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SUMMARY

Wearable electronics are receiving increasing attention with the advances of
human society and technologies. Among various types of wearable electronics,
electronic fibers/textiles, which integrate the comfort and appearance of conven-
tional fibers/textiles with the functions of electronic devices, are expected to play
important roles in remote health monitoring, disease diagnosis/treatment, and
human-machine interface. This article aims to review the recent advances in elec-
tronic fibers/textiles, thus providing a comprehensive guiding reference for
future work. First, we review the selection of functional materials and fabrication
strategies of fiber-shaped electronic devices with emphasis on the newly devel-
oped functional materials and technologies. Their applications in sensing, light
emitting, energy harvest, and energy storage are discussed. Then, the fabrication
strategies and applications of electronic textiles are summarized. Furthermore,
the integration of multifunctional electronic textiles and their applications are
summarized. Finally, we discuss the existing challenges and propose the future
development of electronic fibers/textiles.

INTRODUCTION

Recently, development of flexible and wearable electronics has been gradually prominent in our daily life

(Park et al., 2018; Trung and Lee, 2016). Ideal wearable electronics possess characteristics of flexibility, light

weight, easy to bind with human skin, and toleratingmechanical deformation, to satisfy the requirements of

comfort and avoid interfering with normal activities of humans (Zeng et al., 2014). However, traditional elec-

tronics with high performance are mostly made of bulky and rigid inorganic materials, such as silicon or gal-

lium arsenide, which are used for fabrication of complex planar circuits (Fan et al., 2008; Kim et al., 2009).

The mechanical mismatch between rigid electronics and human skin has immensely prevented electronic

devices from conformably attaching on the human body. Therefore, electronic devices are gradually devel-

oping toward flexibility andminiaturization to fulfill the requirements of wearing, and have developed from

three dimensional (3D) rigid devices to low-dimensional and lightweight flexible devices. Electronics in

forms of fibers and textiles, with advantages of good flexibility, light weight, breathability, and easiness

of integration with traditional clothes, are one of the ideal form of wearables (Chatterjee et al., 2019).

Although fibers have been used in human lives for thousands of years, the history of developing functional

and intelligent fibers is not long. Before the emergence of flexible and wearable electronics, optical fibers

and metal fibers were the representative functional fibers (Kao and Hockham, 1966; Wardclose and Parti-

dge, 1990). Recently, with the progress of material science and nanotechnology, wearable electronic fibers/

textiles, including 1D fiber-shaped electronic devices (electronic fibers) and 2D/3D electronic textiles,

which combine the flexibility and excellent mechanical properties of fibers/textiles with the functionality

and intelligence of electronic components, are attracting enormous interest. Electronic fibers/textiles

can inherit the advantages of light weight, flexibility, air permeability, and a certain degree of ductility of

traditional fibers/textiles while possessing electronic functions. Currently, 1D fiber-shaped electronics

have been widely studied and used in sensing (Mattmann et al., 2008), light emitting (O’Connor et al.,

2007), energy harvesting (Qin et al., 2008), and energy storage (Yang et al., 2013b; Zhang et al., 2016b).

At the same time, some works have explored the integration of electronic fibers into functional textiles.

Combining electronic fibers/textiles with human skin can potentially build an intelligent system, which

combines and coordinates the functions of response, perception, communication, energy harvesting, en-

ergy storage, and data processing (Shi et al., 2020). With further efforts, electronic fibers/textiles may be

integrated with biological nerves, muscles, and ligaments in the future to endow us with more functions.
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Table 1. Summary of 1D electronic fibers including the conductive materials, fabrication strategies, electrical conductivity, stretchability, and

applications reported in the literature

Conductive material Preparation method

Conductivity

/S m�1

Strength

/MPa

Stretchability

/% Application Reference

Metals

Ag/NWs/Ag NPs Chemical incorporation 2.45 2.8 900 Strain sensor (Lee et al., 2015)

Liquid metal (EGaln)/CBs Thermal drawing + Dip coating 1 4.2 500 Optical fiber

Strain sensor

(Qu et al., 2018)

Cu microwires Helically convolving 0.0005 – 70 Electrode (He et al., 2017)

Ag NWs Wet spinning 142.05 18.9 786 Conductive wire (Lu et al., 2018)

Cu NWs Dip coating 0.5 – 100 Electrical heater (Cheng et al., 2016)

Functional polymers

Polypyrrole Dip coating – – 100 Thermal sensor (He et al., 2016)

PEDOT Dip coating 0.0167 100 20 Strain sensor (Eom et al., 2017)

Conductive hydrogel Wet spinning 0.02 5.6 1180 – (Zhang et al., 2018b)

Organohydrogel Wet spinning 0.765 0.2 400 Strain sensor (Song et al., 2020)

Ionically conductive fluid Multicore–shell printing 0.00050 – 700 Strain sensor (Frutiger et al., 2015)

Carbon materials

SWCNTs Twisting SWCNT 4.40 110 285 Strain sensor (Shang et al., 2012)

MWCNTs Wrapping MWCNT on a rubber fiber 0.038 – 1320 Strain sensor (Lee et al., 2015c)

MWCNTs Wet spinning 0.001 – 300 Strain sensor (Tang et al., 2018)

Graphene CVD 25,000 40 7.1 Strain sensor (Wang et al., 2015)

rGO Twisting rGO film 6000 23 40 Thermal sensor (Wang et al., 2017)

rGO Dip coating 0.136 29 656 Strain sensor (Cheng et al., 2015)

MWCNT, multiwall carbon nanotube; SWCNT, single-wall carbon nanotube.
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Although great progress has been made in the fields of electronic fibers/textiles, most of the reported re-

sults are still far from practical applications owing to technical hindrances and challenges. The challenges

mainly come from aspects such as flexible conductive materials, manufacturing techniques, functionalities,

data security, testing methods, and standards for wearable technology. Currently, there still is a lack of

comprehensive review papers that cover the material selections for electronic fiber/textiles, the designing

of functions and corresponding applications, and the integration of multifunctional textiles, which is exactly

the purpose of this review (Figure 1). In this review, the material selections and fabrications of electronic

fibers are first introduced, with emphasis on the newly developed functional materials and technologies.

Second, fabrication methods and applications of electronic textiles are discussed. Third, integration stra-

tegies and applications of multifunctional electronic textiles are explicated. Finally, the persisting chal-

lenges, future opportunities, and trend of electronic fibers/textiles are discussed.
ELECTRONIC FIBERS: FABRICATION AND APPLICATIONS

Electrical conductivity is the prerequisite for fibers to be used as electronic fibers. Therefore, directly fabri-

cating conductive fibers or endowing traditional fibers with conductivity is necessary. This section will focus

on fiber-shaped electronics. First, the main types of the involved conductive components (such as metals,

functional polymers, and carbon materials) and the strategies to make them into electronic fibers will be

reviewed (Table 1). Then, the applications of the fiber-shaped electronic devices in sensing, light emitting,

and energy harvesting and storage will be discussed.
Conductive materials

Metals

Metals usually have excellent conductivity and have played very important roles in traditional rigid and

bulky devices. In recent years, traditional metal wires with high conductivity and strength have been

used in fiber-shaped electronics. For example, lithium wires could be directly used as negative electrodes
2 iScience 24, 102716, July 23, 2021



Figure 1. An overview showing the field of electronic fibers/textiles, including the conductive materials, the

structures and properties, and their applications in wearable electronics for intelligent body. Reprinted with

permission from (He et al., 2019). Copyright 2019, AAAS. Reprinted with permission from (Park et al., 2019).

Copyright 2019, American Chemical Society. Reprinted with permission from (Zhang et al., 2019). Copyright

2019, Elsevier. Reprinted with permission from (Liu et al., 2015a). Copyright 2015, Nature Publishing Group.
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in fibrous lithium-based batteries (Liu et al., 2017; Pan et al., 2018; Zhang et al., 2016a; Zhou et al., 2019).

Platinum wires have been used as counter electrodes in fiber-shaped dye-sensitized solar cells (Gu

et al., 2019; Pu et al., 2016). A newly developed thermally drawn technology, jointly stretching a variety

of materials, including metals, insulators, and semiconductors, can regulate the diameter of fibers frommi-

cro- to nanoscale, achieving novel and complex structures with the required size (Figure 2A) (Leber et al.,

2020). In the thermally drawn process, solid/liquid metals with low melting points can be used as the core

layers, and thermoplastic polymers can be used as the cladding layers, which were flowed together in a

laminar flow mode and thus the obtained fibers are continuous and do not agglomerate or break due to

unstable capillarity (Du et al., 2020). It should be noted that the thermally drawn technique can only be

used on materials fitting certain requirements, such as the viscosity of materials in different layers should

match with each other and the cladding polymers must be thermoplastic.

Metal-based electronic fibers can also be prepared by coating metal nanomaterials on the surface of

polymer fibers. The inner polymer fibers provide certain flexibility and stretchability for the electronic

fibers and reduce the weight of the electronics. The outer metal coating layers provide the electron

transport paths for electronic fibers. The metal nanomaterials can be assembled onto the fiber surface

through atomic layer deposition, electrochemical deposition, and electrodeposition (ELD) methods

(Jur et al., 2011; Lee et al., 2013). Among them, polymer-assisted metal deposition, a kind of ELD

method, is very attractive because it does not require expensive equipment and can prepare conduc-

tive fibers at a large scale under ambient conditions. For instance, a thin layer of Ni with a thickness of

340 mm was deposited on the surface of cotton fibers (Figure 2B). To improve the electrochemical ac-

tivity, reduced graphene oxide (rGO) was further electrochemically deposited (Liu et al., 2015a). More-

over, elastic fibers such as polyurethane (PU) fibers were selected as the inner layer of electrode fibers

to prepare highly elastic electronic fibers (Li et al., 2017). However, the coating method also has its dis-

advantages. The binding force between the conductive layer and the polymer fiber layer is usually

poor, and the conductive layer is prone to flake off induced by mechanical deformation, thus resulting

in deterioration in stability.

Another strategy is introducing metal nanomaterials into light weight and flexible polymer matrixes

through traditional spinning technology to prepare conductive hybrid/composite fibers. For instance,

Ag nanowires (NWs) were mixed with poly(styrene-block-butadiene-block-styrene) (SBS), followed by ob-

taining Ag NWs-mixed SBS fibers through a simple wet spinning process. To further improve the electrical

conductivity of the fiber, additional Ag NPs were directly coated on the surface of the composite fibers,

obtaining elastic and conductive composite fibers (Figure 2C). The composite fibers showed superior initial

electrical conductivity and elongation at break and exhibited strain-sensing behavior within a broad range

of applied tensile strain. The fibers could be embedded into a smart glove for detecting human motions

(Lee et al., 2015). However, the metal-polymer mixing strategy for fabricating fibers also has some limita-

tions: 1) The percentage of metal nanomaterials in the composite fibers is limited, and the conductivity is

not particularly ideal. Therefore, this kind of composite fibers are rarely used as conductive wires. 2) Metal

nanomaterials with excessive sizes will cause poor dispersion in polymer matrix, leading to the blockage of

the spinneret and low performance of the obtained composite fibers.
iScience 24, 102716, July 23, 2021 3



Figure 2. Metals and functional polymers for fabrication of electronic fibers

(A) Constant-scale and scale-down co-drawing strategy of flexible fiber probe. Reprinted with permission from Leber

et al. (2020). Copyright 2020, Wiley-VCH.

(B) Fabrication of rGO/Ni-cotton yarn composite electrodes for FSCs. Reprinted with permission from Liu et al. (2015a).

Copyright 2015, Nature Publishing Group.

(C) The fabrication process of highly stretchable conductive fibers reinforcing Ag nanowires for wearable electronics.

Reprinted with permission from Lee et al. (2015). Copyright 2015, Wiley-VCH.

(D) PEDOT:PSS fiber prepared by the wet-spinning processes. Digital photograph and scanning electron microscopy

image of PEDOT:PSS fiber and digital photographs of the fibers woven on the surface of cotton glove fabrics. Reprinted

with permission from Yuan et al. (2016). Copyright 2016, The Royal Society of Chemistry.

(E) Structure and display function of the electrochromic FSC. Reprinted with permission from Chen et al. (2014). Copyright

2014, Wiley-VCH.

(F) Fabrication process of organohydrogel fibers and their multifunctional applications in electrodes, optical devices, and

sensors. Reprinted with permission from Song et al. (2020). Copyright 2020, Wiley-VCH.
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Functional polymers

Polymer fibers usually have excellent flexibility, but most of them are not conductive except for some elec-

tronically conductive polymers and emerging ionic conductive polymers. This section will mainly discuss

the preparations and applications of electronic-conductive polymers and ionic conductive polymers.

Traditional electronic-conductive polymers, such as polypyrrole (PPy) (Li et al., 2019b), polyaniline (PANI)

(Xie et al., 2014), poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (Guo et al.,

2016), and polythiophene (Ambade et al., 2016) have showed wide applications owing to their unique elec-

tronic properties. For example, PEDOT:PSS fibers with length of meters and excellent electrical properties

were obtained in CaCl2 aqueous solution (Figure 2D). The fibers can be used as the electrodes of all-solid-

state fiber-shaped supercapacitors (FSCs). The FSCs show a high areal capacitance and areal energy den-

sity (Yuan et al., 2016). However, it is challenging to fabricate freestanding electronic fibers by employing

bare electronic-conductive polymers owing to their poor mechanical properties. To address this problem,

electronic-conductive polymers were usually coated onto commercial fibers or composited with other

conductive fibers, such as carbon-based fibers (Figure 2E) (Chen et al., 2014). Besides, some electronic-

conductive polymer fibers can change their colors in response to varying voltages, which have potential

to be used as electrochromic fibrous devices.

In addition, ionic conductive polymers have attracted significant attention owing to their high stretch-

ability, transparency, and superior conductivity and have been prepared in forms of hydrogel and fiber

(Shuai et al., 2020). The current in ionic conductive polymers is transported by means of the migration of

free ions in water, thus endowing the ionic conductive polymers with a smaller change in resistance under
4 iScience 24, 102716, July 23, 2021



Figure 3. Carbon-based nanomaterials as active materials or conductive additives for flexible and wearable

electronic devices

(A) Carbon sources, synthesis methods, and formations of carbon-based fibers. Reprinted with permission from Chen

et al. (2020b). Copyright 2020, American Chemical Society.

(B) Hierarchically buckled sheath-core CNT/PU fibers for super-elastic electronics, sensors, and muscles. Reprinted with

permission from Liu et al. (2015b). Copyright 2015, AAAS.

(C) Schematic diagram of preparing the bionic, super-elastic, and conductive PU filaments with worm-shaped graphene

microlayer. Reprinted with permission from Sun et al. (2019). Copyright 2019, American Chemical Society.
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deformation compared with electronic conductors. Currently, ionic conductive fibers are mainly prepared

through tubular templated method and wet spinning. Compared with the tubular templated method, wet

spinning is more efficient for preparing continuous fibers. However, the incompatibility of the slow poly-

merization process with the fast and dynamic spinning process under stretching force usually results in

poor spinnability, limiting the continuous preparations of ionic conductive fibers. In addition, ionic conduc-

tive fibers have drawback of evaporation/freezing of water under excessively high/low temperature, result-

ing in low efficiency. To solve these problems, it was reported that a kind of ionic conductive fiber was pre-

pared continuously by wet spinning through a dual network strategy of ionic complexation and covalent

hybrid cross-linking, followed by replacing water with a glycerol/water mixture (Song et al., 2020). As

stretchable and optical electrodes, the ionic conductive fibers could collect bioelectrical signals and be

used in phototherapy (Figure 2F).

Carbon materials

Carbonmaterials with 0D, 1D, and 2D structures have been widely used in flexible electronic fibers/textiles,

owing to their outstanding conductivity (z10 4 S cm�1), high strength, large specific surface area, and rela-

tively low mass density (Hirsch, 2010). Among them, carbon fibers (CFs), carbon nanotube (CNT) fibers, and

graphene fibers (GFs) have been widely used as conductive materials for preparing electronic fibers and

will be discussed in this section (Figure 3A).

CFs, a kind of carbon materials with fibrous morphology and carbon content of above 95%, are usually

obtained from carbonizing/graphitizing polymer fibers. They have excellent mechanical properties,

light weight, certain conductivity, and environmental stability. According to the precursors, CFs can

be divided into polyacrylonitrile (PAN)-based CFs, pitch-based CFs, and viscose-based CFs. For

instance, PAN fibers were first produced by polymerization of acrylonitrile and wet spinning, followed

by stabilizing at the temperature of 200–300�C. Finally, CFs were obtained through carbonization/

graphitization process in the temperature range of 1,000–2,800�C (Lee et al., 2001). However, owing

to their compact structure, high brittleness, and small specific surface area, CFs were usually only suit-

able for conductive substrates or wires but not suitable for active materials in sensors and other elec-

tronics (Rahaman et al., 2007).
iScience 24, 102716, July 23, 2021 5
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CNTs, another representative of 1D carbon nanomaterials, show a series of excellent characteristics, such

as light weight, high strength, tunable electrical conductivity, and good chemical stability. CNT fibers, the

1D macroassembly of CNTs, can partly inherit the shape and properties of CNTs at the microscopic scale

(Cheng et al., 1998). At present, the main preparation methods for CNT fibers are wet spinning and dry

spinning (array spinning, direct vapor deposition, and film winding). The structure and performance of

CNT fibers are strongly dependent on the spinning methods. For example, good orientation of CNTs in

a fiber will endow the fiber good flexibility, good electrical conductivity, and excellent mechanical proper-

ties. Thus, the CNT fibers can be bent, twisted, knotted, and woven without affecting their mechanical

properties (Jang et al., 2020).

GFs, using microscopic 2D graphene sheets as building blocks, are also considered as potential materials

for electronic fibers (Xue et al., 2017). To prepare GF-based electronic fibers, it is necessary to first realize

the preparation of macroscopic GFs with good flexibility, highmechanical strength, and excellent electrical

conductivity. There are four main methods for preparing GFs, including wet spinning, scrolling fibers from

films, 3D printing, and confined hydrothermal method (Xu et al., 2020; Zhang et al., 2020c). Compared with

other methods, wet spinning has prevailed in the fabricationmethods of GFs and has been extended to the

production of composite or hybrid GFs, in amanner of continuity and scale, but there is still a lot of room for

the improvement of the orientation and mechanical properties of the prepared GFs.

In addition, the above carbonaceous fibers can be used as substrates to in situ grow or coat conductive

polymers, such as PEDOT:PSS (Qu et al., 2016), PPy (Huang et al., 2015), or some inorganic nanomaterials

(MnO2 [Huang et al., 2015], MoS2 [Liang et al., 2017]), to obtain functional composite fibers. Meanwhile, car-

bon nanomaterials can also be made into composites with polymer fibers by coating or dipping methods,

to fabricate hybrid/composite fibers (Meng et al., 2015). Among various types of composite polymers,

stretchable and conductive fibers prepared by wrapping CNTs (Liu et al., 2015b) or graphene (Sun et al.,

2019) oriented in the fiber direction on pre-stretched rubber polymer fibers exhibit ultrahigh tensile ability,

wide reversible response range for strain, and long-term durability (Figures 3B and 3C). However, similarly,

the carbon nanomaterials in these composite fibers also show problems of easy aggregation and

desquamation.
Fiber-shaped electronic devices and their applications

Sensing devices

Sensing electronics can convert external stimuli, such as mechanical deformation, environment chemicals,

and changes in temperature or humidity into electronic signal, to obtain the related information. According

to the difference of the work mechanisms, sensing electronics can be divided into physical sensors, chem-

ical sensors, and electrophysiological sensors. Compared with traditional bulky electronic sensors, fiber-

shaped sensors exhibit better conformability with the body and are easily integrated into commercial

textiles (Cheng et al., 2017; Zhou et al., 2017). Over the past decades, fiber-shaped sensors have been

proven not only in concept but also in practical applications ranging from basic healthcare monitoring

to clinical assessment of disease status (Cho et al., 2019; Li et al., 2020a).

When physical sensors are subjected to mechanical deformation or environmental stimulation, their micro-

structures or inherent conductivity will change, which can be translated into resistance/capacitance or

voltage/current. Traditionally flexible sensors and even ultra-thin sensors can reduce the sense of touch

to some extent when they are attached to human body, resulting in deviation of the measured results, un-

able to truly reflect the natural feeling of the skin. Recently, flexible fiber-shaped strain/stress sensors are

widely studied and have become the most widely developed sensors owing to their applications in phys-

iological signal monitoring (such as heart rate, blood pressure, and respiratory rate) (Lee et al., 2020a). For

example, to reduce the sensory interference, an FSC flexible pressure sensor with high sensitivity has been

fabricated using the electrospinning method (Lee et al., 2020b), which can accurately monitor finger pres-

sure without detectable influence on human sensation (Figure 4A). Electronic fibers can also work as tem-

perature sensors because they may show linear or nonlinear changes in electrical resistivity under varying

temperatures. Fiber-shaped electronics were prepared by integrating a printed fiber-shaped temperature

sensor (FTS) and a printed asymmetric FSC through a simple 3D printing method (Zhao et al., 2018). The

FSC could provide stable output power to the FTS, and the temperature responsivity of the FTS is 1.95%
�C�1 (Figure 4B). Besides, some conductive fibers also exhibit changes in electrical resistivity when exposed

to different atmospheric humidity conditions, which can be used as humidity sensors. An inflight fiber
6 iScience 24, 102716, July 23, 2021



Figure 4. Fiber-shaped electronic devices for wearable sensors

(A) Nanomesh pressure sensor for monitoring finger manipulation without sensory interference. Reprinted with

permission from Lee et al. (2020b). Copyright 2020, AAAS.

(B) Weavable tunicate cellulose/CNT fibers for high-performance wearable sensors. Reprinted with permission from Cho

et al. (2019). Copyright 2019, American Chemical Society.

(C) Inflight fiber printing toward array and 3D optoelectronic and sensing architectures. Reprinted with permission from

Wang et al. (2020c). Copyright 2020, AAAS.

(D) Functionalized helical fiber bundles of CNTs as electrochemical sensors for long-term in vivo monitoring of multiple

disease biomarkers. Reprinted with permission from Wang et al. (2020b). Copyright 2020, Nature Publishing Group.

(E) GO/SA microribbons composed of directionally self-assembled nanoflakes employing 3D printing as highly

stretchable ionic neural electrodes. Reprinted with permission from Zhang et al. (2020b). Copyright 2020, National

Academy of Sciences.
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printing method that integrates conductive fiber preparation and fiber-to-circuit connection to fabricate

PEDOT:PSS fibers has been reported (Figure 4C). The PEDOT:PSS fibers, working as noncontact and

portable respiratory sensors, can collect both the distribution and direction of exhaled gas (Wang et al.,

2020c). Although electronic fibers can easily realize sensing ability, poor selectivity and anti-interference

ability are still huge challenges. For example, most of humidity sensors are very sensitive to temperature.

Many strain sensors also respond to pressure. Moreover, some conductive fibers/textiles show serious hys-

teresis, which seriously affects the accuracy and response time.

In addition to monitoring physical signals, continuous monitoring of chemical/biological parameters such

as electrolytes, metabolites, and other biomarkers in body fluids is also important to obtain complete in-

formation of an individual’s health at the molecular level. Hence, fibrous chemical/electrophysiological

sensors have been developed. Chemical sensors can selectively convert the identities and concentrations

of various chemicals into electrical signals.

The fibrous chemical/electrophysiological sensors can be prepared through coating active materials on the sur-

face of conductive fibers. A coaxial fiber sensor prepared by coating different functional materials on the surface

of a conductive CNT fiber could simultaneously realize real-timemonitoring of five physiological signals (such as

glucose, Na+, K+, Ca2+, and pH) andmaintain structural integrity and detection ability under repeated deforma-

tion (bending and twisting) (Wang et al., 2018). Besides, fibrous electrodes can be obtained by in situ polymeri-

zationof conductingpolymers orpolyelectrolyte-basedcoatingwithCNTson the surfaceof commercial noncon-

ductive yarns (such as cotton [Shimet al., 2008], nylon [Wanget al., 2016b]) for detecting the content of glucose or

metal ions in body fluid. For example, a fiber-shapedelectrochemical transistor (FECT) was fabricatedby coating

polypyrrole NWs and PVA-co-PE nanofibers on a nylon fiber. The channel current of the FECT depended on the

concentration of metal ions, enabling the fiber to work as a chemical sensor (Wang et al., 2016b). In addition,

conductive fibers obtained by carbonizing commercial fibers could also be used as the current collector or

work electrode of sensing devices for physiological signal detection and energy harvesting (Wu et al., 2020).
iScience 24, 102716, July 23, 2021 7
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Recently, fiber-shaped electrophysiological sensors implanted into living organisms to monitor health sig-

nals in real time have also been reported. Conventionally electrophysiological electrodes are usually made

of rigid materials (metal or metal oxide), which result in a mechanical and geometric mismatch between

electrodes and the soft, dynamic biological tissues. Recently, it has been reported that functionalized

multi-walled CNTs twisted into helical fiber bundles by mimicking the hierarchical structure of muscles

can monitor a variety of disease biomarkers in vivo (Figure 4D) (Wang et al., 2020b). Peripheral nerve signal

collection and electrical stimulation also have important clinical application value in the treatment of

neuropathic diseases. A helical ionic neural electrode with ultrahigh stretchability up to 1,000% and excel-

lent nanoscale ionic transport properties was prepared by a direct-ink writingmethod, which showed excel-

lent compatibility with soft and dynamic biological tissues (Figure 4E) (Zhang et al., 2020b). However,

although great progress has been achieved, fibrous chemical/electrophysiological sensors are still facing

challenges, such as easily drifted output signals, requiring calibration before using each time, unstable for

long-term storage and use, limiting their practical applications.

Light-emitting electronics

As a kind of functional electronic fibers, luminescent electronic fibers have also received extensive attention

and played an important role in transportation, security, anti-counterfeiting, clothing, and aviation (Lee

et al., 2020a; Wu et al., 2018). Fiber-shaped light-emitting electronics can be seamlessly integrated with

textiles, enabling applications in textile display, sensing, and camouflage. Fiber-shaped perovskite solar

cells (PSCs), polymer light-emitting electrochemical cells (PLECs), organic light-emitting diodes (OLEDs)

driven by direct current and alternating current electroluminescent (ACEL) devices have been reported

(Kwon et al., 2020).

Fiber-shaped PSCs have attracted more and more attention owing to their better flexibility than silicon-based

photovoltaic solar cells and higher energy conversion efficiency than organic photovoltaic cells. For instance, fi-

ber-shaped PSCs can be obtained by depositing perovskite materials on the surface of spring-like modified ti-

tanium wires (Figure 5A) (Deng et al., 2015). Besides being used in PSCs, metal wires for PLECs have also been

reported. The fiber-shaped PLECs have a coaxial structure consisting of a ZnO-modified stainless steel wire in

the core as the cathode and a CNT film in the sheath as the anode, with an electroluminescent polymer layer

sandwiched between the cathode and the anode (Figure 5B) (Zhang et al., 2015). Besides, fibrous OLEDs

were prepared by coating PEDOT:PSS, ZnO, polyethylenimine, super yellow, MoO3, and Al layers in sequence

on the surface of commercial PET fibers (Figure 5C) (Kwon et al., 2018). In addition to using commercial noncon-

ductive polymer fibers, conductive fibers can be directly used for coating functional materials. For example,

perovskite-CNT light-emitting fibers were obtained by integrating CNT fibers with organic-inorganic emissive

composite layers through an all-solution-processed method (Figure 5D) (Jamali et al., 2020). However, the dis-

tribution of the activematerials on/along the fibers and the solvent compatibility in the dipping process remain a

challenge. To address these issues, the outer electroluminescent layer and two internal parallel gels were

extruded simultaneously by a one-step extrusion process to obtain super-stretchable electroluminescent fiber

(Figure 5E) (Zhang et al., 2018). In addition, 1D ACEL fibers could be assembled by simultaneously extruding

different functional materials usingmulticore-shell printing heads by 3Dprinting (Figure 5F). By assembling func-

tional 1D devices into highly precise and complex 3Dmacrostructures, the fiber-shapedACEL could be used for

phototherapy, imaging bioelectronics, andwearable electronic textiles (Liu et al., 2020). However, thismulticore-

shell printing method requires each of printing inks possessing similar rheological behaviors in order to ensure

the simultaneous flow of different materials, which increase the difficulty for preparing fiber-shaped ACEL de-

vices. In addition, the high working voltage also limits the practical applications of fiber-shaped ACEL devices.

Energy-harvesting devices

Mechanical and thermal energy are pervasively available, especially from human motions and bodies

(Huang et al., 2020). Energy-harvesting devices in fiber shape can be woven into yarns or fabrics to build

large-scale wearable electronic systems, which can harvest energy from human motions and bodies to po-

wer wearable electronic devices (Pu et al., 2018). At present, there are mainly three kinds of energy-harvest-

ing devices based on piezoelectricity, triboelectricity, and thermoelectricity, respectively, which will be dis-

cussed in this section.

The workingmechanism of piezoelectric nanogenerators (PENGs) is that themechanical energy in the envi-

ronmentmakes the piezoelectric material deform, causing the potential difference on the different surfaces

of the material due to the piezoelectric effect, thus realizing the transformation from mechanical energy to
8 iScience 24, 102716, July 23, 2021



Figure 5. Fibrous electronics for flexible light-emitting devices.

(A) Schematic illustration of an elastic perovskite solar cells fiber. Reprinted with permission from Deng et al. (2015). Copyright 2015, The Royal Society of

Chemistry.

(B) Schematic illustration of a PLEC fiber. Reprinted with permission from Zhang et al. (2015). Copyright 2015, Nature Publishing Group.

(C) Schematic illustration of a fiber-shapedOLED and photograph of the OLED as a flexible light-emitting device. Reprinted with permission from Kwon et al.

(2018). Copyright 2018, American Chemical Society.

(D) Fabrication process for the coaxially coated light-emitting carbon nanotube fiber by a layer-by-layer method. Reprinted with permission from Jamali et al.

(2020). Copyright 2020, American Chemical Society.

(E) Super-stretchable electroluminescent fibers as textile display for electronic and brain-interfaced communications. Reprinted with permission from Zhang

et al. (2018). Copyright 2018, Wiley-VCH.

(F) Schematic illustration showing a multicore-shell print head and the printed 1D stretchable ACEL device. Reprinted with permission from Liu et al. (2020).

Copyright 2020, The Royal Society of Chemistry.
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electrical energy (Figure 6A) (Huang et al., 2020). Polymer fibers, which are flexible and chemically inert, can

be easily constructed into fiber-based PENGs. However, polymer-based PENGs usually have low dielectric

constants and require a high electric field to polarize, limiting their applications (Fan et al., 2016). In

contrast, inorganic piezoelectric materials, such as barium titanate (Liao et al., 2017), cadmium sulfide (Mo-

hanta and Sarkar, 2020), and zinc oxide (Gao et al., 2009; Yang et al., 2009) have excellent piezoelectric ef-

fects. However, their brittleness and rigidity limit their applications in flexible and wearable electronics. To

address this problem, inorganic piezoelectric materials are nanostructured or mixed with polymers to

construct fiber-shaped PENG devices (Figure 6D) (Jella et al., 2019). These devices exhibited high piezo-

electric performance, showing excellent ability to harvest mechanical energy from human motions.

Compared with that of PENGs, the working mechanism of triboelectric nanogenerators (TENGs) is that the

combined effect of contact electrification and electrostatic induction harvests the mechanical energy from

the environment and human motions, which have been applied in charging mobile phone batteries as

direct power sources and powering self-powered active sensors (Figure 6B) (Wu and Wang, 2016). At pre-

sent, a variety of commercial organic materials (such as nylon [Zhang et al., 2020a], cotton [Jeong et al.,

2019], silk [Dudem et al., 2020], perfluoroalkoxy [Hinchet et al., 2019], and PVDF [Fang et al., 2011]) and inor-

ganic materials (MoS2 [Xue et al., 2016], TiO2 [Lin et al., 2013], and Si [Yang et al., 2013a]) have been used to

prepare fiber-shaped TENGs with excellent performances. Commonly, fiber-shaped TENGs are designed

as coaxial or core-shell structures. Depending on the operation mode of fiber-shaped TENGs, they can be

further divided into single electrode mode ones and vertical contact separation mode ones. Compared

with the TENGs with single electrode mode, those with vertical contact separation mode usually have

higher electrical output and better stretchability (Dong et al., 2020b). Kim et al. reported a textile-based
iScience 24, 102716, July 23, 2021 9



Figure 6. Fiber-shaped devices for flexible and wearable energy management

(A–C) The mechanism of piezoelectric (A), triboelectric (B), and thermoelectric (C) nanogenerators, respectively.

Reprinted with permission from Huang et al. (2020). Copyright 2020, Wiley-VCH.

(D) Schematic illustration of a flexible piezoelectric nanogenerator based on organic-inorganic metal halide perovskite

(OMHP) materials and their polymer composites. Reprinted with permission from Jella et al. (2019). Copyright 2019,

Elsevier.

(E) Schematic illustration of a TENG. Reprinted with permission from Seung et al. (2015). Copyright 2015, American

Chemical Society.

(F) Schematic illustration of the assembly process of TEGs composed of organic thermoelectric polymers and CNTs.

Reprinted with permission from Kim et al. (2014). Copyright 2014, American Chemical Society.

ll
OPEN ACCESS

iScience
Review
TENG fabricated by stacking a Ag-coated textile and a nanopatterned PDMS-coated textile, which can

power LEDs, a liquid crystal display, and a remote control (Seung et al., 2015). Moreover, hybrid nanogen-

erators that integrated PENG with TENG together, which can harvest more mechanical energy through en-

ergy accumulation, have been reported (Han et al., 2013; Hansen et al., 2010). The key issue in the design of

hybrid nanogenerators is the integration methods and how to combine different energy harvesting modes.

In a hybrid nanogenerator fabricated on a coaxial carbon fiber, the instantaneous power density generated

by PENG and TENG could achieve 10.2 and 42.6 mW m�2, respectively (Li et al., 2014). The presence of

PENG is a complement for TENG, which can still harvest energy when the TENG does not work in certain

situations.

Except for mechanical motions, human body can continuously provide thermal energy up to 20 mW cm�2

(Hyland et al., 2016; Proto et al., 2017). The thermal energy can be converted into electrical energy by ther-

moelectric nanogenerators (TEGs) (Figure 6C). Thermoelectric materials mainly contain metal sulfide (Wan

et al., 2015), BiTe alloy (Harman et al., 2002), and metal silicide (Gayner and Kar, 2016), but their brittleness

and rigidity hinder their applications in flexible fiber-based TEGs. Besides, organic TMs, such as polyaniline

(Bhadra et al., 2009), PEDOT:PSS (Fan et al., 2018), and poly(2,7-carbazole) (Aı̈ch et al., 2009), have been

shown to be suitable for assembling flexible TENG devices, but their low Seebeck coefficient results in

poor thermoelectric merit. To improve their thermoelectric properties, the conductivity of these polymers

can be enhanced through doping, desorbing or mixing with high conductive carbon/metal materials (Zeier

et al., 2016). Organic thermoelectric polymers can be also combinedwith rGO (Sevinçli and Cuniberti, 2010)

or CNTs (Figure 6F) (Kim et al., 2014) to improve the electrical conductivity thus to enhance the thermoelec-

tric performance of the obtained TEGs.

Energy storage devices

However, although the output voltage of fiber/textile-based nanogenerators has been significantly

improved, especially the output voltage has been beyond 1,000 V, the most reported output current is
10 iScience 24, 102716, July 23, 2021



Figure 7. Fiber-shaped devices for flexible and wearable energy storage devices

(A–C) Schematic representation for three configured methods with parallel structure (A), twisted structure (B), and coaxial

structure (C) for fiber-shaped batteries. Reprinted with permission from Mo et al. (2020). Copyright 2020, Wiley-VCH.
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only several to hundreds of microamperes, which is still the biggest hindrance at present. It is still a great

challenge to enhance the output current of nanogenerators. The development of advanced weaving tech-

nology, such as the connection or integration of multiple fiber devices in series through 3D weaving, may

be an effective way to address the above issues.

With the continuous expansion of wearable electronics market, flexible energy storage devices in various

forms have attractedmore andmore attention. Among them, fiber-shaped energy storage devices, such as

SCs and batteries, display excellent flexibility, ductility, portability and deformation adaptability and are

very suitable for applying in the field of wearable electronics.

FSCs, being different from the traditional 2D planar SCs, show a unique 1D structure. The FSCs not only

exhibit the advantages of high-power density and long cycling stability but also can meet the requirements

of miniaturization, integration, and flexibility of wearable devices (Zhai et al., 2020). Owing to the fact that

SCs store energy by the formed double electrode layer between the electrodes and the electrolytes, the

designing of the structure plays a vital role in the improvement of electrochemical performance. Currently,

there are mainly three kinds of structures (parallel, twisted, and coaxial structure) for FSCs. The FSCs with

parallel structure can be made by closing positive and negative electrodes in parallel with a separator or

polymer gel electrolyte layer, which are similar to conventional planar SCs (Figure 7A) (Mo et al., 2020).

However, extra substrates (flat substrates or plastic packaging shells) are required to encapsulate the par-

allel FSCs. In addition, the capacitance and energy density are largely restricted by the limited interface

between the electrolyte and electrodes. Besides, two fibrous electrodes can also be twined or twisted

together, followed by separating with a separator or gel electrolyte, forming FSCs with a twisted structure

(Figure 7B). Compared with the parallel structure, the twisted structure could increase the interface surface,

thus improving the electrochemical performances of FSCs. However, the interface area of the FSCs with

twisted structure is still small. Moreover, FSCs with parallel/twisted structure may be physically separated

from each other in the process of bending, which may cause high internal resistance, thus reducing the

electrochemical performance. To address these problems, FSCs with coaxial structures were designed

and prepared to enhance the electrochemical performance. FSCs with coaxial structures were prepared

with an outer electrode layer, a core fiber electrode, and a polymer gel electrolyte between them through

layer-by-layer (LbL) assembling (Figure 7C). The FSCs with increased interface and coaxial structures

exhibit improved electrochemical properties. However, the precisely assembling process on the fiber

with large length-diameter ratio is technically difficult.

In addition, fiber-shaped lithium-ion batteries (FLIBs), as a kind of fiber-shaped energy storage devices,

were reported almost 10 years ago and soon attracted the interest of researchers (Kwon et al., 2012; Ren

et al., 2013). To date, fiber-shaped lithium-sulfur batteries, sodium-ion/sulfur batteries, aqueous Zn-ion

batteries, and metal-air batteries with high electrochemical performances have also been designed and

developed (Mo et al., 2020). Compared with planar batteries, the designing and fabrication of fiber-shaped

batteries (FBs) have some prerequisites. The essential components (electrodes, electrolytes, and separa-

tors) and fiber-shaped structures must be compatible. In the processes of work and deformation, the

FBs devices should avoid the short circuiting and leakage of the electrolytes. The safety, convenience,

and durability of FBs are also the main development directions for their practical applications in the future.

Recently, FBs have been combined with sensors, light-emitting devices, and SCs and have been demon-

strated in multifunctional integration systems (Sun et al., 2017). An integrated system can have high energy
iScience 24, 102716, July 23, 2021 11
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and power density or self-powered function by converting environmental energy (mechanical energy and

thermal energy) and also have the ability to respond to environmental stimuli. However, the process to

configure such an integrated system is usually complex and requires an in-depth understanding of the

working mechanisms of different functional parts, as well as precise structure design of different

components.
ELECTRONIC TEXTILES: FABRICATION AND APPLICATIONS

Electronic textiles, which may possess multiple functions by integrating various functional fibers, are

considered as one of the ideal forms of wearable equipment. There are mainly four ways to prepare elec-

tronic textiles: 1) direct weaving of electronic fibers into fabrics; 2) integration of fiber-shaped electronic

devices into commercial fabrics; 3) coating conductive materials on commercial fabrics; 4) carbonization

of commercial fabrics into conductive fabrics.
Direct weaving of electronic fibers into fabrics

Based on excellent flexibility and electrical properties of electronic fibers, it is easy to imagine that elec-

tronic fibers can be directly woven into fabrics, to give full play to the advantages of electronic fibers,

thus obtaining electronic textiles with various functions (Ding et al., 2020). For instance, a triboelectric-

induced electroluminescent textile, composed of ZnS:Cu/PDMS composite fibers (warp yarns) and PTFE

fibers (weft yarns), were woven with a simple plain woven structure (Figure 8A). The electronic textiles could

realize the integration of luminescent devices with self-powered systems and be further made into intelli-

gent cloths (Park et al., 2019). Besides, all-textile pressure sensors can be knitted using conductive yarns

and commercial nylon yarns together in a full cardigan stitch by a machine knitting method, exhibiting

high-pressure sensitivity (7.84 mV Pa�1) and fast response (20 ms) (Figure 8E) (Fan et al., 2020). The

textile-based sensors can also be independently woven into neck bands, wristbands, socks, and gloves

to monitor the arterial pulse of different body sites. In addition, energy storage textiles could be fabricated

based on energy storage fibers. A zinc-air battery with textile structure was prepared using zinc wires as the

cathodes and Co3O4/N-doped rGO-coated CFs as the anodes (Figure 8C). The energy storage textiles can

successfully power an LED watch or even charge a mobile phone (Li et al., 2018b). Compared with the

above conventional 2D structures, 3D woven structures, which have advantages of structure integrity,

dimensional stability, high protection ability, and warmth retention, have also been used for flexible elec-

tronics (Dong et al., 2020a; Li et al., 2020b).

Even so, there are still some challenges limiting the development of directly weaving electronic fibers into

electronic textiles. The mechanical properties of many electronic fibers are not strong enough to satisfy the

requirements of the automatic integration processes. Some electronic fibers are easy to be damaged dur-

ing the process of weaving. Besides, the fabrication approaches of electronic fibers are still limited and the

fabrication efficiency is low, making it difficult to prepare large-area electronic textiles. Thus, there is still a

long way to go before the practical application of electronics textiles.
Integration of fiber-shaped electronic devices into commercial fabrics

Weaving fiber-shaped electronics into commercial fabrics is also one of the methods to construct textile-

based electronic devices. The method can partly avoid the problem of poor mechanical properties of fiber-

shaped electronics and ensure long-term stability of conductive textiles in processes of stretching and

other deformation. This method has been applied in the fabrication of textiles with sensing, light emitting,

energy harvesting, and storage functions. Besides the direct woven method, machine embroidery, screen-

printing, and 3D printing have also been used to fabricate electronic fibers on commercial textiles. The

advantage of these methods for constructing electronic textiles is that electronic devices can be patterned

through designed procedures. Embroidery is a general approach for fabricating various decorative pat-

terns embroidered by yarns on textiles. For example, conductive silk yarns were integrated in different lo-

cations on a cloth by an embroidery machine, obtaining patterned smart textiles (Figure 8D). The obtained

smart textiles could be used to monitor human motions, showing the potential of electronic textiles in the

fields of healthcare monitoring and human-machine interfaces (Ye et al., 2019). Besides employing the

screen-printing method, CNTs/PU inks were printed on nylon textiles to obtain patterned conductive tex-

tiles with water resistance for self-powered touch/gesture tribo-sensors (Figure 8E) (Cao et al., 2018). Be-

sides, core-sheath fiber-based conductive patterns were directly printed on textiles by 3D printing
12 iScience 24, 102716, July 23, 2021



Figure 8. Fabrication and applications of electronic textiles

(A) Motion-driven electroluminescence textile that was woven using the ZnS:Cu-embedded PDMS composite fibers and

PTFE fibers. Reprinted with permission from Park et al. (2019). Copyright 2019, American Chemical Society.

(B) Machine-knitted washable sensor array textile for monitoring epidermal physiological signal. Reprinted with

permission from Fan et al. (2020). Copyright 2020, AAAS.

(C) Schematic illustration of energy storage textiles for powering wearable sensor and charging the mobile phone.

Reprinted with permission from Li et al. (2018b). Copyright 2018, Wiley-VCH.

(D) Photograph of the conductive silk yarn knit into a logo pattern on a cloth by an embroidery machine. Reprinted with

permission from Ye et al. (2019). Copyright 2019, Elsevier.

(E) Screen-printed washable electronic textiles as self-powered touch/gesture tribo-sensors for intelligent human-

machine interaction. Reprinted with permission from Cao et al. (2018). Copyright 2018, American Chemical Society.

(F) 3D printed smart patterns for multifunctional energy-management electronic textiles. Reprinted with permission from

Zhang et al. (2019). Copyright 2019, Elsevier.

(G) Carbonized commercial silk textile for wearable strain sensors. Reprinted with permission from Wang et al. (2016a).

Copyright 2016, Wiley-VCH.

(H) Carbonized electrospun silk nanofiber membrane for transparent and sensitive electronic skin. Reprinted with

permission from Wang et al. (2017b). Copyright 2017, Wiley-VCH.

(I) Direct laser writing of Janus graphene/Kevlar textile for intelligent protective clothing. Reprinted with permission from

Wang et al. (2020a). Copyright 2020, American Chemical Society.
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(Figure 8F) (Zhang et al., 2019). The direct printing of various custom designed functional patterns can

contribute to the production of personalized electronic textiles.

Coating conductive materials on commercial fabrics

Compared with the abovemethods, it is a simple and low-cost approach to fabricate electronic textiles by

directly coating conductive materials on the surface of commercial fabrics (Du et al., 2016; Liu et al., 2008;

Shim et al., 2008). Commercial fabrics can be immersed into the dispersion containing conductive mate-

rials for a certain time, and then conductive textiles can be obtained after drying. The electronic textiles

obtained by this approach can retain the inherent flexibility of commercial fabrics (Chatterjee et al., 2019;

Ehrmann and Blachowicz, 2019). Recently, various conductive nanomaterials, such as Ag (Hwang et al.,

2020; Wu et al., 2016), Mxene (An et al., 2020; Li et al., 2019a), CNTs (Shim et al., 2008), graphene (Du

et al., 2016), PEDOT:PSS (Choi et al., 2017), and PPy (Villanueva et al., 2019) have been used to prepare

electronic textiles. In the process of coating, the properties of the solvents and conductive materials

will influence the conductivity of the electronic textiles (Yang et al., 2018). While choosing the solvents,

the wettability of fabrics in the dispersion should be considered to ensure the continuous coating of
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conductive materials on the surface of fabrics. In addition, the viscosity and boiling point of the solvent

should be low to facilitate the uniform coating and the rapid drying of the fabrics (Noel et al., 2017). In

brief, the coating strategy has advantages of low cost and potential of mass production, while the disper-

sion and the process should be carefully designed in order to ensure the uniform coating of conductive

materials on the fabrics.

Carbonization of commercial fabrics into conductive fabrics

Except for commercial CF cloths and metal meshes, conductive textiles can be prepared through carbon-

ization of a variety of commercial fabrics (cotton [Zhang et al., 2017], silk [Lu et al., 2020; Wang et al., 2017b],

and Kevlar [Wang et al., 2020a]) using high-temperature treatment or directly laser writing. The prepared

conductive textiles have advantages of large scale, low cost, and environmental benignity and can be

widely used for fabrication of flexible and wearable devices. During the carbonization process, the

macromolecules in the fibers are decomposed and some part of the carbon atoms are reorganized and re-

crystallized, forming partly graphitized carbon structures with certain conductivity, while the original

macro-structure of the textiles is maintained. The original woven structures play an important role in

achieving high-performance electronic functions. For example, carbonized silk cloths with plain woven

structures encapsulated in elastic polydimethylsiloxane (PDMS) films can work as wearable strain sensors,

which have integrated advantages of super-stretchability and wide sensing range (Figure 8G) (Wang et al.,

2016a). In contrast, sensors made of silk georgette-derived carbon textiles have higher sensitivity and ultra-

low detection limit but a relatively smaller sensing range than that made of plain woven silk (Wang et al.,

2017a). In addition to conductive textiles derived from commercial fabrics, flexible carbon nanofiber mem-

branes obtained through carbonizing electrospun nanofiber membranes have also been used in wearable

sensors (Figure 8H) (Wang et al., 2017b). Recently, a laser writing approach has been used to realize in situ

fabrication of conductive patterns on commercial fabrics, which facilitates the design of electronic textiles

with personalized patterns (Figure 8I) (Wang et al., 2020a).

However, the carbonization approaches also have some limitations in fabricating conductive textiles. The

obtained materials usually have low graphitization degree and high defects, which result in low electrical

conductivity. Moreover, the excellent mechanical performance of the original textiles is mostly lost after the

carbonization process and the obtained textiles are usually fragile and easy to break.

INTEGRATION TOWARD MULTIFUNCTIONAL ELECTRONIC TEXTILES

Integration is essential in order to prepare electronic devices with multiple desired functions that can fulfill

requirements of practical applications (Shi et al., 2020). Electronic devices with the same function or

different functions can be achieved integrated to achieve a functional system. The integration of multifunc-

tional electronic devices not only reduces the complexity of external circuits but also makes devices more

portable and efficient to manage. For instance, FSCs with high output voltage have been prepared and

fabricated by mimicking the ordered structure of discharge cells in electric eel (Figure 9A). A stretchable

polymer fiber was used as the substrate for FSCs, and the series connection of adjacent single FSCs was

realized through the design of shared electrodes (Shi et al., 2020). Besides, coaxial FSCs could be inte-

grated with a photodetector to form a smart ring that display a stable optical response to white light (Fig-

ure 9B) (Li et al., 2018a).

Although the integration of FSCs with other electronics has been proved to be feasible in a 1D wearable

integrated system, an external power source is still needed to charge to the FSCs. Recently, in order to sub-

stitute the external power source, multifunctional and coaxial energy fibers integrated functions of energy

harvesting and energy storage have been developed. The energy fibers could power devices in a sustain-

able and continuous way without external power sources (Figure 9C) (Han et al., 2021). Similarly, electronic

textiles with integrated functions can be constructed. TENG textiles were prepared using non-conductive

polyamide (PA) yarns as warps, and conductive PA/Ag yarns and PA yarns as wefts alternately (Figure 9D).

The direct current generated by the triboelectric effect could charge the FSC yarns, realizing the integra-

tion of energy collection and energy storage functions (Chen et al., 2020a). Besides, the resist-dyeing-anal-

ogous method is one of the common dyeing techniques in traditional textile industry. TENG and SCs were

integrated on commercial knitted fabrics through the resist-dyeing-analogous method (Figure 9E). The ob-

tained electronic textiles could power small electronic devices intermittently without additional energy

supply from outside (Cong et al., 2020). However, the resist-dyeing-analogous method for the patterned

conductive textiles is only suitable for hydrophobic textiles but not for hydrophilic textile substrates.
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Figure 9. Integration of multifunctional electronic textiles and their applications

(A) In-series fiber-shaped electrochemical capacitors with high output voltages mimicking electric eels. Reprinted with permission from Sun et al. (2016).

Copyright 2016, Wiley-VCH.

(B) Coaxial wire FSCs integrated with CuInS2 photodetector for a wearable integrated system. Reprinted with permission from Li et al. (2018a). Copyright

2018, Wiley-VCH.

(C) Structures of fibers with functions of energy harvesting, storage, and utilization. Reprinted with permission from Han et al. (2021). Copyright 2021,

American Chemical Society.

(D) Integration of direct current fabric TENG and solid-state FSCs for bio-motion energy harvest and storage. Reprinted with permission from Chen et al.

(2020a). Copyright 2020, American Chemical Society.

(E) Self-charging power textile integrated with TENGs and FSCs. Reprinted with permission from Cong et al. (2020). Copyright 2020, American Chemical

Society.
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FUTURE AND PROSPECTS

As reviewed above, electronic fibers/textiles exhibit great potentials and have become one of the most

promising branches of flexible electronics. In this review, we systematically reviewed the recent advances

in electronic fibers/textiles in terms of the involved conductive materials, fabrication strategies, applica-

tions, and multifunctional integration. Although tremendous accomplishments in functional diversity of

electronic fibers/textiles have been demonstrated, challenges that hinder the practical applications of

electronic fibers/textiles still remain.

First, compared with traditional bulk or thin-film devices, electronic fibers/textiles exhibit relatively poor

performances. The diameters of electronic fibers are usually so small that the electrical conductivities of

electronic fibers are usually relatively lower than those of bulk or thin-film electrodes. Although various stra-

tegies, such as introducing more conductive materials or designing device structures, have been reported

to enhance the performances of electronic fibers/textiles, a balance between their electrical and mechan-

ical properties has not been really achieved. In addition, cycling stability and washability of electronic

fibers/textiles also need to be improved. For example, conductive materials on the surface of electronic

fibers/textiles especially that prepared by dipping or coating, are easy to peel off during the processes

of repeated deformation and washing. Therefore, further efforts are necessary to make electronic fibers/

textiles to be washable and stable while showing the desired electrical performance.

Second, in order to fully realize commercial application potentials of electronic fibers/textiles, it is essential

to develop efficient technologies to produce flexible, breathable, and large-scale electronic fibers while

ensuring that the performances of the electronics meet the requirements of practical applications. At pre-

sent, electronic fibers are mainly woven into electronic textiles by hand at the laboratory scale. To promote

the large-scale fabrication, it is necessary to develop new and efficient machine weaving technologies to
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fabricate electronic textiles. Besides, the integration of multi-functions in electronic fibers/textiles is one of

the big challenges due to the interference between different functions. Moreover, in addition to the func-

tions discussed above, including sensing, energy harvesting, and energy storage, the integration of fiber/

textile-based circuits, information acquisition parts, personal data security function, and computing parts

almost has not been explored.

Third, it is difficult to compare the performances of electronic fibers/textiles owing to the lack of uniform

technical and testing standards at present. The calculatingmethods of parameters for electronic fibers/tex-

tiles are not consistent in different reports, so it is difficult to compare between different functions or even

the same function. Furthermore, the ability to sustain bending, stretching, and twisting of electronic fibers/

textiles is an important property for evaluating the flexibility of devices, but there is no uniform evaluation

standards so far. Finally, the study of electronic fibers/textiles belongs to interdisciplinary research,

requiring the joint efforts of scientists in various fields. Such interdisciplinary cooperation will increase

the possibility of commercialization of electronic fibers/textiles, which will speed up the application of flex-

ible and wearable electronics in human health, digitalization, and intelligence.

In summary, electronic fibers/textiles, as a new form of flexible electronics, have great potential in smart

wearable fields. In future, electronic fibers/textiles with integrated characteristics of unique structures

and various functions are expected to blend into our life, similar to traditional fibers/textiles. They will

not only meet the needs of wears daily but also serve the emerging fields of personalized health/medical

treatment and human-machine interface, which will innovate the way of our lives. Although some exciting

progress has been achieved in various aspects, lots of challenges remain. We believe that, with the contin-

uous efforts of researchers from different fields, the design, functions, and performances of electronic fi-

bers/textiles will be further improved, thus promoting the further development of electronic fibers/textiles

toward a bright future.
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