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A B S T R A C T   

In recent years, the development of personal protective equipment (PPE) for health care workers (HCWs) 
attracted enormous attention, especially during the pandemic of COVID-19. The semi-permeable protective 
clothing and the prolonged working hours make the thermal comfort a critical issue for HCWs. Although there 
are many commercially available personal cooling products for PPE systems, they are either heavy in weight or 
have limited durability. Besides, most of the existing solutions cannot relieve the perspiration efficiently within 
the insolation gowns. To avoid heat strain and ensure a longtime thermal comfort, new strategies that provide 
efficient personal thermal and moisture management without compromising health protection are required. This 
paper reviews the emerging materials for protective gown layers and advanced technologies for personal thermal 
and moisture management of PPE systems. These materials and strategies are examined in detail with respect to 
their fundamental working principles, thermal and mechanical properties, fabrication methods as well as ad
vantages and limitations in their prospective applications, aiming at stimulating creative thinking and multi
disciplinary collaboration to improve the thermal comfort of PPEs.   

1. Introduction 

1.1. PPE and its thermal comfort issues 

Personal protective equipment (PPE) is a critical component to 
protect healthcare workers (HCWs) from infectious hazards. In the 
pandemic of highly infectious COVID-19 [1], the risk of HCWs becomes 
a serious issue in the direct contact with patients. As reported by U.S. 
Centers for Disease Control and Prevention (CDC) in April 2020, about 
19% of U.S. cases are HCWs [2]. Infectious pathogen such as 
SARS-CoV-2 (the virus that causes COVID-19) can be transmitted 
through 1) direct contact 2) respiratory droplets exhaled by an infec
tious person and 3) aerosol (smaller droplets or particles) that suspends 
in the air over long time [3]. For a comprehensive protection, PPE 
ensemble should include a surgical mask, a fit-tested respirator (N95 or 
FFP2), gloves, eye protection and gown or apron [4]. In a direct contact, 
pathogen contained liquid can transmit textile materials by either 
penetration through the porous structures due to the pressure gradient 
or permeation through diffusion due to the concentration gradient 
across the barrier [5]. A protective clothing (e.g., surgical gown, isola
tion gown or coverall) creates a barrier to eliminate or reduce contact 

and droplet exposure, therefore prevent pathogen transfer between pa
tients and HCWs. The gowns with long sleeves are able to fully cover the 
torso and fit comfortably over the body. Standard PB70:12 from 
American National Standards Institute / Association of the Advance
ment of Medical Instrumentation (ANSI/AAMI) specifies the re
quirements and protection levels of protective gowns. As suggested by 
AAMI, HCWs who are involved in medium to high risk activities such as 
direct contact with blood, body fluids and other infectious materials, 
should wear surgical or isolation gowns [6]. 

To achieve high barrier resistance of water without eliminating the 
permeability of the protective layer, nonwoven fabrics made from spun- 
bond/melt blown/spun-bond (SMS) (Fig. 1) polypropylene (PP) or 
polyethylene (PE) are most commonly used for both disposable medical 
gowns and surgical masks, because of the fast and inexpensive 
manufacturing, high levels of sterility, and effective infection control 
[5]. The spun bond layers can provide good thermal properties, high tear 
strength and good permeability, while the melt-blown layers with finer 
diameters can provide enhanced filtration efficiency. With an antibac
terial finish, the tri-layer nonwoven fabric can be competent for Level 4 
(high risk) protection in medical applications [7]. In addition to non
wovens, woven fabrics (e.g. cotton or polyester) with surface chemical 
finishing [8] or additional barrier membranes [9] can be applied for 
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reusable gowns. To ensure sufficient barrier resistance, fabrics used for 
medical gowns should have pore sizes less than the size of liquid-borne 
infectious micro-organisms [10] or be incorporated with coatings, 
laminates or membranes [11] for reinforcement. 

The small pore size and high liquid resistance of protective gowns 
will inevitably impair the vapor permeability and liquid transportation 
during a sweating period, which will pose thermal burden to HCWs. This 
is because normal thermoregulatory homeostasis is disrupted by 
impediment of the body’s heat loss to the environment [12] as a result of 
reduced evaporative cooling. In hot and humid environments, the risk 
for heat-stress-related injuries is increased greatly for HCWs who wear 
impermeable gown while working [13]. During Ebola outbreak in West 
Africa, the PPE ensembles only allowed HCWs to work for approxi
mately 40 minutes before requiring a rest break to avoid heat stress [14, 
15]. Frequent donning/ doffing of contaminated PPE for rest will in
crease the risk of potential pathogen transmission from the PPE to the 
HCWs. 

1.2. Personal thermal and moisture management 

1.2.1. Conventional methods and limitations 
Personal cooling devices such as cooling vests, which can be worn 

underneath protective gown during health care activities, can help 

reduce thermoregulatory strain and even increase working time of 
HCWs. Until now, the most commonly used personal cooling methods 
for PPE system are ice/phase change material (PCM) vests [13,16,17] 
and liquid cooing garments [18–20]. Coca et al. [12,13] compared 
different types of cooling methods (PCM vest, ice vest and liquid cooling 
garment with circulating semi-frozen water supply) in hot and humid 
environments (32 ◦C/92%RH) through both thermal manikin and 
human subject tests. They found that both the PCM/ice vests and liquid 
cooling garment can reduce physiological heat stress significantly for 
subjects wearing PPE. But PCM/ice vests have limitations in operating 
time [21], as the materials become warm during use thus requiring 
frequent donning on/off for cooler exchange. The liquid cooling 
garment seemed to perform better than ice/PCM vests physiologically 
with longer duration (4~6 hours) [21] but usually much heavier. A 
more important issue that undermining clothing comfort is the wetness. 
Due to the low surface temperature and impermeability, both PCM/ice 
packs and water circulating tubes inevitably facilitate moisture 
condensation on the cooling vests and increase the skin wetness as a 
result of the high relative humidity in clothing microenvironment [22]. 
Air cooling systems [23–25], which created ventilating air flow within 
the clothing microenvironment through fans or blowers can facilitate 
moisture evaporation, reduce the wetness and bring a significant heat 
dissipation. Most of the existing air cooling systems have air intake from 

Nomenclature 

PPE personal protective equipment 
HCW healthcare worker 
SMS spun-bond/melt-blown/spun-bond 
PP polypropylene 
PE polyethylene 
PCM phase change material 
SCBA self-contained breathing apparatus 
ITVO Infrared-transparent visible-opaque 
POTS perfluorooctyltrichlorosilane 
PDA polydopamine 
IR infrared radiation 
PEG polyethylene glycol 
UGF ultrathin-graphite foam 
PVP polyvinylpyrrolidone 
zT figure-of-merit 
AR aspect ratio 
COP coefficient of performance 
SWCNT single walled carbon nanotubes 
CVD chemical vapor deposition 
GO graphene oxide 
GOF graphene oxide fiber 

BNNT boron nitride nanotubes 
TE thermoelectric 
PM particles matter 
PU polyurethane 
PVA poly (vinyl alcohol) 
PS polystyrene 
PAN polyacrylonitrile 
PVDF polyvinylidene fluoride 
AHFD all-hydrophilic fluid diode 
TiO2 titanium dioxide 
PEI polyethyleneimine 
nanoPE nanoporous PE 
CNT carbon nanotube 
PMMA poly (methyl methacrylate) 
RH relative humidity 
FF Fill factor 
AIN aluminum nitride 
TIM thermal interface material 
MWCNT multi walled carbon nanotube 
GF graphene fiber 
LC liquid crystal 
BN boron nitride 
BNNR boronnitride nanoribbon  

Fig. 1. Schematic illustration of SMS laminate fabric. [5]  
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surroundings for a lower air temperature. But this design is unpractical 
in the environments with highly contagious infection or hazardous 
micro-organisms. In addition, due to the low permeability of the PPE suit 
layer, the relative humidity within the clothing layer may be too high to 
allow an efficient evaporation of sweat under the air ventilation. Some 
enclosed air cooling devices such as self-contained breathing apparatus 
(SCBA) [26,27] containing personal ice cooling system were also applied 
to reduce heat stress for PPE wearers, but they are exceedingly heavy 
(about 20~30 kg) that result in shorter working time to exhaustion as 
well as lower work pace. Therefore, a lightweight and sustainable per
sonal thermal and moisture management system which provides suffi
cient cooling power and reduces skin wetness without compromising the 
protection is highly required. However, most of the existing wearable 
cooling strategies have limitation in one or more aspects, therefore can’t 
satisfy the high demand of PPE systems. 

1.2.2. Advanced strategies and materials 
New strategies of personal thermal and moisture management are 

based on the rule of human body heat balance [28] where heat loss is 
realized through conduction, convection, radiation and evaporation. In 
this article, five advanced materials are introduced in terms of their 
potentials in the application of thermal and moisture management for 
PPE systems:  

1) Janus textiles with unidirectional water transport property can help 
remove sweat from skin surface for better thermal comfort and 
meanwhile prevent liquid penetration from the environment.  

2) Infrared-transparent visible-opaque (ITVO) fabrics that are vapor 
permeable and water repellent can increase the radiative heat loss 
from human body for personal cooling.  

3) PCM, as a conventional method for personal thermal management, 
can be further improved in cooling performance and wearability 
with the utilization of advanced encapsulating techniques.  

4) Thermoelectric (TE) modules with specific design and suitable heat 
sinks are able to deliver a steady and sustainable cooling effect 
through a direct/indirect thermal contact with human skin.  

5) Thermal conductive textiles, which are capable of distributing 
cooling power to distant areas, can realize an extensive heat ab
sorption over human body with more uniform cooling effects. 

As shown in Fig. 2, the above strategies are classified in terms of their 
main applications and mechanisms for the thermal and moisture man
agement in PPE system. Janus textiles and ITVO fabrics, if produced by 
electrospinning, can obtain smaller pore size, large surface area to vol
ume ratio and higher porosity, which enables them to be applied as 
surgical masks for aerosol/PM filtration without compromising the 

breathability. When being applied as protective layer of isolation gowns, 
Janus textiles can facilitate vapor evaporation through bringing liquid 
sweat to the outer surface, while ITVO fabrics enhance radiative heat 
loss due to the transparency to the IR radiation from human body. PCM 
and TE, as the cold sources, have been widely used in passive and active 
cooling systems, respectively. To further expand the cooling effect into 
large areas, thermal conductive textiles with high thermal conductivities 
can potentially be used together with cold sources in order to reduce the 
cover area of TE or PCM and cut down the total weight of clothing 
systems. Furthermore, incorporating blowers or fans into TE or PCM 
personal cooling systems can further enhance the overall cooling effects 
with the help of induced force convection and vapor evaporation. 
Generally, the advanced materials based on their applications can be 
classified into three aspects: protective clothing material, cold source 
and heat transfer media. As shown in Fig. 2, their functions in thermal 
and moisture management are matched with the four mechanisms of 
heat loss. 

2. Janus textiles 

Due to the low vapor permeability of conventional insolation gowns, 
efficient moisture management of HCWs to reduce their skin wetness 
becomes an urgent demand for thermal comfort. Materials that can 
remove moisture from skin and facilitate vapor evaporation are highly 
promising. Janus materials with different wettability on two sides and 
unique liquid management properties have attracted remarkable at
tentions [29–31]. A Janus textile with a gradient of hydrophilicity across 
the thickness can guide a unidirectional water transportation. According 
to Young-Laplace equation, liquid can spread into a pore if the surface of 
pore wall is wettable (contact angle < 90). In this condition, water tends 
to transport from the hydrophobic side to the hydrophilic side of the 
material but is blocked in the reversed direction [32,33]. In the appli
cation of insolation gowns, the property can lead to a dryer skin and a 
wide spread of moisture in the outer layer of the fabric for evaporation. 
Also, Janus textiles with porous structure can provide a higher vapor 
permeability that further assist the sweat evaporation without liquid 
penetration from the environment. 

2.1. Multi-layer microporous membrane 

Microporous membranes especially electrospun nanofibrous mem
branes have been widely studied in the application of respirator and 
surgical masks due to its extensively interconnected pores, variable 
porosity, large surface-to-volume ratio. Membranes composed of elec
trospun nanofibers with diameters from 10 to 1000 nm showed excellent 
filtering efficiency of particles matter (PM) with relatively low pressure 

Fig. 2. Applications and mechanisms of the advanced materials in thermal and moisture management of PPE systems.  
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drop [34,35]. Also, the electrospun nanofibrous membrane can be 
endowed with superhydrophobicity [36], antibacterial property [37], 
protection against chemical agents [38,39] and various wettability 
across thickness [40]. With these properties, insolation layer can ach
ieve a higher vapor permeability for thermal comfort and meanwhile 
guarantee a good protection against pathogens contained droplets and 
aerosols. To realize unidirectional transport of water, duel-layer mem
branes with two different components and structures formed indepen
dently are usually used to achieve gradient wettability. In Zhao and 
Jiang’s work [41], a dual-layer Janus membrane composed of a hy
drophobic polyurethane (PU) layer and a hydrophilic crosslinked poly 
(vinyl alcohol) (PVA) layer was fabricated through sequential electro
spinning. Water droplet on the hydrophobic side can penetrate to the 
hydrophilic side within 4 seconds. In reverse direction, water droplet on 
the hydrophilic side spread within the layer rather than penetrating. The 
hydrophilic side of a fibrous membrane is considered to provide the 
main driving force of water transport, as water enters the inter-fiber 
capillary channels and is dragged along by the action of Laplace pres
sure. While, Lu et al. [42] found that in the hydrophobic side of a Janus 
membrane, polystyrene (PS) electrospun nanofibers with porous struc
ture (Fig. 3) can also enhance the push-pull effect for directional water 
transport, comparing with solid PS nanofibers. They also [43] found that 
a core-shell nanofiber with a hydrophilic polyacrylonitrile (PAN) core 
inside a hydrophobic polyvinylidene fluoride (PVDF) shell can facilitate 
the moisture transportation from hydrophobic layer. In this study, a 
fluorine - rich PVDF shell of nanofiber with lubricating effect can 
potentially improve the tactile comfort of the fabric. 

To further enhance the unidirectional transport property, Wang [44] 
developed a tri-layered fibrous membrane (Fig.4a) with progressive 
wettability by introducing a polyurethane(PU)- Polyacrylonitrile (PAN) 
mid-layer between hydrophilic PAN layer and hydrophobic PU layer. 

Compared with dual-layer membranes, an extra capillary force can be 
induced by the intermediate layer. As shown in Fig. 4 (c) and (d), when 
the droplets moved from the hydrophobic layer to the hydrophilic layer, 
the intermediate layer promoted liquid transport whereas hindered 
directional liquid transport in the opposite direction. Both the break
through pressure and moisture wicking performance can be improved at 
the interfaces of a tri-layered membrane system. In Ding’s work [40], a 
tri-layered electrospun nanofibrous membrane was developed for PM2.5 
filtration. A gradient from hydrophobic to superhydrophilic properties 
was created across the membrane thickness, which shows the possibility 
in the application of insolation gowns for aerosol protection. 

Instead of creating wettability gradient, a heterogeneous geometry 
with gradient pore size from larger to smaller pores across the thickness 
can also realize unidirectional water transport. Shou and Fan [45] 
developed an all-hydrophilic fluid diode (AHFD) made of porous ma
terials with asymmetric pore sizes, which allowed capillary flow in a 
chosen direction. A microporous membrane with pore size of 1 μm and a 
woven mesh with pore size of about 300 μm were stacked together, 
where liquid tended to spread spontaneously from the mesh side to the 
membrane side, because of the sudden contraction of flow path. On the 
contrary, a sudden expansion of flow path from the membrane side to 
the mesh side leaded to difficulties in water advancement. But the pore 
size gradient may not always guarantee a one-way fluid transport 
because liquid can still move from smaller to larger pores when suffi
cient liquid is fed from the smaller pores [46]. In real applications, 
microporous membranes made through electrospinning usually have 
poor mechanical strength due to the high porosity and weak bonding at 
fiber junctions [47]. Cover layers [IR83] with higher strength and 
abrasion resistance can be applied together with the electrospun 
microporous membranes for more durable protection. 

Fig. 3. FESEM image of (a) cross section of as-spun porous PS nanofibers (b) the porous PS nanofibers coated with hydrophilic coating (c) cross section of coated PS 
porous nanofiber. [42] Copyright 2014 American Chemical Society. 

L. Lou et al.                                                                                                                                                                                                                                      



Materials Science & Engineering R 146 (2021) 100639

5

2.2. Woven fabrics with surface treatment 

Another strategy to achieve unidirectional water transport on pro
tective clothing is to conduct surface treatment on traditional textiles 
such woven cotton fabric. Unlike microporous membranes, a woven 
fabric with larger pores is not able to provide efficient filtration of 
aerosols or small particles (PM2.5). It was found that facemasks made of 
cotton/polyester blend cloth show only 40-60% filtration efficiency of 
aerosol particles [48]. While, cotton fabrics are commonly used in pa
tient gowns to ensure the thermal comfort. With a unidirectional water 
transport property, cotton fabric can protect water droplets with po
tential hazardous matters from the environment and meanwhile help 
remove sweat from human body. Different methods have been devel
oped to create a Janus cotton fabric with asymmetric wettability across 
the thickness. Tian and Ras [49] used a facile vapor diffusion method to 
hydrophobize one side of cotton fabric with 1H, 1H, 2H, 2H – per
fluorooctyltrichlorosilane (POTS) vapor and left another side hydro
philic. Lai [50] reported an electrospraying technique to deposit SiO2 
contained fluorinated superhydrophobic solution on one side of the 
cotton fabric for one-way water transport. The electrosprayed fabric also 
showed stable repellency toward various corrosive droplets including 
HCl and NaOH with pH of 1 and 14, respectively. The above-reported 
Janus fabrics can promote the transport of sweat from clothing inner 
side to the outer side. But the hydrophilic side of cotton fabric may have 
the risk of preserving liquid contaminants during storage, considering 
some organisms remained on fabrics can survive several months [51]. 
Xin [52] developed a photo-induced Janus cotton with a capability to 
transfer a selected side of fabric from hydrophobic state to super
hydrophilic state under solar or UV irradiation with another side still 
hydrophobic. This technology allows a cotton cloth to keep dry and 
clean during storage and recover the Janus property when being used. 
Another drawback of Janus cotton fabric in practical use is the limited 
functional period. As the moisture content increases in the hydrophilic 
side and reaches saturation, liquid transport rate will slow down and the 

fabrics will become heavy and clingy. To prevent moisture saturation, 
Lao and Shou [53] developed a “skin-like” directional liquid transport 
fabric (Fig. 5a) with superhydrophobic outer surface, which repelled 
external water droplets and liquid contaminants. As shown in Fig. 5b, 
instead of making the whole piece of fabric Janus, they created “Janus 
channels” spatially distributed in fabric plain with a gradient wettability 
across the fabric thickness as a mimic of “sweating gland”. 
Perfluoro-coated titanium dioxide (TiO2) nanoparticles were used for 
superhydrophobic treatment of cotton fabric, then a selective plasma 
treatment via a patterned mask was applied to create porous gradient 
wettability channels. As shown in Fig. 5c, water droplets can be quickly 
transported from plasma-exposed back spot areas to top spot areas and 
roll-off from the superhydrophobic surface. Here, the unidirectional 
transport behavior can proceed smoothly even in antigravity conditions. 

However, many hydrophobic treatments of cotton fabric involve the 
use of fluorine-containing materials, which limits the scale of industri
alization due to the economic costs and environmental pollution [29]. 
Except cotton, fabrics/membranes made of synthetic polymers can also 
be used to make Janus fabrics through surface treatments. Xu [54] used 
a single sided polydopamine/polyethyleneimine (PDA/PEI) codeposi
tion on a polypropylene (PP) membrane to create asymmetric wetta
bility with the treated side significantly more hydrophilic. Lin [55] used 
dip-coating method to form a thin layer of superhydrophobic coating 
containing TiO2 and hybrid silica with hexadecyl and 3-thiol propyl 
groups on a polyester fabric. A subsequent UV irradiation upon one side 
of the fabric led to a conversion of surface chemical groups from hy
drophobic to hydrophilic. 

In General, Janus textiles with unidirectional water transport prop
erty show good potential in the application of medical insolation gowns. 
The main challenge is to provide higher moisture transport efficiency 
without compromising the level of protection from water droplets and 
aerosol penetration. Electrospun microporous membranes seem to be a 
promising choice when being combined with other durable fabric ma
terials for strength enhancement. Traditional textiles such as cotton or 

Fig. 4. (a) Cross-sectional SEM image of tri-layer PU/(PU-HPAN)/HPAN fibrous membrane (b) Water absorption property of tri-layered membranes with different 
concentration of HPAH. Water transport mechanism on the upward (c) hydrophobic PU side and (d) HPAN side, respectively [44]. Copyright 2018 Wiley. 
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polyester woven fabrics with specific surface treatments can also help 
improve the moisture transport properties of medical used clothing in 
lower risk conditions, such as patient gowns and medical aprons. 

3. Infrared transparent and visible opaque fabrics 

In personal protective systems, where sweat transportation and 
evaporation are limited, the human body radiation that contributes to 
more than 50% of the total body heat loss in indoor environment [56,57] 
plays more significant role in maintaining the heat balance. Human skin 
is an effective emitter of infrared radiation (IR) with an emissivity of 
0.98 [58,59]. The radiation is mainly distributed in the mid-infrared 
range between 7 – 14 μm, which overlaps with the transparent win
dow of the atmosphere and therefore allows the heat to be dissipated 
into the outer space (3 K). When human skin temperature is around 34 
◦C, the theoretical net radiation power density between human body and 
the outer space is about 100 W m-2 [60]. An IR transparent clothing, 
using innate thermal radiative heat of human body as the cooling 
mechanism, has huge potential in the application of personal thermal 
management. While in practice, large percentage of the human body 

radiation is either absorbed or reflected by clothing materials, e.g. cot
ton and polyester, which have low IR transmittance (<0.02) [61]. 
Polymers such as polyethylene (PE), polycaprolactam and nylon, with 
simple chemical structures and fewer vibrational modes, have high IR 
transmittance but also are transparent to visible light (380 ~ 750 nm), 
thus not suitable for wearing. In 2015, Tong et al. [61] introduced a 
concept of infrared-transparent visible-opaque (ITVO) fabric composed 
of IR transparent polymers. Through a numerical study, visible 
opaqueness of the fabric can be realized through a structured design of 
fibers. With an optimized design of fiber and yarn, low reflectance 
(0.019) and high transmittance (0.972) of human body radiation can be 
obtained theoretically. In 2016, Hsu et al. [62] for the first time 
demonstrated the cooling function of an ITVO fabric for personal ther
mal management through an experimental study. They used a com
mercial nanoporous PE (nanoPE) film with pore sizes comparable with 
the wavelength of visible light as the basic material, showing a good 
IR-transparency and strong scattering of visible light. The weighted 
average transmittance for human body radiation was 96.0% (Fig. 6b) 
and the opacity for visible spectrum was higher than 99%. Under 23.5 ◦C 
ambient temperature, the nanoPE film showed 2.7 ◦C radiative cooling 

Fig. 5. (a) Schematic illustration of dual properties of the skin-like fabric (b) Fabrication process of the skin-like fabric. Still frames taken from videos when water 
was dropped on a inclinedly laid (45◦) fabric on (c) exposed top spot areas and (d) unexposed back spot areas [53]. Copyright 2020 AAAS. 
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effect comparing with cotton fabric when a “simulated skin” with con
stant heat flux was used for measurement. In addition, the 
interconnected-pore structure and 50% porosity of the nanoPE lead to a 
high water vapor transmission rate (~ 160 g/m2 per hour), which is 
even larger than that of a cotton fabric (~140 g/ m2 per hour). 

The good vapor transport property, hydrophobicity and small pore 
size (100 ~ 1000 nm) of nanoPE enables a possibility in the application 
of personal protection as a filtering material. But only a layer of nanoPE 

film is not enough to screen aerosols or particle matters (PMs) in smaller 
size (< 1 μm). As discussed in the previous section, a combination of 
nanoPE screening layer and nanofibrous membrane can realize a more 
comprehensive filtration of aerosol/PM in different dimensions. Besides, 
the nanoPE film can make up the fragility of electrospun membranes due 
to the good mechanical property [63]. In 2017, Yang et al. [64] devel
oped an ITVO PM filter through transferring nylon-6 electrospun 
nanofibers (diameter < 100 nm) onto the nanoPE film with a total fabric 

Fig. 6. Mechanism and properties of nanoPE (a) Sechematics of comparison between the nanoPE, normal PE and cotton. (b) Measured total FTIR transmittance of 
nanoPE, normal PE and cotton. (c) High-resolution SEM image of nanoPE. (d) Simulate weight average transmittance for various pore sizes. (e) Water vapor 
transmission rate test of different materials [62]. Copyright 2016 AAAS. 

Fig. 7. Introduction and properties of Fiber/NanoPE (a) Scheme for proposed face masks with electrospun nylon-6 nanofibers on nanoPE substrate. (b) SEM images 
of the nylon-6 fibers before and after filtering the particle matter (c) Thermal imaging of human subject wearing different masks (Sample of fiber/nanoPE fabric and 
two commercial face masks, Com-1 and Com-2) [64]. Copyright 2017 American Chemical Society. 
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thickness of 12 μm (Fig. 7a and b). As a candidate of face mask material, 
the fabric showed a high removal efficiency of PM 2.5 (>99.5%) and a 
low pressure drop (Fig. 7c). Larger thickness of nanofibrous membrane 
usually leads to a higher PM filtration efficiency but may also result in 
lower IR transmittance due to the longer IR optical path [65]. As shown 
in Fig. 7d, the weight average transmittance of the nanofiber/nanoPE 
fabric was 0.893, much higher than that of commercial masks (0.229). 
In addition to the cooling function, ITVO fabrics can perform both 
cooling and heating functions within the same material. Hsu et al. [66] 
developed a dual-mode ITVO fabric through embedding a “double-face 
emitter”, composed of a carbon layer and a copper layer, into the 
nanoPE film to achieve different IR emissivity (0.894 and 0.303) and 
reflectivity on each side of the material. The cooling and heating modes 
can be easily switched by turning the fabric inside out, which expands 
the application of ITVO face masks in different weathers. The good 
adaptability further enhances the potential of ITVO fabrics in the 
application of protective garments for personal thermal management. In 
particular, the nanofiber/nanoPE fabric [64] with a nylon-6 nanofibrous 
membrane as the inner layer and a nanoPE film as the outer layer pro
vides good hydrophilicity for moisture absorption on the inner surface 
and good prevention from external water penetration. 

The radiative cooling effect of ITVO fabrics has been demonstrated in 
indoor environment [62][64]. While, for outdoor environment under 
direct sunlight, the total power density of solar irradiation is about 1000 
W/m-2 [67] and more than 60% of the total solar irradiance can be 
absorbed by bare human skin [60]. Even though the ITVO fabrics can 
scatter visible light, the solar spectrum is distributed in both visible and 
near-infrared ranges spanning from 0.3 to 4 μm. So, large proportion of 
the solar radiation can transmit through the ITVO fabric and offset the 
radiative cooling effect. To overcome the dilemma, Cai et al. in 2018 

[60] developed a solar reflective ITVO fabric to realize personal radia
tive cooling in outdoor conditions. Spherical ZnO particles with diam
eter between 0.3 to 8 μm were mixed into the nanoPE. Due to the 
distinctive high refractive index and low absorption, the embedded ZnO 
particles enabled a selective scattering effect on visible and near-IR 
wavelength. As a result, the ZnO-nanoPE fabric showed a strong solar 
reflection (0.90) and high transmittance (0.80) for human body radia
tion. Besides, instead of adding particles, Song et al. [63] used electro
spun nanofibrous membrane with a beads-on-nanofiber structure to 
enhance the solar reflection of an ITVO fabric. 

Another challenge for the ITVO fabrics in the consumer market is the 
control of color. Commonly used organic dyes for textiles usually have 
strong absorption of human body radiation due to their chemical bonds, 
e.g. C-O, C-N, aromatic C-H, and S = O. [68,69] PE textile is more 
difficult to obtain colors through dyeing, because of its inert chemical 
property and lack of polar groups for chemical adhesion [70,71]. Cai 
et al. in 2019 [72] reported a colored ITVO PE textile (Fig. 8) that re
flects certain visible colors, showing good color stability and negligible 
compromise in IR transmittance. Inorganic particles (viz. Prussian blue, 
iron oxide and silicon) with strong resonant light scattering effects on 
visible spectral range were mixed with PE for a selective reflection. The 
particle sizes (20 – 1000 nm) are much smaller than the wavelength of 
human body radiation, which guarantees a high IR transparency (~ 
80%). 

In general, the ITVO fabric is a promising material in the application 
of protective clothing or face masks for personal thermal management. 
Especially when sweat evaporation blocked by isolation gowns, radia
tive cooling effect may help enhance heat dissipation and reduce skin 
temperature as indicated in previous studies [62,64,72]. But for indoor 
conditions or when a direct radiation towards outer space is not 

Fig. 8. Introduction and performance of the colored ITVO PE textile. (a) Design schematic for the coloration of radiative cooling textiles. (b) Photographs of the ITVO 
knitted textile in three different colors. (c) Infrared image of skin covered with different textiles [72]. Copyright 2019 Elsevier. 
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available in cloudy days, the cooling effect of the ITVO fabric highly 
depends on the ambient temperature. The demand for large temperature 
gradient may limit the application of the ITVO fabrics. Pan [73] in a 
numerical study showed that the heat loss through human body radia
tion under 30 ◦C is less than 50% of that under 23.5 ◦C, which indicates 
the weakening of radiative cooling effect at higher ambient temperature. 
Besides, the overall cooling effect of the ITVO materials as a whole 
garment is still not clear. More experimental studies (i.e. human subjects 
tests or thermal manikin tests) are required to demonstrate the overall 
cooling effect of ITVO clothing under different environment conditions. 

4. Phase change materials (PCMs) 

Phase change materials (PCMs) are thermal energy storage materials 
that absorb or discharge latent heat through phase transformation, 
which thereby renders temporary cooling or heating effects [74]. The 
application of PCMs for personal thermal regulation was firstly proposed 
by NASA in 1980s [75] through incorporating PCMs in astronauts’ 
spacesuits for thermal protection from the extreme temperature in 
space. Because of the high energy storage capacity per unit weight and 
ease of recycling, PCM vests are the most prevalent cooling garments in 
the market especially for outdoor workers and people wearing PPE, to 
alleviate their heat strain, prolong the working time and increase the 
productivity. The cooling performance of PCMs depends on 1) latent 
heat absorbed/released 2) phase transition temperature and 3) amount 
of PCM encapsulated. Common types of PCM include ice, frozen gel, 
paraffin waxes, fatty acids, ethylene glycol and hydrated salts [76,77]. 
Cooling vests incorporated with ice packs [78] or frozen gel packs [79] 
have strong cooling capacity due to the low melting point of water but 
may also induce drastic skin temperature drop, vasoconstriction and 
discomfort sensation. Besides, freezers are always required for regen
eration and storage of the ice/gel packs. Usually, for the purpose of 
personal thermoregulation, PCMs with phase transition temperature in 
the range of 18 to 36 ◦C are selected [80]. Paraffin-based PCMs with 
good chemical and thermal stability has been extensively used for 
clothing applications due to the suitable phase transition temperature (i. 
e. 18 ◦C to 34 ◦C) [81–83], high latent heat (230 – 245 J/g) [Lun] and 
good compatibility with various polymers. Especially the n-nonadecane, 
with a phase transition temperature (32.1 ◦C) close to human body 
temperature [84], is highly promising for personal cooling applications. 
Fatty acids [85,86], another type of organic PCM obtainable in animal 
fats or vegetable oils with a narrow range of phase transition tempera
tures, can be used as an alternative to paraffins. In addition, ethylene 
glycol (PEG) [87] with wide range of phase transition temperatures and 
large latent heat can be mixed with other PCMs for regulating the 
thermal properties. However, organic PCMs are generally flammable 
thus not applicable in personal cooling of firefighters. Inorganic hy
drated salt, the sodium sulfate decahydrate (viz. Glauber’s salt) [88,89], 
with high volumetric storage density (~350 MJ/m3), appropriate 
melting temperature (32.4 ℃), high thermal conductivity and lower cost 
than paraffins [90] can be a better option for firefighters’ cooling. But 
the problems of phase segregation and corrosivity of the hydrated salt 
PCMs limit their potentials in long-term applications. 

4.1. Advance in PCM encapsulation 

Solid-liquid PCMs that transform their phase from solid to liquid are 
commonly used in thermal management clothing. To prevent the 
seepage of liquid state PCM as well as the unwanted interactions with 
environment, techniques of microencapsulation through coacervation 
[91], spray-drying [92], sol-gel [93] or interfacial polymerization [94] 
are usually applied. However, both the PCMs and the polymer shells of 
microcapsules have low thermal conductivities. To improve the cooling 
efficiency of microencapsulated PCMs, materials like carbon nanofibers 
[95], carbon nanotubes [96], graphene oxide [97] or graphite nano
plates [98] can be applied to improve heat transfer performance as well 

as the form-stability. These additives are either coated onto the surface 
of PCM microcapsules [97] or dispersed into the PCMs as fillers [99]. 
Shi’s [98] study showed that more than 10 folds increase in thermal 
conductivity of paraffin PCM can be achieved with the 10 wt% addition 
of graphite nanoplates. Increasing the loading ratio (above 10 wt%) of 
dispersed fillers can also help improve shape stability of PCMs but 
meanwhile lead to decrease in phase change enthalpy [100]. Instead of 
using dispersed fillers, filling PCMs back into continuous fillers, such as 
three-dimensional graphene sponges [101], graphene aerogels [102], or 
networks of carbon nanotube (CNT) [103] can further improve the 
thermal conductivity without undermining the phase change enthalpy. 
Ji et al. [104] developed a continuous ultrathin-graphite foam (UGF) 
that was embedded in the PCM to minimize the interface thermal 
resistance. As shown in Fig. 9a and b, the sponge-like porous UCF was 
filled by paraffin wax with a filling fraction of PCM up to 97.3 wt%. As a 
result, the thermal conductivity of the PCM could be increased by up to 
18 times with negligible change in phase change enthalpy and melting 
temperature comparing with pure paraffin wax. However, such 
open-cell structures sometimes fail to prevent leakage of PCM at melting 
temperature. Ye et al. [74] applied a self-assembled 3D graphene aerogel 
consisting of numerous hollow cells, where paraffin PCMs can be 
encapsulated in the form of micrometer-scale droplets with a high filling 
fraction (97 wt%) (Fig. 9c and d). Due to the encapsulated structure and 
continuous graphene network, the composite PCM overcame the 
leakage problem and also delivered an enhanced thermal conductivity 
without compromising the phase change enthalpy. Besides the thermal 
conductivity, heat absorption efficiency of PCM composites is also 
related with the specific heat capacity and the density of materials. The 
specific heat capacity of PCM composites can be affected by the ratio of 
additives, too. In Elgafy’s study [95], specific heat capacity of a paraffin 
wax composite decreased with the increase in mass ratio of CNTs, 
therefore resulting in a higher thermal diffusivity and higher heat 
transfer rate. 

4.2. Integrating PCMs in textiles 

PCMs can be integrated in textiles through packaging [105], coating 
[106], printing and padding [107]. In Bennett’s study [79], a cooling 
vest incorporated with frozen gel packs could help reduce human body 
core temperature by 0.9 ◦C in a warm and humid condition, which was 
equivalent to 26.1 W/m2 heat absorption. Despite the high cooling ca
pacity, garments with PCM packs are usually heavy and bulky [108,77]. 
For the methods of coating, printing and padding, PCMs are usually 
encapsulated in protective shells and integrated in conventional textiles 
(e.g. cotton [109,110] or polyester [111,112]) by filling up the micro
pores of fabrics, which inevitably undermines the air permeability. Be
sides, the binding between PCM microcapsules and textile materials can 
reduce the softness of the fabric. Therefore, a sacrifice in wearing 
comfort of the textiles is usually involved in the utilization of above 
methods [86]. 

Instead of adding components to conventional fabrics, integrating 
PCMs into fibers can realize heat absorption without adding weight or 
compromising air permeability of fabrics. The PCM contained fibers can 
be achieved by blending PCM in solutions [113,114], adding PCM 
nanocapsules [115] or using coaxial spinneret [116] in the spinning 
process. Usually, PCM contained fibers are produced by solvent spinning 
rather than melt spinning because the melt state of PCM powers may 
lead to an aggregation and degradation [117]. Compared with other 
methods, coaxial electrospinning, which produces core-sheath struc
tured ultrafine fibers with PCMs encapsulated inside, seems more 
promising in providing strong and uniform cooling effect due to the 
continuous encapsulation of PCMs over the structure of fibers, good 
physical properties, high loading ratio of PCMs and high phase change 
enthalpy [118]. Lu et al. [119] reported a paraffin-loaded core-sheath 
nanofibers through encapsulating paraffin wax into Poly(methyl meth
acrylate) (PMMA) with solution coaxial electrospinning method 
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(Fig. 10). It was found that higher feed rate of core material results in 
higher encapsulated content of PCM. With an optimal feed rate and 
concentration of the core material, PCM core-sheath nanofibers with 
high flexibility, high latent heat (57.65 J/g), good mechanical strength, 

large specific area was achieved. The sheath material helped maintain 
the shape of fiber and prevent leakage of PCM melt. However, even 
though CNTs were added in PMMA sheath, no significant improvement 
in thermal conductivity was observed because of the strong influence of 

Fig. 9. SEM images of UGF (a) before PCM filling and (b) filled with paraffin wax [104]; SEM images of graphene aerogel (c) before PCM filling and (d) filled with 
paraffin [74]. 

Fig. 10. Introduction of the paraffin-loaded core-shell nanofibers with PMMA sheath. (a) Schematic illustration of the coaxial electrospinning technique (b) Heat 
stored process of the core-sheath nanofibers (c) TEM images of core-sheath nanofibers without CNTs. (d) TEM images of core-sheath nanofibers with 10 wt% CNTs 
added in PMMA [119]. Copyright 2018 American Chemical Society. 
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phonon scattering on amorphous polymers [120]. In Haghighat’s work 
[118], a PCM/Polyvinylpyrrolidone (PVP) core-sheath nanofiber with 
36% encapsulation ratio of PCM and 80 J/g phase change enthalpy was 
developed. In a simulating study, at the melting point of PCM, the sur
face temperature difference between PCM/PVP core-sheath samples and 
pure PVP samples could be 10 ◦C, which indicates a good potential of 
core-sheath PCM fibers in the application of thermal management. It 
was also found that reducing the sheath feed rate and keeping core feed 
rate can help reduce the wall thickness of sheath and increase the 
loading ratio of PCM. 

Although the air permeability of PCM textiles can be improved, in 
the hot environment [225] [226], moisture condensation and sweat 
accumulation may occur on the surface of PCM garments due to the high 
microclimate RH inside PPE as a result of continuous sweat production 
and relatively low surface temperature of PCM. This may counteract the 
cooling effect and undermine thermal comfort. To solve this problem, 
hybrid cooling vests combining PCMs with ventilating fans [121] or 
desiccants [122] were developed for moisture removal. In Itani’s study 
[123], different types of PCM cooling vest were investigated under 
various ambient conditions. It was found that the PCM-Fan vest is 
effective in low and moderate RH conditions, while in high RH condi
tions, the PCM-desiccant vest is recommended. But these additional 
components further increase the weight of the PCM cooling garments. 
Dorman [124] claimed that PCM cooling garments less than 1.5 kg are 
preferred for minimal effect on human metabolism. To meet the 
requirement of ASTM F2371-16 standard (viz. 50 W cooling power for 
more than 2 hours at 35 ◦C/40% RH), the weights of commercial 
PCM/ice vests are commonly up to 1.8 ~ 3.5 kg. 

In general, PCMs with high heat absorption efficiency, adjustable 
phase transition temperature, replaceable cooling source and good 
adaptability to various environments are highly promising for the 
application of personal thermal management. The working performance 
of PCM cooling vests is related to the material type, filling ratio and 
distribution. However, there is always a tradeoff between the working 
performance and the wearing comfort [117]. Longer duration and 
higher cooling capacity usually come together with larger weight, lower 
flexibility, larger cover area and reduced air permeability for PCM 
cooling vests. Core-sheath nanofibers with PCM encapsulated inside 
have good potential in obtaining large loading ratio and secured 
encapsulation of PCMs without compromising thermal comfort proper
ties of textiles. But due to the low thermal conductivity of sheath ma
terials, the phase transition enthalpy is usually lower than that of pure 
PCMs, thus undermining the cooling capacity. Therefore, the encapsu
lation of PCMs with good compatibility in textiles, high thermal con
ductivity, high phase transition enthalpy and no seepage needs further 
investigations and explorations. In addition, a heat transfer media with 
high thermal conductivity and good compatibility with apparels can be 
applied together with PCMs to spread the cooling effect to larger areas of 
human body with more uniform heat distribution. It can potentially 
reduce the weight of clothing systems through using less amount of 
PCMs with lower phase transition temperature, which was considered to 
cause overcooling and discomfort during a direct contact with human 
body. 

5. Thermoelectric systems 

Thermoelectric (TE) cooling materials are solid-state heat pumps 
based on Peltier effect [125–128]. A TE module consists of several 
thermocouples, which are comprised of p- and n- type TE materials, 
connected electrically in series and thermally in parallel [129]. With 
electric current applied, charge carriers (electrons and holes) in TE 
module carry the heat from one side to the other and the thermocouple 
junctions are heated or cooled depending on the current direction, thus 
allowing heat exchange between the TE and surroundings. TE coolers 
have been widely used for heat management and precise temperature 
control of small and portable systems such as automotive air-conditioner 

[130], electronics [131] and medical devices [132] etc., due to the ad
vantages of being lightweight, noiseless, highly reliable, long lifetime, 
no chemical reaction or emission and low maintenance requirement 
[133]. Recently, the TE coolers with small size and adjustable cooling 
effects have drawn a lot of attention in the application of wearable de
vices for personal thermal management [129,134,135]. To achieve 
sufficient cooling effect of a TE module, the Peltier cooling power on the 
cold side must overcome the heating effects of both joule heating and the 
heat conduction from the hot side, which demands the use of heat sinks 
for efficient heat dissipation. Besides, the microscopic surface roughness 
of TE module and heat sinks may result in asperities between two mating 
surfaces. These asperities lead to poor thermal conductivity because of 
the air gap in between and bring challenges to heat transfer. Therefore, 
the improvement of a TE cooling system can be realized in four aspects: 
1) TE module performance 2) heat rejection of heat sinks 3) compati
bility of different components 4) interfacial thermal conductivity. 

5.1. Advance in TE module 

The performance of a TE module is determined by both material 
types and design parameters. It can be quantified with a dimensionless 
metric, figure-of-merit (zT) which indicates that higher Seebeck coeffi
cient, higher electrical conductivity and lower intrinsic thermal 
conductance are favorable for greater cooling effects [136]. In the past 
decades, different types of TE materials, such as metal chalcogenides, 
silicides, skutterudites, zintl phases, clathrates, metal oxides and organic 
semiconductors, etc. have been developed [133]. Among these mate
rials, Bismuth chalcogenide Bi2Te3 and its alloy, most notably 
Bi2-xSbxTe3 (p-type) and Bi2Te3-xSex (n-type), [137–139] are the most 
suitable choices for the temperature range for human activities. In such 
conditions, the hot side temperature of TE is typically limited to less 
than 250 ◦C in order to avoid decline in zT and material instability 
[140]. Recently, new materials like Bi0.5Sb1.5Te3 has been reported to 
show a zT up to 1.9 at 50 ◦C with grain boundary dislocations induced 
[141]. On the other side, design parameters of TE module such as fill 
factor (FF), aspect ratio (AR) of TE pillars, etc. also play important roles 
in determining the performance of TE. In the application of wearable 
devices, Suarez [142] found that TE modules with FF lower than 20% 
are more suitable for on-body use. Due to the poor thermal conductivity 
(0.3 W/mK) [143] and limited heat flux [144] of human skin, TE in a 
body-contact condition will go through a low heat load and high thermal 
resistance, which increase the challenge in achieving high cooling effi
ciency. Commercial TE coolers usually have FF greater than 25% and AR 
around 1.0 that are less favorable for on-body use. Kishore [129] 
developed a wearable TE cooler (Fig. 11), with optimized design of FF 
and AR, capable of cooling the human skin 8.2 ◦C below the ambient 
temperature. As shown in Fig. 11b, the optimum FF for wearable TE 
cooler should be less than 15% and the optimal AR should be in the 
range of 1-2. It was also found that under high-thermally resistive 
environment, such as deployment on human body, lower thermal 
conductance of TE module is more influential than higher Seebeck co
efficient. Since the cooling effect is limited within the contact area, to 
achieve sufficient cooling power (23 W at 26 ◦C) for human body [134], 
about 300 cm2 contact area is required for this TE cooler. Therefore, as a 
wearable device, a flexible TE is necessary to allow free body movement 
and good tactile comfort. 

However, conventional flexible TE materials made of polymers or 
hybrids of organic/inorganic materials usually have low figure of merit 
[133]. Hong et al. [135] developed a flexible and effective wearable TE 
cooler (Fig. 12) with rigid inorganic high-zT TE pillars sandwiched be
tween stretchable elastomer Ecoflex sheets. Tall pillars were applied to 
provide larger air gap and small thermal conductance between cold and 
hot side of the TE cooler, resulting in a higher zT. But the tall pillar also 
brought larger electrical resistance, greater joule heating and lower 
flexibility of material (Fig. 12e). Therefore, an optimal height of pillar 
was selected to achieve a high zT as well as a balance between thermal 
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Fig. 11. (a) Schematic illustration of the wearable TE cooler. (b) Cold-side temperature of the wearable TE cooler at different FF and AF. (c) Wearable thermoelectric 
cooler provides localized body cooling. The arrows illustrate heat flow from human body to the ambient via TE and heat sink. (d) Thermocouples, comprising of p- 
and n- type legs, in the TE module [129]. Copyright 2019 The Author(s). 

Fig. 12. Design and fabrication process of flexible TE cooler; (a) Schematic illustration of cooling garment with flexible TE coolers (left) and internal structure of TE 
(right); (b) Photograph of flexible TE cooler; (c) Schematic illustration of TE design, where hair is heat transfer coefficient, GTED is thermal conductance, Th and Tc are 
temperatures at hot and cold sides of TE; (d) Schematic diagram and photographs showing the flexibility of the TED; (e) Finite element simulation of GTED and 
bending stiffness of flexible TE coolers as a function of pillar height [135]. Copyright 2019 AAAS. 
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and mechanical properties. In addition, to enhance the in-layer thermal 
conductivity of the flexible layers, Aluminum Nitride (AIN) micropar
ticles were added into the Ecoflex sheet. As a result, the TE cooler with a 
high AR (5.0) and low spatial density (6.25%) showed a zT of 0.71 at 
room temperature. Without using heat sinks, the flexible TE cooler was 
able to reduce the local skin temperature by 2.5 ◦C under 36 ◦C ambient 
temperature. 

5.2. Improvement of TE systems 

High zT of TE module along does not guarantee a high cooling power. 
In terms of optimizing the cooling performance of a TE system, heat 
resistance of the heat sinks on hot and cold sides of TE could be a more 
dominant factor. [145] The most commonly used heat sinks in the 
market are made of aluminum or copper due to the high thermal con
ductivity and good machinability. To further improve the heat dissi
pating efficiency, a lot of numerical studies have been devoted to the 
optimization of heat sink structure for minimal thermal resistance. It 
was shown that theoretical analysis with the heat balance equations of 
heat sinks can provide a reasonable prediction of real performance of TE 
cooler [146]. In practice, there are two common types of heat sinks: 
plate-fin heat sinks and pin-fin heat sinks. The former offers simple 
design and easy fabrication, while the latter has larger surface area for 
heat exchange and higher production cost. Kim [147] found that under 
impinging flow conditions, the heat sinks with pin-fin structure per
formed better than those with plate-fin structure. Also, the heat sinks 
with dense fin structure had better performance than those with loose 
fin structure. In Seo’s work [148], influence of heat sink structure on the 
performance of TE cooler was investigated under a duct flow condition. 
For plate-fin heat sinks, increasing the fin thickness and fin number can 
improve heat dissipating rate significantly on the hot side, while the 
increase in bottom thickness has little influence on the heat dissipating 
rate. 

In addition to the design of each component (TE module, heat sinks), 

the degree of compatibility among different components in an inte
grated TE system also influences the optimum performance. Zhou [149] 
proposed an optimal allocation of thermal resistance between cold side 
and hot side in a TE cooling system. The optimal ratio (cold side to hot 
side) is 1.13 ~1.50 for maximum cooling capacity and is 0.96~1.22 for 
optimum coefficient of cooling performance (COP). Zhu et al. [150] 
discussed the optimal allocation ratio of heat transfer area for heat sinks 
at hot and cold sides. They also proposed the optimum configuration of 
plate-fin heat sink for minimum entropy generation [151]. Lu [145] 
found that the optimal thermal resistance of TE module should account 
for 40-70% of the total thermal resistance in an integrated system. Based 
on these findings, Zhao et al. [134] and Lou et al. [152] reported a 
wearable thermoelectric air-cooling/heating system (Fig. 13) that blows 
cool or warm air to different locations of human body for personal 
thermal management. In this system, a pin-fin heat sink with impinging 
flow was applied on air rejection side for heat dissipation and a plate-fin 
heat sink with duct flow was used on the air supply side for cool
ing/heating (Fig. 13c). Also, a relationship between thermal resistance 
and weight of heat sink was established for the optimal design. In the 
cooling mode, the system was able to provide 15.5 W cooling power to 
human body at 26.1 ◦C ambient temperature through a forced 
convection. 

The thermal conductivity at the interface between TE and heat sinks 
also plays an important role in determining the overall heat transfer 
efficiency. The actual contact area of two mating surfaces can be only 1- 
2% of the apparent contact area due to the surface roughness [153]. To 
enhance the thermal coupling, thermal interface materials (TIM) are 
usually applied at the interface between two contact components. Here, 
soft materials are preferred as they can conform to the surface textures 
under pressure [154]. There are three main types of TIM: 1) 
Carbon-based materials such as carbon nanotubes (CNTs) or graphene 
[155–157], 2) Metal-based materials such as solders and low melting 
temperature alloy [158–160], 3) Filler-based materials such as pastes, 
epoxies, adhesive [161–163]. Except using TIMs, Karwa [164] 

Fig. 13. (a) Illustration of the design and functions of the wearable thermoelectric air cooling/heating system; (b) 3D perspective of the air supply unit with TE, heat 
sinks, blower and control system integrated; (c) Schematic illustration of the air supply unit [152]. Copyright 2020 Elsevier. 
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developed a water jet cooled heat sink, which deployed a direct contact 
between water flow and TE module surface for heat exchange. A low 
thermal resistance (0.025 K/W) on the hot side can be achieved due to 
the eliminated interfacial thermal resistance. 

Compared with passive methods (e.g. Janus textiles, ITVO fabrics or 
PCMs), the TE cooling device as an active method has advantages in 
providing stable and adjustable cooling power. For on-body applica
tions, TE coolers with an optimized material design [129,135] can 
deliver a strong cooling effect. Also, the TE cooling systems can be made 
in smaller size [129,135] and lighter weight than PCM cooling vests or 
liquid cooling garments. But the distinct temperature drop of local skin 
area may occur and result in local thermal discomfort when the TE 
coolers are in direct contact with the human body. Expanding the con
tact area of TE coolers will block the sweating evaporation from human 
body just like PCM packs. TE air cooling systems [134] [152], which can 
provide both convective cooling and evaporative cooling effects, shows 
a great potential in the application of personal thermal and moisture 
management. However, the hot side of a TE cooling system usually 
needs to be exposed to the ambient air for an efficient heat dissipation, 
which may increase the risk of exposure for personal protective systems. 
Since the cooling efficiency is highly dependent on the ambient tem
perature, it makes the TE cooling system less efficient in hot environ
ment or being used inside PPE microclimate. Besides, the use of battery 
may further increase the burden of heat dissipation when batteries need 
to be placed inside PPE microclimate. Therefore, to realize a sufficient 
heat dissipation and thermal comfort without compromising the pro
tection and wearability of the whole PPE system, innovative methods on 
both TE system and PPE design are required. A system with the TE 
cooling device detachable from the garment is preferred for more 
convenient washing. 

6. Thermal conductive textiles 

6.1. Introduction and traditional methods 

Thermal conductive materials, which take up heat readily from the 
environment, have good potential to be applied in personal thermal 
management when being integrated into textiles or clothing [165,166]. 
They can help facilitate the body heat dissipation or distribute the 
cooling effect generated from the cold sources (e.g. PCM or TE) to larger 
body areas as a heat transfer media. 

At present, metals such as gold [227], silver [228], copper [229], 
stainless steel [230] and aluminum [231,232] have been incorporated 
into textiles for conducting electricity and radiation shielding. The 
presence of metal in textiles also improved their properties in thermal 
conduction and heat dissipation. To combine them with traditional 
textile materials, metals can be fabricated into pure metallic fibers 
[233], multistrand metallic wires [229,234], braiding metallic yarns 
[235,236] or metal-coated compound yarns [237–239]. Metallic fibers 
or yarns are usually woven or knitted into fabrics. In Liu’s study, a 
knitted heating fabric was developed through combining silver plating 
compound yarns with staple fiber spun yarns [228]. However, metallic 
textiles usually have large friction force and weak cohesive force, which 
may lead to slippage or separation in the spinning process [240]. Also, 
the low elastic recovery rate and low bending resistance of fine metallic 
fibers may even result in breaking and falling off from the fabric. For 
metallic coated fibers or yarns, the coating on the surface may undergo a 
damage during the washing process [241]. 

To avoid these problems and further improve the cooling effect of 
thermal conductive textiles, some new and promising thermal conduc
tive materials, including carbon nanotube (CNTs) fibers, graphene fibers 
and boron nitride materials will be introduced in this section. These 
materials will be discussed in their fundamental principles, thermal and 
mechanical properties, fabrication methods, and potential in textiles 
applications, along with the perspectives and challenges. 

6.2. Carbon nanotube fibers 

Carbon nanotubes (CNTs) have attracted much attention in the field 
of nano energy and electronics due to their high electron and phonon 
transport ability as well as good compatibility with nano-scale devices. 
Carbon nanotubes have a cylindrical structure, which is made of twisted 
flake graphite with different layers. According to the layer number 
(Fig. 14), CNTs are divided into single walled carbon nanotubes 
(SWCNTs) and multi walled carbon nanotubes (MWCNTs). It is reported 
that the maximum thermal conductivity of CNT can be 3000 W/m⋅K 
[167] and the minimum achievable diameter of SWCNTs is around 0.4 
nm due to the strain limitations, with length up to 3 mm. Up to now, arc 
discharge [168], laser ablation [169] and chemical vapor deposition 
[170] are three main strategies used for producing carbon nanotubes. In 
addition, electrolysis [171] and solar energy [172] methods have also 
been proposed. Depending on the carbon source (aromatic or 
non-aromatic), catalyst composition and operating conditions (temper
ature and pressure), the composition of CNTs as well as their length and 
chirality could be adjusted [173]. It is desirable to understand the 
sensitivity of these parameters to the properties of CNTs because they 
have a great influence on the formation of macro components such as 
CNT fibers. The good performance of macromodule is attributed to the 
advantages such as long length and excellent arrangement of carbon 
nanotubes. In addition, it is very desirable to fill CNTs in a defect free 
arrangement. 

In recent years, an important advancement in CNT technology is the 
development of spun CNT fibers. CNT fibers consist of millions of quasi- 
parallel aligned nanotubes with high mechanical strength, extraordinary 
structural flexibility, high thermal and electrical conductivities, novel 
corrosion and oxidation resistivities, and high surface area are highly 
promising for wearable textiles. The integrated features of the giant 
inter-tube contact area and the large aspect ratio of CNTs guarantee a 
distinguish mechanical strength of CNT fibers (tensile strength of 300 
MPa and Young’s modulus of 40 GPa) [174]. Unlike conventional strong 
carbon fibers, CNT fibers also have good structural flexibility. The ten
sile strain at failure is normally lower than 20% for straight CNT fibers 
but can be as high as 285% when fibers are coiled [175]. These features 
enable the CNT fibers to be integrated into textile by weaving or knit
ting. Furthermore, the theoretical maximum density of closely packed 
CNT fibers depends on both the diameter and the number of graphitic 
shells of individual nanotubes. The maximum density is 1.0-1.4 g/cm3 

for the nanotubes with 4-6 nm diameters and 2-3 layers of wall and is 
1.5-2.0 g/cm3 for those with 8-11 nm diameters and 6-10 walls [176]. 
Due to the non-perfectness of nanotube alignment, most reported fiber 
densities are lower than those of cotton yarns (1.55 g cm− 3) and poly
ester fibers (1.38 g cm− 3) [177,178], which indicates an advantage of 
lightweight in textile applications. Since CNTs in applicable scale are 
normally within several millimeters, it is important to assemble CNTs 
without accumulating joint defects along the fibers. 

For the fabrication of CNT fibers, different approaches have been 
developed, including wet spinning of fibers from a CNT solution [179], 
dry spinning of fibers from either a drawable nanotube forest [180] or a 
floating catalytic chemical-vapor-deposition zone [181]. Inspired by the 
widely used coagulation spinning for polymer fibers, continuous CNT 
composite fibers have been prepared by extruding a CNT aqueous so
lution dissolved with the assistance of surfactants into a flowing polymer 
solution. Behabtu et al. [179] demonstrated that the fibers obtained 
from CNT Chlorosulfuric acid solution through wet spinning had high 
thermal conductivities (380 W/m K) and high mechanical performance 
(average tensile strength of 1 GPa and average Young’s modulus of 130 
GPa). Like the traditional technique used for spinning cotton yarns, CNT 
fibers can also be spun in a dry state from nanotube reservoirs as spin
nable nanotube arrays or floating nanotube aerogel webs. Spinnable 
nanotube forests, which are synthesized by chemical vapor deposition 
(CVD), can be transformed into a continuous, horizontally aligned 
nanotube sheet by a simple dry drawing method [182]. Then, adding 
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twists at the beginning of the sheet during drawing can transform the 
sheet to a yarn. An aerogel thin web of CNTs can also form by injecting a 
catalyst-containing carbon-source solution in a high-temperature CVD 
reaction tube furnace. Subsequent processing of the flowing web either 
by twist-spinning or by liquid densification produces a continuous CNT 
fiber. Unlike the wet-spinning process, the dry-spinning process does not 
involve complicated nanotube dispersion and purification processes, 
which may induce structure damages to CNTs, thus can retain some 
important intrinsic properties, such as large aspect ratio, high electrical 
and thermal conductivities, and high mechanical performance, of indi
vidual nanotube. Adjustable structures and properties for dry-spun fi
bers are enabled by controlling the spinning process and growth 
conditions as well as broadening the applications of fibers for various 
targets. While the CNT fibers from spinnable forests have better nano
tube alignment and fewer impurities than aerogel-based fibers. 
Aerogel-based fibers are more reliable for mass production due to the 

good fiber-spinning continuity and the lower-cost catalyst deposition. 
Baughman’s group [183] developed a multifunctional composite 

fiber composed of CNT sheets and functional guest materials by the 
biscrolling technique (Fig. 15a-c). Such multifunctional CNT composite 
fibers with a low concentration of CNT had good flexibility and dura
bility (Fig. 15c) that can potentially be integrated into textiles through 
weaving or knitting. As shown in Fig. 15d-j, the CNT multifunctional 
composites fibers were made into yarns and fabrics for the purpose of 
artificial muscles, wearable electronics, etc. that further demonstrates 
the potential to be applied in wearable textiles. 

In terms of industrialization, both the wet-spinning and dry-spinning 
techniques can be scaled up for mass production of CNT fibers. Wet 
spinning is more compatible with existing techniques in industry, which 
was used for producing polymer fibers. Pasquali’s laboratory at Rice 
University [179] has demonstrated a successful production of several 
hundred meters long CNT fibers at high extrusion rate (600 m/h) with 1 

Fig. 14. Structure diagram of carbon nanotubes; (a) single walled carbon nanotubes; (b) multi walled carbon nanotubes [167].  

Fig. 15. (a) and (b) Schematic diagram of the biscrolling technique for the fabrication of CNT composite fibers; (c) SEM image of the CNT/SiN composite fiber [183]; 
(d) Mechanism of the torsional and tensile actuations induced by volume expansion [184]; (e) Schematic diagram of cross-sectional structure and working mech
anism of the coaxial fiber supercapacitor [185]; (f) The structure of flexible fiber lithium-ion battery [186]; (g) Fiber solar cell consisting of two-ply CNT fibers [187]; 
(h) Knitted tubular fabric supercapacitor containing CNT [188]; (i) Textile knitted fibrous lithium-ion batteries containing CNT in both anode and cathode [189]; (j) 
A solar-cell textile with CNT fiber as the cathode [190]. 
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to 19 fibers extruded simultaneously. DexMat company has tried to 
commercialize such wet-spun CNT fibers [191]. For the dry spinning 
technique, companies like Nanocomp Technologies, Inc. [192], Q-Flo 
Limited [193], Tsinghua-Foxconn NanotechnologyResearch Center, and 
Suzhou CreativeNano-Carbon Co. Ltd. [194] have realized the mass 
production of CNT fibers. Today, commercially available CNT fibers in 
some circumstances can replace copper wires due to the lightweight and 
excellent mechanical properties. In addition, CNT fibers have a surface 
area of 100–500 m2/g depending on the structure of the nanotube 
constituent [195]. It is much higher than that of conventional metal 
wires and can help improve the heat exchange efficiency due to the 
larger contact area. 

However, there are some remained issues need to be resolved in the 
applications of CNTs. The properties of CNTs are severely affected by the 
presence of defects, which are still difficult to control. Also, a wide range 
of thermal conductivity (1100 to 7000 W/mK) has been reported for 
CNTs [196], which is probably due to the difficulty in charactering the 
true nanotube thickness. From nano-scale single to macro-scale CNTs 
fibers, the efficiency in terms of power, electricity, and thermal prop
erties is even less than 10%, which limits the engineering application of 
CNTs fibers [197]. In textile applications, it is still a challenge to inte
grate or weave CNT fibers into textiles effectively due to the limited 
length dependent performance and issues of compatibility with con
ventional textile production systems. Besides, most fabrication methods 
of CNTs are relatively expensive that limits the scale of utilization. 

6.3. Graphene fibers 

Graphene is a 2D structure array of carbon atoms with hexagonal 
crystalline structure and sp2 bond. [198] It emerged as a revolutionary 
material and has been applied in flexible electronics, optoelectronics, 
composite materials, energy generation and storage and sensors, etc. 
due to its amazing properties such as high electron mobility at room 
temperature, high thermal conductivity (above 5000 W⋅ m-1 K-1), high 
Young’s modulus (1 TPa), great intrinsic strength (130 GPa), imper
meability to any gases, ability to sustain high electric current densities 
and easy chemical functionalization. Exfoliation of individual graphene 
sheets from graphite crystals was first realized in Geim’s work through 
hand peeling and later on achieved by mechanical and chemical exfo
liation at a large scale [199]. Individual graphene sheets were testified 

to possess many extraordinary properties compared with existing ma
terials. The planar sp2-hybridized carbon bonding promotes graphene 
with the maximum mechanical strength of 130 GPa and modulus of 
1100 GPa in the planar direction. In addition, the long phonon 
mean-free-path and high phonon group velocity contributed a record 
high value of in-plane thermal conductivity (5300 W/mK) of suspended 
graphene [200,201]. Integrating graphene into textiles can not only 
enhance the thermal conductivity but also enable multi-functions. 
Graphene with a 2D topology is extremely anisotropic and most of its 
favorable properties are exhibited along the planar direction, such as 
tensile strength and thermal conducting properties because of the 
well-ordered arrangement of building blocks. This property is a general 
perquisite for high-performance targets of macro-assembled materials, 
especially for carbonaceous fibers. To achieve a high degree of molec
ular orientation in the as-spun pitch fibers, mesophase pitches with 
nematic liquid crystallinity [202] were commonly used as precursors, 
which inspires the macro-assembly of graphene sheets into fibers with 
continuous compact state and regular alignment. 

Graphene fiber (GF), a new breed of carbonaceous fiber, starting 
from low-cost graphite, is directly assembled from graphene or graphene 
derivatives and have shown remarkable advantages from prefabrication 
to state-of-the-art. GF was first created by the wet spinning of graphene 
oxide (GO) liquid crystal (LCs) in the lab by Gao and Xu in 2011 [203]. 
This method has prevailed in the fabrication of GFs and has greatly 
extended to the production of neat, composite, hybrid GFs, in a 
continuous and scalable manner. The wet-spinning process of GO fibers 
encompasses a series of procedures involving homogenization in spin
ning channels, solvent exchange in a coagulation bath and 
post-stretching by drawing-collecting and air drying. As shown in 
Fig. 16a, the uniaxial shear flow occurring at the inner wall of the 
spinning pipe compels the GO sheets to achieve high regularity. In the 
coagulation bath, solvent exchange between the spinning dopes and the 
coagulation agent leads to the phase transition from homogeneous so
lution to a gel state. Suitable solvating species and binders are conduc
tive to the oriented alignment of GO sheets in this process, resulting in 
freestanding and robust gel GO fibers that can endure continuous pulling 
and stretching. After being removed from the coagulation bath, the gel 
GO fibers are dried into thin fibers with compact microstructures by 
capillary shrinkage forces, after which GO fibers are converted into GFs 
by chemical and/or thermal reduction to eliminate oxygen-containing 

Fig. 16. (a) The schematic showing the evolution of GO fibers during wet-spinning and thermal treatment processes; (b) The SEM image of aGF-based fabric [203]; 
(c) A 50-filament GOF produced in a continuous manner [206]. 
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functional groups and restore the graphene lattice. Diverse treatments 
have been applied to convert GO fibers into GFs, from low-temperature 
chemical reductions with common reducing reagents, e.g., hydroiodic 
acid, hydrazine hydrate, aqueous alkali, and sodium citrate, to electro
thermal treatment under low bias and thermal treatment at 1000 K 
[204]. Chemical reduction partially removes oxygen-containing groups 
in GOFs, turning insulating GOFs into reduced GFs accompanied by 
decreased interlayer spacing, and improved mechanical strength and 
conducting properties. Due to the elaborate design in maximizing the 
sheet arrangement by shear flow and post-stretching, the wet-spinning 
method has been widely used to fabricate high-performance GFs. The 
initial wet-spun GF presents good flexibility and is capable of being 
woven into fabric (Fig. 16b). Some other fascinating properties, such as 
a high electrical conductivity of 8 × 105 S m-1 and a thermal conduc
tivity of 1290 W/m-K have been achieved [205]. liquid crystal wet 
spinning is easily scaled up to prepare strands beyond single fibers, by 
using multifilament spinning nozzles. Xu et al. [206] further improved 
the 50-filament efficiency to 100-filament efficiency with diameters of 
single GF filament ranging from 1.6 to 20 μm. Combined with length
ening of the wet-spinning line and a production rate up to 300 m h− 1, 
this fabrication technology reached a considerable scale comparable to 
that of the industrial manufacture of carbon fibers and polymeric fibers 
(Fig. 16c). The obtained macroscopic materials have varying dimensions 
and unlimited sizes from the millimeter level to the kilometer level. GFs 
can also be prepared through other methods such as dry spinning [207], 
confined hydrothermal strategy [208], and film twisting [209]. With 
these methods, GFs with controllable structures and desired perfor
mances can be fabricated to form new carbonaceous fiber species for 
wide applications. 

In terms of thermal properties, it is widely recognized that the 
thermal conductivity of multilayer graphene exhibits an almost linear 
decrement versus the number of graphene layers, in comparison to that 
of single-layer graphene. The main reason for this effect is that the 
interlayer interactions and vibrational restrictions limit the free vibra
tion of graphene sheets, thus retarding phonon transport. This effect can 
also be attributed to the influence of grain boundaries. The reduction of 
phonon-scattering and vibrational restrictions can be addressed by 
achieving large-size graphitized crystals in GFs, which facilitates the 
phonon transportation. High-temperature treatment can heal the 
injured graphene sheets and promote the growth of graphitized crys
talline domains. Xin et al. [205] found that the domain sizes of GFs were 
improved substantially from 40-50 to 783 nm upon increasing the 
annealing temperature from 1400 to 2850 ◦C. Thus, the thermal con
ductivity was also increased from ~300 to ~1290 W/m K. Optimizing 
the sheet alignment and orientation of GFs could further improve the 
thermal conductivity to ~1575 W/ m-K. 

With improved mechanical performance and transport abilities, neat 
and hybrid GFs have great potential in the field of flexible and wearable 
devices, by virtue of the electrical and thermal conductivity, flexibility, 
toughness, and strength of GFs. When being introduced into textiles, GFs 
can bring extensive merits due to the inherently scalable production and 
multi-functions. Li et al. [210] proposed a wet-fusing assembly tech
nique to fabricate nonwoven GF fabrics, where GO fibers were randomly 
oriented and interfused together by strong bonding. The nonwoven 
fabrics were highly porous and lightweight, performing high electrical 
conductivity (2.8 × 104 S/m) and high in-plane thermal conductivity 
(301.5 W/m K). The fabric made of GFs can be applied in 
ultrafast-responding electrothermal heaters or wearable cooling devices 
as a thermal transfer media. Besides, GF fabrics can be applied in energy 
storage devices, such as batteries and supercapacitors, which are 
important accessories for active thermal management methods, where 
extra power supply is needed, such as the wearable thermoelectric 
cooling system. 

Today, if a multilevel hierarchy of the GF industry needs to be 
established, including the scalable production of GO, stable wet spin
ning, superb GFs, and structural-functional integrated applications. The 

industrialization of GFs requires bridging the gap between achievements 
and expectations through conquering the challenges of every step [199]. 
Efforts [206] including preparing high-quality raw materials, tightly 
controlling wet-spinning procedures, optimizing the performance and 
enriching the applications of GFs have been made (Fig. 17). 

6.4. Boron nitride in textiles 

In the recent years, advances in the synthesis of boron nitride (BN) 
based materials, especially those with hexagonal boron nitride struc
tures, have attracted remarkable interests in both academic research and 
industrial applications, because of their low electrical conductivity and 
high thermal conductivity. Unlike CNTs or graphene, BN is an electrical 
insulator with dielectric constant 3-4, and thus can be applied in thermal 
management of high power electronics. The boron nitride, containing 
sp2 or sp3 bonds [211], have different allotropes from bulk to 
zero-dimensional, such as cubic-BN (c-BN), wurtzite-BN (w-BN), 
hexagonal-BN (h-BN), rhombohedral-BN (r-BN), boron nitride nano
tubes (BNNT) with single or multiple walls, boronnitride nanoribbon 
(BNNR) with zigzag and armchair edges, boron nitride nanocages and 
quantum dots [212]. The thermal conductivity of conventional BN 
nanocomposites, however, is only around 5 W/m-K [213]. As shown in 
Fig. 18, a recent study demonstrated the schematic model for thermal 
conductivity of BN allotropes [214]. 

BN nanosheets, which exhibit ultrahigh thermal conductivity (2000 
W m− 1 K− 1), amicability to colorful dyes, excellent chemical stability, 
and low cost, are promising fillers for thermal conductive textiles [215]. 
In the past decades, researchers attempted to incorporate fiber aggre
gation with BN nanosheets through various processing techniques, 
including dip coating, wet spinning, and 3D printing [216,214]. How
ever, these fabrics usually show low thermal conductivity due to the 
restricted loading rate of BN nanosheets and poor feasibility for indus
trialization. For instance, Zhi et al. [217] initiated the studies on poly
mer/BN composites for thermal conductivity enhancement, but the 
improvement was still insufficient. It is mainly because the poor in
teractions between the BN and polymers leads to high interfacial ther
mal resistance. Although surface functionalization of BN has been used 
to improve the interaction, the thermal conductivity of composites is 
still below 5.0 W m− 1 K− 1 [218]. The limitations come from the 
chemical inertness of BN as well as its degraded crystalline structure. 
Also, it is still a challenge to improve the interaction between BN and 
polymers without sacrificing the crystalline structure. 

Most recently, electrospinning technique with fascinating charac
teristics of a wide range of materials, easy incorporation of additives, 
and remarkably low cost has been established as a simple and scalable 
method to fabricate BN contained thermally conductive membranes. A 
variety of BN nanosheets enriched nanofibrous membranes have been 
fabricated with different polymer templates, including polyvinylidene 
fluoride (PVDF) [219], polyvinylpyrrolidone (PVP) [220], and polyvinyl 
alcohol (PVA) [221]. Nevertheless, these membranes must undergo 
complex subsequent hot pressing to achieve high thermal conductivity, 
and thus were deprived of porous structure for moisture transportation. 
Yu et al. [222] reported a facile and effective strategy for scalable 
fabrication of thermal conductive, moisture-permeable, and super
hydrophobic nanofibrous membranes via one-step electrospinning 
(Fig. 19). Through controlling the loading rate of BN nanosheets and 
ambient relative humidity, a well-interpenetrated BN network was 
constructed which contributed to a relatively high thermal conductivity 
(17.9 W/m-K) of the membrane. Meanwhile, the membrane had a hy
drophobic porous structure that allowed moisture to transmit and 
resisted water penetration. The innovative design and multifunctional 
properties of the material broaden the path for the development of 
advanced cooling fabrics. So far, the BN is mainly applied as fillers to 
improve the thermal conductivity of the polymer fibers [223,224], 
therefore the improvement in thermal conductivity is limited. Fibers 
made of pure BN for higher thermal conductivity has not been reported 

L. Lou et al.                                                                                                                                                                                                                                      



Materials Science & Engineering R 146 (2021) 100639

18

yet but may be possible in the future just like the preparation of gra
phene fibers. 

6.5. Limitations and possible solutions 

The thermal conductive materials (e.g. CNTs, graphene and BN) with 
excellent thermal conductivity have good potential in the application of 
personal thermal management of PPEs. However, only less than 10% 
heat transfer efficiency has so far been realized in bulk fibers or textiles 
in comparison with the heat transfer efficiency of the pure materials of 
CNTs, graphene and BN. Especially for textile applications, the overall 
thermal conductivity is limited by the porous structure. Also, the heat 
transfer efficiency between the cooling surface and human body is 
compromised by the rough surface of textiles. 

To improve the continuity of textile structure and increase the 
overall thermal conductivity, metallic coating is commonly used to 
induce conductive bonding among fibers/yarns. In Ali’s study [242], a 
conductive textile was developed with silver plating performed on the 
surface of a thin polyester non-woven fabric. With 21% mass ratio of 
silver coating, thermal conductivity of the fabric was more than 3 times 
higher than that of the uncoated fabric. It was also found that void space 
in the fabric was partially filled by silver, which resulted in a higher level 
of continuity for heat transfer within the fabric. With the application of 
metallic coating in textiles containing thermal conductive materials (e.g. 
CNTs, graphene and BN), it is possible to further enhance the overall 
thermal conductivity. 

To improve the heat transfer efficiency between skin and fabric, 

textiles with cool-touch property [243,244] may provide a useful 
experience. The sensation of coolness is a transient heat conduction 
phenomenon when skin touchs the fabric. Usually, a smoother fabric 
surface feels cooler to touch because the contact area for thermal con
duction is maximized, leading to a rapid heat exchange. The coolness of 
fabric can be influenced by different textile parameters, such as 
cross-section of fibers, twist level of yarns, yarn number, pore volume 
ratio, geometric roughness, stitch density, stiffness and weight of fabrics, 
etc. [245–248] In Park’s study [246], the optimal combination of textile 
parameters for the cool-touch property of knitted fabric was investi
gated. Through an optimization of textile parameters, the cooling per
formance of thermal conductive textiles might be further improved. 

7. Summary and concluding remarks 

In this paper, advanced materials for use as protective clothing 
layers, portable cooling sources and wearable heat transfer media for the 
enhancement of thermal and moisture management of PPE systems are 
reviewed and discussed in detail, which include:  

1) The ITVO (infrared transparent and visible light opaque) fabrics, 
which have drawn tremendous attention owing to their unique heat 
transport properties. The ITVO fabrics that are commonly made of 
nanoporous PE or other high IR transmittance polymers may be 
applied as protective gown layers due to the good water repellency 
and adjustable air permeability. Especially for indoor environments 
like hospitals, the room temperature allows sufficient temperature 

Fig. 17. The ideal drawing of saclable GO, superb GFs, and GF-based gloves [206].  

Fig. 18. Schematic model for thermal conductivity of BN allotropes. Boron nitride-based materials like BNNR, c-BN and nanotube have high thermal conductivity 
which hinders them to be used in their pristine form. The thermal conductivity varies from ~2000 W/m-K to ~0.3 nW/K in which nanoengineering reduces thermal 
conductivity significantly [212]. 
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gradient for IR radiative heat loss from human body, which can 
potentially relieve the heat stress caused by the generally low 
permeability of protective gowns. 

2) The Janus or unidirectional liquid transport materials. Janus mate
rials expel the condensed moisture from the inner layer of protective 
gown to the outer layer, thus reducing the relative humidity of the 
clothing microclimate and improving the breathability of the PPE 
system. The concept of Janus materials may be combined with that of 
the ITVO fabrics to develop infrared transparent protective layer 
with unidirectional water transportation properties. So far, research 
in this aspect is still conceptual. Further work on garment develop
ment may be promising.  

3) Phase changing materials (PCMs). As a passive cold source, PCMs 
have been widely used for personal cooling in commercial products. 
Latest developments include new encapsulating methods, such as 
adding carbon-based continuous fillers or coaxial electrospinning, in 
order to improve the thermal conductivity and the adaptability to 
different applications. Textiles made of core-sheath PCM fibers seem 
more promising for wearable systems due to the high flexibility and 
good permeability. But it is still a challenge to balance the me
chanical properties and the thermal conductivity of the polymeric 
sheath materials.  

4) Thermoelectric (TE) systems. For more stable and controllable 
cooling effect, TE cooler as an active cold source show good potential 
for personal thermal management. With specific parametric design 
of TE module and appropriate combination of heat sinks, the TE 
system can achieve a remarkable cooling effect and stable perfor
mance in on-body use. However, the flexibility and the additional 
weight from the batteries may limit the application of TE coolers as 
wearable devices. Besides, the need for heat dissipation of TE coolers 
can be challenging in PPEs used in infectious environments (e.g. 
isolation gown).  

5) Materials and devices for improved heat dissipation. To distribute 
the cooling effect generated from the cold sources to larger areas of 
human body, conventional methods include forced convection by air 

blowing or liquid circulation. Advanced thermally conductive ma
terials such as carbon nanotube (CNT), graphene or Boron nitride 
(BN) textiles are useful for enhanced heat transfer without compro
mising the breathability and flexibility. The application of these 
materials in PPEs is seldomly reported, which could be a promising 
direction for future studies. 
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