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Preface to ”Smart Textile and Polymer Materials”

Smart or intelligent structures are those that are either solely capable of sensing changes in their

environment or have the dual functionality of not only detecting various stimuli in their environment

but are also able to respond to these changes in their environment. Smart textiles are a kind of smart

fabric or material that have the capability to physically respond to their environment or external

stimuli in their behavior, such as electrical, size, optical, chemical, biochemical triggers or enzymatic

activity. Smart textiles can maintain some of the intrinsic properties of traditional textiles when

their environment or external stimuli change. In general, smart textiles can be created by coating

smart polymers in industrial technologies, forming polymer network structures; this can be achieved

through crosslinking around the fibers of fabrics.

This book, entitled “Smart Textile and Polymer Materials”, is dedicated to recent research

and development regarding smart textiles and response-based polymer materials, including, but

not limited to, fiber-based energy harvesting devices, energy storage devices, chromatic devices,

color and shape changes, sensing, drug release, and ultraviolet resistant, electrically conductive,

optical, hydrophobic and flame-retardant materials. Papers concerning thermal-responsive

polymers, moisture-responsive polymers, thermal-responsive hydrogels, pH-responsive hydrogels,

and light-responsive polymers here presented are from the field of smart textiles, as well as fabrication

procedures and application characteristics of multifunctional fiber devices such as fiber-shaped solar

cells, lithium–ion batteries, actuators and electrochromic fibers.

This book will provide a premier interdisciplinary platform for researchers from universities,

research centers, and industry working on smart textiles and polymers around the world to share

the latest results, the most recent innovations, trends, and concerns as well as the synthesis and

characterization of smart materials in their applications in basic and industrial processes.

Yang Zhou and Zhaoling Li

Editors
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Abstract: Research in the field of wearable triboelectric generators is increasing, and pioneering

research into real applications of this technology is a growing need in both scientific and industry

research. In addition to the two key characteristics of wearable triboelectric generators of flexibility

and generating friction, features such as softness, breathability, washability, and wear resistance

have also attracted a lot of attention from the research community. This paper reviews wearable

triboelectric generators that are used in human clothing for energy conversion. The study focuses on

analyzing fabric structure and examining the integration method of flexible generators and common

fibers/yarns/textiles. Compared to the knitting method, the woven method has fewer restrictions on

the flexibility and thickness of the yarn. Remaining challenges and perspectives are also investigated

to suggest how to bring fully generated clothing to practical applications in the near future.

Keywords: energy conversion; triboelectric nanogenerators; 1D device; fabric structure; woven; knitted

1. Introduction

Energy issues are attracting more and more attention due to the continuous growth
of energy needs both in industry and in the daily life of people. Beyond the traditional
technique of producing energy through fossil fuels, new renewable-energy sources such
as wind [1], solar [2], acoustic [3], raindrop energy [4], and ocean energy [5] are being
explored as alternatives. Different energy-harvesting and conversion strategies are suited
to specific applications. For example, humans now rely heavily on portable electronic
devices such as cell phones, tablets, and Bluetooth headsets, which need to be charged
frequently. The necessity of frequent charging and the climate restrictions of these flexible
energy-consuming devices greatly hinder their practicality, sustainability, and broad-range
applications, even for wearable electronics [6]. As a result, continuous power supply has
become a hot topic in energy-conversion research. It is estimated that if the motion or
working time of a human body is 6 h per day, the peak energy generated by human motion
could be up to 3.4 W h. This is enough to fully charge a battery with 3.4 V operation voltage
and 1000 mA h capacity, close to the capacity of a smartphone battery [7]. Thus, collecting
and converting the biomechanical energy from the human body into energy is a potential
way to improve the convenience of sourcing power and offers a promising way to break
the bottleneck of inconvenience created by the requirement of frequent charging.

The question is how to convert the mechanical energy of human motion into electricity
as efficiently as possible. The wearable triboelectric generator is a new type of power
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generation device that converts kinetic energy into electric power [8–11]. Several attempts
have been carried out to convert human kinetic energy into electrical energy, and the output
of some generators has shown the potential for application in electronic devices [12–14].
Given the power output and portability of the devices, integrating such devices into clothes,
shoes, hats, bags, or the fabrication of wearable generators (as is our focus here) is an
attractive research direction for future device design. For wearable generators, not only
is power output important, but wearability is also vital. The characteristics of comfort,
breathability, skin sensitivity, washability, and moisture permeability of the fabric are the
basic factors used to evaluate the standard of wearability for a given material [15–17].
Therefore, even though many two-dimensional generators that can be bent but cannot
practically be worn on the human body have been designed, it’s hard to define them as
wearable devices because they lack fabric features. In addition, some studies have proposed
the concept of a generator that can be utilized in clothes, but actual tests of such a generator
on the human body as a garment are absent. As for devices that are parts of garments
or integrated into garments, the output performance of their use in real-life scenarios is
usually much lower than the output generated in a laboratory [18]. Many factors, including
the motion strength, motion frequency, materials, and device structure, all influence the real
output of the generators. Focusing on the fabric features, this paper summarizes the works
of wearable triboelectric nanogenerators that have been truly tested in human clothing,
based on the method of fabric manufacture and fabric structures of the devices.

To meet the needs of human activities, smart wearable devices used for human clothing
must be light [19], soft [20], washable [21–23], breathable [24], foldable [25], tailorable [26],
and stretchable [27] so that they can be directly manufactured or integrated into cloth.
Many attempts at manufacturing stretchable fiber-based/fabric-based generators that are
able to be attached or jointed to cloth as wearable prototypes have been carried out. At
present, due to the defects in the material and/or haptic experience [28], reports on such
devices truly being used in human clothing are still limited, and some of the reported
textile-based/-shaped devices were far from ideal in collecting human-motion energy [29].

In this review, we summarize the braided structure and performance of triboelectric
nanogenerators (TENGs) over the last decade that were integrated into human clothing to
collect human-motion energy in real-world circumstances and deeply analyze them from
the perspective of the textile structure. Different fabric structure makes the fabrics suitable
for different clothing applications. Woven fabric that is tight, windproof, durable, good for
draping, and wrinkle resistant is usually used in shirts, jackets, suits, trousers, etc. [30,31].
Knitted fabric that is relatively loose, soft, and elastic; has good breathability [32]; is easily
dispersed; and has an edge that is easy to roll is usually used to make underwear, socks,
T-shirts, sweaters, leggings, and so on [33,34]. Textile-based generators or woven/knitted
structural generators are ideal for wearable devices intended for practical applications in
garments. In addition, different properties of yarns, such as the pliability, thickness, length,
durability, etc., are suitable for different fabric structures. In light of this and the findings of
our research, designing corresponding textile energy devices by using available materials
or designing new materials can hopefully be accelerated.

2. Smart Wearable Generators Integrated into Garments

Thus far, integrating the devices into garments is the most popular method for fabri-
cating wearable generators for energy capture and conversion. Since the electric materials
are usually rigid and are difficult to fabricate into cloth directly, the most common strat-
egy is modifying them into flexible fibers or yarns before manufacturing textile devices.
In recent years, many research experiments have focused only on the flexibility of the
devices, which is the basic requirement for wearable devices, whereas occasional works
have paid attention to comfort assessment, which is strongly linked to the composition of
the fabric or textile and is essential to the real use of such wearable generators in context.
Many aspects contribute to the haptic experience of textiles, such as wettability, stiffness,
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smoothness, and so on, and the fabric structure is one of the most influential factors in the
comfort assessment [28].

The TENG is usually based on two friction materials of opposite polarity, which have
opposite charges when subjected to an external force to form an electrical potential. By
connecting these two materials with conductive wires, the electrical energy generated by the
charge movement is obtained. Some TENGs work with human skin or clothing, acting as
one of the friction electrodes, so the TENG is designed to be composed of a single electrode.
The fundamental working modes of TENGs can be divided into four categories: vertical
contact-separation mode, lateral sliding mode, single-electrode mode, and free-standing
mode [35–38]. Inspired by these, researchers have invented many kinds of fabric-based
devices [39–46]. Some of these devices are based on woven structures [47–51] and others on
knitted structures [52,53]. We summarize the fabric-based devices into these classifications,
as shown in Figure 1: woven-structure TENG based on two types of one-dimensional (1D)
electrodes (Figure 1b,c) and 1D devices (Figure 1d,e), knitted-structure TENG based on
two types of one-dimensional (1D) electrodes (Figure 1f) and 1D devices (Figure 1g,h), and
TENG based on coated fabric (Figure 1i–k).

 

Figure 1. Schematic of the textile-based generators used in human clothing. (a) The basic elements

of a textile-based generator. (b) Woven-structure generator based on two kinds of 1D electrodes.

(c) Woven-structure generator based on two kinds of 1D electrodes and common yarns. (d) Woven-

structure generator based on two kinds of 1D devices and common yarns. (e) Woven-structure

generator based on 1D devices. (f) Knitted-structure generator based on two kinds of 1D electrodes.

(g) 1D device sewn into common knitted fabric. (h) Knitted-structure generator based on 1D devices.

(i) Woven-structure generator based on fabric coated with functional layers. (j) 3D spacer fabric-

structure generator and (k) knitted-structure generator based on fabric coated with functional layers.

The yarns in woven fabrics are interwoven and extend horizontally and vertically, so
the woven fabric is highly compact and has good wind resistance. The yarns in knitted
fabrics exist in the form of nested loops. Each loop can be stretched and extended in all
directions, so the knitted fabric has good elasticity and breathability. The differences in
fabric properties due to different structures are enormous. Here, we propose a simplified
classification of TENG, which contains only two categories. In this paper, we analyze in
detail the design and performance of TENGs that have truly been used as part of garments
to harvest human kinetic energy over the last decade and discuss the challenges faced
by TENGs.

3
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2.1. TENGs Based on Woven Textiles

Woven fabric is a textile formed by weaving. Most woven fabrics were produced on a
loom and are made of many threads woven on a warp and a weft. TENGs with a structure
woven from different weaving units will be discussed in this section.

2.1.1. Woven-Structure Generators Based on Fibers/Yarns

The yarns in woven fabric are nearly immobile, leading to an almost unextendible
fabric sheet with limited deformations in the yarn structure. Thus, normal woven fabric
does not need a great deal of flexibility or bending in the warp and weft threads. Therefore,
a rigid, inflexible, but conductive metal electrode can be woven into fabric-based devices
as warp or weft, even when they are not that satisfactory for weaving. Many devices have
modified the electrode instead of using metal wires directly to increase softness and comfort.
In 2016, Wen et al. [54] fabricated a TENG by using a Cu-coated ethylene vinyl acetate (EVA)
electrode and a polydimethylsiloxane (PDMS)-covered Cu-coated EVA tubing electrode as
warp and weft, respectively. The Cu-coated EVA tubing in this work acts not only as the
electrode for the TENG but also as the holder for fabricating a fiber-shaped dye-sensitized
solar cell. Therefore, it can also be fabricated into a textile-based supercapacitor to store the
electric energy collected by the TENG after rectification. Although the single EVA tubing
was flexible, after copper deposition and PDMS coating, the diameter of the single TENG
unit was about 3 mm (Figure 2a). The metal yarn-based fabric structure made of such thick
yarns makes the device inflexible and bulky. As a result, the device can only be integrated
in limited positions on garments, such as by attaching it onto a T-shirt.

 

Figure 2. (a) TENG fabricated from a Cu-coated ethylene vinyl acetate (EVA) electrode and a

polydimethylsiloxane (PDMS) covered Cu-coated EVA tubing electrode. Reproduced under the terms

of the CC-BY Creative Commons Attribution 4.0 International License (https://creativecommons.

org/licenses/by/4.0) (accessed on 28 September 2022) [54]. Copyright 2016, American Association

for the Advancement of Science. (b) Digital photographs of a large-area wearable textile TENG (top

view). Bottom views are photographs of the TENG under various mechanical deformations, including

stretching, folding, and crimping. Reproduced with permission [55]. Copyright 2017, John Wiley and

Sons. (c) TENG fabricated from Cu-coated PET warp yarns and 2-ply PI-coated Cu-PET weft yarns.

Reproduced with permission [56]. Copyright 2016, John Wiley and Sons. (d) The core–shell yarn

manufactured by 200 elastic spandex fibers tightly twined around two parallel stainless-steel fibers

and digital photographs of the TENG. Reproduced with permission [57]. Copyright 2017, American

Chemical Society. (e) Schematic illustration of the free-standing-mode fabric TENG. Reproduced with

permission [58]. Copyright 2018, Elsevier.
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Dong et al. [55] overcame the inflexibility of thick yarn-based fabric. In their study,
a 3-ply-twisted stainless steel/polyester fiber-blended yarn was used as the warp thread
and a PDMS-coated energy-harvesting yarn was used as the weft thread. Although the
diameter of the warp and weft yarns was even larger than that of the previously mentioned
electrode, the flexibility of the textile was maintained, allowing it to be stretched, folded, or
crimped (Figure 2b). This effect relies on two advanced improvements in the materials and
structure design. One is that the warp and weft yarns were all extremely flexible and could
be stretched, twisted, bent, and knotted. The other improvement is that they interwove
Z-directional cotton yarns with the weft yarn along the warp direction to make the fabric
soft and skin-friendly. This compound structure can be categorized as the fourth structure
in Figure 1d. The cotton yarns not only increase flexibility, but also play a role in absorbing
the sweat of human skin or moisture in the environment to balance the humidity between
the skin and the outer environment. In tests conducted with the fabric worn on the forearm,
the average voltage amplitude reached up to 125 V.

Similarly, Zhao et al. [56] also used twisted yarn to fabricate a functional textile. They
designed a TENG that was fabricated by directly weaving together Cu-coated polyethylene
terephthalate (PET) warp yarns (300 µm in diameter) and 2-ply polyimide (PI)-coated
Cu-PET weft yarns (350 µm in diameter) (Figure 2c) on a weaving loom. They stitched the
prepared TENG into a white, nonelastic cotton chest strap and used analogue-to-digital
conversion and a filter for monitoring the respiration of the tester. A real-time respiratory
pattern could be recorded with four different breathing states, including deep, shallow,
rapid, and slow using the prepared textile triboelectric nanogenerators (t-TENGs).

Yu et al. [57] further improved the method of twisting the blended yarns by adopting
the stainless-steel fibers as the core and twisting the dielectric fibers to form the sheath,
creating core–shell yarns through a commercial machine. The manufactured TENG was
obtained by weaving the yarn composed using this method. To fabricate core–shell yarn,
200 elastic spandex fibers were tightly twined around two parallel stainless-steel fibers
(Figure 2d). The high ratio of elastic dielectric fibers can reduce the rigidity of the yarn
and improve its softness. The resulting TENG textiles are skin-friendly and flexible, and
their fabrication processes is compatible with industrial manufacturing technology for
large-scale textile production. In addition to the woven-structure textile, they also made
a knitted-structure textile whose loops were very loose to collect the kinetic friction. By
using this knitted TENG textile, they were able to realize more complicated and fashionable
garment designs. A greater number of positions on the human body could be used for
attaching the TENG textiles onto clothes. In their test, two pieces of TENG textiles woven
from spandex-fiber-based core–shell yarns were sewn under the arm of a sweater and under
the thenar of a sock. The output performance of the TENG textile under the thenar was
significantly higher than that of the TENG textile under the arm. It achieved outputs as high
as ~125 V open-circuit voltage and ~4 mA m−2 short-circuit current density when running.

Unlike the methods discussed above, in which metal coatings or metal wires were
used, Chen et al. [58] used commercial polytetrafluoroethylene (PTFE), carbon, and cotton
wires to fabricate a TENG, and the process was carried out on a traditional shuttle-flying
weaving loom. In this work, they designed the TENG with two different work modes: a
vertical contact-separation mode and a lateral sliding mode. For the contact-separation-
mode TENG, the electrode textile was prepared by using nonconductive cotton threads
as the warp and conductive carbon wires as the weft. A dielectric textile was woven from
the carbon warp threads and PTFE weft wires. By assembling a woven supercapacitor
into the TENG with a full-wave rectifier, a device was made for harvesting arm-swaying
energy that could continually charge an electric watch as a self-powered system (Figure 2e).
The long-term stability of the self-powered device was tested in this study, and after
15,000 cycles, ~80% of the original output voltage remained. The mosaic-pattern knitted
textile allowed for the flexibility and aesthetic appearance of the fabric device. Additionally,
though the underarm is one of the few places on the human body where both contact-
separation and sliding modes of generating electricity can be applied, it is also the place
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where the body is most likely to produce sweat. The use of cotton greatly inhibits the
performance of the TENG by exposing it to high humidity and liquid contact [59–61]. If
the cotton becomes conductive after absorbing moisture when the wearer is in motion or
in a humid environment, no power energy will be generated. Therefore, a waterproofing
treatment should be considered to improve the device’s performance. Gong et al. [62]
invented an amphibious triboelectric textile, which was woven from super stretchable
and flexible triboelectric yarns consisting of intrinsically elastic silicone rubber tubes and
built-in helical-structure stainless-steel yarns. In this study the single-electrode triboelectric
yarn was capable of lighting up a liquid-crystal display device underwater. The triboelectric
textile woven from the yarns can be worn on the tester’s elbow and harvest biomechanical
energy from bending the elbow. The elbow-bending test confirmed the flexibility and
durability of the yarns. Additionally, the ultralong yarns makes it possible for the device to
be fabricated on a knitting machine.

The weaving method requires the lowest performance of functional yarns, because
even short, coarse, or poorly flexible yarns can be woven into fabrics by the weaving
method. As long as the functional yarns are used as the weft yarns and the flexible yarns
are used as the warp, a woven fabric can be made. Modifying the fibers/yarns endowed
the material with a special function while simultaneously enhancing the stability and life
cycle of the fabric device. However, because the modified electronic fibers/yarns were
not as soft as traditional yarns, the textile devices became bulky and inflexible. Further
effort is needed to fabricate soft, flexible, and functional fibers/yarns for the construction
of generator devices.

2.1.2. Woven-Structure Generators Based on Textile Strips

Beyond the fiber-based/yarn-based woven-structure generators, some studies used
textile strips as warp and weft to fabricate textile-based generators. The use of woven
fabric strips as units to create new fabrics is a method of fabric production that is unique to
weaving. Woven fabric strips usually are soft, have a flat surface, and can be produced in
large quantities. The length and width are controllable and can be easily remanufactured
into garment fabrics. Using woven fabric strips as the basic unit and modifying them
to obtain the desired properties and making functional two-dimensional fabrics from
the treated strips is a relatively simple and efficient method. The resulting fabric is as
soft and flexible as normal clothes and can easily be integrated into garments. The same
method cannot be applied to knitted fabrics because their properties of common dispersion,
hemming [34], etc. prevent them from being cut into strips. It is also possible to manufacture
knitted strips specifically, but this method is tedious and the resulting individual strips
have uneven surfaces and tend to curl, making it difficult to manufacture garments.

In 2015, Pu et al. [7] fabricated a woven TENG by using 10 Ni-coated polyester strips
as longitude lines and 10 parylene-Ni-coated strips as latitude lines (Figure 3a). The TENG
cloth was worn in different positions on the human body—namely, under the foot, under
the arm, and at the elbow joint. When doing activities, the TENG cloth worn under the foot
and arm generated enough power to light up 37 and 17 LEDs, respectively. However, this
device has some limitations. First, when using this device, it was difficult to integrate the
storage of a lithium-ion battery (LIB) into clothing. The safety and resource consumption
of the device were also problematic. In 2016 [63], Pu et. al. proposed a new self-powered
system that used the same materials and same fabric structure as their previous TENG,
but a textile-structure supercapacitor was used instead of the LIB to store the generated
power. The supercapacitor shared the same warp system as the TENG, forming a seamless
fabric so that the TENG and the supercapacitor became a single unit without seams or
imperfections (Figure 3b).
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Figure 3. (a) TENG formed by using 10 Ni-coated polyester strips as longitude lines and 10 parylene-

Ni-coated strips as latitude lines. Reproduced with permission [7]. Copyright 2015, John Wiley

and Sons. (b) Self-power system that used a fabric-structure TENG and textile-structure superca-

pacitor. Reproduced with permission [63]. Copyright 2015, John Wiley and Sons. (c) TENG made

of a commercial nylon-fabric strip, polyester-fabric strip, and homemade conductive silver-fabric

strip. Reproduced with permission [64]. Copyright 2014, American Chemical Society. (d) TENG

manufactured using Ni-coated polyester conductive-textile strips and silicone rubber-Ni-coated

polyester strips by the traditional “plain grain” method. Reproduced with permission [65]. Copyright

2017, Elsevier.

Zhou et al. [64] and Tian et al. [65] focused on the different power outputs generated
by different human motions. In Zhou’s work, the source materials for the TENG were
a commercial nylon-fabric strip, a polyester-fabric strip, and a homemade conductive
silver-fabric strip. The silver strip was pasted in the center of two nylon strips or two
polyester strips. The resulting nylon–silver–nylon strips and polyester–silver–polyester
strips were used as warp threads and weft threads, respectively, that were woven into
a fabric (Figure 3c). The homemade conductive silver-fabric strips made of silver fibers
and cotton fibers were shown to greatly improve the durability and life of the device. To
demonstrate its potential applications, the textile-structure TENG was integrated into shoes,
coats, and trousers to harvest different kinds of mechanical energy from human motions.
The currents generated from footsteps, the shaking of clothes, bending leg joints, and
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bending arm joints were 0.3 µA, 0.75 µA, 0.9 µA, and 0.75 µA, respectively (the effective
area of the TENG was 20 cm2). These test results further confirmed the TENG’s practical
application potential as a wearable device. Tian et al. [65] fabricated a TENG by using
Ni-coated polyester conductive textile strips and silicone rubber-Ni-coated polyester strips
using a traditional “plain weave” method (Figure 3d). The currents of the TENG fixed
under the arm, at the elbow joint, under the foot, and at the knee joint reached 30 µA, 4 µA,
40 µA, and 15 µA, respectively. The thickness of the strip was 750 µm, which caused the
device to be bulky and inflexible. Additionally, the device’s thick coating layer eventually
fell off following subsequent use of the device, reducing its output and life.

The strip-based woven-structure TENG has a performance similar to that of the fiber-
based/yarn-based woven-structure TENG. In addition, it is flexible and durable, making
it possible to integrate such fabric devices into human clothing. However, this structure
requires two weaving processes, which makes the device-fabrication process more complex
and time-consuming than other structural TENGs. For strip-based woven textile devices,
the best and only use is to integrate them into clothing as part of the garment for wearable
applications. Therefore, it is important to find more ways to make fabric devices that have
a simple fabrication process and can be manufactured on a large scale.

2.1.3. Generators Based on Woven Coated Fabric

In 2019, Qiu et al. [26] utilized the electrospinning and electrospray methods to obtain
PET fabric coated with PTFE nanoparticles and PVDF nanofibers (Figure 4a). The resulting
fabric was then firmly attached to a conductive fabric with double-sided tape. By integrating
the power-generating fabric with a daily-wear garment, they found that mechanical energy
could easily be harvested from human movement. After biomechanical excitation, this
all-fabric textile produced a power density of 80 mW/m2 at a load of 50 MΩ. The flexibility,
light weight, air permeability, and durability of the power-generating fabric was tested,
and the results showed that the power-generating fabric could be applied to clothing. A
series of common fabrics such as nylon, silk, cotton, T/C (terylene and cotton mixed to
a specific ratio), and PP (polypropylene), along with PET, were chosen as raw materials
and served as triboelectric layers to demonstrate the applicability of diverse fabrics in
power-generating fabric construction. The results demonstrated that this coating strategy
is universally applicable to most commonly used fabrics, and the surface-coating technique
successfully modified the composite fabrics. It is worth noting that the power-generating
fabrics maintained their basic function even after being cut into pieces. What is more,
research found that the device can work well even when tailored, halved, or spliced. This
characteristic has exciting potential, opening up the prospect of designing tailor-made,
power-generating clothes in different styles and sizes.
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Figure 4. (a) Schematic illustration of modified fabrication process of power-generating fabrics. Re-

produced with permission [26]. Copyright 2019, Elsevier. (b) Schematic diagram of an all-fiber hybrid

triboelectric nanogenerator, which consists of two electrodes (conductive fabric) and electrospun

silk nanofibers and PVDF nanofibers serving as a triboelectric pair. Schematic view of the operating

principle of the hybrid nanogenerator. Reproduced with permission [66]. Copyright 2018, Elsevier.

(c) Schematic of a power-textile with a pair of TENG fabrics consisting of a slider fabric (1) in the

sleeve and a stator fabric (2) underneath the arm. Reproduced with permission [67]. Copyright 2016,

John Wiley and Sons.

From this point of view, electrospinning nanofibers into fabrics is an ideal method for
manufacturing wearable devices. Whereas a traditional coat layer reduces the breathability
of the fabric [24], the electrospinning coating has the advantage of both air permeability
and flexibility, and furthermore allows the surface of the fabric to be modified so it can
achieve the desired function [68–72].

Guo et al. [66] also used electrospinning coatings in the manufacture of TENG. They
designed a hybrid triboelectric and piezoelectric generator to maximize the collection of
human kinetic energy. The hybrid generator consisted of two fabric electrodes: conductive
fabric covering silk electrospinning nanofibers and conductive fabric covering PVDF elec-
trospinning nanofibers (Figure 4b). The study demonstrated the applicability of the hybrid
generator to monitor human activity and personal medical care, and the cycle stability of
the device was also verified. Compared to cold, rigid medical monitors, soft, fabric-based
detectors can provide a more comfortable experience for patients.

In addition to the electrospinning method, electroless deposition (ELD) can also be
used to fabricate functional coatings for TENG. In fabricating TENG, Pu et al. [67] proposed
a laser-scribing mask and the ELD nickel-plating method for synthesizing conductive cir-
cuits/patterns on fabrics. They fabricated TENG fabrics with interlaced grating structures
(Figure 4c) and integrated them with SC to realize a fabric-based energy-harvesting system.
The thin coating of Ni does not significantly increase the weight of the fabric, maintaining
the light weight and softness of the pristine textile. As shown in Figure 1d, TENG fabric
can be easily bent, wrapped, and immersed in water without damage, which shows that it
has good flexibility and that household clothes can be used and washed. In addition, the
TENG fabric has been proven to have good air permeability and shape retention.
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The thickness of the coating affects the breathability of the fabric, and the adhesion
condition of the coating to the fabric substrate determines the washability of the fabric.
Attention needs to be paid to the breathability of the fabric and the adhesion of the coating
when designing the wearable TENG. The coating method of the grating structure retains
the breathability of original fabric. The use of nanoscale particles and fibers as coatings
enhances the adhesion between the coating and the fabric substrate. All these designs are
well considered for the performance of the generator based on woven coated fabric. In
addition, the lifetime of the coating has to be considered, because once the generator is
made/integrated into a garment, the fabric will be affected by high-frequency external
forces during wearing or washing.

2.2. Generators Based on Knitted Textiles

Knitted fabric created by interlacing yarn in a series of connected loops using straight
eyeless needles or by machine has high flexibility and breathability [73,74]. The knitting
loops are arranged by suspension in a horizontal (course) or vertical (wale) direction. These
meandering and suspended loops can be easily stretched in different directions, meaning
they have more elasticity than other types of textiles [75,76]. However, harsh deformations
during the fabrication of a knitted fabric can possibly damage the fiber/yarn. During
the process of manufacturing knitted fabrics, each loop has to withstand manipulation by
mechanical external forces, so the yarn must be durable.

2.2.1. Knitted-Structure Generators Based on Fibers/Yarns

Dong et al. [77] developed a knitted-fabric TENG by using a single energy-harvesting
yarn that is fabricated by coating silicone rubber over the surface of three-ply twisted
stainless-steel/polyester-fiber blended yarn (Figure 5a). By taking advantage of the weft-
knitting technique, the resulting fabric TENG possessed high elasticity, flexibility, and
stretchability so it could be elongated, widened, or distorted by external or internal forces
in any direction. As a prototype, the knitted power-generating fabric could be worn on the
body directly, for example as an insole inside a shoe or as a bracelet worn on the wrist. After
50,000 cycles of repeated contact–separation motion at a contact frequency of 4 Hz, the open-
circuit voltage and short-circuit current showed no obvious degradation. The electrical
outputs of the knitted TENG fabric experienced no decrease after multiple washing cycles.
The study demonstrated that the electrical output performance was positively correlated
with yarn diameter. However, the problem is that given the current industry trend of
pursuing lightness, thinness, and transparency, a fabric TENG made from yarns that are
large in diameter results in thick and bulky clothing. The compatibility of the thick fabric
with common fabrics, which tend to be thin, is also an issue. Therefore, the application
of wearable devices in real-life situations should be further explored to create a balance
between diminished thickness and high output.

Using a different approach than the single-electrode work mode discussed above,
Kwak et al. [78] invented a knitted-fabric TENG that harvests motion energy using a
contact-separation mode. The TENG was made from five knitted-fabric layers (Figure 5b),
which consisted of knitted PTFE fabrics for the top and bottom triboelectric layers and
knitted Ag fabrics for the electrode in the middle and on the back of the top and bottom
triboelectric layers. They investigated plain-, double-, and rib-fabric structures (Figure 5b)
and analyzed their potential for textile-based energy harvesting. Compared with the
fabrics’ original states, increasing the amount of surface contact during the stretching is
crucial. Although it is possible to extend the plain fabric in both the wale and course
directions, its capacity to extend is lower than that of the double and rib structures because
the contact between each loop is maintained even during stretching. Double-knitted fabric
and rib-knitted fabric showed significantly superior stretchability and output. The latter
showed significantly improved stretchability, which dramatically enhanced the triboelectric
power-generation’s performance due to the increased contact surface. The durability of the
rib-knitted TENG was also superb; the voltage was maintained even after 1800 stretching
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cycles under 30% strain. After integrating the TENG into a sportscoat and running, the
TENG was able to light 15 green LEDs.

 

Figure 5. (a) Knitted-structure generator based on 1D devices. Reproduced with permission [77].

Copyright 2017, American Chemical Society. (b) Knitted-structure generator based on two kinds

of 1D electrodes. Reproduced with permission [78]. Copyright 2017, American Chemical Society.

(c) Schematic illustration of the realization of the energy-harvesting mode as 3D full-fabric structural

integrity using all fiber materials by a computerized knitting programming and loop structures.

Reproduced with permission [41]. Copyright 2019, Elsevier.

Gong et al. [41] adopted a new kind of all-textile energy harvester with three sets
of fibers by using computer programming. In this device, the conductive silver-plated
nylon fibers with a positively charged tendency were knitted as the top layer, the dielectric
polyacrylonitrile (PAN) fibers with a negatively charged tendency formed the bottom layer,
and the dielectric PAN fibers without post-treatment were used to directly knit the top
layer and bottom layer together (Figure 5c). This compound-structure fabric overcomes
the shortcomings of traditional knitted fabric, which is prone to dislodgement and edge
curl, and it can be tailored into any desired shape. In their research, a shoe-insole-shaped
harvester was tailored to collect human kinetic energy. When the fabric becomes dirty,
leading to performance degradation, the electric power generation can be recovered again
after simply rinsing the fabric with tap water like common clothes and air-drying it.
The textile energy harvester’s wearable performance, including its comfort, breathability,
washability, and unique advantage of tailorability, lends it to versatile product design.

The capacity of the knitted loops to stretch and deform greatly improves the elasticity
of the fabric device and makes up for the inflexibility of the functional fibers/yarns. More-
over, the modification of the fibers/yarns does not affect the air permeability of the knitted
fabric. Compared with a woven device, a knitted device can be softer and more compatible
with the design requirements of garments.

2.2.2. Generators Based on Knitted, Coated Fabric

The high elasticity and porosity of knitted fabrics contribute to the breathability and
softness of the garment. If a coating is applied to the top of a knitted fabric, when the knitted
fabric is being stretched, the breathability of the fabric may be reduced and the adhesion
of the coating may be compromised. Much work has been carried out to investigate ways
to enhance knitted/coated-based generators’ garment properties, such as breathability,
stretchability, and washability.
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Huang et al. [6] studied the influence of different knitted structures on the output
performance of TENGs. The TENG they used was fabricated by using a heat-welding
adhesive net to coat the expanded PTFE membrane on top of knitted cloth via a thermal-
calendaring process (Figure 6a). They designed five types of knitted cloth with different
stitch densities on each side. PTFE was coated on to all 10 sides of the five knitted cloths.
The result showed that the TENG textiles with higher stitch densities showed a voltage of
900 V and current of 19 µA, which are approximately twice as high as those of alternate
sides with lower stitch density, and higher than other types of TENG textiles with lower
stich density. Clearly, the superiority of these TENG textiles comes from the larger contact
area. The TENG fabric developed during this experiment could be folded like normal
clothes. Its good durability was demonstrated from the voltage–current curves of the
TENG-textile electrode under deformed states. It retained good conductivity after being
twisted or stretched for 500 cycles. There were no obvious changes to its voltage–current
curves after it was washed in up to 10 cycles, which shows good washability.

 

Figure 6. (a) The free-standing-mode TENG textile, which is made up of a laminated composite fabric

consisting of an expanded polytetrafluoroethylene (E-TFE) film and a common fabric. Reproduced

with permission [6]. Copyright 2017, Elsevier. (b) Stretchable coplanar self-charging power knitted

textiles with a triboelectric nanogenerator (TENG) and microsupercapacitors (MSC). Reproduced with

permission [75]. Copyright 2017, American Chemical Society. (c) TENG made of 3D-space fabric on

the market as the base material by coating PDMS, conductive silver paste, and CNT. Reproduced with

permission [79]. Copyright 2017, Royal Society of Chemistry. (d) Photographs demonstrating that

the textile triboelectric nanogenerator (textile-TENG) possesses excellent endurance for successively

experiencing deformations of folding, twisting, and stretching, as well as severe washing. Reproduced

under the terms of the CC-BY Creative Commons Attribution 4.0 International License (https://

creativecommons.org/licenses/by/4.0) (accessed on 21 September 2022). [80].

Cong et al. [75] developed a stretchable knitted TENG using the resist dyeing-analogous
method. In this method, Ni-coated textile with two in-plane electrodes and an elastomeric
PDMS thin layer is coated onto one of the Ni-coated textiles. The TENG generates power
when a polyester textile does repeated touching–separating motions. Using the same
method, they also invented a microsupercapacitor that was fabricated into the same textile
(Figure 6b) with the TENG. The impact of different strains and humidities on the output
was studied. After being stretched to 100% strain along the course direction, there was no
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significant decrease in the short-circuit current, whereas the open-circuit voltage exhibited
a slight decrease. The output increased in a dry environment (20% relative humidity) and
decreased in a humid environment (50% relative humidity). The adhesion stability of the
coating was analyzed through the scanning electron microscopy (SEM) image of the Ni
layer combined with the resistance-strain trend. They found that the coating was quite
stable under a tensile strain of less than 50%, whereas damage appeared in the coating
under a tensile strain of 100%. Based on this, the cycling performance of the TENG was
tested under 50% strain. The result was promising, demonstrating that the current of the
TENG textile did not decrease after 4000 cycles at 50% stretched strain. It is important to
note that when the hydrophobic material was replaced by a hydrophilic material during
the experiments, the device was damaged. Therefore, two factors limit the application of
the TENG: strain and the material’s performance when wet.

The development of multilayer knitted fabrics is another attractive solution for man-
ufacturing wearable flexible generators. Liu et al. [79] utilized a commercially available
3D-space fabric with a three-dimensionally penetrated structure that can offer spontaneous
elastic space for pressing and releasing to fabricate a TENG. Thin PDMS film was carefully
coated onto one surface of the 3D PET fabric directly. The CNT sheets were closely stacked
onto the outer surface of the treated layer to serve as one electrode, whereas the other
untreated surface was coated with a conductive silver paste to serve as the other electrode
(Figure 6c). However, because the two layers were not friendly to human skin and the
coating reduced the breathability, comfort, washability, stretchability, etc. of the fabric, the
potential application of the device in daily wear is limited. During the experiment, the
device was only made into insoles to collect people’s kinetic energy while walking.

Xiong et al. [80] proposed a synergetic triboelectric trapping layer of black phosphorus
(BP) protected by a hydrophobic coating of cellulose oleoyl ester nanoparticles (HCOENPs)
to alleviate degradation. By using these chemicals, they developed a durable skin-touch-
triggered textile-TENG with a sandwiched structure. It was constructed using three fabric
layers: a triboelectric fabric, a fabric electrode, and a waterproof fabric. By dip-coating or
spray-coating, BP and HCOENPs were coated onto the PET fabric layer by layer in order to
make the resulting triboelectric fabric, known as HCOENPs/BP/PET fabric (HBP-fabric).
The silver flake mixed with PDMS was used as a as conducting medium and was coated
onto the PET fabric via dip-coating to attain the fabric electrode. The waterproof fabric
was created by dip-coating the HCOENPs onto a PET fabric. All three fabrics were stuck
together with the aid of double-side tape, with the HBP-fabric in the middle. The all-fabric-
based configuration delivered a conformable textile-TENG with extreme deformability,
which worked well under 100% stretch conditions and had high durability. The output
was maintained even after suffering 500 cycles of extreme deformations and 72 h of severe
washing (Figure 6d). When mounted directly on skin or cloth, the TENG could fully fit
different body regions, and it produced stable output voltages and current densities at
different body locations.

The cover of the coating layer may make knitted devices lose their breathability and
elasticity easily, and could even lead to skin-safety problems. The coating that Xiong et. al.
developed solves the problems listed above, and even increases the aesthetic property of
the knitted fabric device, making it possible to make patterned designs.

2.2.3. 1D Devices Sewn into a Single Knitted Fabric

In addition to the above-mentioned wearable devices based on different fabric struc-
tures or textile technologies, there are some special generators that are single threads and
were integrated into the fabric in the form of a stitch [81,82], cross stitch [83], or embroi-
dery pattern [81]. As long as the mechanical properties of the yarn satisfy the sewing
requirements, it can be fabricated into sophisticated textile structures and patterns.

In 2014, Zhong et al. [84] fabricated a metal-free fiber-based generator (FBG) using a
cost-effective method that involved commercial cotton thread, a PTFE aqueous suspension,
and carbon nanotubes as source materials (Figure 7a). This paper establishes the first proof
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of the idea that FBG can be sewn into knitted textiles (Figure 7a). FBG can extract energy
from biomechanical motion to power a mobile medical system, making self-powered
smart clothing possible. It can also convert biomechanical motion/vibration energy into
electrical energy by using electrostatic effects, with an average output-power density of
approximately 0.1 µW/cm2.

 

Figure 7. (a) Schematic diagram illustrating the fabricating process of an FBG that is made from

CNT-coated cotton thread and PTFE thread. Reproduced with permission [84]. Copyright 2014,

American Chemical Society. (b) PVDF stitch-based triboelectric textile sensors. Reproduced with

permission [81]. Copyright 2018, The Royal Society of Chemistry.

Shin et al. [81] reported using a sewing machine to stitch PVDF into programmable
textile patterns for wearable self-powered triboelectric sensors. During their research, the
PVDF thread was fabricated by dry-jet wet spinning and spin–draw. Then the PVDF thread
was used as the lower thread and a commercial PET thread was used as the upper thread
to stitch a design into knitted conductive fabrics, such as the simple stripe, embroidered
pattern, embroidered lines, and even letters, indicating that PVDF threads are mechanically
strong enough to be sewn into arbitrary patterns (Figure 7b). The stitch pattern is composed
of twisted 5-ply PVDF threads. When stitched on stretchable fabric, the PVDF stitch
patterns showed a good mechanical stability for folding, stretching, twisting, and crumpling
deformations. The conductive fabric was sandwiched between supportive cotton fabrics,
which were used as insulating layers. In order to demonstrate their applications in wearable
devices, smart gloves and joint pads were manufactured based on PVDF-stitch triboelectric
sensors. These wearable sensors can detect and distinguish different gestures and body
actions by generating inherent signal patterns that represent specific gestures and actions.
The device performance of the stitch sensor was retained without significant decrease even
after repeated washing cycles, demonstrating that the proposed PVDF stitch sensor can be
utilized for practical applications. In addition, compared to patterns that were coated on the
fabric, the pattern in this wearable generator has better stability because it is stitched into
the fabric. Moreover, combining this stitching technology with other wearable fabrics that
can be tailored [26], manufactured on a large scale, and produced in large quantities [57]
makes it possible to design garments that generate electricity.

The interlocking-loop structure of knitted fabric allows the coating material to cover
the textile firmly and deeply. The existence of air gaps in knitted fabric can block the
unlimited spread of a liquid coating material, meaning that it can be painted into various
patterns as desired to meet the aesthetic requirements of various types of clothing. The
addition of functional materials can directionally improve the relevant characteristics of
the fabric and give new functions to the device. The patterned coating method instead
of full coverage can not only retain the clothing characteristics of the original fabric, but
also increase the aesthetic design. The knitted/coated-based generator shows a diversified
development prospect.
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2.3. Other Generators

Different fabric structures allow for different functions, so in some special and complex
situations it is necessary to apply multiple fabrics at the same time [85]. Thus, hybrid textiles
that are composed of a variety of structural fabrics have emerged. Each fabric in a hybrid textile
performs its own duties to jointly create a resistance to the influences of a harsh environment.
Inspired by this, Kim et al. [86] made a hybrid TENG that is based on woven fabric and knitted
fabric (Figure 8a). The TENG is intended to be used as sportswear, so it has to make full use of
the tightness and durability of woven fabrics and the soft and breathable properties of knitted
fabrics. The basic structure of the waterproof and breathable textile-based TENG described in
this study is composed of three distinctive layers. Using fabric woven with nylon as an outer
layer grants both wind and water protection. A 50 µm-thick PTFE membrane (Gore-Tex) is
the center layer, and the knitted polyurethane-based bottom lining with a breathable structure
allows moisture to escape through the center-layer PTFE membrane. The flexible components
of these TENGs were demonstrated easily when attached to clothes, effectively harvesting the
motion energy of the human body.

 

Figure 8. (a) Schematic of textile-TENG components (i.e., Gore-Tex); a woven-fabric composite

consists of a nylon outer fabric, PTFE membrane (center layer), and polyurethane lining. Reproduced

with permission [86]. Copyright 2014, Elsevier. (b) Corrugated textile-based triboelectric-structure

generator consisting of a woven conductive textile, knitted conductive textile, and silk. Reproduced

under the terms of the CC-BY Creative Commons [87].

Another study that analyzed the potential of a hybrid textile was that of Choi et al. [87],
who proposed a corrugated textile-based triboelectric generator that can generate energy by
stretching. The generator consists of woven conductive textile, silk, Si-rubber, and knitted
conductive textile. The stretching process of the generator brings the silk and Si-rubber into
full contact. The more friction and deformation that the silk and Si-rubber experience under
high external mechanical force, the higher the quantity of triboelectric charges. This design
cleverly puts the elastic characteristics of different fabric structures to use. Woven fabric
is generally very poor in elasticity, so the woven components are made into a corrugated
shape in this device to avoid breakage or fatigue and to increase the friction, resulting in a
higher output. Knitted fabrics and silicone rubber are elastic and can be stretched from the
original state to the fully stretched state, then spontaneously recover. This movement not only
increases the friction, but also provides the driving force behind the device’s deformation
(Figure 8b). Overall, this study provides a unique example of a hybrid woven-and-knitted
generator that takes advantage of the elasticity of knitted fabric and bypasses the disadvantage
of the inelasticity of woven fabrics. Moreover, the device can generate considerable energy
from various deformations not only through pressing and rubbing but also by stretching.
Additionally, the experiments demonstrated the generation of sufficient energy from various
activities of a human body to power about 54 LEDs. These results demonstrate the potential
application of the textile-based generator for self-powered systems. Table 1 provides a
comparison of the electrical outputs of TENGs that were integrated into human clothing to
collect human-motion energy in real-world circumstances.
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Table 1. List of the reported textile-based TENGs with different performance.

Ref
Location of
Energy Collection

Current Voltage
Charge
Accumulation

Materials Device Substrate
Combination
with Garment

[6] 19 µA 900 V 203 mWm−2 PTFE Polyester fabric Knitted

[7]
Under foot, under
arm, elbow joint

4 µA 50 V 3.7 µC min−1 Ni-cloth, parlyene Polyester fabric Attached

[26] Underneath the arm 1.4 µA 113.21 V 80 mW/m2 PTFE, PVDF
Nylon, silk, cotton,
T/C, PET, PP fabric

[54] Underneath the arm 0.91 mA 12.6 V 11.92 mA cm−2 EVA, PDMS EVA tubes Attached, woven

[58] Underneath the arm 1.5 µA ~118 V 48 nC
Conductive
carbon wires

Carbon and
PTFE textile

[63] Underneath the arm 40 µA Ni and parlyene Polyester yarns Woven
[66] Elbow 12 µA 500 V 310 µW/cm2 Silk fibroin, PVDF Conductive fabrics

[67]
Sleeve, underneath
the arm

55 µA 100 V Ni and parlyene Polyester fabric Attached

[75] 2.9 µA 150 V 85 mW·m−2 Stainless steel,
polyester

Silicone, rubber Knitting

[77] Chest 1.8 µA 49 V
50.6 mF cm−2,
94.5 mW m−2 Ni, rGO-Ni

Stretchable
polyester fabric

Sewn

[88] Hand 0.25 mA 80 V
PTFE and copper,
ZnO and copper

Polymer textile

[89]
Between forearm,
human body

0.2 mA 2 kV 69 µC/s Nylon, Dacron Cotton

[90] Under arm 0.4 µA 40 V
0.18 µW/cm2,
85.2 mF/cm2

PI, PU, Al, PDMS,
CNT/RuO2

PVA/H3PO4

Carbon fabric

[91] Pocket, sleeve 65 µA 120 V ZnO, PDMS
Ag-coated
knitted textile

Attached

[92] Elbow, knee 4.16 V
Metal, conductive
fiber, AgNWs

Nylon fiber,
silicone,
rubber tube

[93] Chest, hand, wrist CNT
Polyester,
nylon textile

Sewn

[86] 4 µA 120 V 68 µW m−2 Au nanodots,
polyurethane/PTFE

Nylon
woven-fabric

[94] 399.42 mA 17 V Copper Polyester filament Sewn

[81]
Wrist, elbow,
ankle, knee

190 nA 1.8 V PVDF, Al Nylon fabric Sewn, stitched

[95]
Butt, underneath the
arm, arm, knee

540 V 2 Wm−2 PEDOT: PSS, PTFE or
silicon rubber

Cotton textile Attached

[96] Sleeve 3 µA 60 V
≈78.1 µWh cm−2,
14 mW cm−2

Ni/Cu, rGO/CNT,
NiCo BOH

Polyester yarn Woven, knitted

The tightness, durability, and elasticity of knitted-structure fabrics differ greatly com-
pared to those of woven-structure fabrics, which results in huge differences in water
resistance, wind resistance, breathability, and stretchability of the two fabrics. The compos-
ite use of the two structures of fabrics can complement each other’s strengths and achieve a
perfect synergy effect.

3. Summary and Outlook

Functional yarns with different properties are suitable for fabricating devices with
different structures and designs. A woven structure has low requirements for the flexibility
and length of the yarn. Woven fabrics have high durability and wear resistance, keep their
shape well, and are often made into shirts, suits, denims, jackets, etc. Knitted structures
have high requirements for the strength of the yarn because the yarn frequently suffers
from the application of external force during the weaving process. Knitted fabrics have
high elasticity and good air permeability, and are usually made into T-shirts, underwear,
sportswear, socks, etc. Some special high-strength and high-flexibility functional yarns can
not only be made into woven or knitted fabric devices but also into many more complex
structures such as embroidery patterns, which greatly improves the ornamental potential
and practicality of wearable devices.

For coated-fabric devices, coating on different fabric structures produces different
fabric characteristics. The warp and weft yarns of the woven structure are usually arranged
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tightly, which gives the fabric a smooth surface that can easily be coated with functional
materials. Unfortunately, the coverage of the coating generally results in a loss of air
permeability for woven fabrics. As for knitted fabrics, the air gap between the loops
provides enough space for the coating, allowing the coating to be applied to the yarn
more deeply. The air permeability of coated/knitted fabrics will also decrease, but not as
severely as for woven fabrics. Furthermore, most coatings are accompanied by drawbacks
such as shedding, lack of breathability, and being unfriendly to the skin. The resulting
issues of shortened life cycle, safety, and comfort need to be optimized by solving these
problems, allowing yarn-based fabric generators to exhibit better mechanical strength
and processability.

No matter what kind of structure the wearable device is, it must ultimately be in-
tegrated into clothing. Hence, the softness, breathability, comfort, washability, abrasion
resistance, etc. of the device all need to be considered. Up to this point, the majority of
research in this field has focused exclusively on the flexibility of the device, overlooking
other practical properties. In recent years, more and more research projects have begun
to test water washability, breathability, etc. with fabric pieces. So far, no one has been
able to produce a garment where power-generating fabric forms the whole or main part
of the clothing. The size, sweat safety, abrasion resistance, etc. are all obstacles to make
power-generating garments. On one hand, increasing the output of the device is the main
purpose of the structure design and material choice; on the other hand, the safety of the
device is an issue that must be considered. For the human body, a safe voltage is below 36 V,
a safe alternating current is 10 mA, and a safe direct current is 30 mA. If the voltage and
current exceed the limit values at the same time, the device will be unsafe for human use.
Although the power output produced by most devices up to this point has not been harmful
to the human body, as further development pursues high-output devices, management and
design used to control the limitation must be included in the device system.

Some efforts have been made in the field of device safety and practicality, such as the
use of a waterproof coating layer [62,80,97,98], the application of a buck converter, and the
integration of wearable supercapacitors [96,99], all of which are attempts to increase the
safety and comfort of TENGs. In 2014, Zhao [100] set up a buck converter in the collection
device to balance the gap between high voltage and low current, providing a possible
reference for developing safety features in future electronic devices. The issues of humidity
resistance [27], life cycle, and energy-conversion efficiency are also a concern. The research
and development discussed above have increased TENGs’ resilience to wear, shear, water
washing, extrusion, etc., but there is still area for improvement and increased testing.

Most of the research discussed in this paper focuses on integrating the generator into
the upper garment; however, Proto’s [18] work showed that the kinetic energy produced
by the lower body of humans is much higher than that of the upper body. Therefore,
integrating generators into trousers to collect electricity is a possible direction for future
development. Moreover, the energy collected from the human body is quite different from
the energy collected in the laboratory, and increasing the comfort of a wearable generator is
generally accompanied by a reduction in the amount of energy harvested [100]. A good
balance between the comfort and actual output needs to be further explored. The current
wearable devices under review have only been integrated into clothing in the form of small-
area sheet fabrics, and the possibility of developing a fabric device that can be directly
made into clothing should be investigated further. Smart power-generating clothing gives a
new meaning to our clothing and provides a green and renewable way to collect electricity.
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Abstract: Thermal comfort is of critical importance to people during hot weather or harsh work-

ing conditions to reduce heat stress. Therefore, personal cooling garments (PCGs) is a promising

technology that provides a sustainable solution to provide direct thermal regulation on the human

body, while at the same time, effectively reduces energy consumption on whole-building cooling.

This paper summarizes the current status of PCGs, and depending on the requirement of electric

power supply, we divide the PCGs into two categories with systematic instruction on the cooling

materials, working principles, and state-of-the-art research progress. Additionally, the application

fields of different cooling strategies are presented. Current problems hindering the improvement

of PCGs, and further development recommendations are highlighted, in the hope of fostering and

widening the prospect of PCGs.

Keywords: personal cooling garments; thermal comfort; ice cooling; phase change material cooling;

radiative cooling; air cooling; liquid cooling; thermoelectric cooling

1. Introduction

Thermal comfort is vital to human beings, not only because we are homothermic
and need a consistent body temperature to survive, but also because thermal discomfort
can lead to psychological problems, such as heat stress, which can result in tedium and
exhaustion in mentality and physicality, causing personal health issues and the curtail-
ment of work productivity [1,2]. According to a statement from the American Society of
Heating, Refrigeration, and Air-Conditioning Engineers (ASHRAE), thermal comfort is a
mind condition that conveys satisfaction with the ambient environment temperature [3].
Generally, the narrow range of comfortable temperature for human beings is between 20 ◦C
to 27 ◦C [4]; outside of this range, we would need additional means, such as garments or
air-conditioning, to maintain thermal comfort.

Garments are a paramount part of personal thermoregulation, which can directly
influence the heat-exchanging process between the human body and the environment [5],
although the human body has a certain ability to automatically regulate its temperature
through various activities, such as altering the rates of metabolism and blood flow, sweating,
pore-shrinking, etc. [4] When the human body is in hot weather, the sweating and blood
flow rates can be increased to enhance thermal diffusion. However, during extreme
weather or harsh conditions, which exceed the ability to self-regulate, it is necessary to
utilize functional garments to achieve thermal comfort.

The personal thermal garment is an auspicious technology that can avoid thermally-
induced health issues and provide a sustainable solution to reduce energy consumption [6].
With the global warming effect, there has been a rising demand for personal thermal comfort
in high temperature weather. Energy consumption has been increasing continuously and
dramatically, and is expected to triple by 2050 [7]. Therefore, it is urgent to meet the demand
for the development of advanced thermoregulation garments. In consideration of these
reasons, over the past few decades, a considerable amount of research of advanced thermal
devices has been conducted to design and fabricate intelligent thermoregulation garments.
At present, personal heating garments have enjoyed rapid development, from heating
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materials to heating techniques, strategies, and heating effect evaluation, and they have
captured a dominant share of the thermal regulating textile market. There are various
heating garments using different heating materials, such as carbon nanotube (CNT) [8,9],
carbon fiber (CF) [10,11], graphene [12,13], metallic nanowire meshes [14,15], etc. Thermal
regulating garments with cooling functions are also strongly demanded in numerous
application conditions, including exercising or working in hot weather, personal portable
cooling equipment in the medical area, or in special protective garments fields, such as
astronaut garments, medical protective garments, and firefighter garments. However,
compared with the large-scale commercial production of personal heating garments, the
progress of personal cooling garments (PCGs) has been lagging behind.

The concept of personal cooling garments was first put forward in 1958 [16]. However,
it was not until 1962 that the first personal refrigeration garment was produced for the
aerospace industry. Since then, many different kinds of cooling garments, such as air-
cooled, liquid-cooled, radiative-cooled, and thermoelectric (TE)-cooled garments, have
continuously been fabricated and tested. Due to the technical difficulty in achieving a
highly efficient cooling effect on garments, the PCG market has developed at a much slower
pace.

In recent years, with the rapid evolution of smart and functional textiles, as well
as the global demand of energy-saving solutions, more efforts have been devoted to the
development of PCGs, with many new materials, cooling techniques, and device structure
optimizations being examined. Therefore, a systematic review of recent advances in
personal cooling garments is in timely demand, which needs to cover the classification
and the forefront development of personal cooling materials and strategies in detail. In
this review, we have focused on the state-of-the-art developments of personal cooling
garments. We divide cooling garments into two categories based on whether electric power
is required for the cooling functional: non-electric cooling and electric cooling. As shown in
Figure 1, non-electric cooling contains ice cooling, phase change materials (PCMs) cooling,
and radiative cooling, while electric cooling techniques include TE cooling, liquid cooling,
and air-cooling. Furthermore, we summarized the major challenges of the development of
PCGs and pointed out the future perspectives, trying to facilitate the progress of personal
cooling garments.

Non-electric cooling  

 

 

Electric cooling 

Ice cooling Air cooling 

PCM cooling Liquid cooling 

Radiation cooling TE cooling 

Figure 1. Cooling strategies of personal cooling garments.

2. Non-Electric Cooling

A stable core body temperature is essential for maintaining optimal functions of
the human body. To reduce the health risks caused by hazardous heat environments,
microclimate cooling technologies have been developed to enhance the heat exchange
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between the human body and the environment. Non-electric cooling strategies, which
do not require a power supply system [17–19], can be divided into three main types: ice
cooling [20], PCMs cooling [21], and radiation cooling [22].

2.1. Ice Cooling

In the early development of PCGs, an ice cooling garments [23] was one of the most
common types due to the simplicity of preparation and low cost. It was designed with
specific pockets to hold the ice, as shown in Figure 2. Through the ice melting process,
the heat generated from the skin surface is absorbed, resulting in a temperature drop
and thermal comfort in hot weather. Based on the high latent heat, availability, and low
cost, the ice cooling garment was widely applied in protective garment industries [24,25],
athletic wear [26–28], and military uniforms [29,30]. Juhani et al. confirmed that an ice
vest effectively cooled the skin temperature, which was beneficial to both physiology
and subjectivity [25]. Furthermore, the thermal comfort provided by the ice cooling vest
remarkably increased work efficiency by 10%. The same conclusion was drawn by Cooter
et al. [31]. From their study, the effectiveness of the ice vest in improving endurance
performance during sustained heavy work was closely examined. However, contact with
ice for a long time can lead to tissue irritation [32]. Additionally, the heavy weight, large
volume, and cooling interruption have strongly restricted the application of ice cooling
garments in daily life. Therefore, the investigation of flexible cooling sources represents
a potential approach to solve these problems. Gel ice cooling technology [33–35] has
been extensively explored lately as a promising candidate. Dehghan et al. compared the
effectiveness of an ice gel cooling vest under two exercise intensities and demonstrated a
noticeable skin temperature drop, and lower heat strain score index during light activities
as a result of the cooling vest [33]. It is noteworthy that under heavy activities, there were
no significant differences. Moreover, Chesterton et al. compared the skin-cooling effects of
flexible frozen gel and frozen peas [34]. The result indicates that flexible frozen gel is not as
effective as frozen peas in skin freezing and calming. Therefore, ice cooling garments with
satisfactory cooling performance and flexibility is still a challenge, which requires further
studies on advanced materials and technologies.

–

–

–

Figure 2. Illustration of an ice cooling vest.

2.2. PCMs Cooling

PCMs can directly use the latent heat from the body or the environment to lower
the temperature of the microclimate between the garment and the body, without any
extra energy consumption [36]. With the exploration of materials, the inherent defects
of the above-mentioned frozen materials (as a typical phase change material) have been
revealed gradually, such as an uncontrollable cooling effect and limited cooling duration.
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Given these circumstances, the demand for seeking more comfort and effective PCM for
wearable cooling application has been ceaselessly rising [37–39]. Li et al. developed a
novel PCM cooling garment with a designed placement of PCM through multi-scenario
experiments, which is light and convenient for daily use [40]. With the calculation method
for the minimum charge of PCM, the final cooling garment is only 1.39 kg with obvious
cooling performance, which exhibited a maximum 1.78 ◦C temperature drop during in-
door walking. Besides packaging a PCM module in the garment, it is feasible for PCM
to compound with yarns in various ways, such as impregnation and filling with hollow
fibers [41], melt spinning [42], coating [43], and microcapsule encapsulation [44]. In the
last decade, using these properties of PCMs to fabricate adaptive textiles or fibers has
been conspicuous and noticeable [45–47]. V. Skurkyte-Papieviene et al. explored a type of
PCM microcapsules MPCM32D, adding multiwall carbon nanotubes (MWCNTs) and poly
(3,4-ethylenedioxyoxythiophene) poly (styrene sulphonate) (PEDOT: PSS) as thermally
conductive additives to improve the outer shell thermal conductivity, which relatively
enhanced the heat storage and release capability of PCMs microcapsules [44]. Yang et al.
developed a 3D-printed flexible phase-change nonwoven fabric with excellent stability and
durability [46]. Owing to the poly (ethylene glycol) (PEG)-grafted TPU prepolymer and
embedded single-walled carbon nanotubes, the nonwoven fabric exhibited adequate ther-
mal regulation and radiation resistance performance, even at cycles up to 2000. Moreover,
a dramatic breakthrough in the commercial application of wearable PCM has been made
by Outlast® technologies [48]. The Outlast® fiber exhibits the desired thermo-regulating
performance through incorporating PCM by microencapsulation, remarkably reducing
sweat formation by 48% in a hot temperature environment. In summary, the extraordinary
breathability and flexibility ensure the PCM textile has a large-scale implementation in
PCM, which is the critical development direction of PCM cooling garments [47].

2.3. Radiation Cooling

Based on the highly transparent atmospheric window in the infrared (IR) wavelength
range between 8 to13 µm, which coincides with the thermal radiation of humans, radiation
cooling (RC) can dump human heat directly into outer space without external energy [49].
As a promising alternative technology to locally controlling skin temperature, RC has
aroused wide interest in personal cooling garments by taking advantage of an atmospheric
window [50–52]. Hsu et al. developed an RC textile with good transparency to mid-infrared
human body radiation based on nanoporous polyethylene (nanoPE) substrate, which can be
used as an infrared radiation heat dissipation fabric for an individual cooling strategy [51].
Due to nanoPE having high transparency and transmittance, it can be appropriately used
as a heat dissipation material. Their textile promoted effective radiative cooling and
lower temperature around 2.7 ◦C, which provides a promising textile for personal cooling
garments. After development of their textile, they utilized nanoPE embedded with a bilayer
emitter to fabricate a dual-mode textile, which has both cooling and heating modes just by
flipping the textile, as shown in Figure 3 [53]. The bilayer emitter with the carbon side (high
emissivity) and the copper side (low emissivity) noticeably provided a 6.5 ◦C temperature
difference in artificial skin by flipping the same textile, showing a significant technological
advancement in wearable RC application.

0.3 to 4.0 μm 

–

–

Figure 3. Layered structure of the textile and schematic diagram of the two modes, reproduced

from [53].

26



Polymers 2022, 14, 5522

However, when there are other intense thermal radiation sources, such as direct
sunlight in hot weather, it is critical to investigate RC textiles with high reflection to
the solar radiation band [22,54,55]. Because the solar spectrum is mainly between 0.3
to 4.0 µm [56], it is greatly prospective and feasible to both enhance solar reflection and
dissipate human thermal radiation. Cai et al. proposed the first spectrally-selective RC
textile for outdoor cooling with more than 90% reflection of solar irradiance and satisfactory
transmission of the human body thermal radiation, which enabled simulated skin to
avoid overheating by 5–13 ◦C compared with cotton fabric [57]. Irfan et al. developed a
nanofabric by nanoparticle-doped polymer (zinc oxide and polyethylene) materials and
electrospinning technology, which offered 91% solar reflectivity and 81% mid-infrared
transmissivity, resulting in a 9 ◦C cooling performance compared with cotton textile [58].
Through numerous studies, it has been solidly confirmed that RC garments have a great
potential for mass adoption of effective and energy-saving cooling technology in daily life.

3. Electric Cooling

With the vigorous developments of wearable electronic devices, the utilization of
electronic devices with cooling materials and strategies is the main development direction
of intelligent cooling garments. Under these circumstances, the personal cooling garment
under electric power supplied has enjoyed a sustained evolution. At present, the main
types of this area are air cooling garments (ACGs) [59], liquid cooling garments (LCGs) [60],
and TE cooling garments [61].

3.1. Air Cooling

As a traditional cooling strategy, an ACG provides thermal comfort by forcing air
to flow through the microclimate between the clothing and the human body [62]. The
major advantages of ACGs are low cost, light weight, and portability [63]. At the early
stage of development, ACGs were applied in aerospace and military fields, such as protec-
tive garments for pilots and soldiers to reduce heat stress [64–66]. Hadid et al. reported
that during the same intensity of activity, an ACG led to a lower body temperature and
reduction of perspiration by 20% [67]. However, more complex living and working con-
ditions require higher cooling performance with better comfort and security of the ACG.
Additionally, ACG configurations are normally heavy and large, limiting their widespread
applications in our daily life. Therefore, optimization of wearing comfort and thermal
comfort is in great demand [68,69]. Yang et al. investigated the influence of clothing size
and the air ventilation rate on the cooling performance of ACGs, which demonstrated
that air ventilation greatly reduced the predicted core temperatures in two garment sizes;
however, there was almost no impact of garment size on the predicted thermophysiological
responses in high ventilation [70]. Similarly, Zhao et al. enhanced the cooling performance
through clothing eyelet designs, which provided an alternative method to optimize ACGs
in practical use [71].

The cooling effect provided by a single air-cooling strategy can be further improved to
satisfy the ever-growing cooling needs. Consequently, a lot of efforts have been made in
studying the possibility of combining an air-cooling strategy with other cooling methods
to explore novel cooling approaches. Ni et al. developed a novel hybrid personal cooling
vest (PCV), as shown in Figure 4a [72]. Their novel PCV was incorporated with PCMs
and ventilation fans, which indicates the applicability and reliability of this hybrid cooling
garment. Through experimental studies, the cooling efficacy in a hot, humid climate
chamber was examined. Lou et al. investigated the relationship between the cooling effect
with different body positions based on an air tubing network and TE cooling plates, which
is helpful to improve the combination of the cooling system and the garment in an effective
and comfortable way in daily life [73]. Based on large numbers of studies, the ACG is
verifiably suitable to meet the practical wearing demand based on the notable portability
and simplicity of operation and usage.
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Figure 4. (a) Illustration of air cooling with a PCM cooling vest (PCV), adapted from [72],

(b) Schematic diagrams of an air cooling garment.

3.2. Liquid Cooling

Liquid cooling garments are generally embedded with circulating water tubes filled
with a cold liquid resource and a micro water pump device at the inner layer to drive
the liquid flowing in the tube to reduce the temperature [65,74], as shown in Figure 5a.
The first LCG was supplied to an astronaut as a protective garment to lower the body
temperature [75]. After numerous explorations, the LCG has been proven to be one of the
most promising technologies in the wearable cooling arena and is used in many fields,
such as military [76], mining [77], and sporting [78]. Guo et al. proposed a heat transfer
model of LCGs to analyze the effects of different factors on the LCG performance and
optimize the design of LCGs [74]. With the optimization they made, the max cooling rate
reached 243.2 W/m2 with a maximum work duration time of 3.36 h. However, due to the
embedded heavy device and the risk of skin burn caused by the stream formation [79], the
LCG needs more efforts to modify the cooling systems for safety and comfort. Grazyna
et al. developed a novel LCG with a sensor to adjust the microclimate temperature, and
modular knitted fabric, which can be directly worn on the human body [80], resulting in
great safety and comfort for the user. The notable tube system they proposed fitted to the
skin nicely, which enhanced the thermal conductivity and cooling efficiency. Shu et al.
proposed an intelligent temperature control system in LCGs [81], which verified that the
new smart system can regulate temperature accurately and extend the duration of more
than 30% of the cooling devices.

Figure 5. (a) Schematic diagrams of a liquid cooling garment. (b) Liquid cooling garment with a TE

device, reproduced or adapted from [82], with permission from Elsevier, 2022.

To achieve significant amelioration of the LCG, combining other cooling technologies
with LCGs exhibits remarkable potential in practical usage [55]. Zhang et al. reported
a novel LCG with TE materials, which considerably alleviates the thermal stress hazard,
as shown in Figure 5b [82]. They explored the effect of ambient temperature and heat
dissipation on cooling performance, which also proposed an accurate method of assessing
LCGs.
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3.3. TE Cooling

For individual wearable cooling devices, air cooling and liquid cooling garments are
inconvenient and heavy with bulky air or fluidic channels, and the cooling performance
of them is not stable and reliable [83]. Given these intrinsic disadvantages, homeostatic
solid-state cooling strategies, such as electrocaloric cooling [84,85], magnetocaloric [86],
and TE cooling [87], have garnered significant attention. Particularly, TE cooling exhibits
great potential for practical industrial cooling application owing to its reliable cooling
performance and small device dimensions [88]. Therefore, wearable TE cooling provides a
desired alternative method for personal thermal comfort [89].

TE materials consisting of different types (N- and P-type) of conductors or semicon-
ductors can be used to directly convert heat energy to electricity and vice versa [90]. Based
on the Peltier effect [91,92], when a direct current passes through different TE materials,
heat is absorbed or dissipated at the junctions, resulting in a hot side and a cold side [93].
TE devices are lightweight and have no moving parts or noise, which can be considered as
the cooling strategy with the most potential in the future [94].

For small solid-state cooling, the TE cooling plate (TECP) is a good solution for
industrial TE application due to their large-scale commercial production, low cost, and
light weight [95]. Therefore, cooling devices based on TECP were conceived to explore
practical applications of TEC, such as the Embr wave bracelet and Sony Reno pocket that
can be worn on the arm or put in the pocket of a garment to cool the connected skin.
Luo et al. successfully embedded a TECP cooling system in an undergarment, which has
dramatic light weight and portability [96]. As shown in Figure 6, the TE cooling module
embedded with heatsink as a cooling source, connected with a tubing network to provide
uniform and sufficient cooling performance, resulting in 15% energy savings of indoor
heating, ventilation, and air conditioning (HAVC). However, the rigid and bulky heatsink
greatly reduces the wearability of TE and obstructs the development of flexible TE cooling
technology. Therefore, a flexible heatsink has been predicated as a hopeful approach to
ameliorate the flexibility of TE cooling. Jaeyoo et al. proposed a flexible cooling device with
a designed heatsink that was composed of silicone elastomer, phase change material, and
graphite powders. Their device could lower temperatures by around 5 ◦C and maintained
temperatures for more than 5 h under ambient air temperature with commercial TECPs.
Recently, an innovative mask integrated with thermoelectric devices and a 3D printed
framework has been reported [97]. Through the test, a notable reduction in the temperature
was around 3.5 ◦C with a low voltage application.

 

Figure 6. Schematic image of (a) a TE cooling undergarment and (b) illustration of a TE cooling

module, reproduced or adapted from [96], with permission from Elsevier, 2020.

Nevertheless, more efforts need to be made to seek efficient and wearable thermo-
electric devices with prospective flexibility. Therefore, fabricating and softening the TEC
structure with a flexible heatsink is clamant to be explored. Hong et al. developed a flexible
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and portable thermoelectric cooler that has a scalable application, as seen in Figure 7 [98].
Inorganic semiconductor thermoelectric pillars were placed on two stretchable flexible
Ecoflex films, which were filled with thermally conductive filler aluminum nitride to im-
prove thermal conductivity. The device could work continuously for 8 h without any
heatsink equipment and delivers more than 7.6 ◦C cooling effects. Zhang et al. proposed a
wearable TEC based on a two-layer flexible heatsink [99], which was composed of hydrogel
and nickel foam as phase change material to absorb the heat, and thermally conductive
material to conduct heat, respectively. Furthermore, the discrete heatsink they explored
ensured the desired flexibility and achieved a large temperature drop of 10 ◦C under 0.3 A
input current.

Figure 7. Schematic images of (a) cooling garments with wearable TE devices (TEDs) and (b) the

structure of a TED, [98].

To further ameliorate flexibility and promote the flexible TEC evolution, TE fiber has
been widely investigated to provide better wearing comfort. Zhang et al. prepared super
long flexible TE micro/nanowires by hot drawing technology [100]. They fabricated both
N- and P-type semiconducting materials into a fiber and covered them with borosilicate
glass to protect and prevent the fiber from being oxidized. The fiber was flexible and had
a high TE property, and could be easily woven into the textile and create 6.2 ◦C cooling
performance. Zheng et al. reported a novel design of fiber-based thermoelectric textiles
(TETs) [101]. Their TE fiber was fabricated by inorganic TE materials and liquid metal,
which were encapsulated by polydimethylsiloxane. The TET provided a stable cooling
performance of 3.1 ◦C with notable stretchability and flexibility.

4. Conclusions

This work has summarized the latest development of PCGs and reviewed the existing
research on cooling strategies and materials. Depending on the requirement of electric
power, PCGs can be divided into non-electric and electric cooling garments. Each type of
PCGs has its intrinsic advantages and drawbacks. As for non-electric cooling garments, the
primary advantage is that they are energy-saving technologies, but the cooling performance
is generally lower than electric cooling. However, with a power source, the portability
tends to decrease, and there is a more complex requirement on system integration. The
detailed comparison of different PCGs is shown in Table 1.
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Table 1. The summary of different cooling strategies.

Cooling Strategy Mechanism Advantages Disadvantage(s)

Ice cooling
Ice absorbs the body heat
during melting to cool it

down.

High cooling performance; no
consumption of energy; reach
−20 ◦C low temperature [19]

Limited cooling duration;
heavy and no flexibility;

penetration of condensate;
risk of tissue damage

PCMs cooling

PCMs absorb heat through a
phase change process when

the temperature rises to a
certain range.

No consumption of energy; easy
maintenance; cooling efficiency:

1.78–3 ◦C temperature drop of skin
[40,102]

High cost of materials and
manufacturing; limited

cooling duration

Radiative cooling

High solar reflection and
infrared emissivity to prevent
heat absorption and enhance

self-heat release

No consumption of energy; light
and breathable; cooling efficiency:
temperatures 2–13 ◦C lower than

normal textile [51,57]

High cost of materials and
manufacturing

Air cooling
Blowing air into a garment to
enhance sweat evaporation

Long-term cooling; easy
manufacturing; cooling efficiency:
0.3–1 ◦C temperature drop of skin

[59,103]

The impermeable fabric
aggravates thermal discomfort

Liquid cooling
Water tubes in the garment
circulate cooled water and

lower the temperature

Long-term cooling; easy
manufacturing; cooling efficiency:

1.2–2.5 ◦C temperature drop of skin
[104]

Large and heavy devices; poor
comfort; risk of security

TE cooling

When direct current passes
through circuits composed of
different semiconductors, heat

is absorbed or dissipated at
the junctions, resulting in a

hot side and a cold side

Stable, reliable, and regulated
cooling performance; small and
light; cooling efficiency: 38 ◦C

temperature drop of skin [98,101]

High cost of materials and
manufacturing; no

commercial flexible devices

The use of PCGs can significantly improve human comfort and health during various
warm conditions. It also contributes to global efforts in saving energy and reducing
environmental pollution; however, with the increasing complexity of environmental change
and people’s demands, more and more factors need to be considered when designing and
evaluating cooling garments. These factors need to be comprehensively explored from the
three dimensions of environment, clothing, and the human body. In terms of environment,
different use scenarios should be considered, such as changing ambient temperature and
humidity. From the clothing itself, the selection of fabrics, the weight, size, location,
and structure of the cooling device, the combination of fabrics, and the overall design
of clothing need to be studied more. For the human, the thermal balance ability of the
human body itself, the different cold and heat perception abilities of different parts of the
human body, and even different postures will affect the cooling effect of the refrigerated
clothing. Therefore, numerous variables affect the design and performance of personal
cooling garments.

Nevertheless, there are still restrictions existing in the developments so far. Thus,
firstly, it is paramount to improve the cooling performance of the materials and explore
the new advanced strategies, which are supposed to be more light, low-cost, environment-
friendly, and easy to prepare. Furthermore, optimizing and modifying the personal thermal
comfort evaluation system is required to consider more parameters to assess the cooling
efficiency of different PCGs. Simultaneously, broadening the application fields is another
crucial element requiring further development, so that these garments can not only be
used in special protective garment fields, such as aerospace, but also in personal daily
life, including refrigeration sportswear, personal portable medical cooling devices, etc.
Apart from this, some of the PCGs only exist in laboratories, and large-scale commercial
production should be developed in the near future. Finally, studying and analyzing the
novel structures of PCGs with the consideration of enhanced wearability may be strongly
needed for future development of personal cooling garments.
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Abstract: Waterproof breathable functional membranes have broad application prospects in the field

of outdoors textiles. The fluorine-containing microporous membranes of the mainstream functional

products easily cause harm to the environment, and thus, the fluorine-free environmental nanofibrous

membranes are an important development direction for functional membranes. In this subject, the

electrospun polyacrylonitrile nanofibrous membranes were first hydrophobically modified by amino

functional modified polysiloxane (AMP), followed by in situ cross-linking modified with 4, 4’-methyl

diphenylene diisocyanate (MDI). The fluorine-free modification by AMP altered the surface of the

membranes from hydrophilic to hydrophobic, and greatly improved the waterproof properties with

the hydrostatic pressure reaching to 87.6 kPa. In addition, the formation of bonding points and the

in situ preparation of polyuria through the reaction between the isocyanate in MDI and the amino

group in AMP, could improve the mechanical properties effectively. When using AMP with the

concentration of 1 wt% and MDI with the concentration of 2 wt%, the relatively good comprehen-

sive performance was obtained with good water resistance (93.8 kPa), modest vapor permeability

(4.7 kg m−2 d−1) and air permeability (12.7 mm/s). Based on these testing data, the modified nanofi-

brous membranes had excellent waterproof and breathable properties, which has future potential in

outdoor sports apparel.

Keywords: electrospun polyacrylonitrile membranes; fluorine-free hydrophobic modification; amino

functional modified polysiloxane; in situ cross-linking reaction; waterproof breathable

1. Introduction

With the proposal of healthy, green and environmentally friendly lifestyles, outdoor
sports have been highly sought after by the general public in recent years, which stimulates
the market demand for sports/outdoors textiles to grow sharply [1–3]. In order to adapt
to the complex and changeable environment of outdoor sports, scientists in academia
have done tremendous work in recent years in studying the functional properties, such as
waterproofness and breathability, cold resistance, heat preservation or UV protection of
the sports/outdoors textiles [4–6]. Possessing the functional membranes as the core layer,
waterproof and breathable fabric is the representative of the outdoor sports textile products.
The hydrophobic microporous membranes contain more holes and interconnected channels,
such as polytetrafluoroethylene (PTFE) bidirectional stretch membranes, which make
them become the mainstream of the products, but their application is limited by some
default properties that make them hard to degrade and easy to enrich [7,8]. Therefore,
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the development of fluorine-free and environmentally friendly functional waterproof
breathable membranes is an important development direction at present.

Electrospinning has prosperous prospect in the field of waterproof breathable mem-
branes because of its unique advantages, such as simple spinning equipment, diversified
raw material combinations, strong scalability and controllable spinning process [9–11].
Gu et al. [12] fabricated electrospun polyurethane (PU) microporous membranes through
changing the volume ratios of the mixture solvents. Furthermore, the resultant membranes
presented a modest water vapor transmission rate (WVTR) of 10.1 kg m−2 d−1, as well
as robust mechanical properties with a tensile strength of 6.6 MPa, which is desirable in
protective clothing. However, the hydrostatic pressure was only 2.1 kPa and could not meet
the actual application requirements [13]. In consideration of improving the waterproofness,
the hydrophobic modification of the membranes for waterproof and breathable application
has brought about widespread attention [14–16]. In order to construct rough structures for
acquiring hydrophobicity, Wang et al. [17] prepared PU/SiO2 nanofibrous membranes by
enriching SiO2 particles on the surface. The final polyurethane/SiO2 nanofibrous mem-
branes presented a water contact angle (WCA) of 154◦, and the hydrostatic pressure reached
8.02 kPa.

To further increase the hydrophobicity as well as the waterproofness of the functional
membranes, low surface energy substances including fluorine-containing compounds were
selected for hydrophobic finishing [18,19]. Wang et al. [20] fabricated electrospun poly-
acrylonitrile (PAN) fibrous membrane which was modified with waterborne fluorinated
polyurethane (WFPU). After the WFPU modification, the pristine PAN fibrous membranes
possessed high waterproofness of up to 83.4 kPa. However, during the use of long-chain
fluorocarbon-type finishing agents, some toxic substances are usually left behind. This is
because the covalent bond energy of the structure is extremely strong due to the presence
of fluorine atoms, and it is not easy for it to decompose in the natural environment [21–23].
Therefore, in the selection of finishing agent, the first consideration is to choose short-chain
fluorocarbon or fluorine-free finishing agents. Zhang et al. [24] prepared environmentally
friendly siliceous polyurethane/stearic acid nanofiber membranes for waterproof breath-
able application. By adjusting the addition amount of the stearic acid, the waterproofness
of SIPU/SA nanofiber membranes was greatly improved with the hydrostatic pressure
of 79 kPa. However, the tensile strength was 6.2 MPa and could not meet the needs of
practical applications.

The key to our design was to fabricate composite nanofibrous membranes with robust
waterproof and mechanical properties via fluorine-free hydrophobic modification and in
situ cross-linking, as illustrated in Figure 1. Due to the small pore diameter, fine tortuous
pore channels, high porosity and easy access to be modified, polyacrylonitrile (PAN) nanofi-
brous membranes were chosen as the backbone for fabricating the functional membrane.
After the fluorine-free modification with amino functional modified poysiloxane (AMP),
there was hydrophobic adhesion structure interspersed in the nanofibrous membranes,
which would not only endow the membranes with hydrophobicity, but also enhance the
mechanical performance of the membranes at the same time. In order to further improve
the strength of the PAN@AMP membranes, 4, 4’-methyl diphenylene diisocyanate (MDI)
were introduced subsequently for the in situ cross-linking reaction with AMP. By adjusting
the concentration of AMP and MDI, the effects on the morphology structure, wetting
behavior, mechanical property and waterproof breathable performance were investigated.
This design may offer a new avenue for the development of a functional waterproof breath-
able nanofibrous membranes that meet the needs for wide application, such as protective
clothing, a separation process, and self-cleaning materials.
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Figure 1. (a) Schematic illustration of the preparation procedure of fluoride-free PAN@AMP/MDI

nanofibrous membranes. (b) The cross-linking reaction between AMP and MDI.

2. Materials and Methods

2.1. Materials

Polyacrylonitrile (PAN, Mw = 90,000 g/mol) was acquired from Kaneka Co., Ltd.,
Tokyo, Japan. Amino functional modified polysiloxane (AMP, surface energy is 20 J m−2)
and 4, 4’-methyl diphenylene diisocyanate (MDI, Mw = 250.25) were supplied from Aladdin
Chemical Reagent Co. N, N-dimethylformamide (DMF), acetone, and n-hexane were
brought by Sinopharm Chemical Reagent Co. Ltd., Shanghai, China. All reagents were
employed as supplied without any processing.

2.2. Fabrication of PAN@AMP/MDI Nanofibrous Membranes

The PAN powders were dissolved in DMF and stirred for 12 h to make a uniform
and transparent electrospun solution with a concentration of 9 wt%. PAN nanofibrous
membranes were then fabricated under a needle electrospinning environment (25 ± 2 ◦C
and 45 ± 2%) through a DXES-3 electrospinning machine (SOF Nanotechnology Co., Ltd.,
Shanghai, China), while the solution perfusion rate was 1.0 mL/h, the receiving distance
was 21 cm and the voltage was 25 kV.

Subsequently, the as-spun PAN nanofibrous membranes were immersed in AMP/n-
hexane solutions, where the solution concentrations were 0.5, 1, 2 and 4 wt%, respectively.
Thereafter, the modified nanofibrous membranes were dried in an oven at 100 ◦C for
30 min, so that the hydrophobic agent formed a hydrophobic and stable adhesion structure
in the nanofibrous membranes. For the convenience of subsequent representation, the
membranes modified with AMP solution with a concentration of x wt% were defined as
PAN@AMP-x.

Finally, the PAN@AMP nanofibrous membranes were modified with different concen-
trations of MDI/acetone solutions through coating treatment, where the solution concen-
trations were 0.5, 1, 2 and 4 wt%, respectively. Then, the PAN@AMP/MDI nanofibrous
membranes were prepared by then being dried in an oven at 100 ◦C for 30 min for the
cross-linking reaction. Relevantly, the PAN@AMP/MDI nanofibrous membranes were
defined as PAN@AMP-x/MDI-y, where y is the concentration of MDI/acetone.
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2.3. Structure Characterization and Performance Measurement

A field emission scanning electron microscope (FE-SEM, Hitachi S-4800, Chiyoda
City, Japan) was used to characterize the morphology and structure of the nanofibrous
membranes. The pore size and distribution of the nanofibrous membranes were analyzed
through the gas permeation pore size analyzer (CFP-1100AX, PMI Inc., Newtown Square,
PA, USA). Porosity of the samples was performed using the equation below [25]:

Porosity = (1 −
m

t × S × ρ
) × 100% (1)

where m, t, and S are the mass, thickness, and area of per unit measured membrane, respec-
tively. Furthermore, ρ is the density of the raw material. A Nicolet 8700 FT-IR spectrometer
was used to verify the presence of the modification agents on the modified membranes,
and the ATR total reflection mode of the Fourier transform infrared spectrometer was
used to characterize the prepared membranes. X-ray photoelectron spectroscopy (XPS,
Thermo Fisher Scientific, Escalab 250Xi, Waltham, MA, USA) was utilized to test the surface
chemical compositions. The surface roughness of the prepared membranes was obtained
by atomic force microscopy (AFM, Dimension Icon, Bruker, Billerica, MA, USA).

An XQ-1C tensile tester (Shanghai New Fiber Instrument Co., Ltd., Shanghai, China)
was used to investigate the tensile strength of the as-prepared membranes. The WCA was
usually used to characterize the surface wettability of the nanofibrous membranes using
an optical contact angle measuring instrument (KRUSS DSA30). Taking the waterproof
property into consideration, hydrostatic pressure was measured based on AATCC 127 test
criterion with a water pressure increasing rate of 6 kPa min−1. The breathable performance
of the membranes was determined by the testing water vapor transmission rate (WVTR)
and air permeability. WVTR testing was performed according to the ASTM E96 evaporation
method standard with the temperature of 38 ◦C, relative humidity of 50% and a wind
velocity of 1 m s−1. Following the ASTM D 737 criterion, the air permeable performance
was tested under a differential pressure of 100 Pa. For each sample, hydrostatic pressure,
WVTR and air permeability were tested at least three times.

3. Results and Discussion

3.1. Effect of AMP Concentration

3.1.1. Morphology and Structure

Due to its small surface tension, AMP can spread easily and form a film on the surface
of the PAN nanofibrous membranes, which changes the morphology and surface properties
with endowing the hydrophobic properties of the nanofibrous membranes. By comparing
the SEM images of PAN@AMP nanofibrous membranes hydrophobically modified by
different concentrations of AMP (Figure 2a–e), it can be seen that the untreated PAN
nanofibrous membranes have three-dimensional irregular non-woven structures, and the
nanofibers are horizontal and vertical with uniform fineness at 318 nm. With the increase
of AMP concentration from 0.5 to 4 wt%, there was an increment from 348 to 411 nm of
the average fiber diameter (Figure S1a). When the concentration of AMP was 0.5 wt%,
some bonding points appear on the nanofibers and are not connected each other. With the
increase of AMP concentration, it was obvious that the adhesion structures were gradually
formed between nanofibers. When the concentration of AMP was increased continually to
4 wt%, a wide range of film-shaped adhesion structures were observed in the nanofibers,
and the adhesion points were connected to each other.

Considering the effect of the film-shaped adhesion structure on the porous structure
of the membranes, the pore size distribution of PAN original membranes and PAN@AMP-1
membranes were investigated, as shown in Figure 2f. It was found that the average pore
size of the untreated nanofibrous membranes was 1.18 µm. After hydrophobic modification
with 1 wt% of AMP, the average pore size of the nanofibrous membranes was significantly
reduced, and the pore size distribution was mainly concentrated in the vicinity of 1.07 µm,
which was consistent with the phenomenon observed in the relevant SEM images.
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Figure 2. SEM images of hydrophobically-modified PAN@AMP membranes with different concen-

trations of AMP: (a) 0, (b) 0.5, (c) 1, (d) 2 and (e) 4 wt%. (f) Pore size distribution of PAN original

membranes and PAN@AMP-1 membranes.

3.1.2. Mechanical Properties

Considering the practical application of the PAN@AMP membranes, the mechanical
performance of the modified membranes was measured. From the stress–strain curves in
Figure 3, it can be seen that the strength of the untreated nanofibrous membranes were only
7.7 MPa and the strain was 73.4%. The modification of AMP brought about the obvious
promotion of the strength of the PAN@AMP membranes. When the concentration of AMP
increased from 0.5 to 2 wt%, the strength increased from 9.7 to 11.3 MPa, which increased
by 46% compared with the original membranes. The significant promotion was due to the
addition of AMP making the nanofibers stick together, endowing the nanofibers with a
certain binding force, and increasing the strength of the nanofibrous membranes to a certain
extent. However, the AMP concentration was further increased to 4 wt%, the strength of
nanofibrous membranes decreased because of the large area film-shaped adhesion structure
coving the PAN membranes, and the strength formed by AMP was poor [26]. Different
from the law of strength, the strain always showed a decreasing trend from 73.4% to 40.7%,
because the increase of the adhesion point made the nanofibers difficult to move and the
strain decreased.

–Figure 3. Stress–strain curves of hydrophobically-modified PAN@AMP nanofibrous membranes with

different concentrations of AMP.
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3.1.3. Waterproof Breathable Performance

In addition, in order to study the effect of AMP concentration on the wettability of the
modified membranes surface, the static and dynamic wetting behaviors were tested. As
presented in Figure 4a, the calculated Ra values of the PAN, PAN@AMP-1, PAN@AMP-
2 and PAN@AMP-4 membranes were 518, 510, 470, 174 and 154 nm, respectively. The
decreasing Ra values confirmed the decreased surface roughness of modified PAN@AMP
membranes towards the AMP increasing. When tested with static water droplets, as a
result of the existence of polarity cyanogroup, the untreated PAN nanofibrous membranes
had the certain hydrophilicity with 69.5◦ of the contact angle. After the modification of
AMP as low surface energy substances, the surface property was changed from hydrophilic
to hydrophobic, and the WCA of PAN@AMP-0.5 membranes was 136.4◦. When further
increasing the concentration to 1 wt%, the WCA increased to 137.2◦. However, when the
concentration of AMP continued to increase to 2 wt%, the film-shaped adhesion structure
resulted in the reduction of the surface roughness of the membranes, the WCA decreased to
129.3◦, and remained unchanged at the concentration of 4 wt% (129.6◦). This phenomenon
was the synergistic effect between the low surface energy and rough surface.

 

−2 −1

−2 −1

Figure 4. Surface wettability and waterproof breathable permeability of hydrophobically-modified

PAN@AMP membranes with different concentrations of AMP: (a) Ra values, (b) contact angle,

(c) hydrostatic pressure, (d) porosity and WVTR.

When the dynamic water method was used for the test, the nanofibrous membranes
gradually became wet under a certain period of time, and were generally characterized
by the hydrostatic pressure, as shown in Figure 4c. The PAN original nanofibrous mem-
branes were wetting quickly due to their good hydrophilicity, and the hydrostatic pressure
was only 1.1 kPa. While with the introduction of AMP, the hydrostatic pressure of the
PAN@AMP nanofibrous membranes increased obviously. When the concentration was
1 wt%, the hydrostatic pressure increased to 87.6 kPa, which was caused by the increase of
the contact angle and the decrease of the pore size of the nanofibrous membranes. When
the concentration was further increased, the hydrostatic pressure decreased, and it dropped
to 57.5 kPa when the concentration was 4 wt%. This was because the morphology and
structure of the nanofibrous membranes were affected when the AMP content was too
high, the surface roughness was reduced resulting in the decrease of the contact angle, and
the hydrostatic pressure of the hydrophobically-modified nanofibrous membranes was
reduced accordingly.
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Meanwhile, the influence of different concentrations of AMP on the porosity and WVTR
of the nanofibrous membranes was also explored, as shown in Figure 4d. The porosity of the
original PAN membranes was 85.2% and decreased greatly with the increase of AMP concen-
tration. When the concentration increased to 4 wt%, the porosity decreased to 64.3%. This
decreasing trend was due to the introduction of AMP, which gradually produced a wide range
of film-shaped adhesion structures on the surface of the nanofibrous membranes leading to
the reduction of pores between nanofibers. Since the untreated nanofibrous membranes have
good hydrophilicity and are easily wetted by water, the positive cup method was used to mea-
sure the WVTR of the original PAN and the PAN@AMP nanofibrous membranes. As shown
in Figure 4d, it was found that the WVTR of the original membranes was 8.2 kg·m−2

·d−1, and
with the increase of AMP content, the WVTR showed a continuous downward trend. Finally,
as the concentration increased to 4 wt%, the WVTR decreased to 4.4 kg·m−2

·d−1, which was
consistent with the change trend of porosity.

Comparing these testing data, the treatment with 1 wt% AMP could give the best
comprehensive performance of the nanofibrous membranes with the strength of 10.7 MPa,
the strain of 58.2%, the contact angle of 137.2◦, the hydrostatic pressure of 87.6 kPa and
a WVTR of 4.9 kg·m−2

·d−1. Therefore, PAN@AMP-1 was selected as the substrate in
subsequent experiments to study the effects of different concentrations of MDI on the
structure and performance of nanofibrous membranes.

3.2. Effect of MDI Concentration

3.2.1. Morphology and Structure

It was proof-of-concept and reported in the previous literature that isocyanate (–NCO)
in MDI may react with amino (–NH) in AMP to generate new substances under certain
conditions [27]. To confirm this, PAN@AMP-1 was selected as the substrate for being
modified through introducing MDI. As seen in Figure 5, after the introduction of MDI into
the PAN@AMP-1 nanofibrous membranes, the adhesion structure slightly increased with
the increase of MDI concentration. Moreover, it can be seen that most of the newly added
MDI were captured on the film-shaped adhesion structure formed by AMP, facilitating the
in situ cross-linking reaction between MDI and AMP.

−2 −1

–
–

 

cyanogroup (C≡N) was observed at 2243 cm−1

−1 − −1

−1 −1 −1

– −1

Figure 5. SEM images of PAN@AMP-1/MDI nanofibrous membranes modified by in situ cross-

linking of MDI with different concentrations: (a) 0.5, (b) 1, (c) 2 and (d) 4 wt%.
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3.2.2. FT-IR Spectral Characterization, XPS Analysis and Mechanical Properties

As shown in Figures 6a and S2, only a typical stretching vibration absorption peak
of cyanogroup (C≡N) was observed at 2243 cm−1 in regard to the PAN original nanofi-
brous membranes. The new peaks of 1259 cm−1, 1089 cm−1 and 1014 cm−1 appeared
in the PAN@AMP-0.5 nanofibrous membranes in the Figure S2. The bending vibration
absorption peak of C-H in Si-CH3 is 1259 cm−1, and the double peaks at 1089 cm−1 and
1014 cm−1 are the characteristic peaks of the asymmetric stretching vibration of Si-O-Si
group [28,29], which indicated that AMP was indeed attached to the nanofibrous mem-
branes. Furthermore, the intensity of the three peaks was also enhanced with the increase
of AMP concentration. Besides, the characteristic peak of the –NH group in AMP was at
1540 cm−1, which was not very obvious due to the relatively small content of amino in
AMP.

– −1

–
−1

−1

–
−1

–
−1 −1

– – –

−1

–

 

–C≡N 

–C≡N group at 399.2 eV was obviously smaller than 

Figure 6. (a) FT-IR spectra and (b) XPS survey spectra of PAN original membranes, PAN@AMP-1

and PAN@AMP-1/MDI-2 nanofibrous membranes.

In order to verify the in situ cross-linking reaction between MDI and AMP, the in-
frared spectra of PAN original membranes, PAN@AMP-1 nanofibrous membranes and
PAN@AMP-1/MDI-2 membranes were analyzed in Figure 6a. The analysis showed
that the characteristic peak of –NCO group in MDI was observed at 2283 cm−1 in the
PAN@AMP-1/MDI-2 nanofibrous membranes, indicating that MDI was indeed attached
to the PAN@AMP-1/MDI-2 nanofibrous membranes. The characteristic peak of –NCO
group at 2283 cm−1 suggested that MDI was not fully involved in the cross-linking reaction.
Besides, the characteristic peak of the -NH group in AMP only existed in PAN@AMP-1
nanofibrous membranes at 1540 cm−1. After the introduction of 2 wt% MDI, the char-
acteristic peak of the –NH group in AMP disappeared, and a new characteristic peak
appeared at 1600 cm−1, which was the stretching vibration absorption peak of the carbonyl
group (–C=O) of the urea structure. The absorption peak of the amine group of the urea
structure was 1317~1261 cm−1, and 702 cm−1 was the bending vibration absorption peak
of –NH. The alteration of the spectra indicated that the –NCO group in MDI and the –NH
group in AMP indeed underwent in situ cross-linking reaction and generated polyurea. In
addition, due to the strong activity of MDI, some monomers tended to self-polymerize into
dimers [30]. The characteristic peak at 1770 cm−1 in Figure 6a was the stretching vibration
absorption peak of the carbonyl group (–CO) of MDI dimers.

Figure 6b exhibited the typical XPS survey spectra of the PAN original membranes,
PAN@AMP-1 and PAN@AMP-1/MDI-2 nanofibrous membranes. For the PAN original
membranes, only carbon, nitrogen and oxygen were observed. The intensity of nitrogen
in PAN@AMP-1 membranes was reduced due to the adhesion structures interspersing
into the nanofibrous membranes. In order to verify the stability of the composition of
the PAN@AMP-1 nanofibrous membranes depends on the interaction of PAN and AMP,
XPS analysis of the samples before and after breathability tests using different pressures
were investigated. Table S1 exhibited the atomic ratios of the samples before and after
breathability tests using different pressures at 100 Pa and 200 Pa, respectively. From the
results, there was no significant change of the atomic ratios of carbon, nitrogen, oxygen
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and silicon of the relevant membranes, which verified the stability of the composition of
the composite nanofibrous materials.

Subsequently the modification of MDI increased the intensity of nitrogen in PAN@AMP-
1/MDI-2 nanofibrous membranes, which were constant with the measured compositions
for those samples, as summarized in Table 1. In order to further define the surface coverage,
the details of the high-resolution N 1s peak were presented in Figure S3. The PAN original
membranes exhibited a peak at 399.2 eV, which are assigned to –C≡N group [31,32]. After
being modified by AMP with the adhesive structure on the surface of the PAN membranes,
the peak area of –C≡N group at 399.2 eV was obviously smaller than that of the PAN
original membranes. As shown in Figure S3b, PAN@AMP-1 nanofibrous membranes
demonstrated the binding energies at about 399.9 eV, which is attributed to –C–N group;
the result was in good agreement with that previously reported [33]. PAN@AMP-1/MDI-2
membranes presented the peaks at 399.9 and 400.9 eV, which were assigned to –C–N group
and amide group (–CONH–), which was consistent with the FT-IR results (Figure 6a).

Table 1. Atomic ratios of carbon, nitrogen, oxygen and silicon on the surface of PAN, PAN@AMP-1

and PAN@AMP-1/MDI-2 nanofibrous membranes. Data are calculated from XPS.

Samples
Atomic Percent (%)

C O N Si

PAN nanofibrous membranes 75.31 3.55 21.13 -
PAN@AMP-1 nanofibrous membranes 52.38 23.48 2.16 21.98

PAN@AMP-1/MDI-2 nanofibrous membranes 54.27 22.34 3.51 19.89

Based on FT-IR and XPS analysis, polyurea was generated by an in situ cross-linking
reaction between isocyanate components and amino compounds, which has good strength
and wear resistance [34]. Therefore, the influence of different MDI contents on the mechan-
ical properties of PAN@AMP/MDI membranes were investigated, as shown in Figure 7.
From Figure 3, the tensile stress of PAN@AMP-1 nanofibrous membranes was 10.7 MPa,
and the strain was 58.2%. Comparing with the mechanical property of PAN@AMP-1 nanofi-
brous membranes, the modification of MDI improved the tensile strength, while on the
contrary the strain decreased. When the MDI concentration increased to 4 wt%, the strength
increased to 12.7 MPa, and the strain decreased to 39.2%. Compared with the PAN@AMP-1
nanofibrous membranes, the strength increased by 19%, indicating that the introduction
of MDI had a certain improvement in the tensile stress of nanofibrous membranes, which
is mainly due to the production of polyurea which increased the strength of the modified
nanofibrous membranes. The decreasing trend of the strain was because the adhesion
structure limited the sliding of the nanofibers in the membranes.

–
–

– – – –

–Figure 7. Stress–strain curves of PAN@AMP-1/MDI nanofibrous membranes modified with different

concentrations of MDI.
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3.2.3. Pore Structure, Surface Wettability and Waterproof Properties

After the apparent morphology of the PAN@AMP/MDI membranes was observed
by SEM and their chemical structure was observed by infrared spectra, the microscopic
pore structure of nanofibrous membranes was subsequently studied, as shown in Figure 8a
and b. In the test of the previous system, it was found that the pore size distribution of
PAN@AMP-1 was in the range of 0.81–1.66 µm, with an average pore size of 1.07µm. But
after in situ cross-linking with MDI, the pore size of the nanofibrous membranes decreased
obviously. Increasing the MDI concentration from 0.5 wt% to 4 wt%, the average pore size
decreased from 0.98 µm to 0.70 µm, and the region of concentrated pore size distribution
moved towards smaller pore size.

– .66 μm, with an average pore size of 1.07μm. But 

pore size decreased from 0.98 μm to 0.70 μm, and the region of concentrated pore size 

–

Figure 8. Pore structure, surface wettability and waterproof properties of PAN@AMP-1/MDI mem-

branes modified by in-situ cross-linking of MDI with different concentrations: (a) pore size distribu-

tion, (b) average pore size, (c) Ra values and contact angle, (d) hydrostatic pressure.

If the as-prepared membranes could be truly applied to the outdoor field, water-
proofness is an essential property. In order to study the waterproof performance of
the PAN@AMP-1/MDI nanofibrous membranes, the static contact angle and Ra values
were measured, as shown in Figure 8c. In the case of increasing MDI content, the Ra
values of the nanofibrous membranes surface were reduced from 413 to 215 due to the
slightly increased adhesion structure, which was constant with the morphology observation
(Figure 5). However, the value of the contact angle remained basically unchanged in a
range of 136.1◦–139.2◦, which indicated that the low surface energy provided by the AMP
with the concentration of 1 wt% conducted the main function. Thereafter, the hydrostatic
pressure of the modified membranes was measured by the dynamic hydrostatic pressure
method, as shown in Figure 8d. When the concentration of MDI increased, the hydrostatic
pressure of the nanofibrous membranes also showed an increasing trend, increasing from
87.6 kPa of PAN@AMP-1 nanofibrous membranes to 98.8 kPa of PAN@AMP-1/MDI-4
nanofibrous membranes. This alteration was resulted from the combined effect of the pore
size and surface wettability of the nanofibrous membranes. After the in situ cross-linking
modification by MDI, the pore size of the nanofibrous membranes was reduced, so that the
hydrostatic pressure was increased to a certain extent.

3.2.4. Moisture and Air Permeability

In addition, moisture and air permeability are also the necessary characteristics of
outdoor sports clothing. Since the change of porosity can cause the change of the moisture
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and air permeability of the nanofibrous membranes, it is necessary to test the porosity of
the modified membranes, as shown in Figure 9a. With the increase of MDI concentration
from 0.5 wt% to 4 wt%, the porosity decreased slightly from 71.1% to 67.1%.

−2 −1 −2 −1

 

−2 −1

“
”

–
–

−2 −1

Figure 9. Moisture and air permeability of PAN@AMP-1/MDI nanofibrous membranes modified by

in situ cross-linking of MDI with different concentrations: (a) porosity, (b) WVTR and air permeability.

Generally speaking, WVTR and air permeability are usually used to characterize the
moisture and air permeability of nanofibrous membranes. As shown in Figure 9b, with the
increase of MDI content, the air permeability presented a decreasing trend from 19.8 mm/s
to 11.6 mm/s, which was consistent with the change of porosity. The decreasing trend of
porosity also resulted in the WVTR reduction. The WVTR of PAN@AMP-1 nanofibrous
membranes was 4.9 kg·m−2

·d−1 and decreased to 4.6 kg·m−2
·d−1 after being modified

with the concentration of MDI at 4 wt%.
The above experiments showed that the introduction of MDI content improved the

hydrostatic pressure and stress to a certain extent, but the air permeability and WVTR
decreased. Comprehensively, it was considered that the MDI concentration of 2 wt% had
the best performance, with the tensile stress of 12.1 MPa, the contact angle of 139.2◦, the
hydrostatic pressure of 93.8 kPa, the WVTR of 4.7 kg·m−2

·d−1 and the air permeability
of 12.7 mm/s. Referring to the GB/T 40910-2021 standard “Evaluation of waterproof
and breathable properties of textiles”, PAN@AMP-1/MDI-2 nanofibrous membranes have
excellent waterproof and breathable properties and were expected to be applied in the
outdoor clothes field.

4. Conclusions

In this study, the electrospun PAN nanofibrous membranes were modified by AMP
and MDI with fluorine-free hydrophobic modification and in situ cross-linking modification.
Through performing the morphology structure and pore structure observation, mechanical
properties, surface wettability and waterproof breathable performance of nanofibrous
membranes, the effects of different concentrations of AMP and MDI were explored, so
as to acquire waterproof breathable functional membranes with excellent performance.
Firstly, after the hydrophobic modification of different concentrations of fluorine-free
hydrophobic agents, a wide range of film-shaped adhesion structures were established
among the nanofibers, and the adhesion points were connected to each other, so as to
improve the waterproofness and strength of the membranes effectively. Considering the
comprehensive performance, PAN@AMP-1 modified membranes were selected for the
subsequent in situ cross-linking reaction via MDI modification. Subsequently, through
the FT-IR spectrum analysis, it was found that the –NCO group in MDI reacted with
the –NH group in AMP to form polyurea. When the MDI concentration was 2 wt%, the
prepared PAN@AMP-1/MDI-2 membranes presented the relatively good property with
the hydrostatic pressure of 93.8 kPa, the moisture permeability of 4.7 kg·m−2

·d−1, the
air permeability of 12.7 mm/s and the strength of 12.1 MPa, which indicated that the
as-prepared membranes have extensive application prospects in the fields of waterproof
breathable textiles.
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Supplementary Materials: The following supporting information can be downloaded at: https:

//www.mdpi.com/article/10.3390/polym14235295/s1, Table S1: Atomic ratios of carbon, nitrogen,

oxygen and silicon on the surface of PAN@AMP-1 nanofibrous membranes before breathability

tests, PAN@AMP-1 nanofibrous membranes after breathability tests using pressures of 100 Pa, and

PAN@AMP-1 nanofibrous membranes after breathability tests using pressures of 200 Pa. Data are

calculated from XPS; Figure S1: (a) Fiber diameters of PAN@AMP nanofibrous membranes modified

with different concentrations of AMP. (b) Fiber diameters of PAN@AMP/MDI nanofibrous mem-

branes modified with different concentrations of MDI; Figure S2: FT-IR spectra of hydrophobically

modified PAN@AMP nanofibrous membranes with different concentrations of AMP; Figure S3:

High-resolution XPS N1s spectra of (a) PAN original membranes, (b) PAN@AMP-1 nanofibrous

membranes, and (c) PAN@AMP-1/MDI-2 nanofibrous membranes.
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Abstract: Fibrous air filtration materials are highly desirable for particle removal from high-temperature
emission sources. However, the existing commercial filter materials suffer from either low filtration
efficiency or high pressure drop, due to the difficulty in achieving small fiber diameter and high
porosity simultaneously. Herein, we report a facile strategy to fabricate mechanical robust fibrous
aerogels by using dual-scale sized PAI/BMI filaments and fibers, which are derived from wet
spinning and electrospinning technologies, respectively. The creativity of this design is that PAI/BMI
filaments can serve as the enhancing skeleton and PAI/BMI fibers can assemble into high-porosity
interconnected networks, enabling the improvement of both mechanical property and air filtration
performance. The resultant dual-scale sized PAI/PBMI fibrous aerogels show a compressive stress of
8.36 MPa, a high filtration efficiency of 90.78% (particle diameter of 2.5 µm); for particle diameter over
5 µm, they have 99.99% ultra-high filtration efficiency, a low pressure drop of 20 Pa, and high QF of
0.12 Pa−1, as well as thermostable and fire-retardant properties (thermal decomposition temperature
up to 342.7 ◦C). The successive fabrication of this material is of great significance for the govern of
industrial dust.

Keywords: polyamide-imide; structural construction; air filtration; binary aerogels

1. Introduction

The 2019 coronavirus disease (COVID-19) still constitutes the forefront of public health
concerns based on the fact that more than 600 million confirmed cases were reported and
there are almost 40,000 new cases a day [1,2]. Particularly, environmental exposure to fine
particles with a diameter of less than 2.5 µm (PM2.5) tends to increase the risk of COVID-19
attack because of the particles’ ability to carry viruses and float on air [3,4]. To ensure the
low level of PM2.5 in the air, it is important to remove particles from emission sources,
involving power generation, coal combustion, industrial and agricultural emissions, and so
on [5,6]. The common high temperature (50–250 ◦C) feature of emission sources lead to the
high demand of air filtration materials with thermostable and fire-retardant properties [7,8].

Currently, the commercial high-temperature air filtration materials mainly include
glass fibers, polyimide (PI) fibers, and aramid fibers, which all feature with micro-sized fiber
diameters [9–11]. Resulting from the accumulation of fibers, the pores are relatively large,
and lead to difficulties in achieving high filtration efficiency towards small but poisonous
PM2.5 [12,13]. As an alternative, electrospun nanofibers have gained the attention of
researchers, owing to their small fiber diameters, which would contribute to small pores
and large specific surface area, all being beneficial to high air-filtration performance [14,15].
However, it should not be ignored that electrospun fibrous assemblies tend to show a dense
packing architecture, which would give rise to challenges in decreasing pressure drop
and increasing the dust loading capacity. Therefore, fabricating thermostable electrospun
nanofibrous assemblies with high porosity is highly recommended.

Fibrous aerogels have been acknowledged due to their ultrahigh porosity, which
generally can easily achieve 99%. Furthermore, assembling electrospun nanofibers to
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create aerogels would enable the formation of interconnected channels, scalable pores,
and large specific surface areas [16,17]. All of the above characteristics are beneficial for
maintaining a relative balance between high filtration efficiency and low pressure drop,
and also can contribute to a high dust-holding capacity [18,19]. Although PI fibrous filters
are the leading product in the air filtration market, there are almost no PI nanofibrous
aerogels reported, which might be because the intrinsic insoluble property of PI makes
electrospun nanofibers hard to acquire [20,21]. Our previous work proved polyamide-
imide (PAI) can be the alternative material of PI, owing to its similar molecular structure
and thermostable property, and, more importantly, its good solubility. However, the
already-prepared PAI nanofibrous aerogels have to contain stiff 15 wt% SiO2 fibers in
order to meet the requirement of satisfying mechanical property. The tedious procedures
and harsh conditions for preparing stiff SiO2 fibers limit their practical application in
high-temperature air filtration [22].

Herein, we constructed dual-scale sized PAI/PBMI fibrous aerogels based on the
fabrication of PAI/BMI filaments and fibers, which were obtained from wet spinning and
electrospinning processes, respectively. PAI/BMI content in the wet spinning solution was
regulated first to obtain PAI/BMI filaments with a large diameter and robust mechanical
properties. PAI/BMI filaments were further combined with electrospun PAI/BMI fibers
with small diameters and experienced dispersion, freeze-drying, and crosslinking proce-
dures, resulting in dual-scale sized PAI/PBMI fibrous aerogels. PAI/BMI filaments, as
the enhancing skeleton, were introduced into the electrospun PAI/BMI fiber networks
with an optimized weight ratio. The resultant dual-scale sized PAI/BMI fibrous aerogels
showed competitive comprehensive performances including high filtration efficiency, low
air resistance, thermostability, and fire-retardance.

2. Materials and Methods

2.1. Materials

Polyamide-imide (PAI) with a molecular weight of 20,000 was bought from Nantong
Bolian Material Technology Co., Ltd. (Nantong, China), and another PAI with the molecular
weight of 37,000 was purchased from Solvay S.A., USA; N,N-1,4-bismaleimide (BMI) and
tertiary butanol were provided by Aladdin Chemistry Co., Ltd., Shanghai, China; N,N-
dimethylformamide (DMF) was purchased from Tianjin Kailis Fine Chemical Co., Ltd.,
Tianjin, China. All chemicals were of analytical grade (AR) and used directly without
further purification.

2.2. Preparation of Spinning Solution

The preparation of the spinning solution in this experiment involves two systems:
(1) Feasibility analysis of wet spinning. The specific operation steps are as follows:

the PAI (Solvay, Mw = 37,000) and BMI powders with different mass ratios were added
into DMF, and stirred for 0.5 h at room temperature to obtain a clear and transparent
uniform gelatinous liquid. The prepared different spinning solutions are shown in Table S1
(Supplementary Materials).

(2) Electrospun solution preparation. The specific operation steps are as follows: weigh
a certain quality of PAI and BMI powder and add them to DMF, stirring them for 10 h
at room temperature to obtain a clear and transparent spinning precursor solution. The
content of PAI (Bolian, Mw = 20,000) and BMI in the electrospinning solution were 34 wt%
and 6.8 wt%, respectively.

Among them, BMI was used as a small molecule cross-linking agent in the later process
to conduct thermal cross-linking with PAI to build PAI/BMI semi-interpenetrating polymer
network (semi-IPN).

2.3. Preparation of Wet-Spun PAI/BMI Filaments

The spinning solution was pumped into a solidification tank with tap water at a rate
of 2 mL h−1 using a 23 G needle, and then directly wound on a receiving roller operating
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at a constant speed of 5 rpm after solidification. After spinning, the filament was placed
in a vacuum oven, heated to 60 ◦C, and kept at a constant temperature for 2 h to remove
residual solvent. After natural cooling, the PAI/BMI filament was obtained.

2.4. Preparation of Electrospun PAI/BMI Fibers

The prepared spinning solution was loaded into three syringes capped with 20 G
needles, and the pumping-out rate of solutions was fixed at 1 mL h−1. A high and constant
voltage of 20 kV was applied to trigger the transformation of solution to continuous jets.
The charged jets experienced a flight distance of 20 cm, which is ensured by moving the
needle tips far away from or near the collector. In addition, the sliding table carrying the
rotating solution moved horizontally at a speed of 30 cm min−1, and the speed of the
collector was 50 rpm. PAI/BMI fibers were deposited on stainless steel ground-receiving
rollers. During the electrospinning process, the ambient temperature was controlled at
25 ± 3 ◦C and the relative humidity was controlled at 30 ± 5%.

2.5. Preparation of Dual-Scale Filament/Fiber Aerogels

The fabrication of dual-scale sized PAI/BMI fibrous aerogel mainly involves three
steps: homogeneous dispersion, freeze-drying, and bond cross-linking. The electrospun
fiber membrane was cut into small pieces with side lengths of about 5 mm, and the wet-
spun filaments were cut into short fibers of 5 mm, and these were immersed in 100 mL
of water/tert-butanol mixture with a weight ratio of 1/4. The mixture was homogenized
and dispersed at 2800 rpm for 0.3 min in a beater to obtain uniform fiber dispersion.
The mixture was then transferred to a freezing mold in a liquid nitrogen environment at
−196 ◦C to achieve rapid freezing of the dispersion. The uncross-linked fiber aerogels were
obtained after the ice crystals were withdrawn from the frozen body by a vacuum dryer,
which was further placed at 200 ◦C for 2 h to induce the in-suit polymerization of BMI.
Thus, the dual-scale PAI/PBMI fibrous aerogels were obtained.

2.6. Characterization

The microstructure of wet-spun filaments, electrospun fiber, and dual-scale PAI/PBMI
aerogels was observed by optical microscopy (K-ALPHA, Thermo Fisher Scientific, Waltham,
MA, USA) and scanning electron microscopy (Phenom XL, 10 keV, Phenom-World, Eind-
hoven, The Netherlands). The thermal stability of the material was characterized by a
comprehensive thermal analyzer (STA 449F5(TG-DSC). YG005E electronic single-yarn
strength tester was used to test the tensile properties of wet-spun filament, test details
are provided in the Section S1 (Supplementary Materials). The compression properties
of aerogels were characterized by Keithley 2400 Flexible Material Tester, as described in
Section S2 (Supplementary Materials). The filtration performance was measured using a
filter tester (LZC-K, BDA Filtration Technology Co., Ltd., Suzhou, China) as described in
Section S3 (Supplementary Materials).

3. Result and Discussion

3.1. Fabrication of Wet-Spun PAI/BMI Filaments

In order to fabricate superelastic and durable aerogels, a new strategy is proposed to
prepare PAI/BMI (Polyamide-imide/N,N-1,4-bismaleimide) fibrous aerogels with dual-
scale fiber diameters. Firstly, high strength PAI filament was prepared by the wet spinning
process as the reinforcement of fibrous aerogels. The fabrication process of wet-spun PAI
filaments is shown in Figure 1a. During the wet spinning process, the bidirectional diffusion
between the solvent (DMF) and coagulation bath (water) led to the phase separation
between polymer and solvents, which resulted in the formation of filaments. At the same
time, due to the slow diffusion between the DMF and water, the filaments’ forming process
was relatively mild, resulting in the formation of the circular cross-section. In addition,
when the spinning solution met with the coagulation bath, the filaments cortex was formed
quickly, and some defects or cracks appeared on the surface of the filaments. The cortex
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contraction rate was small, while the core contraction rate was large, producing a flaw
and a cavity between the cortex and the core [23,24]. After the primary filaments were
stretched by the subsequent process, the micropores were elongated in the shape of a
shuttle (Figure S1, Supplementary Materials). The obtained PAI filaments are shown in
Figure 1b. The filaments presented with a yellow luster, smooth surface, circular cross-
section, and porous structure inside.
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Figure 1. (a) The process of fabrication of PAI/BMI filaments. (b) PAI filaments. (c) The SEM images
of PAI/BMI filament. (d) Stress-strain curves of filaments with different PAI content.

Figure 1c shows the electron microscopy (SEM) images of filaments and the SEM
images of different PAI contents are shown in Figure S2 (Supplementary Materials). The
filaments’ diameter showed negligible changes, however, the internal hole of the filaments
decreased with the increase of PAI content. The reason for this was that when the concen-
tration of the solution increased, the diffusion behavior of each molecule became harder,
and then the diffusion coefficient of the solvent and coagulation bath decreased. Thus, as
the PAI content increased, the higher the total solid content of the filament, the less likely it
was to generate holes.

The stress-strain curves of filaments with different PAI contents are shown in Figure 1d.
The tensile strength of the PAI filament first increased slightly when the PAI contents were
less than 30 wt%. When the PAI content was more than 30 wt%, the viscosity of the spinning
solution was too high, and the spinning could not be rapidly and stably produced. On the
whole, when the PAI solute content was 30 wt%, the filaments had a breaking strength of
23 MPa, and the filaments preparation process still maintained good spinnability, which
has both performance and cost advantages.

In addition, we further improved the mechanical properties of filaments by doping
BMI into spinning solution. Figure S3 showed the tensile modulus of PAI filaments with dif-
ferent BMI contents before and after heat curing. The increased BMI content was beneficial
to the improvement of filament strength, and the mechanical properties of filaments were
greatly improved after heat curing. The reason for this was that, on the one hand, the in situ
self-polymerization of the BMI monomer occurred in the thermal environment, generating
a semi-interpenetrating polymer network (semi-IPN) that interweaves PAI and BMI on
a molecular scale [25]. On the other hand, with the increase of BMI content, the solid
content per unit length of filament increased, which improved the mechanical properties
of the filaments. When the BMI content was 9 wt%, the tensile modulus had been greatly
improved, and could reach 78.04 MPa.
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3.2. Preparation of Dual-Scale Filament/Fiber Aerogels

PAI/BMI micro-sized fibers were prepared as the matrix of aerogels via electrospinning
technology. The preparation process of the electrospun fibers is shown in Figure 2a. Under
a high-voltage electric field, polymer solution pulled from the tip of the syringe would
experience phase separation and an elongating process at the same time, depositing on the
collectors and showing a disorderly arrangement morphology, as shown in Figure 2b.
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Figure 2. (a) The process of fabrication of PAI/BMI electrospun fiber. (b) The SEM images of
PAI/BMI electrospun fibers. (c) The schematic diagram of PAI/PBMI aerogel preparation process.
The PAI/PBMI aerogel (d) optical image and (e) SEM image. (f) Distribution of filaments and fibers
within PAI/PBMI aerogel. (g) The diameter distribution of the PAI/PBMI aerogels.

Figure 2c depicts the synthetic route of the dual-scale PAI/BMI fibrous aerogels. The
aerogels were prepared by blending wet-spun filaments and electrospun fibers. These
two materials were first homogenized in water/tert-butanol mixture to form well-dispersed
fiber dispersions, followed by freeze-drying to form an unjointed architecture pristine
PAI/BMI aerogel. Driven by the moving solidification front, fibers in the dispersion were
repelled and accumulated gradually in the unoccupied space of the growing cytosolic
solvent crystals. This was controlled by complex and dynamic liquid fibers and fiber–fiber
interactions [26]. In order to further promote the physical bonding between fibers, the
uncross-linked PAI/BMI fibers after freeze-drying were heated at 220 ◦C for 2 h to form
a cross-linked fiber network, resulting in the synthesized PAI/Polybismaleimide (PBMI)
fibers with attractive compression recovery properties (Supplementary Video; Figure S4,
Supplementary Material). The peak at 1608 cm−1 was caused by the tensile vibration of
C=C, which was greatly reduced after in situ crosslinking, indicating that most of the C=C
bonds had polymerized [27]. The intensity of the peaks at 748 cm−1 and 590 cm−1 was
weakened, which can be attributed to out-of-plane C-H bending vibration and out-of-plane
C-O bending vibration [28,29]. Notably, the wet-spun filaments in the PAI/PBMI fibrous
aerogels acted as a rigid support, enhancing the structural stability of the aerogels.
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The obtained aerogel showed a low bulk density of 0.011 g/cm3 and a high porosity
of 99.2%, the white pom-poms of dandelion seeds showed negligible deformation, while
supporting the ultralight aerogel (Figure 2d). Optical microscopy and SEM image of
the microstructure of the obtained dual-scale PAI/PBMI aerogels showed that filaments
and fibers with totally different diameters existed in the aerogel (Figure 2e, Figure S5,
Supplementary Materials). The micro-fibers inside the aerogel were firmly welded to the
wet-spun filament scaffold to form a double network structure. The SEM image of the
ultrafine fibers is shown in Figure 2f. The electrospun staple fibers are uniformly dispersed
in the aerogel prepared after homogenous dispersion. The diameter distribution of the
PAI/PBMI aerogels was evaluated, as shown in Figure 2g. The diameter of the electrospun
fiber was mainly distributed from 2 to 4 µm, and the wet spinning filaments diameter was
mainly distributed in 200~300 µm, illustrating that aerogels are composed of dual-scale
sized fibers.

3.3. Compression Properties of Ultralight Composite Fiber Aerogel

The structural stability of filter media must be evaluated considering the continuous
impaction from the airflow with high velocity. The compression property with a different
mass ratio of fibers/filaments is shown in Figure 3a. All aerogels exhibited obvious nonlin-
ear mechanical behavior, and there was no significant difference in the plastic deformation
for the four aerogels after just one compression cycle. Interestingly, although the filaments
were introduced as the enhancing skeleton, the maximum stress and the Young’s modulus
of the aerogels were not found when the filament content reached the largest proportion
of 40%, which could be because the stiff, short, and thick filaments cannot form an inter-
twined network. With the change of the mass ratio of fibers/filaments from 6:4 to 8:2, the
maximum stress and the Young’s modulus increased to the highest value of 8.54 MPa and
17.36 MPa (Figure 3b), which might be attributed to the interaction network between the
electrospun fibers combining more tightly. Afterwards, the compressive modulus of the
aerogel was greatly reduced due to the reduction in the content of filaments used for the
support structure in the aerogel, making it difficult to withstand large compressive stress.
The above experimental results illustrated the contribution of “stiff-soft” fibrous networks
on mechanical property.

The PAI/PBMI aerogel with mass ratio of fibers/filaments equal to 8:2 was subjected
to 1000 loading and unloading fatigue cyclic compression tests with ε of 20% (which
means the strain always maintains 20%) and a loading rate of 50 mm/min−1 (Figure 3c),
which showed slight plastic deformation (3.34% for the 50th, 4.26% for the 1000th), and
the structural robustness was outstanding. In contrast, typical polymer foams strained at
60% exhibited 20–30% plastic deformation, while other fibrous foams exhibited greater
than 20% plastic deformation at similar strains [30–32]. Likewise, the stiffness or strength
of PAI/PBMI aerogels did not decrease significantly after 1000 compression cycles, and
retained more than 80% of the original Young’s modulus and maximum stress (Figure 3d).
The dual-scale composite aerogel material had good compression recovery and could be
used for a long time.

3.4. High-Temperature Air Filtration Application of Aerogels

Considering the complex components of industrial dusts, we evaluated the air filtra-
tion of aerogels (the mass ratio of fibers/filaments equal to 8:2) towards particles with a
wide range of sizes. Figure 4a shows the filtration efficiency of the PAI/PBMI aerogels
for particles with particle sizes including 0.3, 0.5, 1, 3, 5, and 10 µm (PM0.3, PM0.5, PM1,
PM3, PM5, and PM10). Obviously, higher filtration efficiencies could be reached while
filtering larger particles, which illustrates the physical sieving mechanism of aerogels. In
addition, for the PM3 accounting for the largest proportion within industrial dusts, aerogel
materials exhibited a very high filtration efficiency of 90.78% (PM2.5) for fine particles while
maintaining a low pressure drop of 20 Pa, and they showed a high quality-factor (QF) of
0.12 Pa−1, showing a cost-effective prospect in practical applications.
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Figure 3. (a) The compression curves of different mass ratio of fibers/filaments aerogels. (b) The
Young’s modulus, maximum stress of PAI/PBMI aerogels. (c) The cyclic compression mechanism
and (d) Young’s modulus, maximum stress of PAI/PBMI aerogel.
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Figure 4. (a) Filtration efficiency. (b) TG curves. (c) An optical photograph of PAI/PBMI aerogel with
diverse shapes. (d) Flame retardant performance demonstration. (e) The SEM image of PAI/PBMI
aerogel before and after burning.
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The thermostable property is very necessary for high-temperature air filters. Figure 4b
shows the TG curve of the PAI/PBMI aerogel. The thermal decomposition of an aerogel
is mainly divided into three stages. The first stage is 0~520 ◦C, during which the sample
has only a slight weight loss, which is attributed to the loss of water molecules and other
volatile small molecules in the sample. In the second stage (520~570 ◦C), significant weight
loss occurs and the thermal degradation of aerogel components is serious. In the third stage,
the residual carbon product continues to decompose at a high temperature to form the final
residual carbon component. Because of the simplicity of the assembly process and the easy
availability of electrospun fibers in our method, there is great versatility in controlling the
shape of the PAI/PBMI aerogels. As shown in Figure 4c, PAI/PBMI integrated aerogels
with desired shapes, such as plum blossom, peach blossom, and complex koi shapes,
can be easily prepared. The demonstration process of the flame retardancy of aerogels
is shown in Figure 4d. At the moment of contact with the high temperature flame, the
aerogel burns slightly, but it goes out immediately after leaving the flame, and the fibers
burn independently in the combustion process without dropping. According to the SEM
images of aerogel materials before and after combustion (Figure 4e), most of the fibers
in the aerogel materials remain independent as fibers after sintering at high temperature,
while the conventional droplet polymer fibers show the form of molten film [33]. This is
mainly because PAI polymer has excellent flame retardancy due to the existence of amide
groups in the molecular chain.

4. Conclusions

In conclusion, we fabricated PAI/PBMI aerogels composed of dual-scale sized PAI/BMI
filaments and fibers by exposing them to wet spinning and electrospinning process first.
PAI/BMI filaments (with the average diameter of 239.83 µm) played the role of reinforcing
skeletons, and PAI/BMI fibers (with an average diameter of 1.17 µm) served as the aerogel
matrix. While the mass ratio of fibers/filaments was equal to 8:2, the maximum stress and
Young’s modulus exhibited the highest values of 8.54 MPa and 17.36 MPa, respectively.
In addition, the composite aerogels could bear 1000 compressive cycles with only 4.26%
plastic deformation, implying their good structural stability. Dual-scale sized PAI/PBMI
filaments/fiber aerogels also showed a high filtration efficiency of 90.78%. The resultant
dual-scale sized PAI/PBMI fibrous aerogels showed a compressive stress of 8.36 MPa, a high
filtration efficiency of 90.78% (particle diameter of 2.5 µm); particles with a diameter over
5 µm had 99.99% ultra-high filtration efficiency, a low pressure drop of 20 Pa, high QF of
0.12 Pa−1, and attractive thermostable and fire-retardant properties (thermal decomposition
temperature up to 342.7 ◦C), showing great potential in the field of high temperature filtration.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14224933/s1, Figure S1: The SEM image of cross-section
of PAI/BMI filament, Figure S2: SEM images of different PAI content, Figure S3: Tensile modulus
of PAI/BMI filament before and after crosslinking, Figure S4: FTIR spectra of BMI powder before
and after heating polymerization, Figure S5: The SEM image of dual-scale PAI/PBMI aerogel.
Table S1: The prepared different spinning solutions of wet spinning filaments. Supplementary
Video: The compression recovery property of dual-scale PAI/PBMI fibrous aerogels. Supplementary
Methods: Section S1 single yarn strength tester, Section S2 compression properties test of aerogels,
Section S3 filtration performance.
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Abstract: Melt-blowing technology is an important method for directly preparing micro-nanofiber

materials by drawing polymer melts with high temperature and high velocity air flow. During the

drawing process, the melt-blowing fiber not only undergoes a phase change, but also has an extremely

complex coupling effect with the drawing airflow. Therefore, in the numerical calculation of the flow

field, the existence of melt-blowing fibers is often ignored. In this paper, based on the volume of fluid

method, a numerical study of the flexible fiber/air-coupling flow field of an annular melt-blowing

die is carried out with the aid of computational fluid dynamics software. The results show that the

pressure distribution in the different central symmetry planes of the ring die at the same time was

basically the same. However, the velocity distribution may have been different; the velocity on the

spinning line varied with time; the pressure changes on the spinning line were small; and velocity

fluctuations around the spinning line could cause whiplash of the fibers.

Keywords: melt-blowing; coupled field; annular die; numeral calculations

1. Introduction

Melt-blowing technology has the advantages of short process flow and high pro-
duction efficiency, and it is one of the most rapidly developing nonwoven technologies.
Melt-blown fibers can be used for air and liquid filter materials, isolation materials, ab-
sorbent materials, mask materials, thermal insulation materials, oil-absorbing materials
and wipes, etc. [1–3].

As shown in Figure 1, it is a common die head and is one of the core components
of melt-blowing equipment. The high-speed and high-temperature jet, which is formed
by the die head can rapidly draw the polymer melt extruded from the spinneret into
micron-scale or nanofiber. The airflow field under the melt-blowing die not only affects
the diameter of the fiber, but it also determines the strength of the fiber [4]. Therefore, a lot
of research work was carried out on it. Uyttendaele et al. [5] measured the velocity field
under a single-hole annular melt-blown die with a Reynolds number ranging from 3400
to 21,500 using a pitot tube. Shambaugh et al. [6,7] used a pitot tube to collect data on the
airflow field under a common die. Through the statistical analysis of the experimental data,
the empirical equations of the air velocity and air temperature distribution on the center
line were obtained. Tate and Shambaugh [8] used the same tool to measure the flow field
distribution of melt-blown dies with different geometric parameters. They found that the
geometrical parameters of the slot die have a large effect on the temperature and speed on
the spinning line. Chen Ting et al. [9] and Wang Xiaomei et al. [10] used a more advanced
and accurate hot-wire anemometer to investigate the influence of geometric parameters on
the flow field distribution under the die. They found that under the same initial conditions,
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decreasing the slot inclination and nose width and increasing the slot width resulted in
higher airflow velocity and airflow temperature along the axis of the flow field. With the
assistance of a hot-wire anemometer and a high-speed camera, Xie et al. [11,12] studied
the relationship between the instantaneous velocity in the airflow field of the die and the
whipping of the melt-blown fibers. Wang et al. [13,14] used a hot-wire anemometer to
obtain the three-dimensional airflow field velocity distribution data of the common die and
the new slot die online. Xie and his collaborators [15] used particle image velocimetry to
obtain the instantaneous airflow velocity distribution of a slot die.

ε1 ε

Figure 1. Schematic diagram of melt-blowing web formation.

Computational fluid dynamics (CFD) technology is a complement to experiments.
Relying on CFD, the numerical solution of the above theoretical model can be obtained on
the computer, and various details of the flow field can be obtained, such as the generation
and propagation of vortices, the pressure distribution, and the magnitude of airflow
drafting force. The cost of experimental measurement is relatively high, and it is quite
convenient to use CFD technology to analyze the airflow field, which can be completely
realized on the computer. Krutka et al. [16] used CFD technology for the first time to
simulate the low-velocity airflow field of the slot die at room temperature. The maximum
speed used in the numerical calculation process was only 34.6 m/s, which was much smaller
than the air inlet velocity in actual industrial production. However, it was a milestone start
for exploring the melt-blowing flow field. Moore et al. [17] used CFD technology to analyze
the isothermal flow field of a two-dimensional annular melt-blowing die, and modified Cε1

and Cε2 in a Reynolds stress model. The Shambaugh team [18,19] used Fluent software
to calculate the flow field under the melt-blown die. They found that changing the shape
and size of the die had a certain influence on the air velocity on the spinning line in the
flow field. Sun and Wang [20,21] optimized the airflow field of the slot dies with the help
of Fluent software, and obtained the best structure of the common die. Wang et al. [22–25]
designed a series of new slot dies and numerically analyzed the airflow field below them
by means of CFD technology.

In the above numerical studies of the airflow field under the die, the presence of
melt-blowing fibers was ignored. The main reasons are as follows. On one hand, the melt-
blowing fibers move primarily near the axis of the spinneret orifice during the drawing
process. On the other hand, melt-blown fibers occupy a small volume compared to air.
Another condition that cannot be ignored is that the establishment and solution of the
melt-blowing fiber/air-coupled field model is a huge challenge. Under the action of air
force, the polymer melt is gradually thinned and transformed from a molten state to a solid
state to form the final melt-blown microfiber. This process, although short, involves phase
transition and deformation of the fiber-forming polymer, as well as complex turbulent flow
and heat transfer.

Krutka and Shambaugh [26,27] were the first to investigate the effect of melt-blowing
fibers on the flow field using CFD technology. In their study, the melt-blowing fibers
were regarded as columnar solids, and three-dimensional numerical calculations were
performed on the flow field under the melt-blowing die. They have made useful explo-
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rations on dealing with the two-phase flow in the melt-blowing flow field, and achieved
important research results. However, there are some problems with their research. As
shown in Figure 2, since the melt-blown fiber is a flexible substance, under the action of the
surrounding unstable air force, the melt-blown fiber swings at a high frequency and has a
certain amplitude during the drafting process. In the research of Krutka and Shambaugh,
the columnar solid can only move along the spinning line direction in the melt-blown
flow field without swinging, which is inconsistent with the actual situation. Therefore,
in order to overcome the shortcomings of their research work, in this work the flexible
melt-blown fiber/air-coupled field model was established, and Fluent software was used
for the calculation. In addition, the volume of fluid (VOF) model would be tried for the
first time for the numerical study the flow field in the presence of melt-blowing fibers in
this paper.

 

Figure 2. Whip trajectory of the melt-blown fiber under the following experimental conditions: air

pressure—50,000 Pa, flow rate of polypropylene—7.8 cc/min, exposure frequency—5000 fps.

2. Numerical Simulation

2.1. Structure and Dimensions of Annular Die

Compared to a slot die, the annular die has more orifices for polymer melt extrusion
in the same size area and it has a wide range of applications in the factory. In this paper, the
numerical calculation of the melt-blown fiber/air-coupling flow field under the ordinary
annular die was carried out. Figure 3 shows a schematic structural diagram of an annular
melt-blown die. The outer diameter (do) of the annular pore and the inner diameter (di) of
the annular pore were 1.3 mm and 2.37 mm, respectively, which is exactly the same size
as the die in Shambaugh’s work [5,17]. The inner diameter (d) of the spinneret hole was
0.38 mm. The center point of the section at the exit of the spinneret was the origin of the
coordinate system and the z-axis coincided with the axis of the spinneret hole.
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Figure 3. Annular die.
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2.2. Conditional Assumption

Usually, because the air temperature value in the flow field near the melt-blown die is
above 200 � C and very high, and the temperature of the polymer melt is also higher than
200 � C and the melting point of the polymer raw material, it will not solidify immediately
and is in a liquid state. As the drawing progresses, the temperature in the flow field away
from the melt-blown die decreases rapidly, causing a large amount of thermal energy
of the polymer stream itself to be carried away by the gas flow. During this process,
the temperature of the polymer gradually decreases, from a liquid state to a viscoelastic
state, until it becomes a solid state, at which point the fiber drawing process ends. In this
paper, only the area below the spinneret with z/do = 53.8 was studied. In this region, the
melt-blown fiber was regarded as a continuous liquid flow, and the phase transition of
the fiber was not considered. Compared to the columnar solid hypothesis of Krutka and
Shambaugh [26,27], the melt-blown fiber was considered as a fluid, which was closer to the
real drawing process.

2.3. Volume of Fluid (VOF) Model

The two phases, which are polymer and air, are not miscible. The volume of fluid
(VOF) model [28] was selected to simulate the motion of the air and the polymer stream.

The VOF method uses the exponential function (F) to determine the free surface, and
its governing equation is:

¶F

¶t
+ r� (u0F) = 0 (1)

Among them, F is the fluid volume fraction, which is the ratio of the volume occupied
by the fluid in the unit system to the mesh volume; t is the time; u0 is the fluid velocity; and
r is the Hamiltonian structure.

According to the definition of F, the physical parameters density and viscosity of the
two fluid-mixed phases can be obtained:

r = Fr 1 + ( 1 � F)r g (2)

u0 = Fu1 + ( 1 � F)ug (3)

In the formula, r is the density of the mixed phase of the two fluids, and the subscripts
1 and g denote the melt and the gas, respectively.

2.4. Computational Domain of Coupled Fields

Figure 4 reveals the three-dimensional computation domain of the coupled flow-field
of the annular die. The coordinate systems in Figures 3 and 4 were consistent. The z-axis,
x-axis, and y-axis were perpendicular to each other. In the upper half of the computational
domain, the heights of both the annular air holes and the spinneret holes were 5 mm.
The lower half of the annular die computational domain was in the shape of a cone. The
height of the cone-shaped flow-field region along the axis direction was 70 mm and its
dimensionless ratio to do was 53.8. The diameter of the upper bottom surface was 10 mm
and its dimensionless ratio to do was 7.7. The diameter of the lower bottom surface was
40 mm and its dimensionless ratio to do was 30.8.
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Figure 4. Computational domain.

2.5. Grid Division Method

According to its structural characteristics, the computational domain was divided into
grids using Gambit. The annular jet-hole area and the spinning line area under the die were
tetrahedral unstructured meshes; the rest areas were hexahedral structured meshes. The
combination of unstructured grid and structured grid made the calculation result stable and
not easy to diverge. After grid division, the minimum grid spacing of the computational
domain was 0.05 mm; the maximum grid spacing was 0.2 mm; and the final total number
of unit grids was 859,350.

2.6. Turbulence Model

In this paper, the standard k � #model [24] was chosen, which can reduce the com-
putation time and cost. In addition, it was proved that the calculation results obtained by
the standard k � #model were basically consistent with the data collected by the hot wire
anemometer [29].

In order to solve the Reynolds stress term, the relationship between the Reynolds
stress and the average velocity gradient was established, as follows:

� r u0
iu

0
j = mt(

¶ui

¶xj
+

¶uj

¶xi
) �

2

3
(r k + mt

¶ui

¶xi
)dij (4)

Among them, mt is turbulent viscosity; when I = j, dij = 1, when i~ = j, dij = 0; k is
turbulent kinetic energy.

In the standard two-equation model, mt can be related to the turbulent kinetic energy k
and the turbulent dissipation rate #:

mt = r Cm
k2

#
(5)

#=
m
r

(
¶u0

i

¶xk
)(

¶u0
i

¶xk
) (6)

The time-averaged form of the transport equation for k and #is:

¶(r kui)
¶xi

=
¶

¶xj
[(m+

mt

sk
)

¶k

¶xj
] + Gk + Gb � r# � YM + Sk (7)

¶(r#ui)
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¶xj

] + C1#
#
k

(Gk + C3#Gb) � C2#r
#2

k
+ S# (8)
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In these equations, C1#, C2#, and C3# are empirical constants; sk is the Prandtl number
corresponding to the turbulent kinetic energy k; s# is the Prandtl number corresponding to
the turbulent dissipation rate #; and Sk and S# are the source terms.

The expressions corresponding to Gb and YM are:

Gb = bgi
mt

st

¶T

¶xi
(9)

YM = 2r#M2
t (10)

In these two equations, gi is the component of the gravitational acceleration of the
gas in the i direction; b is the thermal expansion coefficient of the gas; Mt is the turbulent
Mach number.

2.7. Boundary Condition Setting and Parameter Setting

The type of boundary set at the spinneret inlet was the velocity inlet boundary. The
density of the polymer was 0.91 g/cm3 and approximately equal to that of polypropylene,
which represented the largest component of raw materials in the meltblowing process. The
velocity of the melt was 5 m/s, and the melt entered the spinneret vertically. The hydraulic
diameter at the entrance of the spinneret was equal to the diameter of the spinneret, and
the turbulence intensity was set to 1%. The air inlet plane was set to “velocity inlet”. The
air entered the annular hole at a speed of 50 m/s, its direction was parallel to the axis
of the annular hole, and the turbulence intensity was set to 3%. The hydraulic diameter
of the annular air-hole inlet was the difference between the outer diameter and the inner
diameter of the annular hole. The dynamic viscosity of air was 17.9 � 10� 6 Pa�s and the
dynamic viscosity of the polymer was set to 1.03 � 10� 3 Pa�s. The Reynolds number of air
at the inlet of annular pipe was 8174.6 and Reynolds number of polymer melt at the inlet of
spinneret hole was 1678.64. The initial temperature of polymer melt and air was 300 K. The
die head end, annular orifice, and spinneret conduits were designed to have no slip walls.
The remaining planes or surfaces were designated as pressure outlets.

The gravitational acceleration in the z direction was set to 9.81 m/s2. In solving, the
PISO algorithm was chosen. For unsteady flow field, the choice of PISO algorithm had
good convergence.

As a departure from the previous numerical simulation of the melt-blown flow field,
in this paper, the unsteady flow field of the annular melt-blown die was calculated. In
order to make the calculation result more accurate and stable, the time-step size was set to
0.1 � 10� 9 s.

3. Numerical Calculation Results and Analysis

At t = 0 s, the melt-blown flow field was initialized, and the polymer melt and gas
flow had not yet begun to move. Each calculation step (Dt) could solve the flow situation
in the melt-blown flow field at the time t = t + Dt, so as to obtain the velocity and pressure
distribution of the two fluids at the new time. At the same time, the position of the polymer
melt at different times could also be obtained by calculation. With the accumulation of
time, the motion trajectory of the polymer melt at any moment could be obtained.

3.1. Flow Field Distribution at Different Times

The geometry of the annular melt-blown die was different from that of the double-slot
melt-blown die, and the steady-state flow field distribution on each symmetry plane was
exactly the same [16]. However, due to the complex and changeable turbulent flow under
the melt-blown die head, the speed and pressure of each point in the unsteady flow field
were constantly changing. For an annular melt-blown die, the distribution on each of its
symmetry planes may be completely different even at the same time. In this paper, the
unsteady flow field distribution on two mutually perpendicular symmetry planes of the
melt-blown die was investigated. As shown in Figures 5 and 6, the velocity distributions in
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the x–z plane and the y–z plane were constantly changing over time. In the early stage of
the drafting process (t = 1.000 � 10� 7 s to t = 1.338 � 10� 4 s), the velocity distributions in the
x–z plane and the y–z plane were basically the same. Moreover, the difference in air velocity
in most of the area below the die was very small, except for the area near the die. Because
the velocity of the air was much greater than that of the polymer melt, the high-velocity jet
could rapidly move most of the air flow in the flow field, however, the air velocity near the
polymer melt was lower. As the drafting progressed (t = 6.013 � 10� 3 s to t = 1.543 � 10� 2 s),
the fluid velocity in the central region of the flow field was higher than that on both sides.
From Figures 5 and 6, it can be seen that the velocity distributions on the two symmetry
planes were no longer the same at this time, and there were obvious differences.
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Figure 5. Velocity cloud distribution on the x–z plane (m/s): (a) velocity cloud distribution of flow

field at time t = 1.000 � 10� 7 s; (b) velocity cloud distribution of flow field at time t = 1.600 � 10� 6 s;

(c) velocity distribution of flow field at time t = 2.979 � 10� 5 s; (d) velocity cloud distribution of flow

field at time t = 1.338 � 10� 4 s; (e) velocity cloud distribution of flow field at time t = 6.013 � 10� 3 s;

(f) velocity cloud distribution of flow field at time t = 1.543 � 10� 2 s.
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Figure 6. Velocity cloud distribution on the y–z plane (m/s): (a) velocity cloud distribution of flow

field at time t = 1.000 � 10� 7 s; (b) velocity cloud distribution of flow field at time t = 1.600 � 10� 6 s;

(c) velocity distribution of flow field at time t = 2.979 � 10� 5 s; (d) velocity cloud distribution of flow

field at time t = 1.338 � 10� 4 s; (e) velocity cloud distribution of flow field at time t = 6.013 � 10� 3 s;

(f) velocity cloud distribution of flow field at time t = 1.543 � 10� 2 s.
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