Accepted Article

'.) Check for updates

Recent progress in protective membranes fabricated via electrospinning: advanced

materials, biomimetic structures, and functional applications

Shuo Shi#, Yifan Si#, Yanting Han, Ting Wu, Mohammad Irfan Igbal, Bin Fei, Robert K.Y. Li,
Jinlian Hu', Jinping Qu*

(# Shuo Shi and Yifan Si contributed equally to this work.)

Jinlian Hu, Shuo Shi, Yifan Si

Department of Biomedical Engineering, City University of Hong Kong, 999077, Hong Kong
S. A. R, China
Correspondence e-mail: jinliahu@cityu.edu.hk, jpqu@hust.edu.cn

Yanting Han

West China School of Nursing/West China Hospital, Sichuan University, Chengdu, 610065,
China

Ting Wu, Jinping Qu
School of Chemistry and Chemical Engineering, Huazhong University of Science

&Technology, Wuhan, Hubei, 430074, China.

Mohammad Irfan Igbal

School of Energy and Environment, City University of Hong Kong, 999077, Hong Kong SAR,
China

Bin Fei

Institute of Textiles and Clothing, The Hong Kong Polytechnic University, 999077, Hong
Kong SAR, China

This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1002/adma.202107938.

This article is protected by copyright. All rights reserved.


https://doi.org/10.1002/adma.202107938
https://doi.org/10.1002/adma.202107938
https://doi.org/10.1002/adma.202107938
mailto:jinliahu@cityu.edu.hk
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202107938&domain=pdf&date_stamp=2021-12-30

Accepted Article

WILEY-VCH

Robert K.Y. Li

Department of Materials Science and Engineering, City University of Hong Kong, 999077,
Hong Kong SAR, China

Abstract

Electrospinning is a significant micro/nanofiber processing technology and has been rapidly
developing in the past two decades. It has several applications, including advanced sensing,
intelligent manufacturing, and high-efficiency catalysis. We review multifunctional
protective membranes fabricated via electrospinning in terms of novel material design,
construction of novel structures, and various protection requirements in different
environments. To achieve excellent comprehensive properties, such as high water vapor
transmission, high hydrostatic pressure, optimal mechanical property, and air permeability,
combinations of novel materials containing nondegradable/degradable materials and
functional structures inspired by nature have been investigated since decades. Currently,
research is mainly focused on conventional protective membranes with multifunctional
properties, such as anti-UV, antibacterial, and electromagnetic shielding functions. However,
important aspects, such as the properties of electrospun monofilament, development of
“green electrospinning solution” with high solid content, and approaches for enhancing
adhesion between hydrophilic and hydrophobic layers are not considered. Based on this
systematic review, the development of electrospinning for protective membranes is discussed,
the existing gaps in research are discussed, and solutions for the development of technology
are proposed. This review will assist in promoting the diversified development of protective
membranes and is of great significance for fabricating advanced materials for intelligent

protection.

Keywords: electrospinning; protective membrane; breathability; waterproof; unidirectional

transmission
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1. Introduction

Clothing is a significant symbol of humans entering a civilized society. Clothing has
protective and aesthetic functions, which are of great significance to human life and behavior.
With the development of hi-tech science and technology, the applications and development of

protective clothing efficiently guarantee human safety and health in hazardous scenarios."*?

“Protective clothing” refers to clothing with robust properties to protect people from various

potentially hazardous factors, such as high temperature, strong wind, heavy rain, chemicals,
ultraviolet rays, electromagnetic waves, and viruses, in extreme environments."> ¥ This goal
cannot be achieved by solely relying on traditional textiles and techniques. Therefore, modern
technology and industry have constantly put forward new materials, structural designs, and

preparation technologies to prepare functional protective clothing.

Conventional protective clothing is usually produced using petroleum-based polymers refined
from fossil fuel resources such as oil, coal, and natural gas.™) In addition, the existing
fabrication methods for protective clothing are heat-stretching technology (for preparing
expanded polytetrafluoroethylene (e-PTFE)) and classical non-woven processes such as
spunbond-meltblown—spunbond (SMS).!! However, with the development of technology, the
disadvantages of these methods are being gradually recognized. First, a significant
consumption of thermal and electric energies occur during the fabrication process. Second,
the conventional methodology hinders the fabrication of designable nano-/microstructure
fibers.[”! Therefore, further progress regarding the development of ecofriendly raw materials,
energy-efficient fabrication methods, and constructing multifunctional protective membranes
is of great scientific and practical significance. Based on this, advanced electrospinning
technology with feasible operation, environment friendly, and energy conservative

characteristics has been attracting worldwide attention.

Electrospinning has gained global attention as a method to fabricate unique

nano-/microstructures of fibrous membranes. It has diverse applications such as flexible
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sensing, integrated manufacturing, high-efficiency catalysis, biomedical engineering, and
tissue engineering. ! Various structures, such as core—shell fibers, side-by-side structures,
and hierarchical layers, can be easily designed and fabricated by adjusting the equipment.!'”
Thus, as a new technology, electrospinning has been applied in protective clothing since 20
years. Significant progress has been made in the development and application of breathable
waterproof membranes, unidirectional water transport membranes, and functional protective
membranes./*) Recently, few studies have reported the production of fabrics superior to those
produced by few big brands in terms of air permeability, vapor permeability, hydrostatic
resistance, and overall moisture management capacity (OMMC). Electrospinning exhibits an
excellent adaptability to new structures. It has the characteristic of low energy consumption;

thus, the significance of the electrospinning technology in the fabrication of advanced

nano-/microfibrous membranes is immense.

The representative products in daily life are breathable-waterproof jackets and medical
protective clothing, and the products for anti-UV, anti-bacterial, anti-virus, and

(4, 11,12, 13] Considering

electromagnetic shielding have also been studied in recent decades.
waterproof and breathable jackets as examples, the global market size of winter-wear
functional jackets reached USD 268.3 billion in 2018. The market is expected to grow at a
compound annual growth rate of 4.3% from 2019 to 2025.1"*! This product is sold by several
big brands, such as Gore-Tex, Northface, and TOREAD. Gore-Tex fabric is produced using
PTFE by thermal expansion and stretching.!'”! With the development of electrospinning
technology, few companies have selected electrospun polyurethane (PU) or polyvinylidene
fluoride (PVDF) nanofiber membranes. This technological innovation significantly reduces
the expense as well as easily endows the product with functionality.!"” The other
representative protective product is disposable medical protective clothing, which is mainly
used to isolate viruses/bacteria-containing aerogels to prevent cross-infection during medical

operations. ' ! Disposable protective clothing is usually fabricated using polypropylene (PP)

via nonwoven technology. At present, owing to the Covid-19 outbreak, all countries and
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regions are closely concerned about the use, safety, and supply of medical protective
items.!'”! Advanced electrospinning technology has innovated this product with
multifunctional properties. By adjusting the structure of nanofibers and loading functional
materials, the design, preparation, and functionality of medical protective clothing with

environment friendly characteristics have been significantly improved.

The electrospinning technology has initiated great innovations in the field of intelligent
protective clothing. Therefore, it is necessary and urgent to summarize all the relevant
research systematically and comprehensively. However, few challenges remain, including
green solvent development, construction of novel bionic structures, and the properties of
mono nanofibers, and should be the focus of future research. The impact of the solution to
these issues determines the future development of electrospinning in advanced
multifunctional protective membranes. Based on the research of electrospinning technology
in protective membranes, we will discuss new theories developed, novel materials used,
fantastic structures designed, and scenarios applied to functional protective membranes in the
following sections. It is believed that this comprehensive review based on the principles,
materials, structures, and applications of electrospinning technology can promote the iterative

upgrading of intelligent protective membranes.
2. Principle and development of electrospinning

Since the invention of electrospinning, researchers have been exploring the technology and
its applications based on numerous materials, including natural macromolecules and synthetic
polymers, by optimizing the equipment configuration and adjusting a series of parameters
such as the preparation process, materials design, and structure construction.!'® Since the
20th century, after nearly two decades of development, extensive and significant applications
in the fields of smart clothing, advanced sensing, and new energy have been realized because
of the electrospinning technology. In view of the profound studies conducted on
electrospinning, few changes have occurred in terms of definition and theory. Based on the

nanofiber-based protective membrane, this section summarizes the current definition, brief
This article is protected by copyright. All rights reserved.
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history, theoretical development, and critical controlling parameters of electrospinning

technology.

2.1. Definition and brief history of electrospinning

Electrospinning is a micro/nano fiber processing technology used to fabricate polymer
solutions or polymer melts into fibers under a high electric field. Electrospinning is a
particular type of electrostatic spraying.!'”! In the electrospinning process, a small droplet is
formed under a certain concentration and conductivity; the droplet is then stretched and
deformed into a vertebral shape using a high-voltage electrostatic field at the nozzle tip.
When the electrostatic repulsive force on the droplet surface exceeds the surface tension,
polymer solutions are rapidly ejected from the droplet surface, thereby resulting in
electrospun fibers and products.”” The prepared micro-nanofibers usually have small
diameters and large specific surfaces. Additionally, micro-nanofibers with controllable
porosity and special micro-morphology can also be designed by adjusting the process
conditions and the composition of the polymer solutions. Based on the characteristics of the
prepared micro-nanofibers, the prepared products can be used in various applications, such as

smart clothing, filtration products, sensors, and tissue engineering, as shown in Figure 1.1*"
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Figure 1. Diverse fiber structures and wide-ranging applications of electrospinning .

Reproduced with permission. Copyright 2007, Elsevier.

Electrospinning is a type of electrostatic spraying. Electrospray technology has a long history
of over 270 years. In 1745, Bose first obtained a highly dispersed aerosol by applying a high
voltage on the fluid surface;*” in 1882, Rayleigh studied the critical condition for the
formation of the jets.!*! He concluded that a jet would be formed when the electrostatic
repulsive-force on the surface of the solution is greater than its surface tension; in 1902

Cooley and Morton filed a patent for the process of dispersing volatile liquids by controlling
This article is protected by copyright. All rights reserved.
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its carried charges;[24]

in 1917, Zeleny proposed several basic models to explain the formation
of jets, and the author believed that the liquid droplet is in an unstable state when the surface
tension of the droplet is not equal to the force applied by the electrostatic field;* in 1929,
Hagiwara designed a patent for preparing artificial silk via electrospinning technology;*® in
1934, Formhals described in detail how the polymer solutions forms a jet in the fabrication of
polymer fibers by electrospinning, which marks the advent of modern electrospinning

(27 in the 1960s, Taylor studied the relationship between the applied static voltage

technology;
and the angle of the cone on the droplet surface, and he reported the critical interface angle,
which is known as Taylor Point, during the electrospinning process;** in 1971, Baumgarten
studied several processing parameters, such as spinning voltage, feeding speed, solution

[29]

viscosity, of electrospinning and prepared micro fibers with diameters less than 1 um;*“” in

1996, Reneker reported the fabrication of nanofibers via electrospinning, and this paper

[30]

attracted the attention of scientific researchers worldwide;" ™ in the 20th century,

Ramakrishna et al. performed in-depth research on the electrospinning technology.m]
Ramakrishna et al. published a review paper in 2003 in terms of the electrospinning process,
theories, and its applications, which exceeded 5,500 citations (Web of Science).[3 I Moreover,
in the last 20 years, Bin Ding et al. conducted studies on the various applications of the
electrospinning technology. Bin Ding pioneered the electrospinning technology and achieved

33:341 A brief history of the development of

a fiber diameter of less than 20 nm.!
electrospinning is summarized in Figures 2A and 2B. With the development of cutting-edge
technology, electrospinning technology has been widely applied in several fields such as

smart fabrics, filter materials, and new energy sources.

This article is protected by copyright. All rights reserved.
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Figure 2. Brief history and the development of electrospinning (ELE). A) Brief history of
electrospinning; B) Number of publications in recent two decades (Data get from Web of

Science by searching the key word of electrospinning).

2.2. The principle and the theory of electrospinning

Electrospinning is a type of electrostatic spraying. Electrostatic spraying refers to the

phenomenon in which tiny droplets are ejected when the liquid is applied at a high voltage

over a specific critical voltage. The basic setup of the electrospinning process is shown in

This article is protected by copyright. All rights reserved.
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Figure 3A. When the electrostatic spraying liquid is a polymer solution or melt, the ejected
liquid may exhibit a favorable continuity at certain viscosity, temperature, and humidity

conditions, allowing for continuous electrospinning, as shown in Figure 3B. Figure 3C

shows three models of electrostatic spraying for preparing micro-nano structured aerosols or
polymer particles.
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Figure 3. The principle and theory of electrospinning. A) Basic setup of electrospinning. The
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insets show a drawing of the electrified Taylor cone and a typical scanning electron
microscopy (SEM) image of poly (vinyl pyrrolidone) (PVP) nanofibers.*”! Reproduced with
permission. Copyright 2004, John Wiley and Sons/Wiley-VCH. B) A snapshot of an
electrospinning jet with well-developed loops from the nozzle.*® Reproduced with
permission. Copyright 2007, Elsevier. C) Three jet break-up modes, the axisymmetric
varicose break-up, the lateral kink break-up, and the ramified jet break-up.””! Reproduced
with permission. Copyright 2000, Elsevier. D) the stabilization zone and instability area of

electrospinning.
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This critical condition for electrospinning is that the surface electrostatic repulsive force of
the polymer solution is equal to its surface tension. In this condition, the polymer jet cone,
which is known as the Taylor cone, is formed with a specific angle at the nozzle end. During
electrospinning, the surface of the droplet accumulates charges. A repulsive force is
generated on the surface, and the surface tension of the droplet is the reaction force of the
repulsive force. The interaction between the pair of forces determines whether the
electrospinning process will be conducted. Theoretically, the difference between the surface

tension of the droplet and its repulsive force, AP, is given by Equation 1.5%3

2

2y e
AP="——
R 32g0m2R*

(M

where 7 is the surface tension (mNm™"), R is the radius of the droplet (m), ¢ is the charge

amount of the droplet (C), and &, is the dielectric constant (F m™).

Four factors, surface tension, the radius of the droplet, the charge amount of the droplet, and
the dielectric constant, affect AP. Increasing the surface tension and dielectric can increase
AP, while increasing the charge amount of the droplet will decrease AP. The influence of the
radius of the droplet on AP is more complex and depends on three other factors. In the critical
state, namely Rayleigh stability limit, the electrostatic repulsive force on the surface is equal
to the surface tension, the droplet is in a balanced state, and the droplet follows Equation 2.
[(23-491 Fyrthermore, John W. S. et al. designed an instrument for quantitative measuring the
charge to mass ratios of the drops at the Rayleigh stability limit. Authors found that drops at

breakup obey this equation within a standard deviation of 4%.!*!]

e ’288£0y
E - p2D3 o (2)

where p is the density of the droplet (kg m ), M is the mass of the droplet (kg), and D is the

charge density on the surface of the droplet (C m?).
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With an increase in the intensity of the electric field, the number of charges on the surface of
the droplet gradually accumulates. When the repulsive force is greater than the surface
tension, jetting occurs. Based on the quantitative study of the critical voltage in terms of
different liquids, like water, glycerin, and transformer oil during the process of
electrospinning, Taylor analyzed the effects of various factors such as voltage, plate spacing,
and feeding ratio of the jetting during the electrospinning process of polymer solutions, and

determined the critical voltage, V., of the jetting from the tip of Taylor's cone as follows.[**

4H? 2L 3
Vet = — (Ln—= = 2)(0.117my)R,, 3)

where H is the distance between the plates (cm), L is the distance between the nozzle and the

supporting plate (cm), and Ry is the radius of the nozzle (cm).

Furthermore, Taylor claimed that the semi-vertical angle of the cone at the stable state is
49.3° for any conducting solution.”®! However, this value can be different for different
polymer solutions and melts. Reznik, Yarin et al. have observed that it can be < 33.5°.5% 4]
The cone shape also depends on the applied voltage and the solution feed rate. Although

Taylor’s model might only be consistent with some specific cases, his equation can still

predict the required critical voltage.

When the jetting is ejected from the Taylor cone, the pristine jet is stretched into finer
branches of jetting. Then, jet moves through the collection distance with solvent evaporation
and finally solidified on the collecting plate. During the process, jetting can be divided into
stable and unsteady flight sections./*”! In the unstable region, the jet moves at a high speed
and is further stretched under the electric field, as shown in Figure 3D. Correspondingly, the
fiber diameter decreases rapidly in this process. Simultaneously, with the evaporation of the

solvent, polymer solution solidifies into micro/nanostructured fibers.

Besides these classic theories, the modeling and simulation of electrospun nanofibers in the

past decades also have been developed.*> * Based on these theoretical foundations, like

This article is protected by copyright. All rights reserved.
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mass conservation, electric charge conservation, momentum balance, Ostawald-de Wale
power law, constitutive equation, researchers have constructed Slender body model,
Electrohydrodynamic model, Spivak & Dzenis model, Reneker model, Stability theory,
Electromagnetic model, and others for deep understanding and accurate prediction of the
electrospinning."*® *"! Many factors, such as multi-field effects, control parameters, surface
charge density, etc. in the actual electrospinning process have been carefully considered in
developed theoretical models. These studies well formulate the process of electrospinning
regarding the droplet formation, whipping, bending, Rayleigh instabilities, etc. in a
quantitative perspective. Basic properties of electrospinning, such as jet radius and fiber

diameter can be predicted by them.

Based on the above theoretical analysis, the characteristics of the polymer solution and the
processing control parameters are essential in electrospinning. These factors significantly

influence the performance of electrospinning products.
2.3. Factors for the processing of electrospinning

The three factors that significantly influence the electrospinning process and the final product
can be classified as follows: first, the characteristics of the polymer solution, including
polymer molecular weight, solution viscosity, surface tension, conductivity, and solvent
volatility; second, the processing parameters, including applied electrostatic voltage, feeding
speed, collection distance, and nozzle diameter; and third, environmental conditions,
including temperature and relative humidity. The integrative action of these three types of
factors determines the fiber morphologies and properties, such as fiber diameter, fiber surface
roughness, porosity, and stress, as summarized in Table 1.1**! It should be emphasized that

these three types of factors usually affect each other.

This article is protected by copyright. All rights reserved.
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Table 1. Factors influencing the characteristics, morphologies, and properties of

electrospinning nano/microfibers.

Influence Factors Properties of electrospinning nanofibers
Polymer
1. Molecular weight 1. Proper molecular weight is required
2. Molecular Distribution 1 2. Possibility to obtain beaded nano fibers
3. Solubility 1 3. Beneficial for preparing electrospun fibers
Solutions

1. Appropriate volatility is important for obtaining
1. Volatility 1 fibers
2. Surface tension 1 2. Diameter 1; possibility to obtain beaded filament 1
3. Dielectric constant 1 3. Generate fibers with uneven diameters 1
4. Conductivity 1 4. Diameter of electrospinning fibers |
Collector
1. Quiescent disk 1. Random fibers; low physical property
2. Rotating cylinder 2. Aligned fibers; high physical property
Environment

1. Morphology becomes uniform, and the diameter
1. Humidity | reduces
2. Temperature 1 2. Assists in the electrospinning process

T indicates increase; | indicates decrease

The relative molecular weight of the polymer determines the properties of the polymer,
including the glass transition temperature, melting point, mechanical strength, and solubility.

The polymer requires a proper molecular weight for a favorable spinnability; otherwise, a low

This article is protected by copyright. All rights reserved.
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molecular weight will cause an electrostatic spray and consequently fail to obtain the fibers.
The diameter of the fiber obtained shows an increasing trend as the relative molecular weight
of the polymer increases. The viscosity of the polymer solution also affects the
electrospinning process. Generally, high molecular weight polymers are required to prepare
an electrospinning solution with a lower concentration. The diameter of the fiber increases
cubically with increasing concentration of the polymer solution.!*”! The dielectric constant,
conductivity, volatility of the solution, and solubility of the solvent also affect the
morphology of the electrospun fibers. When the dielectric constant of the solution is high, the
surface of the jet can accumulate more charges, thereby resulting in several smaller jets and
fibers of varying diameters, and with a higher conductivity of the polymer solution,
electrospun fibers with smaller diameters can be obtained.”™ Solvents with extremely high or
low boiling points are not suitable for electrospinning. Solvents with low boiling points lead
to the blockage of the nozzle, thereby hindering the spinning process. However, solvents with
higher boiling points are not conducive to the solidification of the polymer fibers during the
spinning process. Unique fiber structures with different roughness, porous surfaces, and flat
cross-sections can be prepared by adjusting the mixed solvent system.”") Additionally, the
surface tension of the polymer affects the electrospinning process. The surface tension of a
polymer is generally affected by numerous factors, such as the polymer solution, solvent,

solution concentration, temperature, and humidity."**!

The processing parameters in the electrospinning process can be controlled to prepare
products with functional properties. The static voltage in the electrospinning process
determines whether electrospinning can be performed. The applied static voltage to the
solution must exceed a certain threshold so that the charge repulsion on the jet is greater than
the surface tension, thereby ensuring the progress of electrospinning. Increasing the static
voltage can increase the charge density on the jet surface, consequently reducing the jet
radius. Thus, the diameter of the prepared fiber tends to decrease. A feeding ratio that is too

high or too low will cause instability of the Taylor cone, which affects the morphology of the

This article is protected by copyright. All rights reserved.
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obtained fiber."*) In contrast, an increase in the feeding ratio leads to an increase in the
diameter of the fibers, while an excessively high feeding ratio may cause the melting bonding
of the fibers. The ideal receiving distance is also significant for the preparation of the
electrospun fibers. The collection distance requires to be equal to the evaporation rate of the
solvent to obtain electrospun fibers with an ideal morphology. In addition, the temperature
and humidity of the environment affect the surface tension of the spinning solution and the
diffusion process of the solvent; thus, the environmental conditions also significantly affect
the electrospinning process and the product performance. Reducing the humidity of the
environment will assist the solvent diffusion process. The obtained fiber morphology is more
uniform, and the diameter of the fiber is also reduced. In contrast, increasing the temperature
of the environment can reduce the concentration and surface tension of the polymer solution,

which can contribute to the electrospinning process.

Significantly, the quantitative investigation of electrospinning regarding the relationship
between control parameters and fiber morphology also has been focused on. > we
notice that there are some improvements in research methods of quantitative analyses.
Previous quantitative research methods, like orthogonal experimental design and using power
law relationships are time-consuming, and low efficiency in optimization the process of
electrospinning.”” > At present, these deficiencies have been solved greatly by innovative
methodologies, like Response Surface Methodology (RSM) and Artificial Neural Network
(ANN) in which all important factors are varied together over a set of experimental runs.®
%11 These new methods are more reliable and rapid, importantly, which can capture the
interaction effects between different parameters. Therefore, the total number of experiments
and experimental cost can be dramatically reduced. 7 ®!-%%] These methods have significantly
contributed to the theoretical progress, quantitative investigation, and efficient optimization
of the electrospinning. Specifically, recent quantitative research mainly focuses on the

influence of various important parameters, such as solution concentration, applied voltage,

spinning distance, volume flow rate, etc. on mean fiber diameter and standard deviation of

This article is protected by copyright. All rights reserved.
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fiber diameter. RSM and ANN are widely used methods which can find simultaneous effects
of various electrospinning parameters on fibers. Related research has been applied to diverse
polymers, like PAN, PA, PS, PMMA, PVDF, PVA, PLA, starch, and silk fibroin. [58, 63, 64, 65]
Through these quantitative analyses, essential characteristics of electrospun fibers, such as
fiber morphology, porosity, and roughness can be well controlled, and these studies offered
an in-depth insight into the complex phenomena of electrospinning. Furthermore, these
comprehensive studies based on mathematical and theoretical analyses provide a solid
theoretical foundation for the stable fabrication, and industrialization of electrospinning.
Thus, these fundamental investigations have important guidance for the future development

of electrospinning.

In general, the polymer solution, electrospinning processing parameters, and environmental
conditions affect the electrospinning process, as well as the product morphology and
performance. By controlling these factors, the electrospun fibers and their final products with
different morphologies and structures can be designed and prepared to meet various

functional applications.

2.4. Industrialization and products of electrospinning

Nanofibers prepared by electrospinning technology have a high specific surface area, high
porosity, easy size control, and easy functionalization. It was predicted that the global market
of nanofiber products will grow from $927 million in 2018 to $4.3 billion by 2023 at a
compound annual growth rate of 36.2% according to BCC research, global markets, and
technologies for nanofibers. Electrospinning technology mainly includes the solution method
and the melting method, and the solution method currently accounts for most nanofibers
produced. Solution electrospinning has the characteristics of low cost and feasible operation;

thus, it is the predominant method used for laboratory research and industrial production of

This article is protected by copyright. All rights reserved.
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nanofibers. The following will be discussed based on equipment improvement,

industrialization, and related products of electrospinning.

Solvent-based electrospinning can be divided into needle-based and needleless categories. In
the laboratory, electrospinning equipment with needles is often used because of its easy
operation, high stability, and feasible reconfiguration, as shown in Figure 4A and 4B. [66]
However, the production rate using this typical electrospinning technology is usually
approximately 0.01-1 g h™', which is much lower than the requirement for industrial
production. '*”! Therefore, to improve the yield of electrospinning, highly efficient
multi-needle electrospinning devices, which combine multiple needles together and spin
nanofibers simultaneously, have been developed.[®® Using this technique, the production
efficiency of electrospinning can be increased; however, the increase is not sufficient to meet
the requirements of industrial mass production. Additionally, this method can cause new
problems such as electric field interference between multiple needles, which can be
minimized by using an auxiliary electrode and a special arrangement of needles, as shown in
Figure 4C, and 4D. Further, in 2003, as a milestone in fiber production, researchers designed
a rotating cylindrical drum with dots in the solution as the starting surface for fiber generation.
[66. T Later, the technology was upgraded to needleless electrospinning equipment.
Needleless electrospinning systems significantly improve the spinning efficiency and
overcome the limitation of clogging during the spinning process. Using needless equipment,
the production rates can reach 8.6 g h™' with a cylinder for polyvinyl alcohol fibers.”” The
Elmarco company (Liberec, Czech Republic) produced the first industrial needless
electrospinning setup (Nanospider®) and claimed that the equipment has a production rate of
1.5 gmin"' per meter of roller length for fabricating nanomembranes with diameters of 50—
500 nm, as shown in Figure 4E."""! The needleless electrospinning system significantly
improved the spinning efficiency and overcame the limitation of clogging during the spinning
process. However, the configurations of the jets were not easy to control because its

processing is sensitive to humidity and temperature, and the products were usually more
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uneven than those of needle-based electrospinning. Overall, solution electrospinning has the
limitation of residual organic solvent. In the electrospinning process, usually approximately
90% of the solution is used to prepare polymer solutions, which can potentially cause
environmental pollution and is a health hazard to workers. Meanwhile, residual toxic solvents
restrict the use of related products in biomedical and tissue engineering applications.
Therefore, in recent years, researchers have developed solvent-free electrospinning and melt
electrospinning. In brief, this method involves heating the polymer to a temperature above its
melting point and then stretching the polymer melt solution into fibers under a high electric
field; this is the most promising method for nanomembrane production. Chen Mingjun et al.
reported that the scale-up production line of melt electrospinning can achieve a capacity of
300-600 g h™'.1"*! In addition, melt electrospinning can assist the electrospinning of
non-soluble polymers, such as PP, polyethylene, and polyphenylene sulfide, as shown in
Figure 4F. However, this type of electrospinning method requires external heating and other
auxiliary equipment. This type of solution consumes more energy than the solvent-based
electrospinning. In addition, this technology is still under development. The preparation and

research of protective films by melt electrospinning has rarely been performed.

To realize industrialization, additional to simple operation and low cost, continuous
production and stable quality control are also required. To date, there are few products based
on electrospinning technology in the market. Common electrospinning-based products are air
filters (ProTura® Nanofiber, United Air Specialists (a Clarcor company); Smart Mask,
NASK), and medical devices (Bioweb™™, Zeus). However, research on electrospinning
technology in areas such as energy, oil-water separation, catalysis, and advanced protective
clothing require to be continuously focused on. It is believed that solutions based on basic
principles to overcome the challenges of industrialization will be provided in the future, and
more electrospinning products will be available in the market. In this review, we focus on

electrospinning protective membranes based on advanced material modification, bionic
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structure design, and diverse applications to explore the development of electrospinning in

recent years.

A Plistic syvinge B Coaxial spinneret Triaxial spinmeret Janus spinneret
|

. ore wolution Hm lnner core wolution
Soletan 1 - Solution |
i ey core solution
8 Shell wiution

Triaxial fiber Side-byide

Figure 4. The development of the electrospinning equipment from laboratory and industry.

A) The typical solvent-based electrospinning equipment in laboratory scale.*"! Reproduced
with permission. Copyright 2020, De Gruyter. B) Re-configuration of the needle of the
electrospinning equipment for constructing diverse nanofiber structures.'® Reproduced with
permission. Copyright 2020, John Wiley and Sons/Wiley-VCH. C) Model and D) photo of
the pilot-scale electrospinning equipment for fabrication of silk nanofibers.[””) Reproduced
with permission. Copyright 2020, MDPI. E) Electrospinning processing of the needleless
electrospinning in pilot-scale (Nanospider™ Technology; Elmarco Ltd.). F) Schematic of
melt electrospinning onto a static collector.!””! Reproduced with permission. Copyright 2016,
Elsevier. G) Schematics and photographs of melt differential electrospinning applied using
two types of nozzles (HV: high voltage; DBNR: the distance between nozzle and receiver);

H) Nozzle with melt distributed on the outer surface of the umbrella-like nozzle and nozzle
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with melt distributed on the internal surface of the umbrella-like nozzle.””) Reproduced with

permission. Copyright 2014, John Wiley and Sons/Wiley-VCH.

3. Classification of fibrous membrane by materials

The material used is a key factor in determining the final performance of the product. In
recent years, researchers have classified materials used for fabricating protective membranes
according to the design and utilization of electrospinning materials. It was observed that the
use of hydrophobic materials, among which PVDF and fluorinated thermoplastic
polyurethane (TPU) are the representatives, in the protective film is of high significance. In
addition, considering their excellent processing performance, polyacrylonitrile (PAN)-based
electrospinning protective films have also been studied. However, PAN is not generally used
on its own, and additional hydrophobic post-treatment is required to construct a protective
membrane. In addition to the basic mechanical properties and hydrophilic/hydrophobic
properties, researchers have paid more attention to the essential protective properties, such as
air permeability, moisture permeability, one-way transport capability, and hydrostatic
pressure, of the fibrous membrane. Based on in-depth research on high-performance
protective films and the continuous development of a series of products, protective films have
been widely used in personal thermal management, high-performance combat clothing, and

various other protection fields.
3.1. PVDF-based protective membrane

PVDF is a thermoplastic fluoropolymer that can be synthesized by the polymerization of
vinylidene fluoride. Compared to other fluoropolymers, such as PTFE, PVDF has a lower
density of 1.78 g cm™. It combines the functionalities of fluor resin and general engineering
resin; therefore, it possesses favorable elasticity, low weight, low thermal conductivity,
chemical resistance, high temperature resistance, oxidation resistance, weather resistance,
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radiation resistance, and piezoelectricity.l”® It also shows excellent properties, such as
electrical properties, dielectric properties, and thermoelectric properties, required for the
electronics industry.’” It is the second most produced fluorine-containing plastic and has a
wide range of applications in smart fabrics, biomedicine, advanced sensors, new energy, and

defense industries.
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Figure 5. Representative research of protective membranes based on PVDF. A) Monomer of
PVDF, vinylidene fluoride. B) Polymer chain of PVDF. C) schematic of the fabrication
process of superhydrophobic PVDF membrane. D) and E) top-view and F) cross-section of
PVDF membrane.™ Reproduced with permission. Copyright 2018, American Chemical
Society. G) Illustration of the triboelectrically charged PVDF—trifluoroethylene (TrFE) filter
for enhanced trapping of particulate matter (PM), o.I”*! Reproduced with permission.
Copyright 2019, John Wiley and Sons/Wiley-VCH. H) schematic of breathable membranes
for an on-plant self-powered sustainable agriculture system.® Reproduced with permission.
Copyright 2021, American Chemical Society.

Currently, the most widely used waterproof and breathable fabric is Gore-Tex, which is a
two-way stretched porous PTFE. PVDF has a chemical structure similar to that of PTFE,
which has good processing properties and stable hydrophobic properties. Therefore, it can be
used to fabricate advanced waterproof and moisture-permeable fabrics by electrospinning. In
2002, Chang et al. first reported a composite fibrous membrane based on PVDF and
conductive carbon nanotubes (CNTs). This study investigated the basic characteristics, such
as viscosity, electrical conductivity, and surface tension, of PVDF/N, N-dimethylformamide

(1] The results showed that a fiber with a

solutions with different concentrations of CNTs.
diameter as small as 70 nm could be obtained. However, other important properties, such as
breathability, water vapor transmission (WVT), and waterproofness, have not been discussed.
In 2017, a PVDF-based breathable waterproof membrane was systematically investigated by
Ding Bin et al., in which the authors proposed a method for improving the mechanical
properties of membranes by bending polyvinyl butyral (PVB) and heat post-treatment.[gz]
Related studies are shown in Figure 5. The mechanical properties of PVDF were superior to
than that of the pristine PVDF membrane by a factor of approximately four with a high
tensile stress of 10.5 MP and a WVT of 10,600 g (m?-d)"'. However, the hydrostatic pressure
decreased with increasing PVB concentration. Subsequent studies on blending hydrophobic

fluorinated PU (FPU) into PVDF and improving the mechanical properties of PVDF by hot

pressing have been reported, and the waterproof and moisture permeability properties were
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systematically studied. Current research remains focused on balancing these two fundamental
properties, that is, achieving high water moisture permeability and high hydrostatic pressure
resistance. It is worth mentioning that these comprehensive properties of the electrospun
membrane depend on the diameter and morphology of nanofibers. Thus, related quantitative
research has been conducted. For example, Salehi M. et al. studied the influence of control
parameters on mean fiber diameter, diameter distribution, and porosity of the PVDF
membrane by RSM and ANN. %83 Results presented that the fiber diameter and standard
deviation of fiber diameter decrease with the increase of PVDF composition and increase
with the increasing solution concentration. The porosity decreases with the increase of the
solution concentration. Recently, in 2018, Li J. et al. systematically investigated properties of
PVDF fibrous membrane with seven parameters: voltage, flow rate, and rotation rate, tip to
collector distance, concentration of PTFF, concentration of PVDF, and mass ratio of DMAc
to acetone via RSM. The authors well optimized the electrospinning process and membrane
distillation performance by adjusting corresponding variables.®™ These studies are of great
significance for improving and optimizing the overall properties, including mechanical
property, air permeability, and hydrostatic pressure resistance of PVDF-based electrospun

products.

In addition, based on the favorable vapor permeability and flexibility of electrospinning
membranes, PVDF-based electrospinning has been applied to triboelectric energy harvesting,
sensors, and face mask filters. In 2019, Kyung Seok Han et al. used PVDF-TrFE to fabricate
an air filter with high efficiency (94% for particulate matter (PM), o filtration). It was
reported that the filter efficiency can be improved from 88% to 94% by the polarization of
dipoles and triboelectrification, as shown in Figure 5G.U”") In 2021, Prof. Ying et al. designed
a hydrophobic triboelectric nanogenerator (TENG) based on electrospinning technology. A
film with nanofibers and microspheres was prepared by electrospinning PVDF—
hexafluoropropylene and electrospray F-CNT, as shown in Figure SH. This unique structure

allows the film to possess excellent air permeability and hydrophobicity. Its highest output
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power density can reach 330 mW cm 2. ¥ Prof. Ding et al. designed a wearable TENG based
on nanofiber membranes using PVDF/ polydimethylsiloxane (PDMS) and PAN/PA6, which
can provide current and voltage outputs up to 110 pA and 540 V. It is worth mentioning that
the designed generator exhibits excellent performance in a highly humid environment.*>!
Simultaneously, Prof. Ding et al. studied a tailorable, washable, and breathable power
generation fabric based on PVDF electrospinning. The fabric can obtain biomechanical
energy from human movement and effectively convert it into electrical energy. The output
power density of the electrospinning-based textile reached 80 mW m 2. The design provides a
clean, safe, and efficient way to drive wearable electronic devices. In addition, the smart
fabric can also be used as a high-sensitivity sensor for human movement."*® Power generation
protective membranes can benefit from sensors, smart textiles, face masks, and
next-generation wearable electronics. Notably, key scientific issues in this field are mainly to
solve the high output power density of triboelectricity and the stability of devices in complex
environments (such as in a high-humidity environment). The solution to related issues will

significantly promote the development of intelligent protective films.

In recent years, some studies have investigated multifunctional PVDF membranes to ensure
the basic performance of PVDF, such as favorable waterproofing and moisture permeability.
PVDF membranes with UV-resistant properties can be achieved by blending organic and
inorganic anti-UV additives, and the membranes can be endowed with thermal management
performance by adding phase-change materials into polymeric matrix."*” Flexible and
breathable PVDF-based electrospun membranes with high-sensitivity properties and energy
harvesting characteristics can be fabricated by utilizing the piezoelectric/triboelectric
properties of PVDF materials and electrospinning technology. Considering the rapid
development of smart clothing and the generation of novel energy sources, PVDF-based
waterproof and moisture-permeable clothing produced by electrospinning has a promising

future.

This article is protected by copyright. All rights reserved.

25/90



Accepted Article

WILEY-VCH

3.2. PU-based protective membrane

PU is a polymer containing repeating units of urethane (—OCO-NH-) segments. Bayer first
synthesized PU in 1937.1%¥) Generally, PU is obtained by the addition reaction of polyether,
polyester diol, polyol, and isocyanate, followed by reaction with a chain extender.
Representative research related to electrospun PU for protective membranes is shown in
Figure 6." Because PU has favorable designability, weather resistance, and
biocompatibility, among synthetic materials, PU has the widest range of applications.”” The
following four fields accounts for 73% of the global PU consumption: furniture, construction,

electronics, and automobiles.
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Figure 6. Representative research of protective membrane based on TPU. A) Typical group
of PU (-OCO-NH-). B) Typical polymer chain of PU. C) Schematic diagram of
environmentally friendly waterborne PU nanofibrous membranes by emulsion
electrospinning for waterproof and breathable textiles.”!! Reproduced with permission.
Copyright 2022, Elsevier. D) Demonstration of waterproof and breathable performance; E)
Lyophobic property; F) Large-scale product photograph of the PU/C6FPU-2/MgCl,-3 fibrous

membrane.'”?! Reproduced with permission. Copyright 2017, American Chemical Society
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Because the structure of PU can be flexibly designed and its processing performance is
excellent, electrospinning products have been widely studied. Yun Kyung Kang reported the
first breathable waterproof PU membrane in 2007, and optimized various conditions of
electrospinning, such as PU concentration, applied voltage, and tip-to-collector distance, to
develop waterproof and breathable electrospun nanofibers onto substrate fabrics.!”*! The
obtained PU nanofibers/fabrics exhibited favorable air permeability, vapor transmission, and
thermal insulation properties; however, the hydrostatic pressure resistance of PU
nanofibers/fabrics cannot reach that of resin-coated fabrics. In 2015, Li et al. reported a
composite fibrous membrane, in which terminal FPU and CNTs endowed the membrane with
superhydrophobicity.[94] The optimized membrane possessed an excellent hydrostatic
pressure of up to 108 kPa, a WVT over 9,200 g (m*-d) ", and a low tensile stress stress of
12.5 MPa. Subsequent research focused on improving its mechanical properties and
waterproof performance by blending FPU and hydrophobic PDMS, and hydrophobic

nanoparticles, such as titanium dioxide, silicon dioxide, and graphene oxide.

Since 2017, an increasing amount of research has been conducted on PU-based unidirectional
water-transit products. Researchers usually fabricate two or more layers with different
hydrophilic and hydrophobic properties to achieve unidirectional water transmission. In 2018,
Miao et al. reported a tri-layered fibrous membrane based on hydrolyzed PAN-Si0,,
hydrophobic PU, and hydrolyzed PU-PAN.®*! The membrane can achieve guided water
transportation from the inner to the outer layer, which shows a high one-way transport index,
R, 0of 1,021% and a hydrostatic pressure of 16.1 cm H,O; R is an important factor considered
in this research. However, when considering some of the comprehensive properties of the
film, such as mechanical strength, hydrostatic pressure resistance, durability, and the
interaction force between the hydrophobic and hydrophilic layers, there are several issues

related to material structures that require to be resolved.
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The theory for the air permeability and moisture permeability of the protective membrane is

worth mentioning. The air permeability of nanofibrous membranes obeys Darcy’s law,®

which can be expressed as follows in Equation 4.
Ap-&3

x.Az.(l_g)z’

v=k- “4)

where v is the air velocity, k is the air permeability coefficient, Ap is the pressure difference

across the nanofibrous membranes, and €, x, and A are the porosity, thickness, and surface

area of the membrane, respectively.

Considering the design of electrospinning protective membrane, the air permeability of the
membrane can be improved by controlling the porosity and thickness of the membrane.
Additionally, considering that the protective membrane should be equipped with a high
hydrostatic pressure, the high-performance protective membrane should have the

characteristics of smaller pore size and higher porosity.

The water vaper permeability of the protective membrane was driven by the moisture
concentration difference between the two sides of the membrane. Therefore, moisture

97 1

transmission through the nanofibrous membrane follows Fick’s law of diffusion.” " In

particular, the WVT of the electrospinning membrane can be described using Equation 5.

e Odc
WVT =p-2- = 5

= o )
where D is the water vapor diffusion coefficient, 1 is the tortuosity factor of the membrane, c

is the water vapor concentration, and 0c/0x is the water vapor concentration gradient.

Tortuosity is the ratio of the radius of the average pore size to the membrane thickness.

Therefore, the pore size and porosity of the membrane are important factors that affect the

vapor permeability and moisture permeability of the protective membrane. Therefore, Amir

Rabbi and co-workers quantitatively investigated the porosity and fiber diameter of the TPU

electrospun membrane by RSM and ANN. Results showed that the validity of the RSM (R*=
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0.988) and ANN model (R*= 0.990) are both well enough for predicting morphology of
fibers. Particularly, the concentration of TPU solution plays a significant role (relative
importance of 79.85%) on fiber diameter and its standard deviation.”” Recently, in 2017,
Mohsen Gorji et al. utilized the RSM to optimize the overall performance, including water
vapor permeability (WVP), air permeability (AP), and mechanical property of the TPU
eletrospun membrane. Statistical results (ANOVA) indicated that R*=0.99 for WVP,
R*=0.96 for AP, R*=0.99 for tensile strength at break. Experimental results are in good
agreement with the model values by RSM."*! The construction of the one-way water
transportation and the quick-drying membrane was on the basis of these theories, and in the

following sections, we will discuss these aspects.

At present, research on waterproof and breathable electrospun membranes based on
environmentally friendly waterborne PU (WPU) has also attracted increasing attention from
scholars, as this methodology has the potential to help overcome the limitation of organic
solvents caused by traditional processes. In 2021, Zhou et al. designed a type of protective
waterproof-breathable nanomembrane based on WPU materials and water-based
fluoropolymer by post-crosslinking. The achieved membrane exhibited an excellent WVT of
12.8 kg m* d %, hydrostatic pressure of 74.3 kPa, and high elasticity of 67.4%, as shown in
Figure 6C.®Y Then, the author further studied waterborne electrospinning based on WPU,
long-chain alkyl polymer, and polycarbodiimide (PCD) for waterproof and breathable
protective membranes. The crosslinking reaction between PCD and WPU was designed to
enhance the mechanical properties of the membranes. The result indicated that the broken
stress of the achieved membrane can reach approximately 10 MPa, which is much higher
than that reported previously.!'””! Compared with the traditional organic solvent
electrospinning system, the aqueous electrospinning system has environmentally friendly
characteristics; thus, there is no issue of significant solvent pollution. However, the aqueous
electrospinning system generally involves the electrospinning of an aqueous PU system. The

formulation of the spinning solution is more complicated than that of a traditional organic
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electrospinning system. The control of the temperature and humidity during the
electrospinning process is more significant than organic electrospinning system. In addition,
the mechanical strength of nanofiber membranes spun from aqueous systems is low, and
post-treatment processes, such as cross-linking reactions, are usually required. In general,
water-based electrospinning systems are still under development, and more attention should
be focused on the development of high-performance water-based polymers, the design of
high-solid water-containing polymers, and the controllable adjustment of the hydrophilic and

hydrophobic properties of the water-based polymer interface.

Recently, based on the porosity of electrospinning products, functional studies on PU
electrospinning, such as warmth retention and flame retardancy, have been conducted. In
2021, Wu et al. designed an ultralight and mechanically strong fibrous sponge with excellent
warmth retention with a low thermal conductivity of approximately 25.8 mW m 'K 'and a
low volume density of approximately 2.2 mg cm ™' via direct electrospinning and thermal
crosslinking. For the material design, PU and polysulfone were used as the polymer matrix,
and a blocked isocyanate polymer was used as a crosslinker to enhance the mechanical
properties.!'”! The limitation of this study is that only one factor in thermal management,
which is the thermal conductivity, was considered. Recent research on the application of
textiles in thermal management has been attracting significant attention. For example, in
2019, Prof. Cui et al. designed a PE-based nanofiber membrane for cooling management.'*
The most important aspect of this paper is that he proposed an important factor, infrared (IR)
management (IR transmission and IR reflection) that requires to be considered for thermal
management. For example, coating a reflective metal layer in a traditional fabric or an
electrospinning membrane, such as silver nanowires, can increase the radiation efficiency and
enhance the thermal retention property.!'® In fact, there are numerous factors, such as heat
convection, moisture evaporation rate, and textile intelligent deformation to stimulus, all of

which affect the heat transmission and absorption of the product.!'*¥
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In summary, with the development of wearable textile materials, in recent years, an
increasing number of researchers have focused on PU-based electronic skins, antibacterial
protective membranes, and thermal management fabrics based on electrospinning

19] These studies have broadened the application range of electrospun films.

technology.!
However, functional design membranes with high hydrostatic pressure resistance, high
mechanical strength, high one- way transport property, and adaptable moisture permeability

are still important research topics for further studies.

3.3. PAN-based protective membrane

PAN is a polymer obtained by the radical polymerization of acrylonitrile monomers. Pure
PAN is brittle and hard, and its glass transition temperature is approximately 95 °C. It can be
softened and decomposed at 220-300 °C. PAN fiber was made into spun fibers by DuPont in
1942. "I PAN fibers are more inexpensive than natural fibers, and they exhibit superior
sunlight resistance and excellent anti-insect performance. PAN is also an important raw
material for preparing carbon fiber and has important applications in aircraft, missiles, and

pressure vessels.
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Figure 7. Representative research of protective membrane based on PAN. A) Monomer PAN,
acrylonitrile. B) Polymer chain of PAN. C) Schematic of fabrication of dual layer PU/
hydrolyzed porous polyacrylonitrile (HPPAN) membranes and optical images showing rapid
drying feature of PU/HPPAN membranes. D) Digital demonstration of water transport
behavior on the two-sided PU/HPPAN nanofiber composite membrane.!""”! Reproduced with
permission. Copyright 2020, Elsevier.

The representative research on PAN in electrospinning technology for protective membranes

is shown in Figure 7. In 2002, Drew et al. first reported the electrospinning of PAN for
This article is protected by copyright. All rights reserved.
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application in photovoltaic cells. The author considered that the PAN material fabricated by
electrospinning can achieve a specific surface area that can help generate a high photocurrent.
[19%8] The first report on PAN-based waterproof and breathable membranes was in 2014. Wang
et al. used waterborne FPU to enhance the hydrophobicity of PAN via coating.!'®” The
overall performance of the resultant membranes was significantly enhanced; the membrane
possessed a high hydrophobicity with a water contact angle (WCA) of 159°, a high
hydrostatic pressure of 83.4 kPa, and a high WVT of 9,200 g (m*-d)"". Sheng et al. developed
a chemical modification method to enhance the mechanical properties of fibrous
membranes.!''! In this study, the author constructed a PU/PAN/PVB electrospinning
membrane, in which a blocked isocyanate prepolymer (BIP) was added as the cross-linker.
After a chemical cross-linking reaction, the overall mechanical property of this composite
membrane significantly improved to 33 MPa, which is higher than that of the pristine
PU/PAN membrane by a factor of three. Babar et al. reported a dual-layer surface which was
treated by a nonwoven/electrospinning nanofiber membrane based on PAN and hydrophilic
Si0; nanoparticles. The optimized membrane possesses a high one-way transport index of
1,413% and an excellent OMMC of 0.99.""""! In a subsequent study, Miao et al. developed a
theoretical model and the corresponding quantitative analysis on the design of a fast-drying

membrane, that is, the wicking velocity (v/) and spreading velocity (v2) satisfy the following

[112]

equations.
2 2,42,.3
pgr pg*r
vl = exp(———=t 6
8u p( 16uycosf ); ©)

’ 6
2 = Trycos , %)
4ut

where p is the liquid density, g is the acceleration of gravity, r is the radius of the channel, u
is the viscosity of the liquid, y is the surface tension of the liquid, and € is the contact angle

between the liquid and inter-fiber channel.
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Significantly, the authors input the parameters into Equations 6 and 7, they observed that the
quantitatively calculated wicking and spreading velocity was consistent with the experimental
results. Therefore, vertical wicking and horizontal spreading can be controlled by the
anisotropic driving forces between the inter-fiber channels, which can be designed by
controlling the hierarchical structures in different layers. Correspondingly, the progress of
quantitative study in terms of PAN electrospinning also has been widely investigated. For
example, Bentolhoda H. M., Shu- Ying Gu, Ramazan A. A., and co-workers used methods of
regression analysis, RSM, and ANN to analyze the influence of electrospun parameters on

the fiber morphology, porosity, and contact angle of the PAN fibrous membrane. RSM
displayed a good accuracy in predicting the porosity while ANN can much accurately predict

651131 The applied voltage and the solution concentration are key

the contact angle. !
parameters that affect the porosity. The solution concentration is the critical parameter that
determines the contact angle and the fiber diameter of the membrane. These studies have
theoretical and practical value for guiding the controllable fabrication of the electrospun

membrane. They can facilitate the PAN-based fibrous membrane applied in advanced

water-directional transport.

In addition, based on the triboelectric properties of PAN electrospun membranes, few
researchers have studied their applications in protective masks and self-powered human
motion monitoring systems. In 2021, Yang Jiang et al. reported self-powered
all-nanofiber-based TENGs with UV-protective, self-cleaning, and antibacterial properties by
electrospinning Ag nanowires (NWs)/TPU nanofibers and TiO2@PAN networks. This
device has the functions of mechanical energy harvesting and self-powered sensing.!"'*! Guo
and Xiong fabricated a series of PAN-nanofiber-based facial masks with high flow rates,
filtration efficiencies, and long-lasting antibacterial effects, which are available for the

personal protection during the Covid-19 outbreak.!'"”!

Overall, in recent years, research on PAN-based protective membranes has focused on
endowing functionalities, such as superhydrophobicity, self-cleaning ability, UV resistance,
This article is protected by copyright. All rights reserved.
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and self-powered systems. In addition, few studies have attempted to combine an electrospun
moisture-permeable fibrous membrane with unidirectional water transmission to form an
advanced functional membrane. At present, the one-way transport capacity of over 1,000%
can be achieved, but achieving a high hydrostatic pressure remains a challenge. Designing a
unique hierarchical structure and learning from nature is necessary to resolve the
contradiction between unidirectional moisture permeability and high hydrostatic pressure

resistance.

3.4. Other materials-based protective membranes

In addition to the traditionally used materials of PVDF, PU, and PAN discussed above for

application in waterproof and moisture-permeable membranes, other materials, such as

[116] ) [117] [118, 119]

aromatic polyamide," ™ poly (styrene—butadiene—styrene) (SBS and cellulose,
are selected as waterproof and moisture-permeable materials because of their unique

properties.

Aromatic polyamide materials usually possess good thermo-resistant characteristics, so the
materials prepared using these materials can be used in high-temperature conditions. Park et
al. developed m- aramid-based nanofibrous membrane, which showed a favorable WVT of
7,650 g (m*-d) " and relatively lower thermal shrinkage than commercially produced e-PTFE.
Zhang et al. investigated an SBS-based membrane, and confirmed that the obtained
membrane showed excellent wrinkle resistance and tensile fatigue resistance. ['2% 12!
Additionally, considering the flexibility of SBS, Zhijun Ma et al. recently explored
SBS-based electronic skin. In this study, a stretchable conductor (over 1,800% strain) was
fabricated by coating an SBS-based electrospun fibrous membrane with a liquid metal. The
obtained devices exhibited high stretchability, permeability, and conductivity.!'** In addition,

considering sustainable development, traditional petroleum-based materials are not easily

degradable, so new waterproof and moisture-permeable materials, such as cellulose and
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(1231 According to reports, its waterproofing and

chitin, are being focused on.
moisture-permeable performance can be comparable to those of Gore-Tex and Next care.
Furthermore, based on the basic properties of the material, hydrophobic materials such as
PDMS,"?* fluoroalkyl silane,"'* and Si0O,,'*! can be used as doping components to improve

the hydrophobic properties of the raw materials. Therefore, a membrane with hydrophobic

properties and a high hydrostatic pressure can be achieved.

Meanwhile, the sustainable development of electrospinning based on materials and
dissolution is also a concern for several researchers. In 2021, Zhou et al. reported a type of
protective clothing using polyamide and ethanol via electrospinning. The obtained membrane
had integrated properties with a high hydrostatic pressure of 32.4 kPa, high particle removal
efficiency of 99.9%, WVT of 11.2 kg m >d "', air permeability of 2.6 mm s ', and tensile
stress of 15.6 MPa.["*”) He et al. designed a new multi-functional bioprotective mask via
green electrospinning. In the fabrication process, 5-bromosalicylic acid and PVB were used
as the polymer matrix, and ethanol was used as the electrospinning solvent.!'*®) Considering
the development of materials in biomedical applications, we have noticed that quantitative
investigations of electrospinning based on diverse biomaterials, like PLA, PCL, PEO, PVA,
gelatin, chitosan, starch, silk, etc. have received wide attention.!** '* This fundamental
research will greatly promote the fabrication and optimization of bio-based nanofibers.
Meanwhile, combined with green solvent used and these biomaterials, the problem of toxic
organic solvent remain can be solved. These studies will not only propel the industrialization
of electrospinning, but also impel electrospinning membranes applied in high added-value

biomedical applications, like wound healing, tissue regeneration, and drug delivery.

Overall, waterproofness, water moisture permeability, particle removal efficiency, and
unidirectional water permeability are important functionalities of the protective items. To
overcome the trade-off relationship between these key properties and improve its
comprehensive performance, the consideration of aspects such as material design, structure

construction, and post-treatment is required. Detailed discussions are presented in the
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following sections. Additionally, the spinnability of the material, design of the high solid
content solution, development of green solvent, and compatibility of the material and
electrospinning equipment are important factors that require to be considered during

laboratory experiments and industrial production.

4. Material modification and structure design of membranes

Apart from the impact of material properties on the protective film, structures, such as
roughness of the fiber surface, and different construction methods of multilayer films, are
also important factors that affect the overall performance of the protective film. In particular,
the hydrostatic pressure resistance and water repellency of the protective film are
significantly affected by the hydrophilic/hydrophobic and structural characteristics. Among
the numerous studies on the structure of the protective film, the researchers mainly analyzed
and studied the comprehensive performance of the protective film based on two aspects: fiber
morphology and the construction of multilayers. Research on the control of fiber roughness
includes blending hydrophobic nanoparticles and constructing intrinsic hydrophobic polymer
chains; research based on the construction of multilayers includes the construction of
differential hydrophilic/hydrophobic layers, adjustment of multilayer structure, and bionic
structure simulation. Based on the research on structure design, several reports inspired by
the simulation of natural fiber structures have emerged. These studies demonstrate favorable
comprehensive functionalities, including high mechanical properties, favorable moisture
permeability, excellent unidirectional moisture conductivity, and high resistance to
hydrostatic pressure, which provide the foundation for the future development of protective

fabrics for intelligent skin, wearable sensing, and new energy sources.
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4.1. Modifying hydrophilicity/hydrophobicity

From the viewpoint of the material, general engineering polymers, such as PVDF, PAN, and

TPU, can be used to fabricate electrostatic spinning protective fabrics. However, considering

the comprehensive performance, such as hydrostatic pressure resistance, mechanical strength,
and moisture permeability, raw materials with hydrophobic properties are required to

construct high-performance protective products.

Hydrophilicity/hydrophobicity is an essential characteristic of materials, which is determined
by the molecular structure of the material, as shown in Figure 8A and B. Hydrophilic
structures are molecular structures that are easily polarized so that water molecules can form
hydrogen bonds with it, and hydrophobic structures are structures with molecules that repel

B9 Theoretically,

water molecules, consequently hindering the formation of hydrogen bonds.!
hydrophobic molecules tend to be nonpolar. Therefore, they can be dissolved in neutral and
nonpolar solutions. The contact angle (0) between the material and water is a crucial

parameter that reflects the hydrophilic and hydrophobic properties of the materials, while 8

obeys Young’s equation as follows.!*"

where 6 is the contact angle, y5L is the solid/liquid interfacial free energy, y5 is the solid

surface free energy, and yLV is the liquid surface free energy.

In addition, the roughness of the interactive surface between the material and water also
affects 6. An increase in the material roughness can enhance the hydrophobicity of the
material. The relationship between the material roughness and 6 is expressed by the following

Cassie equation:''**!

cos0* = &,cos6; + d,cos0,, )
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where 8 is the apparent contact angle of the heterogeneous surface, 8; and 6, are the
contact angles on the two homogeneous surfaces, @; and @, are surface fractions of the

solid domains 1 and 2, respectively.

In the Cassie equation, the contact angle on the air domains is 6, = 180°, cosf, = —1;

hence, the apparent contact angle can be simplified as Equation 10.!"**!

cosf* = —1+ @, (1 + cosb,), (10)

Thus, for a very rough surface, @; < 1; hence, 6 tends to 180, and the drop will detach
from the material surface. Hence, when designing high-performance protective fabrics, there
are generally two approaches to improve the hydrophilic/hydrophobic properties of the
material: 1) selecting materials with differentiated hydrophilic and hydrophobic properties;
and 2) adjusting the surface roughness of the material to improve the hydrophilic and
hydrophobic propelrties.[13 1 The hydrostatic pressure resistance of the fibrous membrane is an
important parameter for protective products to determine its serviceable range. The high
hydrostatic pressure resistance enables the use of the product in extreme environments such

as heavy rain and deep water. Theoretically, the hydrostatic pressure resistance of the porous

film satisfies Equation 11:/'%:
/ 4y
AP =— cos0 .4y, (11)
max

where A P’ is the pressure that is enough to extrude water through the fibrous membrane, y
is the surface tension between water and the surface of the membrane, 6,4, is the contact
angle between water and the membrane, and d,,,,, 1s the maximum pore diameter of the

fibrous membrane.
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Figure 8. Hydrophobicity and hydrophilicity of materials as well as the relationship between
hydrophobicity and hydrostatic pressure. A) WCA of different types of surfaces; B)
Hydrophobic phenomenon of leaf surface in nature. C) The proposed mechanism of
waterproof property based on Young-Laplace equation.!*™ Reproduced with permission.
Copyright 2016, John Wiley and Sons/Wiley-VCH. D) Young—Laplace law for hydrostatic
pressure, dyq: and O,4,.*2 Reproduced with permission. Copyright 2014, Springer.
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The hydrostatic pressure resistance of the film is affected by the contact angle of the material

and the pore size of the membrane. Theoretically, the hydrostatic pressure resistance is
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inversely proportional to the pore size and is directly proportional to the value of cos 6, as
shown in Figure 8C. Therefore, a hydrophobic material should be selected to construct a
high-performance protective film. Hence, the mainstream protective membrane on the market,
the super-hydrophobic e-PTFE, Gore-Tex, is constructed based on this principle, as shown in
Figure 8C and 8D. Considering the facile processing characteristics of materials for
electrospinning, hydrophobic materials, such as PVDF and fluorinated TPU, are widely
studied for constructing protective products. Cui et al. reported a multilevel fibrous
membrane based on FPU and PVDF by the blending method, where the hydrostatic pressure
of the membrane can be improved by bending FPU to 140 kPa, and with a broken stress of 13
MPa, a WVT of 11,300 g (m*-d) "1 Zhao et al. reported an overall waterproof
performance and breathable nanomembrane based on FPU. FPU with short perfluorohexyl
(-CgF13) chains were introduced into a PU solution for electrospinning, and magnesium
chloride was used to decrease the pore sizes of the fabrics. The achieved membranes
possessed a favorable broken strength (12.4 MPa, high WVT (11,500 g (m*-d) "), and
excellent hydrostatic pressure (104 kPa), thus satisfying the requirements for high
performance in harsh environments.”* In other studies based on the hydrophilic PAN
electrospinning membrane, a high-performance protective film can be prepared by coating a
layer of hydrophobic material. Sheng et al. reported a fluoride-free PAN-based breathable
waterproof membrane by PDMS modification. PDMS assists the fiber to form a hydrophobic
adhesive structure which can improve the waterproofness and breathability of the electrospun
membrane.”*! The modified PAN membranes demonstrated a favorable hydrostatic pressure
(80.9 kPa, tensile stress (15.7 MPa, high WVT (12,500 g (m?-d) "), and an air permeability of
9.9 mm s . Therefore, the fluorine-free protective film is a future development trend that

considers both technological development and environmental protection.
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Figure 9. Modification of hydrophobic and hydrophilic properties of materials based on
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Baxter state model.

In addition to these studies and modifications of the hydrophobicity of the material, there are
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a few studies on increasing the surface roughness of the material to improve its
hydrophobicity. The corresponding classifications are shown in Figure 9. In 2020, Yu et al.
reported a fibrous membrane based on PU, PAN, and fluor silane-modified silica

nanoparticles (F-SiO,).!"*”) The hydrophobic inorganic F~SiO, can improve the roughness
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and reduce the surface energy of the membrane, consequently improving the hydrophobicity
of the nanofibrous membrane. The prepared hybrid porous membranes possess a robust
tensile strength of 19.5 MPa, WVT of 10,300 g (m*-d) ', and a moderate WCA of 137.2°. In
addition, the modification of the hydrophobicity of materials using silica-based particles was
also studied. Gu et al. designed a hydrophobic and breathable PU/ hydrophobic silica gel
fibrous membrane via electrospinning and post-heat treatment. Hydrophobic silica gel can
significantly improve the mechanical properties, thermal stability, and waterproofness of
composite membranes.!'** The obtained membrane exhibited a WCA of 142°, favorable
hydrostatic pressure of 5.5 kPa, moderate WVT of 8,050 g (m*-d)", and high air permeability
of 9.3 L/(m**s)'. Moreover, studies based on forming bead joints to adjust the
hydrophobicity were conducted. In 2018, Jiang et al. reported a facile methodology to prepare
ultra-hydrophobic fibrous membranes based on PVDF by high-humidity-induced
electrospinning.!”® The special microsphere fiber increases the roughness of the membrane,
subsequently improving the hydrophobicity. The optimized membrane showed a high WCA
of 154°, a hydrostatic pressure of 62 kPa, and a WVT of 10,600 g (m*-d)"'. However, as the
fiber defect is caused by microspheres, the membrane exhibits unfavorable mechanical
properties with a broken stress of 1.5 MPa. In addition, by designing this core—shell structure,
a polymer with a low melting point can also be used for the shell material, and after heat
treatment, moderate melting bonding can be formed between the fibers, which can

significantly improve the mechanical properties of the prepared film.

Overall, the basic issues based on material designs and fiber structures are generally
classified into two categories: 1) the design, selection, and adjustment of the
hydrophilicity/hydrophobicity of materials; and 2) the construction of micro-/nanostructures
on the electrospun fiber. Based on the resolution of these two basic issues, the protective film
can strike a balance between moisture permeability, air permeability, and hydrostatic pressure
resistance, thereby ensuring its comprehensive performance and further development of its

functionalization.
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4.2. Design of membranes with hierarchical layers

In addition to regulating the performance of the protective film with respect to material
design and the surface structure of fiber, other studies have focused on the construction of
multilayer protective membranes and functionalized protective membranes based on
hierarchical layers. Most of these studies focused on the control and preparation of different
layers of hydrophilic and hydrophobic membranes or the preparation of membranes with
adjustable channel pore diameters to achieve a unidirectional moisture conduction or

quick-drying functions.
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Figure 10. Multilayers of nanomembranes for quick-drying clothing. A) Transpiration
process in plants. B) Sweat release and heat dissipation of the biomimetic multilayer fibrous
membrane as a functional textile for personal drying and cooling. C) Photograph of large
biomimetic multilayer fibrous membrane. D, E) Infrared thermal images of the heat
dissipation performance of the cotton fabrics, PU multilayers, and PU/ boron nitride
nanosheets (BNNS) multilayers in dry (D), and wet (E) state, respectively."'?! Reproduced
with permission. Copyright 2021, John Wiley and Sons/Wiley-VCH.

To construct a typical moisture unidirectional transport membrane, at least two different

hydrophilic and hydrophobic membranes are required. The inner membrane near the skin is
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usually hydrophobic, whereas the outer membrane in contact with air is usually hydrophilic.
The hydrophobic film on the inner side provides a dry and comfortable feel to the wearer,
while the outer film is a hydrophilic film that serves as a siphon and conducts water; it can
achieve the spontaneous conduction of water from the inner to the outer side. The more
significant the difference between the hydrophilic and hydrophobic properties of the two
membranes, the more conducive is the construction of an efficient unidirectional water
transportation membrane. In addition, considering that the siphoning effect is affected by the
pore size, the pore size of the inner hydrophobic membrane is usually more prominent than
that of the outer hydrophilic membrane. The small pore size of the outer hydrophilic
membrane can effectively improve the siphoning effect and increase the efficiency of

unidirectional wetting, as shown in Figure 10.

In scientific research and industry, the one-way water transport capability index, R, is
generally used to characterize the unidirectional wetting effect of the film. The equipment
used for evaluating the one-way water transport capacity is moisture management tester
(MMT). The one-way transport capability is obtained by calculating the ratio of the integral
difference of water conduction between the upper and lower sides of the membrane.!*”!
Generally, products with R > 1,000% are excellent unidirectional moisture-conducting
products. Based on the design principle of the aforementioned one-way moisture-transport
product, in 2017, Babar et al. reported a dual-layer surface-treated nonwoven/electrospun
nanofiber membrane that possesses an excellent differential liquid moisture transport
characteristic."* In the structure design, as the nonwoven fabric has excellent moisture
release/absorbing features, it was used as the inner layer; because PAN is hydrophilic, it was
used as an outer layer. The nonwoven layer was treated with polydopamine (pDA) to

improve the wettability, and SiO, nanoparticles enhanced the hydrophilicity of the PAN layer.
The optimized membrane possessed a high R value of 1,413% and an excellent OMMC of

0.99. The fabricated membrane can be used for quick-drying clothing. However, important

parameters related to the hydrostatic pressure resistance of the membrane were not
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considered. Few subsequent studies have provided some improvements by comprehensively
considering the performance of the protective membrane. In 2017, Ju et al. prepared a
double-layer membrane containing a hydrophobic PU nanofiber membrane and a hydrophilic
PU/ tetrabutylammonium chloride (TBAC) nanofiber membrane.!"*"! A small amount of
TBAC can assist in obtaining a tree-like nanofiber structure. The formation of the tree-like
structure can increase the critical surface area and make the membrane hydrophilic. This can
improve the capillary effect to promote unidirectional moisture transportation. The fabricated
membrane shows a tensile strength of 2.9 MPa, friction coefficient of 0.49, OMMC of 0.35,
WVT of 2,170 g (m*-d) ", and hydrostatic pressure of 10,000 mm H,O. In 2018, Miao et al.
reported a trilayered fibrous membrane for functional moisture transport.” In the design of
the membrane, hydrolyzed PAN-SiO, was used as the outer layer to transfer the sweat out;
hydrophobic PU was chosen as the inner layer to tune the anisotropic wettability; hydrolyzed
PU-HPAN was selected as the transfer layer, which can guide the water transportation from
the inner to the outer layer and prevent the inverse process. The trilayered hydrophobic
fibrous membranes showed a high one- way transport index, R, of 1,021% and a favorable
breakthrough pressure of 16.1 cm H,O. The ultrahigh directional water transport capacity of

the obtained membranes is valuable for personal quick-drying textiles.

Thus far, there remains significant room for research in balancing some of the comprehensive
properties of the protective film, such as mechanical properties, hydrostatic pressure
resistance, air permeability, and durability. It is worth mentioning that the interaction
between the hydrophilic and hydrophobic layers has been neglected in several reports, so it is
possible that the bonding between two or more layers of films with different hydrophilic and
hydrophobic properties is not sufficiently strong. Therefore, it is easy to peel two or more
layers, eventually leading to poor durability of the product. In addition, impurities and
particles contained in the liquid are likely to block the pores of the fibrous membrane after

long-term use, thereby affecting user experience.
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4.3. Bionic design of fibrous membrane

With the development of bionic technology, significant progress has been achieved in various
fields. Many researchers have attempted to use the knowledge gained from nature in the
preparation of advanced functional products. Nanofiber products inspired by natural
structures, such as lotus leaves, polar bear hair, and spider webs have been produced. It was
observed that the leaves of lotus flowers have various secondary nanostructures, so they
possess good water repellent and self-cleaning functions. The hair of polar bears has a typical
hollow structure, so it has excellent thermal insulation; spider webs have high toughness, so
that they can be used to capture insects. Numerous biological phenomena have attracted the
attention of several researchers, and inspired by these phenomena, various electrospun

products, as shown in Figure 10, have been designed.
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Figure 11. Various bionic designs of multifunctional membranes. A) Macro- and microscale
images of lotus leaf, as well as the bionic lotus leaf structures with super-hydrophobicity
prepared by electrospinning."** Reproduced with permission. Copyright 2004, John Wiley
and Sons/Wiley-VCH. B) Hollow-structured bear hair and the hollow-structured nanofibers
with thermal retention by coaxial electrospinning technology."**! Reproduced with
permission. Copyright 2004, American Chemical Society. C) Tapered duckbill structure and
the electrospinning membrane with tapered structure for unidirectional water transport.'*¥

Reproduced with permission. Copyright 2019, John Wiley and Sons/Wiley-VCH. D) Plant
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transpiration and constructed Murray membrane with ultrafast water transport and

evaporation."* Reproduced with permission. Copyright 2018, American Chemical Society.

In nature, the lotus leaf effect is a typical example of increasing the hydrophobicity of a
material by increasing its surface roughness. Microscopy revealed that the surface of the lotus
leaf has several papillary structures in the micro/nanoscales, as shown in Figure 11. These
structures significantly increase the surface roughness of the lotus leaf, so the gap between
the water drop and the lotus leaf is filled with air. Therefore, the contact angle between the
water droplet and the surface of the lotus leaf is a superhydrophobic angle higher than 150°.
Inspiration from the physical structure of natural materials has tremendous significance for
the future design of new material structures. When an electrospun dilute polymer solution can
produce beads-on-string fibers, artificial surfaces with the characteristics of lotus leaves can
be achieved. Prof. Lei Jiang first prepared a superhydrophobic electrospun film containing
beads/fibers using a dilute polystyrene (PS) solution."'* The prepared porous beads were 3—7
um in size, and the fiber diameter was 60—140 nm. The prepared film possessed excellent
super-hydrophobicity, and its WCA can reach 160°. This study successfully simulated the
leaf structure of lotus, which has great significance for subsequent bionic structure research.
However, the mechanical properties and other comprehensive properties of the membranes
were not reported in this study. Subsequently, Acatay et al. revealed a superhydrophobic
bionic lotus leaf film via poly(acrylonitrile-co-a,a-dimethyl meta-isopropenyl benzyl
isocyanate) -based electrospinning. In this study, the authors increased the WCA to 167°. 14¢]
Recently, Jiang et al. reported a facile method to prepare PVDF-based ultra-hydrophobic
fibrous membranes under high humidity conditions by electrospinning. The special
microsphere-fiber increases the roughness of the membrane to improve its hydrophobicity.
The optimized membrane showed a high WCA of 154°, hydrostatic pressure of 62 kPa, and
WVT of 10,600 g (m*-d)"'. However, as the fiber defect is caused by the microsphere, the

membrane has unfavorable mechanical properties with a broken stress of 1.5 MPa.
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The polar bear is an animal that lives in extremely cold regions. During long-term biological
evolution, a special structure of hair with a hollow core was developed. The hair of polar
bears is filled with air with low thermal conductivity, significantly improving its thermal
insulation properties, thereby playing a crucial role in keeping them warm. The structure of
polar bear hair, with multi-channel microtubes is shown in Figure 11. Inspired by this
structure, researchers have designed hollow nanofibers by electrospinning. In 2006, Prof. Lei
Jiang’s group used paraffin oil and Ti(OiPr), solution to prepare various fibers with complex
hollow structures through multi-fluidic compound-jet electrospinning technology.!'*”
Electrospun nanofibers with two—five hole structures were fabricated through the
modification of channels in the needle of electrospinning. However, the coaxial
electrospinning has many drawbacks. Related quantitative studies have shown that for the
preparation of the stable core-shell electrospun fiber, a series of spinning parameters need to
be precisely designed, such as the ratio of the viscosities of core and shell solutions, the
structure of nozzles, and the electric field intensity. By adding surfactants, the ratio of the
viscosities of core and shell solutions can be adjusted greater than a threshold for obtaining
the stable coaxial Taylor cone and the uniform core-shell fiber.""** Xin Wang et al.
quantitatively studied the impact of different nozzle structures, concave type, flush type, and
convex type on the spinnability of core-shell fibers. Authors found that the nozzle with
concave structure benefits the uniformity of the electric field intensity distribution, and the
stable coaxial electrospinning.[l49] In 2018, Saeedeh R. et al. confirmed this view, meaning
that the core and shell diameter of the fiber are dramatically impacted by nozzle diameter and
polymer solution concentration.'>" So, the control, optimization, and stability of the coaxial
electrospinning is a serious concern, especially in the process of industrialization. According
to the principle of heat conduction, the prepared hollow fibers should exhibit a favorable
thermal insulation effect. Subsequent studies continued the preparation of porous nanofibers
by blending two-phase incompatible polymers for electrospinning or using two or more
solvents with different volatilities to prepare microporous nanofibers. Miyauchi et al.
reported a method for preparing porous PS electrospun fibers using a mixed solvent of THF
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and DMF.!"*"' During electrospinning, owing to the different volatilities of the two solvents,
the PS phase separates, so the obtained fiber has numerous fine microporous structures, and
its contact angle can reach 160°. There have been several related studies on porous nanofibers.
However, it is worth mentioning that most of the studies only focused on the characterization
of the fiber and its microscopic morphology, and few studies focused on the comprehensive
properties of the prepared porous fibers and their membranes. Therefore, in the future, based
on the current research on morphology design, more attention should be paid to the
comprehensive performance of nanoporous products, which is beneficial for promoting the

practical applications of bionic porous nanofibers.

In addition, a few studies have designed electrospun fibers or films based on the bionic
simulation of the transpiration of spider silk, duckbill, and the structure of plants to realize
specific applications. Based on the unique process of spider silk spinning, Liu Y et al.
developed an electrospinning technology known as bubble electrospinning that involves the
ejection of polymer jets from the bubbles formed by a highly charged-aerated polymer
solution.'"** Based on the excellent wettability of duckbills, in 2019, Bing Dai reported a
bioinspired Janus textile with conical micropores for human body moisture and thermal
management.!'*" The research involved the fabrication of a multilayer Janus membrane with
hydrophobic polyester and super-hydrophilic nitrocellulose embedded with a conical
micropore array on the inner surface. The obtained membrane showed an excellent
directional liquid transport with a directional water transport capability of 1,246%. The
membrane possessed a thermal retention property, maintaining a human body temperature 2—
3 °C higher than that maintained by cotton textiles. The mechanism of directional water
transmission was also developed, demonstrating that the hydrophobic polyester layer with the
larger opening of micropores to water, and the multilayer membrane can easily pump water
to the hydrophilic layer. In addition, the designed Janus membrane is comparable to
traditional products with respect to other properties such as water wicking and air

permeability. Inspired by the structure of plant fibers and plant transpiration, researchers have
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prepared advanced fast-drying fabrics by designing multilayer film structures. In 2019,
inspired by the transpiration process in vascular plants, Wang et al. fabricated a series of

1451 The obtained electrospinning web simultaneously

Murray networks via electrospinning.[
exhibited anti-gravity directional water transport and ultrafast evaporation. The prepared
Murray membranes showed an R value of up to 1,245%, an OMMC of 0.94, and a moderate
water evaporation rate of 0.67 g h™'. In addition, in an article based on Murray’s law, the
mechanism of the multi-branching porous structure and surface energy gradient was well
disclosed. The fabricated biomimetic porous Murray nanofibers are promising for application
in moisture-wicking technologies for personal comfort management. The anti-gravity water
transportation in plants is of great significance for water conduction and transportation. There
is great potential for the development of construction methods for bionic fiber structures. It is

considered that more high-performance membranes will be developed for daily use based on

bionic technology in the future.
5. Various applications of fibrous membrane

Electrospinning has good operability, and can be easily employed to prepare
micro/nanostructured fibers. The prepared samples have large specific surface areas.
Therefore, electrospinning technology has broad applications in biomedicine, filter materials,
and protective clothing. Electrospun protective membranes have various uses that combine
waterproofing, breathability, moisture management, and thermal regulation. With the
development of electrospinning technology, high-efficiency needleless electrospinning
technology and its unique fiber structure are predicted to promote developments in intelligent

manufacturing, wearable electronics, industry 4.0, and so forth.

5.1. Waterproof and breathable membranes

Breathable membrane materials are functional polymer materials with good market prospects

and increasing demands. It allows the selective permeation of water vapor and water droplets,
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that is, it prevents liquid water from permeating while facilitating the permeation of water
vapor. The permeation of water vapor is of great significance for the thermal management of

%2 During high-intensity exercise, the permeation of water vapor can

the human body.!
effectively reduce the high temperature of the body surface and improve the comfort of the
wearer. Similarly, in a cold environment, such as snowy mountains, a low water vapor
permeation rate can cause frostbite or death to the wearers owing to the condensation of
water vapor underneath the clothing. Therefore, water vapor-permeable and waterproof

clothing have a wide range of applications in outdoor clothing, medical and health field,

precision electronics, and building materials, as shown in Figure 12.
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Figure 12. Diverse applications of waterproof and breathable membrane. A) Schematic of
waterproof and breathable membrane."**' Reproduced with permission. Copyright 2020,
American Chemical Society. B) Application of waterproof and moisture-permeable

membrane in jackets and medical protective clothing. C) Application of waterproof and
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moisture-permeable membrane in building curtain wall. D) Optical images of patterned
Liquid metal-lyophilic Ag-SBS (LA-LAg-SBS) as the stretchable electrical circuit and
sensor."** Reproduced with permission. Copyright 2021, John Wiley and Sons/Wiley-VCH.

According to the principle and structure of the waterproof and breathable membranes, they
are mainly divided into two categories: 1) porous structure-based waterproof and breathable
membranes, and 2) non-porous, waterproof, and breathable membranes. Among them, porous
structures refer to membranes that usually contains pores with sizes of 0.5-20 um and owing
to the function of these micro/nanopores, the membranes exhibit waterproof and water
vapor-permeable functions.!"*” E-PTFE film is a representative of this type of film, but there
are a few limitations for products of this type: 1) during manufacturing, heating is required,
leading to high energy costs; 2) preparation processes are complicated, resulting in high
equipment cost; 3) PTFE is not easily degradable, consequently causing environmental

pollution.!"

Nonporous waterproof and moisture-permeable membranes are usually hydrophilic
membranes. This membrane possesses a stable WVT, that is, the WVT would not reduce
owing to micropore clogging during usage.!"'”) Typical films of this type are hydrophilic
polyester and PU films. Introducing hydrophilic groups, such as amino, hydroxyl, ether, and
carboxyl groups, can improve the hydrophilicity of the molecular chain to achieve moisture
permeability of the membranes.!'! The principle of breathability of hydrophilic membranes is
the adsorption—diffusion—desorption process. Owing to this moisture permeability principle,
it is difficult to achieve high moisture permeability in non-porous waterproof water vapor
permeable membranes. In addition, the molecular structure design of traditional hydrophilic
membranes 1s complicated, the synthesis is challenging, and the mechanical properties of the
prepared products are insufficient. These factors limit the use and industrialization of
non-porous, waterproof, and moisture-permeable membranes. Therefore, it is important to

develop new technologies for high-performance, waterproof, and breathable membranes.
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Table 2. Performances of waterproof and breathable membrane reported in recent years.

Accepted Article

Broken Hydrostatic Air
Materials Additives W\72T/ Stress Pressure Permeability  Ref.
(g/m-d) (MPa) (kPa) (mm/s)
PVDF - 10,870 40 102 - [156]
PVDF - 10,600 1.5 62 1.3 (78]
PVDF F-TiO, 10,600 15.1 60.2 - (11e]
PVDF AgNO; 2,915 234 - - (1571
PVDF/PVB - 10,600 10.5 58 9.8 (821
PVDF/PVB CNTs 7,846 20.2 59.2 - [158]
PVDF/PVA/PAA - 12,600 - 70 - [159]
PU Si0, 7,290 - 13 3 [160]
PU - 4,200 - 75 4 [161)
PU TiOy/FAC 12,900 14.6 62 - (162]
PU Si0, 8,050 - 55 - [138]
PU Si0O, 10,400 42 50 ; [163]
PU - 19,300 12.1 2.8 962 [164]
PU F-Si0O, 9,060 10.4 12.6 4.8 [165]
FPU TTMA* 13,100 8.5 86.2 5.5 [166]
FPU BNs’ 11600 32 - - [153)
PU/FPU CNTs 9,200 12.5 108 - (94]
PU/FPU AgNO; 12,900 9.8 102.8 - (1671
PU/FPU - 11,900 10 86 - [135]
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PU/FPU MgCl, 11,500 12.4 104 - 2]
PU/Nylon66 - 1,280 - - 10 [168]
PU/PMHS' - 9,500 14 54 _ [169]

PU/PVDF - 11,300 13 140 ; [170]
PU/PCL’ - 9,030 12 73.6 ] [71]
PU/FPU - 11,800 11.4 88.2 - (1721

PU/PVB/BIP - 9,600 33 110 - [110]
PU/PAN F-Si0, 10,300 19.5 - - (137]
PAN Si0, 11,400 - 74.3 20.5 [173]
PAN/PDMS - 12,500 15.7 80.9 9.9 [13¢]
PAN/FPU - 10,100 94 114.6 - (1741
PAN/FPU - 9,200 20 83.4 ; [109]
PDMS/PVB - 8,980 5 54 - [17s]
SBS - 4,540 - 63.9 5.69 [120]

m- aramid LiCl 7,650 - - - 176l

PAMPS’ GO° 1,450 4.5 - ; (177

Polyamide - 11,200 15.6 101.2 2.6 [127]

Polyamide - 10,300 - 106 - [178]

Accepted Article

1: polymethylhydrosiloxane; 2: poly (e-caprolactone); 3:
poly(2-acrylamido-2-methyl-1-propane sulfonic acid); 4:

tris(2-methyl-1-aziridinepropionate); 5: boron nitride; 6: graphene oxide.

In recent years, the reliance on advanced electrospinning technology, waterproofing, and

moisture-permeable nanomembranes has been increasing rapidly. In 2002, Chang Seoul first
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reported that electrospinning can be used for the research of waterproof and
moisture-permeable smart clothing.®") Furthermore, this technology has been developed
based on advanced materials such as PVDF, PAN, PU, and advanced equipment, such as
core—shell structures, hybrid co-spinning, single needle/multi-needle, and needleless
technology. The membrane exhibited improved the overall performance including moisture

permeability, mechanical strength, and hydrostatic pressure resistance.

Among listed investigations, the representative technology reported by Junlu Sheng in 2016,
who developed a chemical modification method to enhance the mechanical properties of
fibrous membranes and maintain the waterproofness and breathability at a high level.l''” In
this study, PU, PAN, and PVB were used for electrospinning, and BIP was added as the
cross-linker. After the heating post-treatment, the overall performance of the composite
membrane significantly improved. The obtained membrane showed a high tensile strength of
33 MPa and a high WVT of up to 9,600 g (m*-d)"". This intriguing method provides a
valuable platform for bonding fibers and enhancing the properties of the membrane.
Compared with studies on traditional waterproof and moisture-permeable products, this study
provides a promising approach for constructing nanofibrous membranes. Interestingly, Yue et
al. constructed a thymol-loaded PU fibrous membranes with waterproof, breathable, and
antibacterial properties, which have the potential for wound dressing applications using

("1 addition, based on the improvement of the key

portable electrospinning devices.
elements, such as breathability, mechanical properties, and hydrostatic pressure of waterproof
and breathable membranes, recent research results are summarized in Table 2. At present, we
know that the highest achievable mechanical strength is 42 MPa; the maximum achievable
WVT of the membrane is 19,300 g (m*-d)"'; the maximum achievable hydrostatic pressure is
115 kPa. On comparing the properties of the materials studied in current research,

mainstream products, such as Gore-Tex, may face substantial competitive pressure in the

future.
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Notably, there are various types of tests for waterproof and water moisture permeability, such
as determining the hydrostatic pressure and WVT, which differ significantly between the
American and Japanese standards. Considering the development of moisture-permeable films,
it is essential to combine these testing methods. Currently, it is expected that the moisture
permeability of products can be evaluated using an efficient and accurate sweating dummy.
In addition, with the development of material science and the innovation of electronic
technology, it is expected that waterproof and water-moisture-permeable membranes are
applied in these products. Flexible electronic skin is significant for the development of
breathable membranes in the future. To realize this application, researchers require to focus
on improving biological and electronic technical indicators, such as biocompatibility, specific
immune response, and electrical conductivity, based on the comprehensive performance of

hydrostatic pressure resistance and moisture permeability.

5.2. Unidirectional water-transport protective membrane

The water moisture transmission of the fabric is an essential factor that affects clothing
comfort. Suppose that the sweat secreted by the human body is not quickly transferred to the
outer surface of the fabric. In this case, it will cause significant discomfort for wearers,
consequently leading to the formation of breeding grounds for bacteria and is a potential
health hazard to the wearer. The unidirectional water transmission membrane exhibits
directional transmission of water molecules owing to its different hydrophilic and
hydrophobic abilities on both sides of the surface. Some people refer to this functional
membrane as a humidity diode. The unidirectional water transmission membrane can
transport sweat and water vapor from the body to the external environment, providing the
human body with a rapid drying and comfortable micro-environment. With the rapid
development of high-end sportswear, field uniforms, diapers, wound dressings, and other

advanced clothing, the demand for unidirectional water transmission and quick-drying
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membranes has increased. Representative research and its applications are shown in Figure

13.
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Figure 13. Representative application of one-way transmission membrane. A) Sweat release

process of the functional moisture wicking textiles. B) Fabrication of trilayered PU/(PU—

HPAN)/HPAN fibrous membranes. C) Laplace pressure versus WCA and pore diameter of
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the fibrous membrane (Dpore), Which provides two opposite forces to drive the water motion
in the inter-fiber capillary channels.”™ Reproduced with permission. Copyright 2018, John
Wiley and Sons/Wiley-VCH. (D, E) MMT results of the porous Murray membranes with
C6FPU loading weights: (D) 0.6 and (E) 3 g m™"."*! Reproduced with permission. Copyright
2018, American Chemical Society.

Based on the different principles of unidirectional water transmission, they can be roughly
classified into three categories. The first is the differential capillary effect, in which
researchers use the capillary effect to achieve unidirectional water transmission. It increases
the wicking performance and transmission rate by gradually narrowing the capillary diameter

(%01 the double-layer fabric structure, including thinner and thicker

from the bottom to top.
capillaries from the outer and inner fibers, respectively, of the fabric, a significant difference
in wicking force occurs between the inner and outer interfaces of the fabric. The liquid water
in the fabric is transferred under the action of this pressure difference. It transfers from the
inner layer to the outer layer, forming a unidirectional water transmission phenomenon. The
second category is the wetting gradient effect. In nature, beetles and spiders have an excellent
water collection ability because of the difference in surface wettability.!"®") The hydrophobic
area on the surface collects water from the air and is gradually transported to the hydrophilic
area. According to this principle, when the fabric has a hydrophilic/hydrophobic two-layer
structure, it produces a wetting gradient, achieving efficient unidirectional water transmission.
The third category is transpiration. This phenomenon is observed in plant transpiration, where
gravity is overcome to absorb water from the soil, transport it to the leaves through the xylem,

(1821 The transport efficiency of

and then removes water from the stomata and evaporates.
water vapor produced by this phenomenon is significantly greater than the evaporation rate of
water molecules on the free surface. The simulation of this multilevel bionic structure can

enable the preparation of highly efficient unidirectional water transmission products.

Fiber products with a high specific surface area can be prepared using advanced

electrospinning technology. The increase in specific surface area can promote the rapid
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conduction and evaporation of water molecules. Then, through a special structural design,
excellent unidirectional water transmission products can be prepared. A one-way
wet-conducting film based on electrospinning technology was first reported in 2017 by Aijaz
Ahmed Babar, who constructed a dual-layer surface-treated nonwoven/electrospun nanofiber
membrane based on PAN that exhibited excellent differential liquid moisture transport
characteristics..''"! The nonwoven layer was treated with pDA to improve the wettability, and
Si0, nanoparticles enhanced the hydrophobicity of the PAN layer. The optimized membrane
possesses a high one-way transport capacity of up to 1,413% and an excellent OMMC of 0.99.
Based on this research, porous electrospinning membranes were constructed. The PVP was
blended and washed from the fiber matrix of PAN to obtain a high roughness and porous
PAN for the first layer. The second layer was subsequently fabricated using PU nanofibers
via electrospinning. The resultant Janus membrane possessed a one-way water transmission
property with an R value of 1,311% and a breakthrough pressure of 17.1 cm H,0.'" At
present, the highest achievable R value is 1,413%, as listed in Table 3. In addition,
researchers tend to combine waterproofing and one-way transmission based on the
construction of multifunctional one-way water transmission products. The challenge is the
construction of products with high R and high hydrostatic pressure resistance. Compared with
commercial waterproofing and breathable products, hydrostatic pressure resistance has

significant potential for improvement.

Table 3. Performance of one-way water transport membrane via electrospinning.

Accepted Article

Materials Additives R OMMC WVT/(g/m*<h) Ref.
PU TBAC 34.9 - 2,170 [141]
PU/BNs - 1,072 ; ] [12]
PU/PAN SiO, 1,021 - - [95]
PAN Si0, 1,413 0.99 12,730 (i
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PAN/PU - 1,311 . ] [107]
PLA/Cellulose - 1,245 0.94 - [143]
CA - 919 0.89 12,110 (183]
Polyamide Ag 1,253 0.91 11,450 (1401

Accepted Article

The transpiration phenomenon observed in plants has two characteristics: self-driven
anti-gravity directional water transport and ultra-fast evaporation. Wang et al. utilized
synthetic materials and fabricated a series of Murray networks via electrospinning inspired by
the transpiration process in vascular plants.!"**) The obtained electrospinning web
simultaneously realized anti-gravity directional water transport and ultrafast evaporation. In
addition, in an article on Murray’s law, the mechanism of the multi-branching porous
structure and surface energy gradient was reported. The fabricated biomimetic porous Murray
nanofibers have promising applications in moisture-wicking technologies for personal

comfort management.

In addition, a few studies have not evaluated the mechanical strength and other
comprehensive properties of unidirectionally wetted membranes. Another limitation is that
the interforce between the two layers is not adequately strong in principle because of the
significant differences in the molecular chain structures between the hydrophilic and
hydrophobic membranes. Therefore, enhancing the interaction force between the
hydrophobic and hydrophilic membranes is essential to enable the practical application of
directional water transmission membranes. In the future, with the development of smart
clothing, biomedicine, and flexible microelectronics, directional water-absorbing and

quick-drying protective fabrics potentially have great significance in various fields.

5.3. Other applications
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Electrospun protective membranes have extensive applications, including waterproofing,
moisture-permeable membranes, and unidirectional moisture transmission membranes. It has
also been widely researched in various fields such as electromagnetic shielding,
anti-ultraviolet radiation, functional antibacterial, and personal thermal management. Related
research usually combines functional materials with an electrospun matrix to endow the
as-prepared membranes with specific functionality to satisfy the application of fibrous

membranes under the required conditions.

Polymer  Metal Fused Junctions

Figure 14. Fibrous membrane used for electromagnetic interference shielding. A) Schematic
of electromagnetic shielding.!"*!! Reproduced with permission Reproduced with permission.
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Copyright 2020, John Wiley and Sons/Wiley-VCH; B) SEM and atomic force microscopy
images of the Cu-wrapped nanofibers in the cellular membranes; C) cross-sectional SEM
image of the membranes; D) schematic and microstructure of the cellular membranes
composed of high-conjunction Cu-wrapped polymer nanofibers; E) photograph of a
large-area, flexible, and conductive membrane; F) continuous LED illumination regardless of
highly wrinkled membranes; uniform electrothermal behavior of the membranes at a low
driven voltage; G) contact angles of the cellular membranes without and with Cu layer;
typical antibacterial performance of pure polymer nanofiber membranes and Cu-wrapped
polymer nanofiber membranes.!"* Reproduced with permission. Copyright 2020, John Wiley
and Sons/Wiley-VCH.

Electromagnetic radiation has been attracting increasing attention owing to the widespread
use of electronic devices. This type of radiation emitted by devices such as mobile phones,
computers, and televisions significantly affects human health. Electromagnetic radiation can
be classified according to frequency from low to high, including radio waves, microwaves,
megahertz radiation, infrared rays, visible light, ultraviolet radiation, X-rays, and gamma
rays.!"*% In principle, conductive metal materials generally exhibit favorable radiation
shielding characteristics, and some nanomaterials, such as graphene, CNTs, and MXenes,
also exhibit favorable electromagnetic shielding functions.!"®*” In 2020, Zeng et al. reported
an ultrathin fibrous membrane with high electromagnetic interference shielding properties,
breathability, antibacterial properties, and waterproofing properties.!'® These membranes
were fabricated by pDA-assisted metal deposition technology, which can assist for metal
particles well adhering on the electrospinning polymer nanofibers. The resulting fiber
exhibits a metal-wrapped shell and polymer fiber-based core structure. Electromagnetic
interference shielding effectiveness (SE) of the membrane can reach 53 dB at a low
membrane thickness of 2.5 um and a SE of 44.7 dB at the lowest thickness of 1.2 um. In
addition, the normalized specific SE reaches 232,860 dB-cm? g ', which is higher than those

of other reported shielding materials. This development potentially has various applications,
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such as wearable smart electronics for resisting electromagnetic radiation pollution, as shown

in Figure 14.

In addition, UV-resistant materials are also a hot topic for research. Regardless of the
traditional textile field and the emerging smart textile field based on electrospinning
technology, preventing UV penetration, and ensuring wearing comfort are important issues.
Therefore, research on anti-UV materials is of long-term significance."® UV is an
electromagnetic wave with a wavelength between 10 and 400 nm. The wavelength is shorter
than that of visible light, but longer than that of X-rays. UVA-1 has the highest penetrating
power, and can reach the dermis and tan the skin. In 2020, Liu et al. reported a facile
fabrication method for environmentally friendly, waterproof, and breathable nanofibrous
membranes with suitable UV-resistant properties.”' ' A hydrophobic agent and
2-hydroxy-4-methoxybenzophenone (UV9), fluorinated nano-titanium dioxide (F-TiO,), was
blended into the PVDF solution. The addition of F-TiO, NPs improved the waterproofing
property of the PVDF membrane, while the synergistic effect between the inorganic particle,
F-TiO,, and organic UV absorber UV9 further significantly enhanced the UV resistance of
the PVDF membrane. The optimized membrane showed a favorable WVT of 10,600 kg
(m*-d)”", hydrostatic pressure resistance of 60.2 kPa, and high ultraviolet protection factor
value of 1,690. Methods to reduce the amount of addition to improve the anti-UV efficiency
significantly is the current focus of research in the development of anti-UV protective

membranes

Finally, other studies have focused on endowing traditional waterproof and
moisture-permeable electrospun membranes with antibacterial properties and thermal
management functions by adding antibacterial agents, thermally conductive fillers, and phase
change substances, such as silver nanoparticles, titanium dioxide, and quaternary ammonium
salts. In 2018, Zhao et al. prepared a human skin-like breathable fibrous membrane with
robust waterproof properties and antibacterial properties based on a novel type of PU

elastomer."'®” In addition, AgNO; was added to enhance its comprehensive performance. The
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optimized PU/C4,FPU/AgNO; fibrous membranes showed excellent waterproofing properties.
The membrane possessed significant antibacterial efficacy against Escherichia coli and
Staphylococcus aureus. Moreover, in 2021, Miao et al. reported a biomimetic transpiration
textile for highly efficient personal drying and cooling by mimicking the hierarchical and

(2] In this study, hierarchically porous structures

interconnected network of vascular plants.
were constructed using PU/boron nitride nanosheets. The obtained membrane shows a high
one- way water transport index of 1,072%, and an excellent thermal conductivities of 1.14 W
(m'K)". The unidirectional water transport and excellent heat management of this smart

membrane could provide a comfortable microclimate for the human body for next generation

of smart textiles.

In addition to research on protective films, an increasing number of studies have used
electrospinning technology to construct special structures to obtain functional application
films for electronic skin, mechanical sensors, heavy metal adsorption, and smart
photocatalysis. With the development of advanced materials, electrospun protective films are

being increasingly used in diverse fields.
6. Conclusions and Future Perspectives

Electrospinning technology has been rapidly developing in the last two decades and has been
applied in various fields such as biomedical sciences, integrated manufacturing, flexible
electronics, and high-efficiency catalysis. It has been 20 years since electrospinning was used
for protective clothing applications; in these years, electrospinning technology based on new
materials, functional structures, and functional design has progressed significantly with
respect to applications in smart clothing. Currently, additional to satisfying the market
demand, the protective membranes with basic functions, such as waterproofing or medical
protection, also pursues multi-functional membranes equipped with anti-UV, antibacterial,
and wearable energy properties. Therefore, the demand for functional products is showing a

significant growth trend.
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At present, researchers have performed electrospinning research on over 100 types of
natural/synthetic compounds, including PVDF, PAN, and PLA; considering the structural
design, core—shell, side-by-side, hierarchical, and fantastic bionic structures have been
realized via electrospinning technology; considering various applications such as breathable—
waterproof, quick-drying protection, and special functional protective membranes have been
fabricated and applied. Additional to the development of technology, corresponding material
optimization and selection used electrospinning is gradually changing from traditional
non-degradable, fluorine-containing materials to degradable materials, which can be
metabolized by the environment; based on bionic structure design, researchers have
investigated lotus leaves, hollow hair of polar bears, and plant structures, and numerous
issues regarding the construction principles for super-hydrophobicity, efficient heat
preservation, and anti-gravity water transportation have been solved; based on the functional
design of the protective film, combined with advanced nanotechnology, using materials such
as superhydrophobic silica, titanium dioxide, and CNTs, researchers have realized a series of
functions, such as thermal management, antibacterial, anti-UV, and anti-electromagnetic
waves. Protective films have been receiving increasing attention owing to the development of

new materials and functional structures with diverse applications.

However, few limitations regarding electrospinning technology remain that are yet to receive
sufficient attention. The development of materials and electrospinning technology, that is,
green material design, environment-friendly processing, and efficient production during the
industrialization of electrospinning are future development trends. Research based on
high-concentration and green solvent electrospinning solutions is lacking; based on issues
regarding the layered structures of electrospun fibers, more research on the methods to
improve the efficient combination of the hydrophilic layer and the hydrophobic layer via
physical, chemical, or corresponding post-processing technology is required; based on the
properties of electrospun nanofibers, there is no report on the physical and chemical

properties of spun monofilaments. More research on the electrospinning solution and the
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modification of the properties of monofilaments can provide an excellent foundation for the

development of electrospinning technology for protective films.

In summary, in the past 20 years, electrospinning technology with respect to materials,
structures, and multifunctionalities has been well developed. The achieved multifunctional
protective membranes have been used in various applications such as personal protection,
high-end sports, and special-operations uniform. However, research based on green
processing, hierarchical design, and monofilament performance has rarely been reported. We
are convinced that through the development of new materials, the improvement of
post-biomimetic technology, and the advancement of cutting-edge detection technologies,
these existing issues of electrospinning technology will be overcome one by one. In the future,
the development of high-performance and multifunctional electrospinning protective films
can significantly contribute to fields of electronic skin, smart wearables, high-end

biomedicine, and future integrated manufacturing.
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construction, and various applications via electrospinning. Diverse protective membranes are
investigated, existing problems are discussed, and solutions for future technology

development are proposed. This is of significance for the sustainable development of

intelligent protection systems.
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