the SVIC heat pump system decreases as the injection superheat degree increases.
The isentropic efficiency of the compressor, the evaporation and condensation temperatures
have greater effects on the COP than the suction superheat degree and subcooling degree.
Therefore, to achieve a higher COP, the isentropic efficiency of the compressor and the
evaporation temperature should be increased, and the condensation temperature should be
decreased. When the evaporation temperature, the condensation temperature and injection
pressure are 55 ◦C, 125 ◦C and 921.4 kPa, the system COPs corresponding to the FTVC,
SVIC-0, SVIC-5, SVIC-10, and SVIC-20 are 4.49, 4.19, 4.16, 4.14 and 4.09, respectively.
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Nomenclatures

1,2, . . ., 10 thermodynamic state points
A injection mass flow ratio
h enthalpy, kJ/kg
·

m mass flow rate, kg/s
M molecular mass, g/mol
P pressure, kPa
Q heat capacity, kW
RIP relative injection pressure
t temperature, ◦C
VHC volumetric heating capacity, kJ/m3

·
W mechanical power, kW
Abbreviations
COP coefficient of performance
FTVC flash tank vapor injection cycle
GWP global warming potential
HTHP high-temperature heat pump
HTCHP high-temperature cascade heat pump
LMTD logarithmic mean temperature difference
NBP normal boiling point
ODP ozone depression potential
SG safety grade
SVIC sub-cooler vapor injection cycle
Subscripts
c compressor
cond condensator
disch discharge temperature
evap evaporator
in input
inj injection
is isentropic
out output
sub subcooling
sup superheat
ref refrigerant
th throttle
Greek Symbols
η efficiency
v specific volume, m3/kg
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