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fields is breaking out, such as the Internet 
of Things (IoTs), big data, humanoid 
robotics, and artificial intelligence (AI). 
Nowadays, the rapid advancement of these 
functional electronic devices is trans-
forming the way people communicate 
with each other and with their surround-
ings, which has integrated our world into 
an intelligent information network. Owing 
to that no electronics works without elec-
tricity, the processes of human informati-
zation and intelligence depend on broad 
energy supplies and powerful power sup-
ports. In other words, electric power can 
be regarded as the flowing blood that 
keeps every components of the current 
society running normally and healthily. 
However, with the rapid consumption 
of conventional fossil fuels as well as the 
growing voice of environmental protec-
tion, the current energy structure and its 
supply status are facing unprecedented 
challenges. On the one hand, the over-
whelming energy crisis and ecological 
deterioration have become huge bottle-
necks restricting socioeconomic develop-
ment.[1] Some serious situations may even 
worsen to the root of interstate interest 

conflicts or the disaster that threatens the survival of mankind. 
In this case, the transform of energy structure from scarce, 
pollution-prone, and irreproducible mineral resources to abun-
dant, environmentally friendly, and renewable green energies is 
desperately required. On the other hand, the traditional central-
ized, immobile, and ordered energy supply patterns based on 
power plants are incompatible with the present development of 
functional electronics associated with individual person, which 
follows a general trend of miniaturization, portability, and low 
power. As the information age is coming, billions of things 
must be connected with sensors for various measurements, 
perceptions, controls, and data transmissions.[2] These mobile, 
human-oriented, randomly and massively distributed sensing 
networks also require the corresponding matched power supply 
system. Therefore, it turns out that the unreasonable energy 
structures as well as the mismatched supply pattern lead to the 
current development dilemma.

Portable power supplies and self-powered systems are the 
most promising solutions for the above straits. For wearable 
power sources, one of the compromises is to choose small-size 

Integration of advanced nanogenerator technology with conventional textile 
processes fosters the emergence of textile-based nanogenerators (NGs), 
which will inevitably promote the rapid development and widespread 
applications of next-generation wearable electronics and multifaceted artificial 
intelligence systems. NGs endow smart textiles with mechanical energy 
harvesting and multifunctional self-powered sensing capabilities, while 
textiles provide a versatile flexible design carrier and extensive wearable 
application platform for their development. However, due to the lack of 
an effective interactive platform and communication channel between 
researchers specializing in NGs and those good at textiles, it is rather difficult 
to achieve fiber/fabric-based NGs with both excellent electrical output 
properties and outstanding textile-related performances. To this end, a critical 
review is presented on the current state of the arts of wearable fiber/fabric-
based piezoelectric nanogenerators and triboelectric nanogenerators with 
respect to basic classifications, material selections, fabrication techniques, 
structural designs, and working principles, as well as potential applications. 
Furthermore, the potential difficulties and tough challenges that can impede 
their large-scale commercial applications are summarized and discussed. It 
is hoped that this review will not only deepen the ties between smart textiles 
and wearable NGs, but also push forward further research and applications of 
future wearable fiber/fabric-based NGs.

Textile-Based Nanogenerators

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.201902549.

1. Introduction

As marks of our era, modern mobile electronic devices and 
wireless communication networks are marching into every 
corner of modern society and changing every aspect of our daily 
life. With the advance toward the fourth industrial revolution, 
a wave of emerging industries and advanced multidisciplinary 
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and rechargeable energy storage devices, which mainly include 
conventional rigid battery, electrochemical capacitor, and lith-
ium-ion battery. However, the storage electricity of these devices 
still draws from conventional energy structures. Furthermore, 
with the inherent shortcomings of limited electric capacitance, 
frequent charging times, calculable life cycles, potential safety 
risks, expensive deposal cost, and serious environmental haz-
ards, they are also not the fundamental solution for future 
wearable electronics. From a long-term, economic, and environ-
mental perspective, power acquisition directly from our envi-
ronments is the ideal choice for future wearable electronics. 
As the world we live is absolutely conserved, pervasively con-
nected, and cyclic reversible, it is possible for us to gain useful 
resources from our surroundings in a sustainable, renewable, 
eco-friendly, low-cost, and self-powered manner. To this end, 
several forms of green and renewable energies have emerged, 
such as magnetic, solar, thermal, mechanical, and microbial 
chemical energies. Electromagnetic generator is the backbone 
of today’s power generator, which has contributed to the Second 
Industrial Revolution and advancing human civilization ever 
since.[3] But it may not be suitable for wearable applications, 
due to its heavy weight, rigid texture, and large space occupied. 
The recent decades have also witnessed the emergence and 
growth of solar cells,[4,5] thermoelectric generators,[6,7] and bio-
fuel cells.[8,9] Although all of them have the ability to generate 
electricity, they depend too much on external factors, such as 
sunlight, temperature, and auxiliary catalyst, making them dif-
ficult to be effectively utilized on a large scale. Particularly, as 
one of the most abundant energies in our living environment, 
mechanical energy possesses the features of continuity, inde-
pendence, easy access, and widespread existence. However, it 
is usually ignored and wasted, due to its dispersed form, small 
energy density, low frequency and utilization rate. Thanks to 
the advance of nanotechnology, a kind of mechanical energy 
harvester, i.e., nanogenerators (NGs) makes it possible to expe-
diently and effectively recycle mechanical energies. The theo-
retical origin of the NG has been found, which makes it not 
only a practical technology, but also a research discipline. The 
second term in the Maxwell’s displacement current equations 
is directly related to the output electric current of the NGs.[10] 
NGs are relatively simple in device design, do no need high 
frequency mechanical input, and are capable of high-efficiency 
energy conversion of low-frequency mechanical triggering, 
which have promising applications in wearable power sup-
plying and multifunctional self-powered sensing. According to 
material composition, structural characteristics, and working 
mechanisms, the NGs can be mainly divided into piezoelectric 
nanogenerator (PENG, originating in 2006),[11] triboelectrical 
nanogenerator (TENG, starting from 2012)[12] and pyroelectric 
nanogenerator.[13] PENG utilizes piezoelectric effect to convert 
the stress inside the material into electricity, while TENG can 
effectively harness various types of mechanical energies based 
on a coupling effect of contact electrification (CE) and electro-
static induction. Pyroelectric nanogenerator can convert peri-
odically fluctuating thermal energy into electricity using pyro-
electric effect.[14] Owing to the abilities of light weight, low cost, 
environmental friendliness, and universal availability, NGs 
have received considerable research interests and have been 
regarded as effective tool to harvest mechanical energy that 

is ubiquitous but usually wasted in our everyday life, which 
have broad application prospects in wearable power tech-
nology, motion tracking, physiological monitoring, intelligent 
humanoid robot, and human-interactive interfaces.
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The rapid developments and widespread applications of 
NGs require corresponding operation carriers and broad ser-
vice platforms. Since human itself is not only a rich source of 
mechanical energy, but also the application terminal of wearable 
electronics, it is possible for us to realize the energy acquisi-
tion and utilization in a self-sufficient way. Therefore, the key 
issue lies in achieving the seamless combination of NGs and 
human motions. Endowing NGs with wearability is considered 
to be one of the most promising and practical solutions at pre-
sent. A larger number of human-oriented wearable NGs have 
been attached on or carried by human body to harvest human 
motion energies. However, most of them present rigid planar 
construction or occupy large space area, which makes the overall 
aesthetic loss and meanwhile restricts the normal movements 
of human body. The desired wearable NGs should be designed 
as a comfortable platform to minimize the additional burden or 
physical effect on the human body during motion while main-
taining power conversion efficiency of as high as possible.

It is well known that food, clothing, shelter, and trans-
portation are the basic necessities of human life. Among 
them, clothing, i.e., textiles and fibers are regarded as the 
second human skin and have been widely used by humans 
for thousands of years, due to its unique features and excel-
lent performances. First, textiles can withstand versatile 
complex mechanical deformations, e.g., stretching, twisting, 
bending, and tearing, which exhibit outstanding ability of 
structural retention and fatigue resistance during wearing and 
washing.[15] Second, due to high porosity and large specific 
surface area, much still airs are trapped inside fabrics making 
them possess good air permeability and warmth retention. 
Third, it is easy to endow textiles with varied fabric styles, mul-
tiple color combinations, and different pattern designs.[16,17] 
Last but not the least, textiles are soft, flexible, comfortable, 
and wearable, having the most desired features of human-
friendliness thus are ideal to be used for the interface plat-
form between human and machines.[15] As we enter into the 
information age, textiles are no longer limited to safety pro-
tecting, warm keeping, and aesthetic usages. Functionality, 
intelligence, and informatization should be incorporated so 
as to echo the requirement of the times and enrich our living 
environment. Conversely, textiles with versatile designability 
and excellent performance represent an attractive interactive 
medium for human-oriented electronic integration. Electrical 
functionality can be seamlessly integrated into textile architec-
tures with add-on or built-in technology, which will impose no 
additional burdens on normal human behaviors. The combi-
nation of electronic components and traditional textiles gives 
birth to a revolutionary product, i.e., smart textiles or electronic 
textiles (e-textiles).[18,19] Delivery of electronic functionality to 
the human body using e-textiles that are able to collect, pro-
cess, store, transmit, and display information is important for 
realizing the future of wearable electronics.[20] Moreover, e-tex-
tiles can be a useful tool to generate and store energy, sense 
and respond to environmental stimuli, and even communicate 
with users, which will attract considerable research interest 
and enrich a wide range of application areas ranging from 
wearable power sources, multifunctional sensors, and health-
care monitoring to humanoid robotics and human–machine 
interfaces.[21–25]

Integration of advanced mechanical energy harvesting tech-
nologies into traditional textile architectures contributes to the 
emergence of a new kind of smart textile, i.e., textile-based 
NGs, which make full use of their respective merits while make 
up for their demerits. On the one hand, NGs can be easily 
designed as or integrated into textile structures, such as fiber, 
yarn, and fabric, endowing them with mechanical energy har-
vesting and self-powered signal sensing capabilities. On the 
other hand, textile is especially promising and suitable for NGs, 
because it is wearable, breathable, comfortable, structural flex-
ible, mechanically robust, fit for low-cost implementation and 
large-scale production. Since human body is an inexhaustible 
and cost-free power source, and clothes are an indispensable 
necessity in people’s life, textile-based NGs will become a highly 
attractive platform for unobtrusively harvesting human motion 
energy. With the help of textile-based NGs, an individual in 
motion can not only be regarded as a source of biomechanical 
energies but also an emitter of various signals. The collected 
electricity can not only be used to power up a variety of min-
iature wearable electronics, but also act as the interactive sig-
nals between human and external environment. Since the 
whole process of electricity supply and demand is conducted 
on human body, a complete wearable smart system can be 
established. Without additional energy supplies and deliberate 
external working conditions, the systems can operate normally 
and continuously without interruption. Figure 1 demonstrates 
several kinds of human-oriented wearable textile-based NGs as 
well as their multifunctional applications. It can be found that 
human motion energy harvesting and versatile active sensing 
are their two main applications. As a mechanical energy har-
vester, it is often attached on or embedded in the parts with a 
larger range of motion, e.g., ankle, knee, elbow, armpit, etc. As 
a self-powered sensor, it is usually used for action identifying 
and motion tracking, healthcare monitoring and safe guarding, 
pressure detecting and tactile sensing, electronic skin and 
humanoid robotic, and more powerful human–machine inter-
acting. Based on the motion or signal features of body parts 
that need to be harvested or detected, appropriated material 
selections and optimized structure designs of textile-based NGs 
are required. In the near future, it can be believed that the wear-
able textile-based NGs will bring new vitality and more possi-
bilities for next-generation wearable functional electronics, and 
lead the way of people’s life toward a more functional, informa-
tive, humane, and intelligent developing direction.

Although textile-based NGs have been largely fabricated and 
extensively reported, several fundamental issues, such as devel-
opment history, material selection system, general fabrication 
methods, basic working mechanisms, potential performance 
enhancement methods, broad evaluation criterions, prom-
ising application occasions, etc., are still not comprehensively 
and systematically overviewed. For textile-based NGs, the basic 
knowledge of textiles and the approaches to incorporate the 
energy harvesting units into traditional textile structures are 
also not roundly and comparatively summarized. In addition, it 
is still not clear about the standardizations and figure of merits 
of textile-based NGs. These urgent issues have seriously hin-
dered the process of commercialization and industrialization of 
textile-based NGs in future. Although advances are continuing 
and more prototypes are becoming available, there remains a 
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large gap between the best current textile-type electronics and 
real applications.

Herein, we cover the recent progress of textile-based NGs 
for both biomechanical energy harvesting and self-powered 
sensing. We also point out the challenges and future research 
directions in the field. We expect this review article to greatly 
benefit the related scientific research community. Our motiva-
tion is not just a summary of what has been achieved, but more 
importantly is to provide a guideline for future development.

2. Smart Textiles

2.1. Classification of Textiles

Textiles can be broadly categorized based on constitute raw 
materials, dimensional characteristics, and manufacturing 
techniques. The characteristics and properties of each tex-
tile type determine its suitability for a particular application. 
Reasonable design and effective utilization of textile-based 
NGs rely on all-round understandings and comprehen-
sive comparisons of different textile types. Herein, a rough 

classification of textiles is made according to its structural 
dimensions and manufacturing techniques. As illustrated in 
Figure 2, from the perspective of fiber orientation and architec-
ture dimensions, textiles are mainly divided into 0D or dimen-
sionless, 1D, 2D, and more complex 3D structures. While 
from the viewpoint of manufacturing techniques, textiles can 
be fabricated by weaving, knitting, braiding, and nonwoven 
methods. Fiber is the fundamental building block as well 
as the smallest visible unit of the textile world, just as man-
kind is the basic component of human society. Considering 
its diameter much shorter than its length, fiber that mainly 
includes staple fiber and filament is artificially defined as 0D 
or dimensionless material. By assembling/interlocking thou-
sands of fibers with various techniques (e.g., twisting, twining, 
or blending) along their axial directions, 1D yarn or thread can 
be formed. 1D yarns can be further integrated into 2D or 3D 
fabrics by means of weaving, knitting, stitching, braiding, and 
felting methods. Among them, the 2D woven structure is the 
most widely used in the textile industry. Woven fabrics are pro-
duced by interlacing two sets of yarns, i.e., warp and weft yarns, 
both of which are mutually positioned under the angle of 90°. 
According to the interlacing law between warp and weft yarns, 
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Figure 1.  Schematic illustrations and application demonstrations of human-oriented wearable textile-based nanogenerators. a–h) Applications of 
textile-based piezoelectric nanogenerators. a) Reproduced with permission.[26] Copyright 2018, Elsevier. b) Reproduced with permission.[23] Copyright 
2017, Wiley-VCH. c) Reproduced with permission.[27] Copyright 2018, Wiley-VCH. d) Reproduced with permission.[24] Copyright 2016, Wiley-VCH.  
e) Reproduced with permission.[28] Copyright 2013, Royal Society of Chemistry. f) Adapted with permission.[29] Copyright 2014, Royal Society of Chem-
istry. g) Reproduced with permission.[30] Copyright 2019, Elsevier. h) Reproduced with permission.[31] Copyright 2015, American Chemical Society. 
i–r) Applications of textile-based triboelectric nanogenerators. i) Reproduced with permission.[32] Copyright 2016, Wiley-VCH. j) Reproduced with 
permission.[33] Copyright 2018, Wiley-VCH. k) Reproduced with permission.[34] Copyright 2016, American Chemical Society. l) Reproduced with permis-
sion.[35] Copyright 2018, Wiley-VCH. m) Reproduced with permission.[36] Copyright 2014, American Chemical Society. n) Adapted with permission.[25] 
Copyright 2018, Elsevier. o) Adapted with permission.[37] Copyright 2018, Wiley-VCH. p) Reproduced with permission.[38] Copyright 2018, Elsevier.  
q) Reproduced with permission.[39] Copyright 2018, Wiley-VCH. r) Reproduced with permission.[40] Copyright 2018, Elsevier.
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2D woven structures can be further classified into plain, twill, 
and satin pattern. Unlike the yarns in weaving that are always 
straight and run parallel, the yarn in knitted fabrics follows a 
meandering path, which forms symmetric loop structures. 
The knitted stitch arranges horizontally (course) while inter-
locks longitudinally (wale). Based on the interloping directions, 
there are two major varieties of knitting, i.e., weft knitting (the 
wales are perpendicular to the course) and warp knitting (the 
wales and courses run roughly parallel). One remarkable fea-
ture of knitting fabric is that the meandering and suspended 
loops can be easily stretched in different directions endowing 
it with much more elasticity than other types of fabrics.[41,42] 
Braiding is traditionally a social art, starting from the elders 
making simple knots and plaits for younger children. As the 
simplest braiding structure, 2D biaxial braid is intertwined by 
two braider yarns with each other in biased oriented direction. 
If another system of yarns oriented longitudinally is inserted 

into the biaxial braiding structure, a triaxial braid is obtained. 
Braid is a flexible product and can be manufactured into var-
ious shapes, such as planar, rectangle, tubular, etc. Nonwoven 
is a fabric-like material produced by entangling discontinuous 
staple fibers or filaments in a randomly oriented way. 2D non-
woven fabrics with sheet or web structures are bonded together 
by employing various techniques, such as mechanical, chem-
ical, thermal or solvent treatment.[43] Nonwoven fabrics pro-
vide a variety of specific functions, such as absorbency, liquid 
repellence, resilience, softness, flame retardancy, thermal insu-
lation, acoustic insulation, and so on.[44]  The most common 
methods for nonwoven production are needle punching, stitch 
loading, thermal welding, chemical bonding, laminating, and 
electrospinning.

Almost all of the 2D fabrics mentioned above can be fur-
ther evolved into 3D fabrics by adding additional oriented 
yarns. Compared to conventional 2D structures, 3D fibrous 
structures are used in various industrial applications since 
they have distinct properties, such as structure integrity, 
dimensional stability, high protection, and warmth retention. 
3D woven structures have substantial dimension in the third 
(thickness) direction formed by layers of yarns. In other words, 
yarns are intertwined, interlaced, or intermeshed in the X 
(longitudinal), Y (transverse), and Z (thickness) directions.[45] 
In 3D woven fabrics, 3D orthogonal woven (3DOW)[46] and 3D 
angle-interlock woven (3DAW)[47] architectures are the most 
widely used weave structures. Particularly, the 3DAW can be 
further divided into two groups, i.e., 3D layer-to-layer angle-
interlock woven (3DLAW)[48] and 3D through-the-thickness 
angle-interlock woven (3DTAW),[49] based on whether the 
interlaced yarns run through the thickness direction.[50] In 
3DOW, there are three sets yarns that are perpendicular to 
each other. Z-binding yarns interconnect all individual warp 
and weft yarns and thus solidify the fabric. In 3DTAW, warp 
yarn travels from one surface of the fabric to the other holding 
all the layers together, whereas warp yarn travels from one 
layer to the adjacent layer and back in 3DLAW. A set of warp 
weaves together hold all of the layers of the weave structure. 
Knitting technology can also be used to produce complex 3D 
shapes. Particularly, 3D warp-knitted spacer fabric (3DWKS) 
consists of two separate outer fabric layers (top and bottom) 
connected by intermediary yarns or knitted layers that can 
either fix both directly or space them apart.[51] With the proper-
ties of excellent resilience, structure lighter, heat and moisture 
permeability, the 3DWKS is widely used in insole, mattress, 
automobile seat, and pressure sensors.[52] 3D braided fabric 
composed of mutual yarns intertwining can be obtained 
by introducing longitudinal (axial)-oriented yarns into its  
structure.[53,54] Based on the number of oriented braider yarns, 
3D braided fabric can be classified into four directional and 
five directional structures. Through adjusting the arrange-
ment or motion trajectory of braider yarns, the shape of 3D 
braided fabrics can be changed to rectangle, tubular, T-beam, 
I-beam, etc. 3D nonwoven fabrics can be obtained by stacking 
or stitching multiple layers of 2D nonwoven flat webs together 
in the thickness direction.[55] It is worth noting that 2D or 3D 
nonwoven fabrics can also be directly manufactured from 0D 
fibers. In practice, fibers in 3D nonwoven fabrics are aligned 
in all spatial directions.

Adv. Mater. 2019, 1902549

Figure 2.  Classification of textiles from the perspective of structural 
dimensions and manufacturing techniques. Based on the formation 
processes, textiles are mainly divided into weaving, knitting, braiding, 
and nonwoven. According to the internal geometries and dimensional 
characteristics, textiles are generally categorized as 0D fibers, 1D 
yarns, 2D fabrics, and 3D fabrics. 0D staple fibers or filaments are usu-
ally obtained from various spinning methods, such as melt spinning, 
wet spinning, dry spinning, etc. Multiple bundles of 0D fibers can be 
directly processed into 1D yarns by means of twisting, winding, and 
compounding techniques. 1D yarns can be woven, knitted, braided, and 
felted into 2D or 3D fabrics. Compared with conventional 2D woven 
fabrics, mainly include plain, twill, and satin, 3D woven fabrics, such 
as 3D orthogonal woven, 3D layer-to-layer angle-interlock woven, and 
3D through-thickness angle-interlock woven, increase the number of 
layers in the thickness direction. 3D warp and weft knitting fabrics can 
be obtained by stacking straight yarns into 2D weft and warp knitting 
systems, respectively. Biaxial and triaxial interlacing forms are the main 
representatives of 2D braided structures, while four directional and five 
directional structures are the basic types of 3D braided fabrics. The 3D 
nonwoven mats are usually formed by stacking multilayer 2D nonwoven 
webs along the thickness direction.
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The classifications and comparisons of different textile struc-
tures are further summarized in Table 1. It is necessary to point 
out that all of the above textile forming technologies have widely 
existed in the present textile field, which are suitable for large-
scalable industrial production. Each manufacturing technique 
has its own advantages and disadvantages in terms of the selec-
tion can be made based on the end use. It is hoped that these 
relatively detailed and comprehensive textile-related knowledge 
will provide method guidance and design inspirations for future 
research and applications of textile-based NGs.

2.2. Conductive Textiles

Smart textiles not only inherit all of the characteristics of 
normal textiles, but also have their own properties. Electrical 
conductivity is one of the most prominent capabilities that they 
possess. It can be said without exaggeration that good electrical 
conductivity of smart textiles is equivalent to the stable blood 
circulation of human beings. In addition, seamlessly integrating 
excellent electronic functionalities into traditional textiles is 
also an intriguing avenue to endow them with the abilities of 
communicating or interacting with ourselves and environment. 
In order to impose good electrical conductivity to textile-based 
NGs, it is extremely necessary to make overall understandings 
and detailed analyses about the current conductive materials 
for textiles as well as their corresponding fabrication methods. 
Thus, this review also makes a briefly summary and targeted 
comparison about the frequently adopted conductive mediums 
and imposing techniques for textile-based NGs, as shown in 
Figure 3.

2.2.1. Conductive Materials

One important consideration for textile-based NGs is the choice 
of conductive materials with good overall electrical performance, 
desired mechanical properties, reliable safety, and environ-
mental stability. No matter what kinds of conductive materials 
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Table 1.  Comparison of structure characteristics between different textile dimensions.

Dimensions Classifications Main representatives Structural characteristics Merits

0D Fiber Staple fiber, filament Basic unit, smallest visible part Micro/nanoscale size

1D Yarn/thread Yarn/thread Thousands of fibers twisting/twining High strength and flexibility

2D Weave Plain, twill, satin Warp and weft yarns making a series of interlacements with 

one another based on a weave pattern

Most common, dimensional stability

Knit Weft/warp knitting Yarn loops interlacing to each other and to the neighboring 

rows and columns

High stretchability

Braid Biaxial, triaxial Braiders intertwining with each other around the axial yarns 

in a cross path

Structure integrity

Nonwoven Web, sheet, mat, net Holding short fibers together Large specific surface area, light weight

3D Weave Orthogonal, angle interlock Warp and weft yarns placed in multilayers Dimension stability

Knit Weft/warp/spacer knitting Binding by yarns in thickness direction High air permeability

Braid Four/five directional Braider yarns intertwining with each other and traveling 

through the thickness

Conformability, torsion stability

Nonwoven Felt, membrane Stacking and stitching multiple 2D nonwoven layers Large specific surface area

Figure 3.  Commonly adopted conductive material systems and 
fabrication methods of electronic textiles. The frequently used conduc-
tive materials for textiles are broadly divided into five categories, i.e., 
metals and metallic derivations, conductive polymers, carbonaceous 
fillers, liquid electrodes, and their hybrid fillers. The main preparation 
methods for conductive textile materials include coating, spinning, 
plating, and printing. There are mainly four types of compounding 
structures between conductive materials and other functional materials, 
i.e., inner embedding (I), outer covering (II), homogenous blending (III), 
and spiral cladding (IV). a) Reproduced with permission.[56] Copyright 
2018, American Chemical Society. b) Reproduced with permission.[57] 
Copyright 2011, Wiley-VCH. c) Reproduced with permission.[58] Copyright 
2006, Elsevier. d) Reproduced with permission.[59] Copyright 2012, Royal 
Society of Chemistry. e) Reproduced with permission.[31] Copyright 2017, 
Royal Society of Chemistry. f) Reproduced with permission.[60] Copyright 
2012, Royal Society of Chemistry. g) Reproduced with permission.[61] 
Copyright 2014, Wiley-VCH. h) Reproduced with permission.[62] Copy-
right 2012, Royal Society of Chemistry. i) Reproduced with permission.[63] 
Copyright 2018, Elsevier.
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are used, a basic principle is that they have no negative effect on 
the original performance of textiles. According to element com-
positions and conductive mechanisms, the present frequently 
used conductive materials for textiles are broadly categorized 
into five groups, i.e., metals and metallic derivatives, conductive 
polymers, carbonaceous fillers, liquid electrodes, and hybrid 
conductive fillers (Figure  3). The main representatives as well 
as advantages and disadvantages of these conductive materials 
are also summarized and compared in Table 2.

Metals as well as their alloys are the earth-abundant and 
most widely employed conductive elements in engineering 
field, considering their high electrical conductivity, universal 
existence, strong mechanical stability, and convenient recycla-
bility. However, due to heavy weight, large volume, easy to rust, 
intrinsic brittle and rigid nature, it is difficult to achieve large-
scale applications of block metals. In order to facilitate electric 
power transmission and practical usages, bulk metals are grad-
ually designed into the shapes of strap or wire. As wearables 
increase in popularity, the drawback of metal strips or wires 
gradually emerge, which is not suitable for wearable usages 
requiring adequate flexibility and deformability. Recently, low-
dimensional nanostructural metallic derivatives, such as nano-
flakes/nanosheets, nanoparticles (NPs), nanowires (NWs), 
and nanoclusters, are particularly attractive for flexible and 
stretchable wearable electronics. The nanoscale-sized structures 
provide an excellent bonding interface between metallic nano-
materials and textile substrates. Moreover, their high surface to 
volume ratio can effectively increase surface energy and surface 
tension. By means of commercial physical depositing, electrode-
less plating, or screen-printing methods, metallic nanomaterials 
are easily adhered on or incorporated in textile systems.[64,65] 
Among various metallic nanomaterials, metal NWs, such as 
Cu NWs,[66] Au NWs,[67] and Ag NWs,[24,56,68] have gained a 
substantial amount of attention due to their versatile properties, 
such as high electric and thermal conductivity, optical transpar-
ency, intrinsic flexibility, and chemical inertness.[69] Metallic 
NWs have been shown to be compatible with solution-based 
processing, low cost and large-area deposition techniques. Due 
to percolating network structure and high aspect ratio, metallic 
NWs can exhibit electrical performance similar to bulk metals 
while consuming a substantially low quantity of raw materials. 
At present, the greatest challenge of metallic nanomaterials 
for flexible electronic applications is their high cost, low solid 
content, and electromigration behavior.[65]

Conductive polymers (CPs) are a new class of organic func-
tional materials, which have received a great deal of attention 
in various fields, such as electronics, supercapacitors, sensors, 
transistors and memories, due to their light weight, resistance 
to corrosion, and excellent electrical, mechanical, and optical 
properties.[70,71] The merits of solution processability, tailor-
able solubility, and electron affinity endow CPs with printable, 
easy-controlled, and flexible properties. A large number of CPs 
have been developed, such as polyacetylene (PAc),[72] polyani-
line (PANI),[73] polypyrrole (PPy),[74] polythiophene (PTh),[75] 
poly[3,4-(ethylenedioxy)thiophene] (PEDOT),[76] and so on. 
Among them, PEDOT:PSS is one of the most promising CPs. 
The widespread use of PEDOT:PSS (commercial available) 
stems from the fact that it has good thermal and environmental 
stability, high conductivity, good optical transmission, good 
water solubility, and excellent processability.[57,77,78] A diverse 
array of strategies has been developed to modify and tune the 
CPs to integrate and interface them into functional electronics. 
To realize the advantages and large-scale applications of CPs, it 
is very essential to increase their processability, environmental 
and thermal stabilities.[79]

Carbonaceous fillers have also attracted unprecedented atten-
tion due to their many fancy merits, such as large surface area, 
excellent environmental stability, high electrical and thermal 
conductivity. According to structural dimensions, carbonaceous 
fillers are mainly divided into 0D carbon black/particle, 1D 
carbon macro/micro/nanofibers and nanotubes, 2D graphene 
(G) and its derivatives, i.e., graphene oxide (GO) and reduced 
graphene oxide (rGO).[59] Among these, CNTs and graphene are 
the most intensively explored in academic community and eval-
uated as the electrode materials with great potential in wearable 
electronics.[80] The major challenge for large-scale application of 
CNTs and graphene is their poor dispersion in common solvents 
due to their nonpolar structure.[81] Furthermore, the high aspect 
ratio and strong van der Waals attraction make CNTs prone to 
accumulate and even form large bundles. Thus, the develop-
ment of suitable solvents is critical for fabricating high-perfor-
mance CNT-based conductive materials. Due to high carrier 
mobility, excellent Young’s modulus, and high conductivity and 
light transmission, graphene has attracted increasing attention 
in recent years. Various methods have been developed to fab-
ricate large-area, highly conductive and defect-free graphene 
for industrial applications. Graphene obtained from mechan-
ical exfoliation and chemical reduction has high electrical 

Adv. Mater. 2019, 1902549

Table 2.  Summary and comparison of frequently used conductive materials for smart textiles.

Classification Categories Advantages Disadvantages

Metals and its derivatives Metal, alloy, semiconductor, metallic 

nanoflakes/nanoparticles/nanowires

High conductivity, high mechanical robustness, 

good stability, ease of process

Unconformable, low flexibility, easy to 

rust, easy to oxidize

Conducting polymers PPy, PEDOT/PEDOT:PSS, PANi, PAc, PTh, 

PPV, Pfu, PPP

High flexible, solution processable,  

easily controlled

Relatively high cost, different to prepare, 

low electrical conductivity, poor stability

Carbonaceous fillers Carbon black/particle/fiber, CNT, CMF/CNF, 

carbon aerogel, G/GO/rGO

High aspect ratio, nanoporous architecture, superior 

mechanical property, environmental stability

Difficult in structure control, poor 

solution dispersion

Liquid electrodes Liquid metals (e.g., EGaIn), liquid electrolytes 

(e.g., NaCl)

Soft, high electrical conductivity, good thermal 

conductivity, excellent flowability

Heavy, oxidize and leakage, toxicity, 

expensive

Hybrid fillers Combination of different conductive materials 

(e.g., Ag NWs/CNTs)

Synergistic effect Increased preparation cost and workload
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conductivity but cannot be well dispersed in common solvents 
due to its inherently inert surface.[59] Different from graphene, 
GO has oxygen containing groups on its surface. Therefore, GO 
can be well dispersed in polar solvents such as water, ethanol, 
acetone, and ethylene glycol, making it suitable for solution pro-
cession. The relatively poor electrical conductivity of GO can be 
further enhanced by a series of thermally or chemically reduced 
process, which leads to the formation of rGO.

Liquid electrode is also an important and promising substi-
tute for flexible and stretchable conductive materials. Liquid 
electrolyte and liquid metal are the two main representatives 
of liquid electrodes. The movement of anions and cations in 
opposite directions within the electrolyte solution amounts to 
a current. The electrical conductivity of liquid electrolytes (e.g., 
NaCl and KCl) depends on the free-moving ion concentration in 
solution. Recently, room temperature Ga-based eutectic alloys, 
such as Ga–indium (EGaIn),[82] Ga–tin (EGaSn),[83] and Ga–In–
Sn (Galinstan),[31,84] are realized to hold huge values in many 
important fields, owing to their capabilities in simultaneously 
exhibiting many extraordinary physical properties such as low 
melting point, excellent liquidity, high electrical conductivity, 
high surface tension, good thermal stability, low vapor pressure, 
and low toxicity in comparison to mercury.[85] Liquid metal pos-
sessing both metallic and fluidic properties provide unrivaled 
combination of conductivity and deformability of any known 
materials. Liquid metals can form circuits that are deformable, 
stretchable, self-healing, and shape-reconfigurable, which have 
much more potential to be utilized in the field of stretchable 
wires and interconnects, reconfigurable antennas, soft sensors, 
self-healing circuits, and conformal electrodes.[86,87]

As each material has its own strength and weakness, devices 
with a single material inevitably brings the demerit in use.[61] 
By combing two or more different materials, hybrid conduc-
tive fillers can make full use of their merits and meanwhile 
compensate for the shortcomings of each material.[88] Hybrid 
conductive fillers have also been widely reported, such as PPy/
CNT,[60,89,90] Ag NWs/CNT,[61,62,91] G/PEDOT:PSS,[92,93] PANI/
CNT,[58,94–96] PEDOT:PSS/Ag NWs,[97,98] CNT/G,[99–102] and so 
on. Hybrid conductive fillers with obvious synergistic effect 
have been proved as an effective method to enhance the elec-
trical conductivity and mechanical properties that have more 
potential applications in flexible and wearable electronics.

2.2.2. Fabrication Methods

After making a general understanding of the frequently used con-
ductive materials for smart textiles, the next question is naturally 
raised that how to impose these conductive elements into textile 
systems. One of the biggest challenges for large-scale applications 
of conductive materials is to provide the most convenient and 
economic approach to realize a good compatibility with existing 
textile technologies. However, owing to variable curved structures, 
uneven surface morphologies, and complex material property, 
it is difficult to achieve good combinations between conductive 
elements and textile systems. Numerous approaches have been 
designed and adopted to yield electrically conductive textiles, such 
as coating, spinning, depositing, and printing (Figure 3). Herein, 
the commonly adopted fabrication methods for textiles are also 
summarized and compared in Table 3.
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Table 3.  Summary and comparison of commonly adopted fabrication methods for electrical textiles.

Methods Categories Advantages Disadvantages

Coating Dip coating Simple, fast, all size Time consuming, large solution consumption, poor mechanical 

stability,

Casting Simplest, high efficiency, low cost Uncontrollable thickness

Doctor blading Well-defined thickness, less wasted Relatively slow speed, not fit for high concentration crystalline 

solution

Spin coating Simple, homogenous, highly reproductive Only surface coverage, no pattering

Spinning Wet spinning High mechanical performance Poor conductivity, low speed, solvent dissolvable

Dry spinning Easily solidification, wide raw material and application scope Need highly volatile, solvent dissolvable

Melt spinning Simple, low cost, high production speed, without solvents, no 

environment pollution

Need high working temperature, hard to produce fine fiber, 

require specific machine

Electrospinning High aspect ratio, controlled pore size, superior mechanical 

properties

Need high voltage, small area

Plating Electroless depositing High conductivity, Poor efficiency/stability, time consuming, limited to scaling up

Thermal depositing Hard, corrosion resistant, excellent abrasion resistance, durable Requiring high working environment

Magnetron sputtering Fast speed, fit for mass production, better adhesion, uniform Higher cost, low target utilization rate

Printing Fused deposition modeling Low cost, high speed, simplicity Weak mechanical properties, layer-by-layer appearance, poor 

surface quality

Screen printing Simple, versatile, inexpensive Limit for high viscous and low volatile solution

Inkjet printing Quite high resolution Limited printing speed

Roll-to-roll printing Fit for high-volume and large-scale

Manufacture, complex structure and pattern

Required process-dependent contact pressure,  

slower, higher cost

Injecting Liquid injecting Ultraflexible/stretchable Limited to liquid electrode, easy to leakage
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Currently, coating technique are often used in the labora-
tory to manufacture electronic devices. The common coating 
methods mainly include dip coating, flow coating, spin coating, 
roll coating, doctor blading, casting and painting.[5] Casting is 
probably the simplest film-forming technique available. Dip 
coating is a useful technique when it is desirable to coat both 
sides of a part with the same coating. However, the ability of 
dip coating is sometimes limited by the size, shape, or surface 
features of the part. Flow or spin coating is a useful application 
when it is desirable to coat only one side of a part or when it 
is desirable to coat different sides of a part with different coat-
ings. Spin coating is typically used for parts that are nearly flat 
and symmetrical in shape. However, both of the two coating 
methods have some limitations on parts that contain holes, pro-
trusions, or other surface irregularities. The reverse roll coating 
is widespread adopted in applying various thin films onto a 
variety of substrates. Although the roll coating has the advan-
tages of high efficiency, good accuracy, and controlled viscosity, 
it is unsuitable for curved shape and small-scale production.

Spinning is the most primitive process for producing 
polymer fibers or yarns. Spinning is a specialized form of 
extrusion that uses a spinneret to form multiple continuous 
filaments or mono filaments. The commonly used spinning 
methods mainly include wet spinning, dry spinning, melt spin-
ning, gel spinning, and electrospinning. Both wet spinning 
and dry spinning require polymer that can be dissolved into 
solution. If the solvent in spinning solution can be rapidly 
evaporated or volatilized by hot air flow, dry spinning is the 
best choice. However, when the solvent is hard to be evapo-
rated but can be removed by chemical means, wet spinning 
is the preferred embodiment. Melt spinning uses heat to melt 
the polymer to a viscosity suitable for extrusion. This type of 
spinning is used for polymers that cannot be decomposed or 
degraded but be melted easily under a certain temperature 
condition. Gel spinning, also known as dry–wet spinning, use 
high concentration polymer or plasticized gel to obtain high 
strength or other special properties in the fibers. Electrospin-
ning is a versatile process that allows the production of micro 
or nanoscale fibers from a wide range of polymers.

As a special depositing method, plating is a surface covering 
in which a metal is deposited on a conductive surface. Multiple 
plating techniques exist, mainly including electroplating and 
electroless plating. Based on the principle of electrolysis, the 
electroplating is a process to accumulate a thin layer of metal on 
the surface of other metals. The plating metal is on anode, while 
the material to be plated is on cathode. On the one hand, both the 
cathode and anode are submerged in and meanwhile connected 
by an electrolyte solution containing dissolved metal salts or ions. 
On the other hand, the anode and cathode are also connected 
to an external power source providing a direct electrical cur-
rent, which results in the transfer of metal ions to the cathode. 
Compared with the electroplating, the electroless plating, i.e., 
chemical plating, requires no additional electric field. According 
to the principle of redox reaction, metal ions in the chemical bath 
are reduced to metal by strong reductant and then deposited on 
the surface of materials with any geometry or intricate shape.

As a cutting-edge and reproductive technique, printing pro-
vides a promising solution to the large-scale fabrication and 
reducing high shape complexity. Various printing techniques 

have been developed, such as fused deposition modeling, 
inkjet printing, gravure printing, screen printing, flexographic 
printing, and offset printing.[5,63] In addition, printing can 
achieve extremely high throughput with low raw material con-
sumption that brings a significant reduction in cost. Printing 
technology enables cost-effective manufacturing of different 
devices into large-area electronics systems that has been 
employed to fabricate various electronic devices, including 
flexible circuits, supercapacitors, batteries, solar cells, and 
nanogenerators.[103,104]

As for the compounding structures between conductive 
materials and other functional materials, there are mainly 
four types, i.e., inner embedding (Figure  3I), outer covering 
(Figure  3II), homogeneous blending (Figure  3III), and spiral 
cladding (Figure 3IV).

3. Piezoelectric Nanogenerators

Piezoelectricity means stress-induced electricity, which is based 
on piezoelectric effect.[105,106] Piezoelectric effect is the ability of 
certain materials to generate an electric charge in response to 
applied mechanical stress. One of unique characteristics of the 
piezoelectric effect is that it is reversible, meaning that it can 
convert the stress inside the material into electricity and vice 
versa. When piezoelectric materials are subjected to an external 
force, spatially separated electrical charges with opposite sign 
will be generated. The accumulation of electrical charges 
at two ends of the material body allows the formation of an 
electric dipole. The relative displacement of the cations with 
respect to the anions results in the formation of a piezoelectric 
potential, or piezopotential. A PENG is an energy harvesting 
device capable of converting nanoscale mechanical energy into 
electrical energy by means of piezoelectric effect.[107,108]

3.1. Piezoelectric Materials

A huge number of piezoelectric materials have been demon-
strated since the discovery of piezoelectricity. Representative 
piezoelectric materials can be categorized into piezoceramics 
and piezopolymers. Piezoceramics, or inorganic piezoelectric 
materials, mainly include semiconducting nanomaterials 
(e.g., ZnO, GaN, CdS, InN, and ZnS), lead based (e.g., PZT, 
PbTiO3, and PbZrO3) and lead-free ceramics (e.g., BaTiO3, 
KNN, KNbO3, LiNbO3, LiTaO3, and Na2WO3). Piezocer-
amics are mechanically strong, hard, chemically inert, and 
immune to humidity, exhibiting high level of inherent piezo-
electric characteristics. Piezopolymers means piezoelectric 
class of organic polymers, such as polyamide 11 (PA-11),[109] 
polypropylene (PP),[110] poly(vinylidene fluoride) (PVDF)[111] 
and its copolymer poly(vinylidene fluoride-co-tri-fluoroethylene) 
(PVDF–TrFE).[112,113] Among these piezopolymers, PVDF is a 
semicrystalline polymer with up to five different crystal phases, 
i.e., α, β, γ, δ, and ε. Between these electrically active polar 
phases, the β phase is of greater importance due to exhibition 
of large polarization and high piezoelectric sensitivity.[114] For 
PVDF to be used as a piezoelectric material, it must be pro-
cessed in such a way that it crystallizes in its β-phase. Various 
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strategies have been employed for obtaining a higher per-
centage of β phase in PVDF, such as in situ poling,[115] ther-
mally drawing, and high electric field.[116] Due to its high 
piezoelectric activity and availability as flexible nanofiber 
structures, PVDF promises potential applicability in diverse 
fields of technology. PVDF–TrFE has another advantage over 
PVDF owing to its ferroelectricity with definite Curie transi-
tion temperature and adequately large electromechanical cou-
pling coefficient.[112,117,118] PVDF and PVDF–TrFE are the most 
widely used in piezoelectric textiles because of their advanta-
geous properties in terms of structural flexibility, ease of pro-
cessing, good chemical resistance, excellent biocompatibility, 
and mechanical strength.[119] However, since the piezoelectric 
charge constants of piezopolymers are much smaller compared 
to those of piezoceramics, the practical application of piezopoly-
mers in energy harvesting is greatly restricted. A notable disad-
vantage of them is that achieving good performance requires 
electrical poling in which mechanical stretching processes need 
to align the dipole of the polarization structures.

The comparison and discussion between piezoceramics and 
piezopolymers are analyzed in Table 4. Piezoceramics have high 
piezoelectric coefficient and electromechanical conversion effi-
ciency, but their intrinsic rigid nature restricts their applications 
in flexible devices. On the contrary, piezopolymers have smaller 
electromechanical coupling constants and lower piezoelectric 
coefficients but much higher flexibility than piezoceramics. Pie-
zopolymers are attractive for wearable usages due to their flexi-
bility and conformability over piezoceramics. Some researchers 
have also demonstrated that incorporating piezoceramics into 
piezopolymers to create a hybrid material can achieve higher 
piezoelectric constant and excellent electromechanical coupling 
factor. For example, ZnO has been incorporated into or grown 
on PVDF to fabricate hybrid PENGs.[120–124] In addition, both 
of piezoceramics and piezopolymers can be further optimized 
with nanostructures,[125] such as nanowire, nanofiber, nano-
tube, and nanosheet. The merits of nanostructures include 
enhanced piezoelectric effect, superior mechanical properties, 
higher flexibility, and high sensitivity to small forces.

3.2. Piezoelectric Mechanism

Conventionally, metal–insulator–metal structure, consisting of 
an insulating piezoelectric layer sandwiched between two metal 

electrodes was considered as a readily developed technique 
for PENGs.[85] Figure  4 demonstrates a complete electrical 
generation process and corresponding electrical output char-
acteristics of a piezofabric during one pressing and releasing 
movement. At the beginning and undisturbed state, the charge 
centers of the cations and anions coincide with one another.  
No polarization can be observed inside the piezoelectric mate-
rial (Figure  4ai). When the pressing force is applied, deform 
of the piezofabric produces a negative strain and decreased 
volume. The charge centers separate to form electrical dipoles 
and electric dipole moments change, which will result in the 
formation of a piezopotential between the electrodes. If the 
electrodes are connected with an external load, the piezopoten-
tial will drive electrons to flow through the external circuit in 
order to partially screen the piezopotential and achieve a new 
equilibrium state (Figure  4ii). As a result, mechanical energy 
is converted into the electricity. As the fully contact between 
the two conductive fabric electrodes is made, the maximized 
pressed state is achieved with the highest polarization den-
sity (Figure  4iii). When the external force is released, elec-
trons flow back to rebalance the charge induced by the strain 
releasing in the short-circuit condition (Figure  4iv). A steady 
stream of pulse current will flow through the external circuit 
if the piezopotential is continuously changed by applying a 
reciprocating straining phenomenon. One remarkable feature 
of PENGs is that the output voltage and current reverse their 
signals when the measurement system is reversely connected.

3.3. Piezoelectric Textiles

It is found that the material selections, structure designs, 
and potential performance are the most important aspects 
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Table 4.  Classification and discussion of common piezoelectric 
materials.

Classifications Main types Merits Demerits

Piezoceramics ZnO, PZT, BaTiO3, 

PbTiO3, KNbO3, 

LiNbO3, LiTaO3, 

Na2WO3, GaN, CdS, 

InN, PbZrO3, ZnS

Superior energy 

conversion efficiency, 

high strength

Mechanically brittle, 

heavy weight, 

poisonous, low 

durability

Piezopolymers PVDF and its polymer 

PVDF–TrFE, PA-11, PP

Inherently flexible, 

easy for processing, 

adequate mechani-

cally strong, strong 

sensitivity

Weak electromechan-

ical coupling, low 

energy conversion 

efficiency

Figure 4.  Working mechanisms of textile-based PENGs (as a fabric-based 
PENG for example). a) Schematic illustration of piezoelectric charge 
generation process. b) Typical open-circuit voltage (Voc) and short-circuit 
current (Isc) versus time curves, in which four parts corresponded to the 
four movement processes in (a).
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for PENGs. In addition, the flexibility and wearability are 
also necessary for the textile-based PENGs. Nowadays, many 
attempts have been made to design piezoelectric textiles with 
the purpose of enhancing electromechanical conversion 
efficiency, improving wearable functionality, and expanding 
application scopes. According to the structural characteris-
tics and fabrication methods, the present textile-based PENGs 
are mainly divided into three groups, i.e., single fiber-based 
PENGs, fabric-based PENGs with textile forming structures, 
and fabric-based PENGs with multilayer stacking structures. In 
the following, the related research works of these three types 
are introduced, respectively.

3.3.1. Single Fiber-Based PENGs

Since fiber is the smallest structure unit of textile materials, it 
is of great strategic significance to make it into PENGs. Nowa-
days, with the great demands of wearable power supplying and 
active sensing devices, a large number of single fiber-based 
PENGs have been developed. At the beginning, flexible piezo-
electric materials were simply wrapped around fiber substrates 
with high strength and high modulus. The first fiber-based 
PENG was fabricated by entangling a Kevlar fiber covered by 
ZnO NWs and the fiber that further coated with Au electrode 
together (Figure 5a).[126] However, its power generation depends 
on the specific relative brushing between the two fibers, which 
is inconvenient for daily wearable usage. Later researchers 
attempt to design fiber-based PENGs within a single fiber. The 
most common method is to sandwich piezoelectric materials 
between the inner and outer electrodes. For example, ZnO thin 
film was sandwiched between an inner carbon fiber and an 
outer silver paste (Figure 5b).[127] Alternatively, ZnO NWs grown 
on carbon fibers was further covered by an indium tin oxide 
(ITO) electrode layer (Figure 5c).[128] However, a potential issue 
of these fiber-based PENGs is that piezoelectrical materials 
and external covered electrodes are vulnerable to be destroyed 
under complex mechanical stimuli, which will lead to reducing 
their energy harvesting capability or even making their useless. 
In order to improve their long-term working stability, several 
approaches have been adopted, such as fixing positions with 
polymer, wrapping with outer protective layer, fabricating with 
hybrid materials, and adopting with melt-spun method. In term 
of fixing positions with polymer, the roots of ZnO NWs were 
bonded by PDMS to meet safety requirements and simultane-
ously guarantee high flexibility (Figure  5d).[129] The protection 
of ZnO NWs grown on fibers can also be obtained by further 
wrapping an outer encapsulating layer. For instance, a carbon 
fiber grown with ZnO NWs was further wrapped by an outer 
folded Au-coated ZnO NWs paper tube (Figure  5e).[130] The 
established core–shell nanostructure provides more polarization 
possibilities between inner and outer ZnO NWs. If there are 
more than two piezoelectric materials existing in one PENG, the 
hybrid PENGs can be obtained which can improve the mechan-
ical endurance as well as piezoelectric output performance. 
Generally speaking, membrane-like piezopolymers are coated 
on the surface of nanostructural piezoelectric materials.[122,131] 
As shown in Figure 5f, PVDF film was conformally applied on 
the surface of electrospinning PVDF nanofibers to fabricate a 

high-performance fiber-based PENG.[132] In this hybrid struc-
ture, PVDF nanofibers function as piezoelectric material and 
porous scaffolds to absorb PVDF polymer. A similar example 
that PVDF polymer is infiltrated into ZnO NW forests is 
displayed in Figure 5g.[133] The ZnO NW arrays not only serve 
as the piezoelectric material, but also assist the formation of 
PVDF polymer on the outermost surface of the device. Although 
the above three approaches can improve the working stability 
of fiber-based PENGs to some extent, there still remains the 
possibilities of damage. In addition, multiple processing steps 
are also required for the above fiber-based PENGs, which is 
contrary to their future large-scale industrial applications. With 
the advantages of one-time forming, high forming quality, and 
fast production speed, melt spinning has been widely used to 
prepare fiber-shaped piezoelectric polymers.[110,134–137] As shown 
in Figure 5h, a simple melt-spun piezoelectric fiber was devel-
oped by wrapping a fiber core electrode around β-phase PVDF 
microfibers.[136] With the prepared piezoelectric fiber, a fiber-
based PENG is fabricated by further spirally winding an outer 
fiber electrode around it, which can effectively harvest human 
motion energies and even in rainy days. Instead of twining the  
outer fiber electrode, other directly deposited the outer electrode 
on the surface of melt spinning piezoelectric fiber. As a case, a 
fiber-based PENG is obtained by depositing Au on the surface of 
the melt spinning PTFE–TrFE/Cu coaxial filament via vacuum 
deposition method.[113] The entire structure of fiber-based PENG 
can be accomplished through one-time thermal drawing in a 
straightforward manner. As shown in Figure  5i, a multimate-
rial fiber-based PENG containing PVDF–TrFE piezoelectric  
shell sandwiched by the inner and outer CPC/indium electrodes 
was fabricated through one-time thermal-drawing processes.[134] 
In order to enhance the piezoelectric response of fiber-based 
PENGs, piezoceramics are usually incorporated into piezopoly-
mers during their thermal drawing processes. For example, 
BaTiO3, PZT, or CNT enhanced PVDF acted as piezoelectric 
layers is alternatively wrapped around carbon-loaded polycar-
bonate (CPC) to fabricate an all-polymer flexible piezoelectric 
fiber with a spiral multilayer cladding structure (Figure 5j).[116] 
The designed spiral multilayer cladding structure can greatly 
increase the active area of piezoelectric composites resulting 
in higher power generation efficiency. Since stretchability 
is also a desirable property for wearable electronics, some 
studies attempt to endow fiber-based PENGs with high stretch-
ability. As illustrated in Figure 5k, a highly flexible and stretch-
able fiber-based PENG was fabricated by a simple rolling and 
coating method.[138] The PVDF–TrFE electrospinning mats were 
manually wrapped around Ag-coated nylon multifilament yarn 
and then covered by highly conductive CNTs. The prepared 
fiber-based PENG was finally dip-coated in an elastomeric 
styrene–ethylene–butylene–styrene (SEBS) to provide 
mechanical protection and electrical insulation. In addition to 
fabricating with all inherent stretchable materials, high stretcha-
bility of PENGs can also be obtained from structural design. As 
exhibited in Figure 5l, a PVDF piezoelectric strap and a fabric 
band were helically twined around an elastic core in counter 
directions.[139] The helix could produce an alternating potential 
during continuous stretching and contraction motions. The 
stretchability of piezoelectric fibers can also be directly achieved 
by twisting electrospun PVDF–TrFE nanofibers into stretchable 
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ribbons.[140] Recently, some new piezoelectric materials and fab-
rication techniques have been adopted to fabricate fiber-based 
PENGs. As illustrated in Figure 5m, a flexible fiber-type PENG 

based on perovskite PbTiO3 nanotube arrays (PTO NTs) was 
fabricated by embedding two PTO NTs/Ti core–shell fibers in 
PDMS.[141] The PTO NTs were grown by using hydrothermal 
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Figure 5.  Typical single fiber-based PENGs. a) The first fiber-based PENG developed by entangling a Kevlar fiber covered by ZnO NWs and the fiber that 
further coated with Au together. Reproduced with permission.[126] Copyright 2008, Springer Nature. b) An air/liquid-pressure and heartbeat-driven flexible 
fiber-based PENG designed by covering textured ZnO thin film on the surface of cylindrically carbon fibers. Reproduced with permission.[127] Copyright 
2011, Wiley-VCH. c) A fiber-based PENG composed of carbon fibers and ZnO NWs based on an insulating interface barrier. Reproduced with permis-
sion.[128] Copyright 2017, Royal Society of Chemistry. d) A high-reliability Kevlar microfiber–ZnO NW hybrid PENG. Adapted with permission.[129] Copy-
right 2015, Wiley-VCH. e) A flexible fiber-based PENG consisting of ZnO NWs on carbon fibers and foldable Au-coated ZnO NWs on paper. Adapted with 
permission.[130] Copyright 2014, Tsinghua University Press and Springer-Verlag GmbH Germany, part of Springer Nature. f) A flexible piezoelectric yarn 
consisting of a layer of electrospun PVDF nanofibers integrated with PVDF film around a Ag-deposited nylon filament. Reproduced with permission.[132] 
Copyright 2018, IOP Publishing. g) A hybrid-fiber PENG with ZnO NWs and a PVDF infiltrating polymer as the hybrid piezoelectric layer. Reproduced 
with permission.[133] Copyright 2012, Wiley-VCH. h) A melt-spun piezoelectric microfiber consisting of a conducting core surrounded by β-phase PVDF. 
Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[136] 
Copyright 2018, The Authors, Published by Springer Nature. i) A multimaterial piezoelectric fiber comprising middle melt-pressed PVDF–TrFE shell and 
carbon-loaded polycarbonate with indium filaments and a polycarbonate cladding. Reproduced with permission.[134] Copyright 2010, Springer Nature.  
j) An all-polymer flexible piezoelectric fiber featuring a soft hollow polycarbonate core surrounded by a spiral multilayer cladding consisting of alternating 
layers of piezoelectric nanocomposites and conductive polymer. Reproduced with permission.[116] Copyright 2017, American Chemical Society. k) A 
highly flexible piezoelectric fiber fabricated by sandwiching electrospun PVDF–TrFE mat between inner Ag-coated nylon fiber and outer CNT sheet. The 
whole system is covered by elastomeric styrene–ethylene–butylene–styrene. Reproduced with permission.[138] Copyright 2017, Wiley-VCH. l) A helical 
structural fiber-based PENG composed of an elastic core and a polymer piezoelectric strap twining the core. Reproduced under the terms of the CC-BY 
4.0 Creative Commons Attribution license (https://creativecommons.org/licenses/by/4.0/).[139] Copyright 2017, The Authors, Published by MDPI. m) A 
fiber-type PENG based on perovskite PbTiO3 nanotubes synthesized by anodic oxidation and hydrothermal method using TiO2 NT as a positive tem-
plate. Reproduced with permission.[141] Copyright 2017, Wiley-VCH. n) A triaxial braided PVDF yarn harvester developed by braiding melt-spun PVDF 
piezoelectric and conductive Ag-coated nylon yarns. Reproduced with permission.[142] Copyright 2019, Royal Society of Chemistry.
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method with anodized TiO2 NT as a positive template. The 
perovskite-based fiber-type PENG allowed arbitrary-direction 
bending and continuous harvesting mechanical energy from 
our natural environment. In term of fabrication techniques, a 
novel triaxial braided structure has been developed to design 
fiber-based PEGNs based on melt-spun PVDF fibers and Ag-
coated nylon yarns.[142] As shown in Figure 5n, melt-spun PVDF 
filaments were first braided around Ag-coated nylon yarns 
(inner electrode) and then the whole structure was braided a 
second time with Ag-coated nylon yarns (outer electrode). The 
developed triaxial braided fiber-based PENG exhibited improved 
mechanical and piezoelectric properties.

Whatever the materials and structures are selected, one 
common feature of single fiber-based PENGs is that all of them 
present coaxial and core–shell structure. Flexible piezoelectric 
materials are usually existed between the inner and outer fiber 
electrodes.

3.3.2. Fabric-Based PENGs with Textile Forming Structures

The piezoelectric outputs of single fiber-based PENGs are rel-
atively low, due to limited number and small active area. In 
order to improve the overall piezoelectric outputs, one prom-
ising strategy is to combine multiple piezoelectric fibers into 
2D or 3D fabrics by using various textile forming techniques. 
Therefore, a variety of fabric-based PENGs with optimized 
fabric structures have been reported. The simplest 2D fabric-
based PENGs are directly woven from one type of piezoelectric 
fibers. For instance, a wearable and self-powered fabric-based 
PENG as a highly pressure-sensitive electronic skin was woven 
from PEDOT-coated PVDF electrospun yarns (Figure  6a).[143] 
The high sensitivity of the fabric-based electronic skin was 
attributed the accumulation of PEDOT nanoparticle doped 
PVDF nanofibers which increased the contact joints and the 
total contact area under subtle stress. Although the fabric-based 
PENGs made from one kind of fiber system is relatively simple 
and easy to prepare, the power outputs are unsatisfactory. 
Therefore, a majority of fabric-based PENGs with optimized 
structures are fabricated from two or three types of fibers. For 
example, a 2D woven PENG was fabricated from two kinds of 
fibers, i.e., one grown with ZnO NWs and the other covered 
with ZnO NWs coated with palladium (Pd).[144] As exhibited in 
Figure 6b, continuous piezoelectric charges could be generated 
through periodically sliding back and forth as well as squeezing 
with each other between the two kinds of fibers. Although the 
plain-patterned woven structure can improve piezoelectric 
output to some degree, short circuit often occurs due to the 
damage of surface nanostructures or other encapsulating 
layers. In order to effectively prevent short circuit between adja-
cent fiber electrodes, nonconductive fibers and piezoelectric 
fibers are usually arranged in a staggered manner. As shown 
in Figure  6c, a 2D fabric-like PENG was developed based on 
three kinds of fibers including BaTiO3 NWs/PVC hybrid piezo-
electric fibers, conventional cotton fibers, and Cu wires.[145] 
The Cu wires served as electrodes, while the cotton fibers were 
employed as spacer to avoid the shorting of electrodes as well 
as to enhance the durability of the whole device. Another kind 
of 2D woven PENG with the similar structure while different 

materials is also presented in Figure  6d.[31] PVDF–TrFE yarn 
employed as piezoelectric component was twisted from aligned 
electrospinning nanofiber mats. To prevent electrically shorting 
the collected charges, conventional cotton fibers were used 
between each conductive fiber as separators. Comparing with 
the above complicated fiber-shaped piezoelectric components, 
it seems more convenient and faster to prepare 2D fabric-based 
PENGs directly from fabric or film straps. For example, a scal-
able woven fabric-based PENG was designed by interlacing 
piezoelectric film straps with yarn strings in an orthogonal 
direction (Figure  6e).[146] The piezoelectric straps were made 
of PVDF films with metal electrodes on both surfaces. The 
fabric-based PENG with piezoelectric film straps can further 
be optimized into tactile sensor arrays. As shown in Figure 6f, 
a 2D woven power-generating tactile sensor array with high 
stretchability was composed of elastic tubes and piezoelectric 
film straps with metal films deposited on both sides.[147] The 
piezoelectric straps were stitched to each other in a diagonal 
direction across the woven mesh structure of the elastic hollow 
tubes. The abilities of energy harvesting and tactile sensing 
could be simultaneously possessed within the proposed struc-
ture. Although the electricity outputs of 2D fabric-based PENGs 
have been greatly improved compared with single fiber-based 
PENGs, further enhancement the energy harvesting capability 
of fabric-based PENGs are still required. 3D fabric structures 
with more piezoelectric components incorporated are desir-
able for high-performance fabric-based PENGs. As displayed in 
Figure 6g, a 3D interlock woven fabric-based PENG was devel-
oped based on 100% melt-spun piezoelectric PVDF fibers.[148] 
By comparing the electrical outputs of a 2D plain woven 
PENG, it was found that the energy harvesting ability of the 
3D interlock woven structure was greatly improved. Another 
3D fabric structure that has been designed into fabric-based 
PENG is 3D spacer knitted structure. As exhibited in Figure 6h, 
a 3D spacer knitted PENG consists of high β-phase (≈80%) 
piezoelectric PVDF monofilaments as the spacer yarn intercon-
nected between Ag-coated polyamide (PI) yarn layers acting 
as the top and bottom electrodes.[29] The 3D spacer knitted 
structure provides a progressive compression process of PVDF 
yarns, leading to enhanced performance. In general, due to 
the increased number of piezoelectric fibers per unit area, 3D 
fabric structures possess significantly higher energy harvesting 
efficiencies than the existing 2D textile structures.

3.3.3. Fabric-Based PENGs with Multilayer Stacking Structures

Fabric-based PENGs can not only be fabricated by tradi-
tional textile forming processes, but also obtained from 
planar fabric substrates or nanofiber webs through multilayer 
stacking method. As for multilayer fabric stacking structures, 
piezoelectric materials can be directly grown or covered on the 
surface of fabric substrates. For example, ZnO NW, nanorod or 
nanoflower arrays have been successfully grown on conductive 
fabric substrates by traditional hydrothermal method.[30,149–153] 
As shown in Figure 7a, a fabric-based PENG with hybrid energy 
generation mechanism of electrostatic and piezoelectric effects 
was proposed by growing ZnO NWs on a Au-coated fabric.[149] 
An insulating film was placed between the bottom ZnO NWs 
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covered conductive fabric and top conductive fabric to enhance 
electrostatic effect and improve power output. A similar work 
that vertically arranged ZnO nanorods were sandwiched between 
two symmetrical Ag-coated fabrics had also been reported 
(Figure 7b).[30] When external force was applied, the upper and 
lower ZnO nanorods were in contact and squeezed with each 
other, leading to the generation of electricity. Unlike piezoce-
ramics such as ZnO usually attached on fabric substrates, 
piezopolymers such as PVDF and PVDF–TrFE are directly 
used as nanofiber webs or nets which are fabricated with elec-
trospinning and nonwoven techniques.[26,111,154,155] As shown  
in Figure  7g, a highly durable all-fiber based PENG was 

fabricated by sandwiching a PVDF–NaNbO3 piezoelectric 
nonwoven fabric as an active piezoelectric component between 
two elastic knitted fabric electrodes.[28] The whole device was 
further packaged with PDMS to enhance mechanical robust-
ness and protect it from dust and water. In order to achieve 
high stretchability of nanofiber-based PENGs, both stretchable 
conductive and piezoelectric materials should be employed. As 
exhibited in Figure  7h, an omnidirectional stretchable hybrid 
nanofiber-based PENG was developed based on a stretch-
able graphite electrode and a stacked mat of piezoelectric 
nanofibers.[27] The stacked nanofiber mat was alternatively com-
posed of nanocomposite nanofibers of BaTiO3 nanoparticles 

Adv. Mater. 2019, 1902549

Figure 6.  Fabric-based PENGs with fiber weaving structures. a) A pressure-sensitive nanofiber woven fabric sensor fabricated by weaving PVDF 
electrospun yarns of nanofibers coated with PEDOT. Reproduced under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/).[143] Copyright 2017, The Authors, published by Springer Nature. b) A 2D woven PENG composed of 
two kinds of fibers crossing with each other, one kind of fibers grown with ZnO NWs and the other kind of fibers covered with ZnO NWs coated with 
palladium (Pd) on their surface. Reproduced with permission.[144] Copyright 2013, Elsevier. c) A 2D fabric PENG consisting of BaTiO3 nanowire-PVC 
piezoelectric fibers integrated with conducting wires electrodes and insulating spacer cotton yarns. Reproduced with permission.[145] Copyright 2015, 
Elsevier. d) A nanofibrous smart piezofabric woven twisted PVDF–TrFE piezoyarns with conductive threads and conventional PET yarns. Reproduced 
with permission.[31] Copyright 2015, American Chemical Society. e) A scalable woven PENG composed of warp and weft threads made of yarn strings 
and piezoelectric film straps. Reproduced with permission.[146] Copyright 2015, IOP Publishing. f) A power-generating tactile sensor array consisting 
of rows and columns of piezoelectric straps woven on a mesh structure of elastic hollow tubes. Reproduced with permission.[147] Copyright 2015, IOP 
Publishing. g) A 3D diagonal interlock woven structure PENG developed by fabricating PVDF fibers and conductive fibers. Reproduced with permis-
sion.[148] Copyright 2018, IOP Publishing. h) An all-fiber piezoelectric fabric with 3D spacer knitted structure consisting of high β-phase piezoelectric 
PVDF monofilaments as the spacer yarn interconnected between Ag-coated PA multifilament yarn layers as the top and bottom electrodes. Reproduced 
with permission.[29] Copyright 2014, Royal Society of Chemistry.
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embedded in PU and PVDF nanofibers. This nanofiber stacked 
PENG exhibited a high stretchability of 40% and high mechan-
ical durability up to 9000 stretching cycles at 30% strain, which 
were attributed to the stress-relieving nature of the 3D micropat-
tern on the substrate and the freestanding stacked hybrid 
nanofiber. Instead of employing common fabrics or polymer 
membranes as substrates, nanofiber-based PENGs can also 
be fabricated with all-nanofiber structures. A potential advan-
tage of all-nanofibers based PENGs is that they can provide 
more contact probabilities between piezoelectric components 
and conductive materials than membranous-like structures. 
For example, a flexible all-nonwoven PENG was developed by 
using electrospinning PVDF nanofibers as piezoelectric com-
ponents, electrospinning TPU as substrates, PEDOT:PSS/PVP 

nanofibers and CNTs as electrodes (Figure 7e).[156] The structure 
of nanofiber-based PENG can be further simplified by directly 
depositing electrodes on the surface of piezoelectric nanofibers. 
As displayed in Figure  7f, an all-organic PENG was designed 
based on multilayer assembled electrospun PVDF nanofiber 
mats.[157] Vapor-phase polymerized PEDOT-coated PVDF NFs 
were assembled as the electrodes at both ends, while neat PVDF 
NFs were utilized as an active piezoelectric component. The 
multilayer networked structure integrated with compatible elec-
trodes enhanced power outputs. Hybrid piezoelectric materials 
are also employed in nanofiber-based PENGs to improve piezo-
electric outputs. Particularly, ZnO NWs can be directly grown 
on the surface of piezopolymer NFs to enhance piezoelectric 
effect.[120,158] For instance, a breathable and flexible piezoelectric 
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Figure 7.  Fabric-based PENGs with multilayer stacking structures. a) A fully textile PENG demonstrated by integrating a charged dielectric layer and 
piezoelectric ZnO NWs between textile substrates. Reproduced with permission.[149] Copyright 2012, Royal Society of Chemistry. b) A ZnO nanorods 
pattern textile PENG that consists of vertically arranged ZnO nanorod arrays sandwiched between two symmetrically layers of Ag-coated fabrics. 
Reproduced with permission.[30] Copyright 2019, Elsevier. c) An all-fiber wearable PENG consisting of a PVDF–NaNbO3 nonwoven fabric as an active 
piezoelectric component and an elastic conducting knitted fabric as the top and bottom electrodes. Reproduced with permission.[28] Copyright 2013, 
Royal Society of Chemistry. d) An omnidirectionally stretchable PENG based on a stretchable graphite electrode on a 3D micropatterned substrate and 
a stacked mat of piezoelectric nanofibers. Reproduced with permission.[27] Copyright 2018, Wiley-VCH. e) A self-powered nonwoven nanofiber based 
PENG obtained by using an electrospun TPU NFs as a substrate and a conductive PEDOT:PSS-PVP NFs and a CNT layer as electrodes. Reproduced 
with permission.[156] Copyright 2018, The Royal Society of Chemistry. f) An all-organic PENG with multilayer assembled nanofiber mats assembled by 
sandwiching neat PVDF NFs as active component between two PEDOT-coated PVDF NFs as electrodes. Reproduced with permission.[157] Copyright 
2018, American Chemical Society. g) A breathable and flexible piezoelectric membrane developed by growing ZnO nanorods on the surface of electro-
spun PVDF nanofibers. Reproduced under the terms of the CC-BY 4.0 Creative Commons Attribution license (https://creativecommons.org/licenses/
by/4.0/).[120] Copyright 2018, The Authors, Published by MDPI. h) A PZT nanofiber-based PENG fabricated by sandwiching the PZT nanofibers between 
the top and bottom CNF NFs webs. Reproduced with permission.[162] Copyright 2016, Royal Society of Chemistry.
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fabric was developed by growing ZnO nanorods on the surface 
of electrospinning PVDF nanofibers (Figure 7g).[120] The hybrid 
ZnO/PVDF piezoelectric web was further sandwiched between 
two conductive knitted fabric as flexible electrodes. In addition 
to PVDF and PVDF–TrFE, other piezoelectric materials can also 
be fabricated into nanofibers. PZT NFs[159,160] or BaTiO3 NFs[161] 
based PENGs have also been successfully proposed via electro-
spinning processes. As shown in Figure  7h, an all-nanofiber 
PENG were fabricated by sandwiching PZT nanofibers between 
two CNF electrodes at both sides.[162] By comparing with con-
ventional ITO electrodes with CNTs, the nanofiber-based PENG 
showed improved electrical outputs, due to the improved con-
tact between PZT and CNT fibers.

Throughout the above studies on textile-based PENGs, it can 
be found ZnO and PVDF are the most widely employed piezo-
electric materials for fiber/fabric-based PENGs. ZnO in the form 
of NWs often grows on textile substrates, while PVDF is usually 
fabricated into filaments or nanofiber nets by means of melt 
spinning or electrospinning, respectively. Surface nanostruc-
tures and hybrid piezoelectric materials are the most adopted 
strategies to improve total piezoelectric outputs. Effective 
surface protection, such as polymer encapsulation, is also neces-
sary to improve mechanical properties and long-term stability of 
PENGs with nanostructures. Due to the varied selected mate-
rials, imposing conditions and geometric sizes, such as force, 
frequency, and contact area, it is difficult to compare electrical 
outputs among different textile-based PENGs. However, it can 
provide a basic research orientation, design framework, and 
tradeoff platform for future fiber/fabric-based PENGs. Herein, 
a roughly summary of the structures and performances of the 
present textile-based PENGs is presented in Table 5.

4. Triboelectric Nanogenerators

Triboelectrification is a universal and ubiquitous phenomenon 
in our daily life, which has been known for thousands of years. 
However, due to lack of reasonable cognition and utilization 
technology, it is usually regarded as a negative effect and avoided 
if at all possible. As a versatile mechanical energy harvesting 
technology, the newly developed TENG can convert abandoned 
mechanical energy into precious electricity based on a coupled 
effect of contact electrification and electrostatic induction.[163–166] 
Due to its high efficiency, light weight, low cost, environmentally 
friendly, and universal availability, it has promising applications 
in scavenging both small mechanical energy and large-scale 
energy generation. The TENG has been demonstrated to harvest 
various kinds of mechanical energies that are omnipresent but 
otherwise wasted in our daily life, such as human motion,[37,167–

169] mechanical trigging,[170–172] vibration,[173–175] wind,[176–178] 
flowing water,[179–181] and more. The power outputs of TENGs 
can not only be used for wearable power supplying, but also 
adopted as active self-powered sensors.

4.1. Triboelectric Materials

It is well known that triboelectric effect exists between 
any two kinds of materials and even the same materials. 

Therefore, all types of materials can be candidates for fabri-
cating TENGs, so that the materials choices for TENGs are 
huge. The triboelectric polarities of materials have a signifi-
cant impact on the final electrical output performance of 
TENGs. Triboelectric series of materials is the main princi-
ples of material selections for TENGs. The position of a mate-
rial in the triboelectric series determines how effectively the 
charges will be exchanged. Moreover, selection of appropriate 
paired tribomaterials with opposite triboelectric polarities 
from the triboelectric series is crucial to achieve an enhanced 
electrical output TENG. The further away two materials are 
from each other on the series, the greater the charge trans-
ferred. The first triboelectric series including ten kinds of 
common materials were drawn up in the order of polarity.[182] 
Subsequently, some scholars have also made contributions to 
further supplement the triboelectric series.[183,184] Recently, a 
more comprehensive triboelectric series for TENGs has been 
summarized based on previous studies.[163] More recently, 
Zou et al.[185] have made a further measurement of triboelec-
tric series of materials that are widely used to design TENGs. 
In order to conduct a standard measurement, they qualita-
tively ranked the triboelectric series from a wide range of 
polymers with regards to their triboelectric polarization in a 
well-controlled environment. Shape-adaptive liquid metal of 
mercury was utilized as the other triboelectrification material 
to maximize the contact area with measured solid surfaces. 
The quantitative triboelectric series they updated might serve 
as a textbook standard for the design of TENGs. Since tex-
tiles are highly porous and deformable materials with a struc-
tural hierarchy, the triboelectric series measured from planar 
membranous structures may not be very accurate for textile 
materials. Therefore, an extended textile-related triboelectric 
series including 21 types of commercial and new fibers has 
also been reported.[186,187] Effective charge density of textiles 
can be reliably measured when the triboelectrification pro-
cess reach its saturation under the fabric densification pres-
sure.[186] It turns out that there is no significant difference of 
the triboelectric series measured from planar membranous 
structure and hierarchical fiber-shaped structure. Therefore, 
the triboelectric series obtained from film materials can also 
be used for textile materials. Since the triboelectric series 
of materials can be obtained from previous literatures, this 
review will no longer specifically list and compare them 
again.

4.2. Working Modes of Textile-Based TENGs

Based on the circuit connection methods and load applying 
directions, TENGs can be categorized into four different opera-
tion modes, i.e., single-electrode (SE) mode, lateral-sliding (LS) 
mode, vertical contact–separation (CS) mode, and freestanding 
triboelectric-layer (FT) mode. Figure  8 exhibits the four oper-
ating modes of textile-based TENGs which presents in the form 
of fabric structure. Each working mode has its own structural 
characteristics, application occasions, merits and demerits, 
which is summarized and compared in Table 6. The SE mode 
takes the ground as the reference electrode and is versatile in 
harvesting energy from a freely moving object without attaching 
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an electric conductor. The vertical CS mode depends on relative 
motion between two triboelectric layers perpendicular to the 
interface, while the LS mode relies on the relative displacement 
in the direction parallel to the interface. The FT mode consists 

of a triboelectric layer with grating segments and two stationary 
electrodes with interdigital patterns. The LS and FT modes can 
also be implemented in a compact package via rotation-induced 
movements.
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Table 5.  Summary and comparison of current textile-based PENGs.

Ref. Electrode Active materials Structure Electric outputs Stretchability/durability Main applications

[126] Au ZnO NWs Spiral twining 1 mV, 5 pA, 20 mW m2 30 min Energy scavenging

[116] Carbon-filled PE BTO/PZT/CNT-PVDF Spiral multilayer 6 V, 4 nA 26 000 cycles Stand-off sound detector

[127] Carbon fiber (inner), Ag 

(outer)

ZnO film Coaxial 3.2 V, 0.15 µW cm−2 NF Heart-pulse driven

[129] Cr-coated Kevlar ZnO NWs Coaxial 1.8 mV, 4.8 pA NF UV detector

[128] Carbon fiber (inner), ITO 

(outer)

ZnO NWs Core–sheath 2 mV, 0.2 nA NF Energy harvesting

[130] CF (inner), Au (outer) ZnO Core–sheath 17 mV, 0.09 µA cm−2 NF Energy harvesting

[139] Ni/Cu alloy PVDF film Spiral winding 20 V, 1.42 mW, (3 MΩ, 1 Hz) 158% Energy harvesting

[143] PEDOT PVDF fiber Coaxial 1 V, 0.15 mA 7500 cycles Pressure sensor

[133] Au (inner and outer) ZnO-PVDF Coaxial 0.1 V, 10 nA cm−2, 16 µW cm−3 NF Energy harvesting

[132] Ag-coated nylon yarn PVDF NFs and film Coaxial 0.52 V, 18.76 nA (0.02 MPa) 50 000 cycles Energy harvesting

[138] Ag-coated nylon (inner), 

CNT sheet (outer)

PVDF–TrFE mats Coaxial (rolling) 2.6 V 50%/40 000 stretching 

cycles

Human motion sensors

[134] Carbon (inner), indium 

(outer)

PVDF–TrFE Coaxial 1 V NF Acoustic measurement

[136] Ag-coated PI/stainless 

steel

Melt-spun PVDF Woven 3.5 V, 130 nW 0.25% Shoulder strap

[137] Carbon black on PE Poled PVDF Coaxial 4 V (0.05 N) NF Heartbeat /respiration

[113] Cu wire (inner)/Au (outer)Melt-spinning PVDF–TrFE Coaxial – – Stress sensor

[140] Aluminum foils PVDF–TrFE Twisted 20 mV 740% Energy harvesting

[142] Ag-plated PA yarns PVDF fibers Coaxial (Braided) 380 mV, 29.62 µW cm−3 50%/thousands of cycles Energy harvesting

[149] Au-coated fabric ZnO NWs Sandwich 8 V, 2.5 µA (100 dB, 100 Hz) – Energy harvesting

[150] Ag-coated cotton fabric ZnO nanorods Sandwich 9.5 mV – Power generation

[30] Ag-coated fabric ZnO nanorods Sandwich 4 V, 20 nA – Energy harvesting

[144] Cu wires ZnO/Pd-coated ZnO NWs Woven 3 mV, 17 pA – UV sensor

[145] Cu wires BaTiO3 Woven 1.9 V, 24 nA, 10 nW (80 MΩ) – Energy harvesting

[31] Stainless steel PVDF–TrFE Woven 16.2 mV –

[147] Ni/Cu alloy PVDF film 2D woven 51 V, 850 µW – Tactile sensor

[148] Cu wires Melt-spinning PVDF fibers 3D interlock 2.3 V – Energy harvesting

[29] Ag-coated PI yarn Melt-spinning PVDF fibers 3D spacer knitted 5.1 µW cm−2 (0.1 MPa) 150 cycles Energy harvesting

[154] Cu foil Electrospinning PVDF 

NFs

Sandwich 76 mV, 39 nA (0.05%, 7 Hz) – Energy harvesting

[28] Ag-coated PI yarns PVDF–NaNbO3 NFs Sandwich 3.4 V, 4.4 µA (1 Hz, 0.2 MPa) 106 cycles Energy harvesting

[120] Ag conductive fabric ZnO NWs grown on 

PVDF NFs

Sandwich 6.36 V, 0.17 µA – Energy harvesting

[162] CNF (inner and outer) PZT NFs Sandwich 2 V, 50 nA 200 bending cycles Energy harvesting

[157] PEDOT PVDF NFs Sandwich 48 V, 6 µA (8.3 kPa) 6 months Weight measurement

[160] Ag PZT NWs Sandwich 6 V, 45 nA – UV sensor

[146] Ni/Cu wires PVDF Woven 42.5 V, 125 µW cm−2 

(6 Hz, 6.6 MΩ)

– Energy harvesting

[26] Cu–Ni-plated PET fabric Pt-PVDF NFs Sandwich 30 V, 6 mA cm−2, 22 µW cm−2 – Tactile sensor

[156] PEDOT:PSS (top)

CNTs (bottom)

Nonwoven PVDF NFs Sandwich 3 V, 15 nA (1.2 Hz) – Motion recognition
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4.3. Triboelectric Mechanisms

Triboelectric effect is the phenomenon that a material becomes 
electrically charged after it contacts with a different material 
through friction.[165] Although it is one of the most frequently 
experienced effects in our daily life, the nature of the charge car-
riers and their transfer mechanisms behind triboelectrification 
or contact electrification are still puzzled or more precisely 
under debate. Recently, Xu and co-workers[188–190] and Lin 
et  al.[191] have conducted some theoretical studies in order to 
deeply explore the triboelectrification behaviors. It is found that 
the electron transfer instead of ion transport is the dominant 
process of triboelectrification. The charge retention character-
istic of materials after the process of CE is attributed to the 
existed potential barrier. The surface states model originating 
from the band structure theory of semiconductors can only 

explain the CE mechanism of metal–insulator systems or two 
different insulators.[188] Inspired by the atomic or molecular 
orbits model, the electron cloud-potential well model is pro-
posed based on electron cloud interaction, which can explain 
the CE mechanism for all types of materials.[189] Temperature 
plays an important role on the behavior of CE and there is a 
limit temperature that TENGs can still work. Electron thermi-
onic emission is the dominant deterring factor of CE at high 
temperatures and its role becomes more significant with the 
increase of temperatures. When two materials with different 
temperatures come into contact, hotter solid tends to be posi-
tively charged, while cooler solid prefers to be negatively 
charged. Due to the thermionic emission effect, electrons 
are thermally excited and transferred from a hotter part to a 
cooler one. The CE behaviors between identical materials have 
also been investigated.[190] Charge transfer between similar 
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Figure 8.  Four basic operation modes of textile-based TENGs, which take the fabric-based TENGs as examples. The yellow models refer to conductive 
fabrics, while the gray, crimson, and blue models represent dielectric fabrics.

Table 6.  Comparison of the four operational modes of TENGs.

Modes Structural characteristics Advantages/disadvantages Application occasions Key parameters

SE Only one electrode, another 

electrode is ground

(A) Simple, versatile in harvesting energy, easy for integra-

tion and to carry

(D) Relatively low output and signal instability

Sliding/typing/touching screen Electrode gap distance, area size

LS Horizontal/rotational movement, 

almost without gap

(A) High frequency, continuous and high electricity output

(D) Easy damage of friction surface, poor long-term 

stability

Rotational and air/water flow 

energy harvesting

Sliding distance and velocity

CS Vertical movement, a large gap 

existed

(A) High output voltage

(D) Pulse output

Pressing, impacting, bending, 

sharking, vibration

Separation distance, average 

velocity, dielectric thickness

FT Multiple forms of movements, 

symmetric electrodes, asymmetric 

charge distribution

(A) High energy conversion efficiency

(D) Inconvenient to move due to fixed electrodes, 

complex for integration

Rotational and vibration energy 

harvesting

Freestanding height, 

electrode gap
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materials can be observed from curved surfaces rather than flat 
structures. The curvature-dependent charge transfer model is 
established based on curvature-induced energy shifts of the sur-
face states, which can reveal the charge transfer mechanisms 
between similar materials. When two materials with irregular 
surfaces come into contact, the convex surfaces are prone to be 
negatively charged, while the concave surfaces are inclined to 
be positively charges. These innovative achievements further 
lay the theoretical foundation for TENG, making it more sci-
entific and systematic. Herein, in order to further illustrate the 
charge generation and transfer mechanisms of TENGs, relevant 
theoretical models from multiple levels are also established, 
such as basic working model (Figure 9a), surface states model 
(Figure 9c), and electron cloud-potential well model (Figure 9d).

The working mechanisms of the four operational modes 
of TENGs are similar, all of which are based on the combi-
nation of electrification effect and electrostatic induction. 
Therefore, a comprehensive analysis of one working mode is 
enough. As shown in Figure  9a, the charge generation and 
transfer process of a typical CS-mode fabric-based TENG is 
investigated. One cycle of electrical generation corresponds to 
a contact–separation movement occurring between the upper 
and lower fabric layers, both of which include a conductive 
and a dielectric fabric. Originally, due to no electrical potential 
difference existed, no charge is generated or induced. Once 
the upper and lower fabric layers contact with each other, 

electrification occurs at their interfaces, generating the same 
amount of charges with the opposite polarities on their sur-
faces (Figure 9ai). The polarities of both sides depend on their 
ability to gain and lose charges. Since the opposite triboelec-
tric charges coincide at almost the same plane, there is practi-
cally no electrical potential difference between the two fabric 
layers. When they are separating and gradually moving away, 
positive and negative charges are induced on the bottom and 
top fabric electrodes, respectively, due to the electrostatic induc-
tion effect (Figure  9aii). The accumulated electrical potential 
difference between them prompts electrons to flow, generating 
an instantaneous current. When the two fabric layers are com-
pletely separated, the positive and negative triboelectric charges 
are fully equilibrated by the electrostatic induced charges 
(Figure  9aiii). Under this circumstance, electrical signal is 
absent between the two fabric layers, reflecting the neutraliza-
tion of charges in this period. It is noteworthy that the accumu-
lated charges will not be entirely annihilated. On the contrary, 
due to the innate features of insulator, they will be maintained 
for a sufficiently long time. In the reverse case, if the two fabric 
layers are approaching back to each other, the accumulated 
induced charges will flow back through the external load to 
compensate for electrical potential differences (Figure  9aiv). 
After the whole system returns to the initial state (Figure 9ai), 
the positive and negative triboelectric charges are fully offset 
again. As a result, a contact–separation process between the 
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Figure 9.  Charge generation and transfer mechanisms of TENGs. Taking the fabric-based TENG based on vertical contact–separation mode as an 
example. a) Basic working models, including: i) original state, ii) separating from each other, iii) fully separated, and iv) approaching to each other. The 
charges with circle represent the triboelectric charges, and those without circle refer to the electrostatic induced charges. b) Electrical output character-
istics (i.e., Voc, Isc, and Qsc) in a complete contact–separation process. c) Surface states models between two different dielectric materials, including: 
i) charge transfer before contact, ii) in contact, and iii) after contact. Superscript A and B represent two different dielectric materials. EC, EN, and EV 
refer to conductive band, neutral level of surface states, and valence band, respectively. In this case, N

A
N
BE E> . d) Electron cloud-potential well models 

between any two solid materials, including: i) electron clouds before colliding, ii) electron clouds in colliding, and iii) electron clouds after colliding.
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upper and lower fabric layers will generate an instantaneous 
alternating potential and current through the external load. The 
characteristics of electrical output signals of TENGs, i.e., open-
circuit voltage (Voc), short-circuit current (Isc), and short-circuit 
charge transfer (Qsc) in the corresponding movement processes 
are shown in Figure 9b.

The CE behaviors of the vertical contact–separation mode 
TENG between the two fabric layers can also be illustrated 
based on surface states model (Figure  9c). The energy band 
before the mutual contact between the two dielectric fabrics is 
shown in Figure 9ci. In this model, it is assumed that the neu-
tral level of surface state of dielectric fabric A ( N

AE ) is higher 
than that of dielectric fabric B ( N

BE ). When they contact with 
each other, the electron located at high energy states in dielec-
tric fabric A will transit to the low energy states of dielectric 
fabric B (Figure 9cii). After the two dielectric fabrics are sepa-
rated, the transferred electrons in dielectric fabric B escape 
from its surface because of thermionic emission (Figure 9ciii). 
Meanwhile, since it currently has more positive charges, dielec-
tric fabric A is likely to capture electrons from the environment. 
Ultimately, dielectric fabric A is positively charged, while dielec-
tric fabric B is negative charged.

The CE mechanism of TENGs can also be reflected on the 
atomic or molecular scale. As exhibited in Figure 9d, Electron 
cloud-potential well model is established to describe the CE 
mechanism between any two solid materials. Prior to contact 
between the two fabric layers, their respective electron clouds 
remain separated without overlap, due to that potential wells 
bind the electrons and prevent them from freely escaping 
(Figure 9di). When they get to close and contact with each other, 
the electron clouds collide with each other to form ionic or cova-
lent bonds (Figure  9dii). The initial balanced potential well is 
broken to asymmetric double-well potential, leading to electrons 
hopping from one with higher energy to its counterpart. After 
separated, the transferred electrons remain but the thermionic 
emission of triboelectric charges occurs, resulting in partial 
release of the electrons from dielectric fabric B (Figure  9diii). 
Meanwhile, electrons from the environment will be replenished 
by dielectric fabric A, leading to it positively charged.

4.4. Triboelectric Textiles

Integration of TENG technology with conventional textiles 
brings new vitality and more possibilities for smart textiles. 
Textile-based TENGs are highly desirable for next-generation 
wearable energy harvesters and human-oriented self-powered 
sensors that are expected to be lightweight, long-lasting, breath-
able, deformable, and washable. This new class of wearable 
electronics can conform to complex, nonplanar shapes while 
maintain satisfactory performance, reliability, and integra-
tion. Herein, based on operational modes, structural char-
acteristics, and fabrication methods, textile-based TENGs 
are divided into four main categories, i.e., single fiber-based 
TENGs, fabric-based TENGs with textile forming structures, 
fabric-based TENGs with multilayer fabric stacking struc-
tures, fabric-based TENGs working with lateral sliding mode, 
and fabric-based TENGs with nanofiber reticular or textile-
involved membranous structures.

4.4.1. Single Fiber-Based TENGs

As mentioned above of textile-based PENGs, single fiber/
yarn is also the smallest design unit for textile-based TENGs. 
Coaxial or core–shell configuration is the commonly adopted 
design structure for single fiber-based TENGs. According to 
the working modes, single fiber-based TENGs can be further 
classified into single-electrode mode and vertical contact–sepa-
ration mode. The SE mode single fiber-based TENGs usually 
consist of an inner fiber electrode and an outer encapsulated 
layer, in which the outer cladding layer acts as the dielectric 
layer as well as the protective layer. In general, the CS mode 
single fiber-based TENGs are usually designed as core–sheath 
structure and there is a gap between inner core column and 
outer sheath tube. In this section, we will introduce the rele-
vant studies on the SE mode and CS mode single fiber-based 
TENGs, respectively.

With the merits of simple structure, good performance, 
and versatile applications, the SE model single fiber-based 
TENGs have been widely designed and reported. The sim-
plest structure of SE mode single fiber-based TENGs is that 
dielectric polymers are directly wrapped around core fiber 
electrodes. As shown in Figure  10I, single energy harvesting 
fiber was fabricated by coating PDMS or silicone rubber on 
the surface of conductive fiber.[42,170,192,193] The obtained 
energy harvesting fiber can be crookedly sewn on a cloth 
(Figure  10a),[192] or directly woven (Figure  10b)[193] or knitted 
(Figure  10c)[42] into 2D fabric. However, the surface-coated 
polymers will not only increase the overall diameter of fibers, 
but also cause itching of human skin. Therefore, artificial 
commercial fibers are gradually used to replace polymers. As 
exhibited in Figure 10II, a coaxial energy harvesting fiber was 
developed by tightly twining artificial fibers around a conduc-
tive core fiber, which could be further woven or knitted into 
fabrics (Figure  10d).[194] Due to low cost, high efficiency, and 
mature technology, it is very possible to realize the large-
scale production of this energy harvesting fiber. Printing as 
one of effective methods for mass production has also been 
adopted to prepare a SE-mode single fiber-based TENG by 
using CNTs as a conductive core and silk fibroin as a dielec-
tric sheath.[195] Unfortunately, stretchability is absent in the 
above SE mode single fiber-based TENGs due to the existence 
of straight core fiber. Stretchability can be obtained by either 
selecting stretchable materials or applying stretchable struc-
ture. As shown in Figure 10III, stretchability can be achieved 
by twining fiber electrodes on the surface of stretchable fibers. 
After further coating with the outer dielectric layer, the energy 
harvesting fiber is obtained which can also be woven into  
fabrics (Figure  10e).[196–198] Another example of achieving 
stretchability is that conductive fiber with built-in helical 
structure is inserted into elastic silicone rubber tubes, as illus-
trated in Figure  10IV.[199,200] In addition, energy harvesting 
fibers made up of stretchable components are also certainly 
stretchable.[84,201] For example, a superstretchable SE mode 
single fiber-based TENG was obtained by injecting nontoxic 
liquid metals, e.g., Galinstan and EGaIn into stretchable sili-
cone rubber tube (Figure  10f).[84] In theory, the stretchability 
of the fiber fabricated with inherent stretchable materials is 
higher than that designed with stretchable structures.

Adv. Mater. 2019, 1902549



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1902549  (21 of 43)

www.advmat.dewww.advancedsciencenews.com

Although the SE mode single fiber-based TENG is easy to 
prepare and convenient for usage, low and unstable outputs 
restrict its wide application. In order to improve power outputs 
and working stability of single fiber-based TENGs, SE mode 
is usually optimized to CS mode. CS mode single fiber-based 
TENGs can be simply obtained by twisting a SE mode energy 
harvesting fiber and a conductive fiber together.[36,202,203] 
However, the twisted structure is not only inconvenient to 
implement, but also easy to cause abrasion between fibers. In 
most cases, CS mode single fiber-based TENGs are designed 
with the core–shell structure, in which a gap exists between 
the inner core column and the outer shell tube. According to 
its structures, the CS mode single fiber-based TENGs can be 
classified into four main types, i.e., dielectric layer wrapped 
around inner electrode as the core and only outer electrode as 
the shell (type I, Figure  11I), dielectric layer wrapped around 
inner electrode as the core and the same configuration as the 

shell (type II, Figure  11II), inner electrode wound on dielec-
tric fiber as the core and the same configuration as the shell 
(type III, Figure  11III), and the outer surface of the type III 
further covered by dielectric or encapsulation layer (type IV, 
Figure 11IV). No matter what type is selected, one of the basic 
design principles is that materials with different triboelec-
tric polarities are chosen for the outer side of the inner core 
column and the inner side of the outer shell tube. Type I is 
the simplest structural type of the CS mode single fiber-based 
TENGs. As presented in Figure  11a, a fiber-based TENG was 
designed with CNTs wrapped by silicone rubber as the core and 
Cu wire as the shell.[204] Its high stretchability was achieved by 
convolving Cu wire onto the inner core column. In order to 
avoid charge leakage from the bare outer electrode, the outmost 
layer of type I is further covered by another dielectric layer. 
In this case, type I is transformed to type II. There are some 
studies based on type II that have been reported. For example, 
a core–shell triboelectric fiber was developed with nylon fiber 
wound on conductive fiber as the core and Ag NWs coated 
bamboo fibers sandwiched between silicone rubber tube and 
PDMS encapsulated film as the shell (Figure 11b).[205] Another 
similar fiber-based TENG was prepared with PTFE coated 
PU/Ag NWs as the core and AgNWs/PDMS as the shell, as 
shown in Figure 11c.[206] If both the inner core column and the 
outer shell tube are reversely constructed comparing with the 
type II, the third type of CE mode single fiber-based TENG is 
proposed. Based on the type III, a nanostructured fiber-based 
TENG was developed by inserting Au coated ZnO NWs grown 
on Al wires into Al foil wrapped nanostructured PDMS tube 
(Figure  11d).[207] Another example is a triboelectric fiber with 
multilayered wrinkled structure, which was designed with PU 
fiber wrapped by Ag-coated nylon fiber as the core and CNTs 
coated PVDF–TrFE as the shell (Figure 11e).[208] In most cases, 
the outmost of type III is further covered by another dielectric 
layer to prevent charge leakage just as type I is optimized to 
type II. The obtained type IV is the most commonly used struc-
ture for the CS mode single fiber-based TENGs, which has been 
widely reported. As shown in Figure 11f, a coaxial triboelectric 
fiber was developed with CNT coated PDMS as the core and 
CNT sandwiched between two PDMS layers as the shell.[209] 
PMMA microspheres were deposited on the inner CNT elec-
trode in order to increase effective contact between the core 
and shell. With the similar structure, a triboelectric fiber was 
fabricated with silicone rubber tube covered by Ni-coated PET 
fabric as the core and CNTs layer sandwiched between two 
silicone rubber layer as the shell (Figure 11g).[210] In addition, 
a superflexible tube-like TENG with a high surface charge den-
sity of 250 µC m−2 was designed by inserting a helix conductive 
belt into the shell tube consisting of carbon black/CNTs layer 
sandwiched between two silicone rubber layers (Figure 11h).[211] 
As for type IV, conductive fibers are usually wound around 
dielectric fibers in order to provide stretchability. As shown in 
Figure  11i, a varnished wire consisting of conductive Cu and 
insulation varnish at both ends acted as the shell was spirally 
wound around a core fiber, which was fabricated with CNT/
PANI-coated silicone rubber.[212] The winding structure can also 
be achieved on the inner core column,[213] or even on both the 
inner and outer fibers.[33] For instance, a versatile triboelectric 
fiber was developed with a spring-like spiral winding structure 
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Figure 10.  Typical SE mode single fiber-based TENGs, which own one 
fiber electrode. a) A highly stretchable and scalable TENG textile realized 
by sewing the energy-harvesting fiber that composed of silicone rubber 
coated stainless-steel fiber into a serpentine shape on an elastic textile. 
Reproduced with permission.[192] Copyright 2017, Wiley-VCH. b) A yarn-
shaped TENG obtained by coating conductive Cu-coated yarn electrode 
with a layer of PDMS as electrification layer. Reproduced with permis-
sion.[193] Copyright 2019, Wiley-VCH. c) A stretchable and washable 
TENG fabric knitted with a single energy-harvesting yarn that is obtained 
by coating silicone rubber on the surface of three-ply twisted stainless-
steel/PET blended yarn. Reproduced with permission.[42] Copyright 2017, 
American Chemical Society. d) A core–shell-yarn-based TENG applied 
by twining artificial polymer fibers tightly around core conductive fibers. 
Reproduced with permission.[194] Copyright 2017, American Chemical 
Society. e) A single-strand fiber-based woven-structured TENG proposed 
by spirally winding Au-coated Cu threads on a silicone rubber column. 
Reproduced with permission.[198] Copyright 2018, AIP Publishing Group. 
f) A liquid-metal fiber-based TENG developed by injecting Galinstan as 
the electrode into a silicone rubber tube as the triboelectric and encap-
sulation layer. Reproduced with permission.[84] Copyright 2018, American 
Chemical Society.
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for both the inner core and the outer shell. As exhibited in 
Figure  11j, the inner core was made of Ag-coated nylon fiber 
wound silicone rubber fiber, while the outer shell was formed 
by winding Ag-coated nylon fiber on silicone rubber tube, 
which was further coated by silicone rubber.[33]

The structures and performance of single fiber-based TENGs 
are also summarized and compared in Table  7. Generally 
speaking, CS mode single fiber-based TENGs have higher elec-
trical outputs and better strechability than those with SE mode.

4.4.2. Fabric-Based TENGs with 2D Textile Forming Structures

In order to improve electrical outputs as well as promote its 
wide applications, textile-based TENGs usually present in the 
form of fabrics. Through various textile forming techniques, 
it is possible to process conductive or dielectric fibers into fab-
rics. For facilitating fabrication and increasing the effective 
contact area, fabric-based TENGs are originally prepared from 
narrow thin film tapes or cloth strips. So far, several kinds of 
fabric band-based TENGs have been reported and studied. For 
example, a micro-cable structured power textile was woven 
by interlacing Cu-coated PTFE strips with Cu wires in a stag-
gered way on an industrial weaving machine via a shuttle-flying 
process (Figure 12a).[214] It is also found that among the three 
basic weaving patterns, plain weave has the highest electrical 
output while twill weave exhibits the lowest, due to variation 
of the effective contact area. A similar fabric-based TENG was 
also woven by PTFE strip covered Cu foil bands. As shown in 
Figure 12b, the PTFE-wrapped Cu strips were woven from both 
the warp and weft directions into a plain-weave mode.[215] In 
addition, an energy harvesting flag was also fabricated with 
the similar techniques by interlacing Ni coated PET strips and 
Kapton-wrapped Cu foils to harvest high-altitude wind energy 
from arbitrary directions (Figure 12c).[34] A gap at the interlacing 
point between the two strips allowed their contact and separa-
tion motion driven by wind fluttering. Due to low flexibility 
of thin films and metal foils, common cloth strips are gradu-
ally used to prepare fabric band-based TENGs. For instance, 
a woven structured TENG was fabricated by interlacing PET 
fabric wrapped Ag-coated cloth strips and nylon fabric wrapped 
Ag-coated cloth strips into a plain pattern (Figure  12d).[216] In 
addition, belt-type Ni-coated PET cloth strips and that further 
coated with parylene film as the building blocks were also 
woven into fabric-based TENGs (Figure  12e).[217,218] Electrical 
output properties of this kind of energy harvesting fabric can be 
further optimized by replacing the surface coated parylene with 
silicone rubber. As exhibited in Figure 12f, a high-performance 
fabric band-based TENG was woven by Ni-coated PET fabric 
bands and that further coated with silicone rubber.[219] With 
the advantages of simple prepared method, high output perfor-
mance, and stable mechanical property, it seems that the fabric 
band-based TENGs satisfy the practical usages. However, they 
are only suitable for traditional manual weaving while incom-
patible to other textile forming methods and the present large-
scale industrial production, which limits their wide applications 
to a large extent.

Under normal circumstances, single fiber-based TENGs 
can be made into energy harvesting fabrics through various 
textile processing technologies. As illustrated in Figure  13a, 
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Figure 11.  CS mode single fiber-based TENGs working with representative 
core–shell structure. Based on the structure composition and electrode posi-
tion, the CS mode single fiber-based TENGs can be divided into four types, 
i.e., dielectric layer wrapped around inner electrode as the core and only 
outer electrode as the shell (I), dielectric layer wrapped around inner elec-
trode as the core and the same configuration as the shell (II), inner electrode 
twining on inner dielectric fiber as the core and outer electrode covered on 
outer dielectric tube as the shell (III), the structure of (III) further covered 
by outmost dielectric or encapsulation layer (IV). a) A highly stretchable 
fiber-based TENG fabricated by convolving Cu microwire onto a stretchable 
CNT/silicone rubber fiber. Reproduced with permission.[204] Copyright 2017, 
Wiley-VCH. b) A fibroid core–sheath structural triboelectric kinematic sensor 
containing conductive metal fiber wrapped by nylon fiber as the core and 
Ag NW-coated bamboo fiber twining on silicone rubber tube as the shell. 
Reproduced with permission.[205] Copyright 2017, Elsevier. c) A stretchable 
fiber-based TENG with a core–sheath fiber configuration assembled from a 
core fiber comprising Ag NW and PTFE coatings on a bare PU fiber, and a 
sheath electrode of PDMS–Ag NW film. Reproduced with permission.[206] 
Copyright 2017, Elsevier. d) A core–shell and fully sealed energy-harvesting 
fiber containing a Au-coated ZnO NWs grown on Al wire in the core and a 
nanostructured PDMS tube in the shell. Reproduced with permission.[207] 
Copyright 2015, American Chemical Society. e) A stretchable triboelectric 
fiber with multilayered core–shell and wrinkle structures designed with 
Ag-coated nylon fiber twining around PU fiber as the core and wrinkled 
PVDF–TrFE/CNT layer as the shell. Reproduced under the terms of the 
CC-BY Creative Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/).[208] Copyright 2016, The Authors, Pub-
lished by Springer Nature. f) A coaxial triboelectric fiber developed by using 
aligned CNT sheets as inner and outer electrodes and designing porous 
structures in triboelectric polymers of PDMS and PMMA. Reproduced with 
permission.[209] Copyright 2017, Royal Society of Chemistry. g) A core–shell 
coaxially structured fiber-based TENG designed with conductive textile 
wrapped silicone rubber tube as the core and CNT sandwiched between two 
silicone rubber layers as the shell. Reproduced with permission.[210] Copy-
right 2018, Royal Society of Chemistry. h) A high-output tube-like TENG 
proposed by attaching a belt-like inner electrode to the interior surface of a 
silicone rubber tube, which is further covered by outer electrode and outmost 
encapsulation layer. Reproduced under the terms of the Creative Commons 
Attribution 4.0 International License (http://creativecommons.org/licenses/
by/4.0/).[211] Copyright 2016, The Authors, published by Springer Nature. i) A 
self-powered wearable sensing fiber presented by coating multiwall CNT and 
PANI derivatives on silicone rubber fiber, and further twining with varnished 
wires. Reproduced with permission.[212] Copyright 2018, IOP Publishing. j) A 
highly stretchable yarn-based TENG designed with coaxial core–sheath and 
built-in spring-like spiral winding structures. Reproduced with permission.[33] 
Copyright 2018, Wiley-VCH.
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a plain-patterned fabric-based TENG was manufactured by 
interlacing the energy harvesting fiber presented in Figure 11j 
with commercial acrylic yarns.[33] By altering load applying 
methods and circuit connection modes, this fabric-based 
TENG could integrate the four operating modes of TENGs 
together. In addition, the nanostructured single energy har-
vesting fiber described in Figure 11d could also be woven into 
fabrics (Figure  13b).[207] By covering with a waterproof fabric 
on its surface, this fabric-based TENG could be used for all-
weather conditions and had been applied as a footstep-driven 
large-scale power mat. In addition to weaving them together, 
single energy harvesting fibers can also be directly stitched 

into normal fabrics. As shown in Figure 13c, a power shirt as a 
wireless body temperature sensor was fabricated by stitching an 
energy harvesting fiber into a common knitted fabric.[220] The 
energy harvesting fiber was twisted from CNT fiber and PTFE 
coated CNT fiber. In addition to fabricating with single energy 
harvesting fibers or fabric bands, fabric-based TENGs can also 
be achieved with conductive or dielectric fibers through textile 
forming techniques.[221,222] Since no complex pre-processing 
is needed and the required materials are commercially avail-
able, it is more suitable for large-scale mechanized production. 
This type of fabric-based TENGs have been widely reported. 
As shown in Figure  13d, a machine-washable fabric-based 
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Table 7.  Summary and comparison of single fiber-based TENGs.

Ref. Modes Structures Components and methods Outputs Stretchability Main applications

[192] SE Coaxial SS fibers wrapped by silicone rubber 15 V, 12 nC, 7 µA – Human-interactive sensing

[42] SE Coaxial SS/PET-blended fibers wrapped by silicone rubber 18 V, 6 nC, 0.3 µA – Power textiles

[194] SE Coaxial SP fibers twined around core SS fiber – – Power cloths

[84] SE Coaxial Galinstan injected into silicone rubber – 300% Energy harvesting

[196] SE Coaxial Ag-coated PET fibers spirally wound on silicone rubber 28 V, 0.56 µA 100% Smart clothing

[197] SE Coaxial Carbon fiber bundles wound over silicone rubber 42 V, 15 nC, 0.5 µA, 

(2.5 Hz)

Stretchable Power fabrics

[201] SE Coaxial Carbon-deposited petal-like PDMS mold inserted into 

silicone rubber tube
32.2 V, 1.15 µA 

(2 Hz, 40 N)

Stretchable Landslide monitoring

[193] SE Coaxial Cu-coated PET fiber wrapped by PDMS – – Power textiles

[199] SE Coaxial Helical-structure SS yarns inserted into silicone rubber tube 4.2 V (30 cm, 100%) 200% Large-scale self-powered 

textiles

[52] CS (iii) Core–shell (C) Al wires grown on ZnO NWs, further deposited on Au

(S) Nanostructured PDMS tube covered by Al foil
40 V, 10 µA 

(50 N, 10 Hz)

– Large-scale power mats

[208] CS (iii) Core–shell (C) Ag-coated nylon fibers wound on PU fibers

(S) PVDF–TrFE mats covered by CNT sheets

24 mV, 8 nA, 10 pC 50% Kinematic sensing

[211] CS (iv) Core–shell (C) Helix belt made up of CB/CNTs mixed with silicone 

rubber

(S) CB/CNT layer sandwiched between two silicone rubber 

layers

145 V, 250 µC m−2, 

5 mA m−2 (2 Hz)

620% Biomechanical energy 

harvesting

[209] CS (iv) Core–shell (C) PDMS fiber wrapped by CNT sheets, further covered by 

PMMA microspheres

(S) CNT sheets sandwiched by two PDMS films

5 V, 240 nA (25 N) Stretchable Energy harvesting and 

sensing

[204] CS (i) Core–shell (C) CNT films wrapped on silicone rubber fiber, further 

covered by silicone rubber film

(S) Cu wires

140 V, 0.18 µA m−1, 

6.1 nC m−1 (5 Hz)

70% Power generation

[205] CS (ii) Core–shell (C) Nylon fibers wrapped around conductive fiber

(S) Ag NWs covered on silicone rubber tube, and further 

wrapped by PDMS

3.22 V, 1.3 mW m−2 

(100%)

100% Kinematic sensor

[212] CS (iv) Core–shell (C) CNT/PANI covered on silicone rubber fiber

(S) Varnished wire containing insulation varnish

0.2 V, 12.5 nA 250% Self-powered wearable 

electronics

[206] CS (ii) Core–shell (C) Ag NWs wrapped on PU fiber, further covered by PTFE

(S) PDMS–Ag NW film
2.25 nW cm−2 50% Personal healthcare 

monitoring

[33] CS (iv) Core–shell (C) Ag-coated nylon fibers spirally wound around silicone 

rubber fiber

(S) Ag-coated nylon fibers spirally wound on silicone rubber 

tube, further covered by silicone rubber film

19 V, 6.5 nC, 0.43 µA 

(5 Hz)

200% Human-interactive sensing

[213] CS (iv) Core–shell (C) Cu/Ag PET fibers spirally wound PU fibers

(S) Conductive fabric inserted inside silicone rubber tube, 

and injecting silicone rubber

84 V, 5.8 µA – Energy harvesting
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TENG was fabricated by weaving Cu coated PET fibers and 
PI-coated Cu/PET fibers into a plain pattern.[222] Its electrical 
generation depended on the relative contact and separation 
motion between the two kinds of fibers. This smart textile was 
sensitive to subtle human body motions and could work as a 
wearable respiratory monitor to record human respiratory rate 
and depth. Stretchability of the fabric-based TENGs with plain-
weave organizational structure can also be achieved. As dis-
played in Figure 13e, a stretchable power textile was fabricated 
by interlacing an energy harvesting fiber and twisted double-
plied conductive fibers into a plain-weave mode.[199] The con-
tinue energy harvesting fiber consisting of intrinsically elastic 
silicone rubber tubes and built-in helical-structured stainless-
steel fibers was prepared by using melt spinning method. In 
addition to the relative contact–separation movement between 
fibers, the energy harvesting can also be realized between fibers 
and fabrics.[223,224] As illustrated in Figure  13f, a fabric-based 
TENG was fabricated by fixing the ends of parallel-arranged 
1D conductive bundle yarns grown with ZnO NPs/NWs on 
the surface of 2D conductive fabric covered by nanostructured 

PDMS.[224] Electrical output was generated by the relative con-
tact–separation movement between the 1D fibers and the 2D 
fabric. In addition, conductive or dielectric fibers can first be 
woven into corresponding fabrics, and then electrical outputs 
are realized through the relative contact and separation motion 
between fabrics. For example, a fully stretchable knitted TENG 
constructed as a double-arc shaped structure was fabricated by 
sandwiching a Ag-coated conductive fabric between two Ag-
coated PTFE fabrics (Figure  13g).[225] The looping structure 
and microporous structure endow the knitted TENG with good 
stretchability and large contact area, respectively. In addition to 
fabricating with knitted structure, woven structure is also used. 
As shown in Figure  13h, a fabric-based TENG was achieved 
between two kinds of fabrics, i.e., nylon-wrapped Ag fabric 
and PTFE wrapped Ag fabric, which were prepared by spirally 
winding nylon and PTFE fibers around Ag-coated conductive 
fibers by normal yarn winding machine, respectively.[226] From 
this section, it can be found that the fabric-based TENGs pre-
pared from fibers have a variety of implementation forms. 
Moreover, it is more possible for fabric-based TENGs to achieve 
large-scale industrial production, due to commercially available 
materials and mature textile forming processes.

4.4.3. Fabric-Based TENGs with 3D Textile Forming Structures

2D textile forming structures are relatively simple, easy to 
prepare, and compatible with existing textile processing tech-
nology, making them popular in the design of smart textiles. 
However, due to the limitations of structural dimensions in 
the thickness direction, the power outputs of conventional 2D 
textile structures are still low. In order to further improve the 
output performance of power textiles, 3D textile structures have 
been gradually used. Instead of increasing transverse contact 
area or applying additional functional process, 3D textile struc-
tures increase the number of layers in the thickness direction, 
which can provide more contact and separation spaces. Among 
various 3D textile structures, 3D spacer knitting structure with 
inherent internal spaces and excellent resilience can provide 
enough contact and separation spaces. Therefore, it is widely 
adopted to design 3D fabric-based TENGs. For example, a new 
kind of 3D fabric-based TENG was fabricated with three types 
of fibers by a computerized knitting strategy.[227] As illustrated 
in Figure  14a, the top and bottom fabric layers were knitted 
from Ag-coated nylon fibers and PAN fibers, respectively. A 
third set of cotton fiber was alternatively knitted with a defined 
sequence to link the top and bottom fabric layers together as a 
structural integrity. The increased power output was attributed 
to the large hollow spaces between the top and bottom fabric 
layers. With truly wearable characteristics and versatile fashion 
designability, the 3D full fabric-based TENG was demonstrated 
as a smart carpet to harvest human walking energy. Instead of 
knitting functional fibers into 3D fabric-based TENGs, other 3D 
fabric-based TENG were achieved by imposing functional treat-
ment on common 3D spacer knitted fabrics. For instance, a 3D 
spacer weft-knitted TENG was comprised of graphene coated 
nylon fibers as the upper surface, PTFE coated nylon fibers as 
the lower surface, and PET monofilament as the spacer layer 
(Figure 14b).[228,229] The PET fibers alternatively interlocked the 
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Figure 12.  Representative fabric band-based TENGs woven from narrow 
thin film tapes or cloth strips. a) A microcable structured power textile 
TENG fabricated by weaving Cu-coated PTFE stripes and Cu electrodes in 
a staggered way on an industrial weaving machine. Reproduced with per-
mission.[214] Copyright 2016, Springer Nature. b) Washable textile-struc-
tured SE mode TENG woven by PTFE/Cu strips in a plain-woven pattern. 
Reproduced with permission.[215] Copyright 2018, Royal Society of Chem-
istry. c) A freestanding flag-type TENG for harvesting high-altitude wind 
energy developed by weaving Ni-coated PET strips with Kapton-sealed Cu 
belts. Reproduced with permission.[34] Copyright 2016, American Chem-
ical Society. d) A FT mode woven structured TENG based on nylon/Ag 
fabrics and PET/Ag fabrics. Reproduced with permission.[216] Copyright 
2016, American Chemical Society. e) A wearable TENG-cloth woven by 
Ni-coated PET fabric and that further covered by insulating parylene film. 
Reproduced with permission.[217] Copyright 2015, Wiley-VCH. f) A double-
layer-stacked triboelectric textile designed by weaving Ni-coated PET warp 
yarns with silicone rubber covered Ni-coated PET weft yarns. Reproduced 
with permission.[219] Copyright 2017, Elsevier.
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upper and lower fibers, offering good resilience for the whole 
fabric as well as providing enough separation spaces between 
them. The 3D fabric-based TENG was demonstrated to be able 
to in situ sense foot pressure during human walking. Similarly, 
another 3D fabric-based TENG was established based on a 
common 3D spacer knitted PET fabric. As shown in Figure 14c, 
its upper surface was coated with Ag as one electrode while 
lower surface was immersed in PDMS.[230] Aligned CNT sheets 
acting as the other electrode were further tightly stacked on 
the back of PDMS, the front of which was a large number of 
pyramidal structures with sizes of hundreds of micrometers to 

millimeters. The middle PET fibers serving as pillars separated 
the upper and lower layers. In addition, 3D orthogonal woven 
structure is also adopted to design 3D fabric-based TENG. 
As exhibited in Figure  14d, a 3D orthogonal woven TENG 
was developed by using three-ply-twisted stainless-steel/poly
ester-blended fibers as the warp fibers, PDMS coated energy 
harvesting fibers as the weft fibers, and nonconductive cotton 
fibers as the binding Z-yarns in thickness direction.[37] Z-yarns 
combined the warp and weft layers by interlacing up and down 
along the warp direction over the weft yarns. In virtue of the 
3D orthogonal woven TENG, a self-powered dancing blanket 
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Figure 13.  2D fabric-based TENGs with fiber weaving structure. a) A large-area energy-harvesting fabrics by interlacing the versatile core–shell yarn 
with acrylic yarns into a plain-woven pattern. Reproduced with permission.[33] Copyright 2018, Wiley-VCH. b) A highly stretchable 2D fabric TENG 
woven from fibers, which is formed by inserting Au-coated Al wires into Al foil wrapped nanostructured PDMS tubes. Reproduced with permission.[207] 
Copyright 2015, American Chemical Society. c) Fiber-based TENG obtained by fabricating the energy harvesting yarn that is twisted the CNTs coated 
cotton yarn and that further coated by PTFE together into a common cloth system. Reproduced with permission.[36] Copyright 2014, American Chemical 
Society. d) A machine-washable textile consisting of 2-ply Cu-PET yarns and PI-Cu-PET yarns woven as warp and weft. Reproduced with permission.[222] 
Copyright 2016, Wiley-VCH. e) An energy textile woven with single-electrode triboelectric yarns and double-plied commercial yarns. The double-plied 
yarn is twisted from commercial stainless-steel yarn and water-resistant modified polyacrylonitrile yarn. Reproduced under the terms of the CC-BY 
Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[199] Copyright 2019, The Authors, published by 
Springer Nature. f) A TENG constructed from nanostructured 1D conductive bundle yarns and 2D conductive fabric. Reproduced with permission.[224] 
Copyright 2016, Wiley-VCH. g) A double-arc shaped fully stretchable knitted-structural fabric TENG consisting of knitted PTFE and Ag fabrics on the top 
and bottom layers with a Ag electrode in the middle. Reproduced with permission.[225] Copyright 2017, American Chemical Society. h) A plain-patterned 
wearable TENG woven from compound yarns. The compound yarn with core–shell structure is formed by spirally winding PA6 and PTFE yarn on the 
Ag-plated filament via normal yarn winding machine, respectively. Reproduced with permission.[226] Copyright 2018, Wiley-VCH.
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was demonstrated for fully harvesting human walking energy 
and simultaneously perceiving human motion signals. Recent 
popular 3D printing technology has also been used to design 
3D fabric-based TENGs. As a case, a 3D ultraflexible TENG 
was printed with fiber-shaped composite resin parts and ionic 
hydrogel as the dielectrics and the electrodes, respectively 
(Figure  14e).[38] Based on its excellent flexibility and power 
output performance, self-powered SOS flickering distress 
signal systems and smart lighting shoes were successfully dem-
onstrated. The electrical output performance between the 2D 
and 3D fabric-based TENGs are also compared. As presented in 
Figure 14f, the power outputs of 3D fabric structure are higher 
than those of 2D double-layer fabric structure.[37] There are 
more functional fibers incorporated in the 3D fabric system per 
unit area, providing more possibilities for the contact and sepa-
ration motions between conductive and dielectric fibers. Due to 
the enlarged geometric space dimension, the electrical outputs 
of 3D fabric-based TENGs are increased.

4.4.4. Fabric-Based TENGs with Multilayer Fabric Stacking 
Structures

Compared with fabric-based TENGs obtained from conven-
tional textile forming methods, it seems more convenient and 

efficient to obtain 2D fabric-based TENGs by directly stacking 
multilayer functional fabrics together. The simplest form of 
this structure only consists of a conductive fabric and a die-
lectric fabric.[231] In order to protect fabric electrode as well 
as prevent charges leakage, conductive fabric is usually sand-
wiched between two insulating fabrics. For example, an all-
fabric-based TENG as a wearable keyboard was designed by 
placing a commercial Ni coated fabric between a top wool fabric 
cover and a bottom cotton fabric substrate.[102] Fabric substrates 
with dense structure and large specific area provide an excel-
lent attachment platform for functional materials. For example, 
nanostructures are often imposed on the surface of fabrics to 
increase the effective contact area. As shown in Figure  15a, 
ZnO nanorods were grown on n Ag-coated common fabric, 
whose surface was further coated with PDMS.[39] By covering 
another Ag-coated fabric on its surface, a double-layer fabric 
stacking TENG with high power output performance and 
strong mechanical robustness was fabricated. A keyless vehicle 
entry system was demonstrated with the generating elec-
trical signals of the fabric-based TENG without any help from 
external power source. Instead of growing nanorods or NWs 
on fabric substrate, nanoparticles or nanofibers can also be 
directly sprayed on the surface of fabrics. For instance, a highly 
flexible power fabric with satisfactory breathable, tailorable, and 
washable abilities was composed of a top PET fabric, a middle  
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Figure 14.  3D textile structure fabric-based TENGs. a) An all-textile TENG of 3D fabric structure with all conductive top layer, dielectric middle layer, and 
dielectric bottom layer. Reproduced with permission.[227] Copyright 2019, Elsevier. b) A 3D spacer fabric based TENG based on vertical contact triboelec-
trification between graphene and nylon with different tribo-polarities. Reproduced with permission.[228] Copyright 2016, Elsevier. c) A triboelectric textile 
with a 3D penetrated structure made of top Ag-coated fibers, middle PET spacer fibers, and bottom aligned CNT sheet. Reproduced with permission.[230] 
Copyright 2016, Royal Society of Chemistry. d) A 3D orthogonal woven TENG consisting of stainless-steel/PET blended warp yarn, PDMS-coated energy-
harvesting weft yarn, and through-thickness binding yarn. Adapted with permission.[37] Copyright 2018, Wiley-VCH. e) A 3D ultraflexible TENG made 
by the 3D printing method. Reproduced with permission.[38] Copyright 2018, Elsevier. f) Comparison of electrical output performance between 2D and 
3D fabric structures. Adapted with permission.[37] Copyright 2018, Wiley-VCH.
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conductive fabric, and a bottom fabric substrate (Figure 15b).[232] 
PVDF NFs and PTFE NPs were attached on the surface of the 
top PET fabric by electrospinning and electrospray methods, 
respectively. Functional nanomaterials can also be sprayed on 
the surface of fabric-based TENGs to achieve special properties, 
such as waterproof, antibacterial resistance, flame retardant, 
etc. For instance, a superhydrophobic fabric-based TENG for 

water energy harvesting was developed by coating hydrophobic 
cellulose oleyl ester nanoparticles (HCOENPs) and Au elec-
trode on the front and back surface of a common PET fabric, 
respectively (Figure  15c).[233] When water droplets fell off the 
waterproof TENG, their sliding energy would be converted into 
electricity. Another waterproof fabric-based TENG with the 
similar structure as above was constructed by sandwiching a 
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Figure 15.  Fabric-based TENGs with multilayer fabric stacking pattern working in SE or CS mode. a) A fully flexible wearable TENG with Ag-coated 
fabric and PDMS nanopatterns based on ZnO nanorods on Ag-coated textile template as the tribomaterials. Reproduced with permission.[140] 
Copyright 2015, American Chemical Society. b) A highly flexible, breathable, tailorable, and washable power generation fabric designed by sandwiching 
conductive fabric between two PET fabrics. The PVDF NFs and PTFE NPs are adhered on the surface of top PET fabric. Reproduced with permis-
sion.[232] Copyright 2019, Elsevier. c) A wearable all-fabric-based TENG for water energy harvesting achieved by superhydrophobic coating. Repro-
duced with permission.[233] Copyright 2017, Wiley-VCH. d) A washable skin-touch-actuated textile-based TENG fabricated by sequentially stacking 
top dielectric fabric, middle conductive fabric, and bottom waterproof fabric. Reproduced under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/).[234] Copyright 2018, The Authors, Published by Springer Nature. e) A screen-
printed washable electronic textile with embedded electric circuits on normal fabrics. Reproduced with permission.[235] Copyright 2018, American 
Chemical Society. f) A large-scale and washable smart textile for self-powered sleep monitoring developed by sandwiching wavy-structured PET films 
between the top and bottom conductive fabrics. Reproduced with permission.[39] Copyright 2018, Wiley-VCH. g) A textile-pattern wearable triboelectric 
sensor fabricated by stitching PVDF fibers into fabric substrates with a sewing machine. Adapted with permission.[236] Copyright 2018, Royal Society of 
Chemistry. h) An all-textile TENG fabricated by assembling two different cloths of opposite surface charge characteristics in a face-to-face configura-
tion. Adapted with permission.[237] Copyright 2016, Wiley-VCH.
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conductive fabric between a top dielectric fabric and a bottom 
waterproof fabric (Figure  15d).[234] The top dielectric fabric 
was produced by coating black phosphorus encapsulated with 
HCOENPs on the surface of a knitted PET fabric. Screen-
printing method is also commonly used to prepare conduc-
tive components on the surface of fabric substrates. As shown 
in Figure  15e, repellent CNTs/PU synthetic ink as electrode 
was printed on a nylon fabric and then covered with a top silk 
fabric.[235] The obtained washable fabric-based TENG was suc-
cessfully applied in software accessing interfaces and wireless 
smart home control systems. In the design of fabric-based 
TENGs with multilayer fabric stacking, elastic dielectric films 
can be sandwiched between two conductive fabrics. As exhib-
ited in Figure  15f, a pressure-sensitive smart textile for real-
time sleep behavior monitoring was fabricated by sandwiching 
wavy-structured PET films between top and bottom conductive 
fabrics.[39] However, a tough problem arising in the TENGs 
with multilayer fabric stacking structure is that they are vulner-
able to delamination failure, due to weak interfacial bonding 
ability between adjacent fabrics. In order to obtain strong 
bonding interfaces, stitching or sewing is usually adopted. In 
addition, with the advantages of pattern designability and high 
production efficiency, sewing machine stitching or embroi-
dery techniques are suitable for the production of fabrics with 
sophisticated patterns. For instance, dry-jet wet spun PVDF 
fibers have been successfully stitched into fabrics with pro-
grammable textile patterns. As illustrated in Figure  15g, a 
pressure-sensitive triboelectric sensor for self-powered foot 
pressure mapping and pulse signal detecting was fabricated by 
stacking a Al covered nylon fabric on the surface of a PVDF 
stitched PET fabric.[236] Similarly, an all-fabric-based TENG 
was fabricated by sewing two different cloths with opposite 
surface charge characteristics in a face-to-face configuration 
(Figure 15h).[237] From the above introductions and analyses, it 
can be found that multilayer fabric stacking is a simple, con-
venient and efficient method to prepare fabric-based TENGs. 
Hierarchical structure of fibers and large surface area of fabrics 
provide an excellent adhesion carrier for functional nanomate-
rials. In addition, interfacial bonding between fabrics can also 
be improved by stitching/sewing method. However, the key 
issue to realize its practical application lies in its conformability 
with human body as well as current textile industry production.

4.4.5. Fabric-Based TENGs Working in In-Plane Sliding Mode

The fabric-based TENGs described in the above section are 
mainly operated in the vertical direction. But in some cases, 
horizontal friction motion is more likely to occur during 
human walking, such as between elbow and bilateral chest. 
In addition, the large surface area of fabric substrates and the 
absence of air gap make the in-plane sliding mode fabric-based 
TENGs more compatible with human cloth and movement 
behaviors. The simplest structure for in-plane sliding mode 
fabric-based TENGs is composed of two kinds of fabrics with 
different triboelectric polarities laterally sliding back and forth 
with each other. For example, a lateral-sliding mode fabric-
based TENG was assembled with a PMMA coated conductive 
fabric and a PI-coated conductive fabric.[238] In the process of 

periodic rubbing process between the two fabrics, continuous 
alternating potential and current would be generated. In order 
to further improve output power and electromechanical energy 
conversion efficiency, fabric-based TENGs based on in-plane 
freestanding triboelectric-layer mode are proposed, which 
consist of interdigitated electrodes with grating structure. For 
example, an FT mode fabric-based TENG with interdigitated 
nylon and PET cloth strips was presented in Figure  16a.[239] 
Nylon and PET cloth strips attached with Cu foils were pasted 
on cotton fabrics. In addition to directly paste cloth strips, func-
tional components can be deposited on fabric substrates via var-
ious physical or chemical techniques. As shown in Figure 16b, 
an FT mode fabric-based TENG was comprised of two kinds 
of fabrics, i.e., Ni deposited PET slider fabric and parylene 
covered Ni-deposited PET stator fabric.[32] The relative sliding 
between the two pairs of fabrics generated alternative electricity 
between two electrodes in the stator fabric. Nanostructures can 
be further applied on the surface of the FT mode fabric-based 
TENGs in order to improve the surface triboelectric charge den-
sity. As provided in Figure 16c, with the purpose of improving 
the electrical output performance of an FT mode fabric-based 
TENG, Au nanodot-pattern prepared by electro-beam sput-
tering method was deposited on the surface of a PU fabric.[240] 
Another FT-mode fabric-based TENG with the similar struc-
ture was exhibited in Figure 16d. It was made up of two kinds 
of carbon fabrics, one of which was coated alternately with PI 
and PU layer, while the other was covered with PDMS layer 
and Al foil in turn.[241] In order to harvest the swing energy of 
two arms during walking or running, the pair of fabrics was 
located on the sleeve and underneath the arm, respectively. 
Different from the above methods such as attaching, coating, 
depositing and sputtering, interdigitated fabric structure can 
be directly obtained from textile forming techniques, which not 
only maintains the integrity and aesthetic perception of fabrics, 
but also simplifies the whole preparation processes. As shown 
in Figure  16e, an FT mode fabric-based TENG with knitted 
structure was designed by knitting cotton fibers alternatively 
between two Ag-coated nylon fabrics at a fixed interval.[242] Its 
power generation was achieved by in-plane sliding with an 
upper PTFE fabric. The FT mode fabric-based TENG prepared 
with woven structure can also be realized between a pair of 
fabrics. As illustrated in Figure 16f, cotton fibers were adopted 
as warp fibers for both of the fabrics, while PTFE fibers and 
cotton fibers as weft fibers were alternately woven into the 
upper fabric, and carbon fibers and cotton fibers were woven as 
weft fibers for the lower fabric in turn.[243] The typical electrical 
output characteristics of in-plane FT mode fabric-based TENGs 
including Voc, Isc, and Qsc at different velocities in one-way 
sliding cycle are presented in Figure 16g.[243] It is found that the 
Voc and Qsc curves present a triangular shape and that of Isc is 
in rhomboidal. Furthermore, with the increase of sliding speed, 
the output signals first increase and then decrease. These phe-
nomena can be attributed to the increasing, maximizing and 
decreasing trend of the effective contact area. The in-plane FT 
based fabric-based TENGs are especially fit for converting low-
frequency human motion energy into high-frequency current 
outputs. The output performance of in-plane FT based fabric-
based TENGs can be enhanced with small grating size and fast 
sliding speed.
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4.4.6. Fabric-Based TENGs with Nanofiber Network or Textile-
Related Membranous Structures

Different from the above fiber/fabric-based TENGs, some 
others are presented in the form of nanofibrous networks or 
textile-related membranes. Considering that textile components 
are involved and the characteristics of fabrics are exhibited in 
these TENGs, they are classified as fabric-based TENGs. At 
present, nanofiber webs or nonwoven membranes prepared 
via electrospinning method have been widely used to design 
textile-based TENGs.[40,244–248] The remarkable characteristics 
of electrospinning nanofibers, such as high specific surface 
area, inherently rough structure, and hierarchically porous 
structure, endow nanofiber-based TENGs with high electrical 
output and outstanding breathability. For instance, a multilayer 

nanofiber-based TENG prepared by electrospinning was con-
structed between a pair of nanofibrous webs, one of which was 
cellulose acetate nanofibrous web, the other of which was poly-
ethersulfone/carbon black/polystyrene composite nanofibrous 
web (Figure 17a).[246] It was found out that the composite three-
layer nanofibrous structures exhibited a significantly higher 
electrical output performance compared with only single-layer 
structure. During the process of electrospinning, it is relatively 
simple and convenient to incorporate functional materials 
into polymer nanofibers. For example, MXene nanosheet has 
been integrated with polyvinyl alcohol (PVA) for electrospin-
ning nanofibers to fabricate flexible TENGs. As provided in 
Figure 17b, a MXene-based all-electrospun TENG was designed 
with MXene/PVA electrospinning nanofiber film as an electron-
egative layer and silk fibroin as an electron donor, which shows 
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Figure 16.  Fabric-based TENGs working in in-plane freestanding triboelectric-layer based mode. a) A wearable FT mode TENG worked between nylon-
Cu fabric and PET-Cu fabric. Reproduced with permission.[239] Copyright 2015, American Chemical Society. b) An interdigitated grating-structured and 
sliding-mode TENG fabric consisting of conformal Ni-coated PET slider fabric and parylene applied Ni-coated PET stator fabric. Reproduced with per-
mission.[32] Copyright 2016, Wiley-VCH. c) A cost-effective textile-based flexible TENG with gold nanodot-patterned arrays designed by using in-plane 
sliding configuration. Reproduced with permission.[240] Copyright 2018, Elsevier. d) A FT mode fabric-based TENG worked between PI-PU interdigitated 
fabric and PDMS-Al alternatively patterned fabric. Reproduced with permission.[241] Copyright 2014, Wiley-VCH. e) A FT mode TENG that is formed 
between interdigitated knitted fabric and laminated composite fabric. Reproduced with permission.[242] Copyright 2019, Elsevier. f) A FT mode power 
TENG built by weaving cotton, carbon, and PTFE wires on the handloom. g) Typical electrical output characteristics of sliding-mode FT-based TENGs, 
mainly including Voc, Isc, and Qsc. f,g) Reproduced with permission.[243] Copyright 2018, Elsevier.
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excellent stability and durability as well as extraordinary elec-
trical output performance.[249] The porous nanostructures and 
large specific surface area of nanofiber-based TENG also render 
them with excellent particulate matter removal or absorp-
tive capability. As exhibited in Figure  17c, a cellulose-based 
TENG for self-powered healthcare applications was presented 
through developing a 2D cellulose microfibers/nanofibers/silver 

(CMFs/CNFs/Ag) hierarchical nanostructured network.[250] The 
CMF skeleton provided a mesh-shaped framework for attaching 
the CNFs, which could not only enhance the triboelectrification 
effect, but also construct a desirable nanopore-on-micropore 2D 
hierarchical nanostructure for particulate matter removal. Ena-
bled by its desirable porous nanostructure and unique electricity 
generation feature, the cellulose-based TENG was applicated 
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Figure 17.  Textile-based TENGs fabricated with nanofiber network or textile-involved membranous structures. a) A multilayer nanofiber-based TENG 
constructed with cellulose acetate nanofiber as the upper layer and polyethersulfone/carbon black/polystyrene nanofibers as the lower layer. Reproduced 
with permission.[246] Copyright 2018, Elsevier. b) An all-electrospun TENG with MXene/PVA composite nanofibers and silk fibroin as a pair of triboelectric 
materials. Reproduced with permission.[249] Copyright 2019, Elsevier. c) A hierarchically nanocellulose fiber based TENG presented through developing 
1D eco-friendly cellulose microfibers/nanofibers into 2D CMF/CNF/Ag hierarchical nanostructure. Reproduced with permission.[250] Copyright 2018, 
Wiley-VCH. d) A self-powered nanofiber-based triboelectric sensor with an arch structure for respiratory monitoring consisting of an electrospinning 
PVDF nanofiber film and a screen-printed Ag nanoparticle electrode. Reproduced with permission.[251] Copyright 2018, Tsinghua University Press and 
Springer-Verlag GmbH Germany, part of Springer Nature. e) A corrugated textile-based TENG consisting of undulatory silk conductive fabric on the top 
and silicone rubber covered conductive fabric on the bottom. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International 
License (http://creativecommons.org/licenses/by/4.0/).[252] Copyright 2017, The Authors, Published by Springer Nature. f) A height-varying multiarch 
TENG-based strain sensor achieved by fixing an arch-shaped PEDOT:PSS functionalized textile on silicone rubber elastomer. Reproduced with permis-
sion.[253] Copyright 2019, Elsevier. g) A stretchable yarn embedded TENG as electronic skin constructed by embedding conductive yarn networks into 
silicone rubber elastomer. Reproduced with permission.[35] Copyright 2018, Wiley-VCH. h) An ultraflexible, large-scale, and textile-based TENG by coating 
nanostructured PDMS film on a Ag-coated chinlon fabric. Adapted under the terms of the CC-BY 4.0 Creative Commons Attribution license (http://
creativecommons.org/licenses/by/4.0/).[255] Copyright 2018, The Authors, Published by MDPI.
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in removing PM2.5, killing bacteria, and monitoring breathing 
status. Nanofiber-based TENGs with the similar functions can 
also be designed into other structures. As shown in Figure 17d, 
an arch-structural nanofiber-based triboelectric sensor was fabri-
cated by screen printing Ag nanoparticles on an electrospinning 
PVDF nanofibrous web.[251] With the ability of breathability, low 
weight, and easy fabrication, the nanofiber-based TENG has 
been successfully demonstrated for healthcare monitoring, such 
as respiratory monitoring, finger motion detecting, and activity 
tracking. In addition to nanofiber reticular structures, textile-
related membranous structures that combine textile materials 
with elastomeric polymers are also adopted, which can provide 
more designability and functionality for textile-based TENGs. 
For example, high stretchability of fabric-based TENGs can be 
achieved by fixing stretchable textile structures to rubber elas-
tomers. As described in Figure  17e, a fabric-based TENG was 
assembled by stitching the upper corrugated structured fabrics 
composed of a silk cloth covered by a conductive woven fabric 
to the lower silicone rubber coated conductive knitted fabric.[252] 
Due to the upper corrugated structure as well as the inherent 
extensibility of silicone rubber and knitted structure, the fabric-
based TENG was provided with excellent stretchability (≈120%). 
The corrugated structure can also be optimized to a height-
varying multiarch structure for self-powered sensing applica-
tions. As presented in Figure  17f, a height-varying multiarch 
triboelectric strain sensor was developed by fixing an arch-
shaped PEDOT:PSS coated fabric onto a silicone rubber sub-
strate.[253] A variety of self-powered sensing applications of the 
TENG were demonstrated, including finger motion detecting, 
hand gesture capturing, robotic hand controlling, human 
activity monitoring, and gas concentration sensing. Considering 
that the external combination of textile materials and polymer 
membranes will lead to geometric complexity and large space 
occupancy, it seems more convenient and effective to embed 
conductive textile materials directly into elastomeric polymers. 
For example, a skin-inspired TENG was developed by embed-
ding a planar and pattern designable conductive fiber network 
constructed from a three-ply-twisted Ag-coated nylon fiber into 
silicone rubber elastomer (Figure 17g).[35] Based on the merits 
of desired stretchability, good sensitivity, high detection preci-
sion, fast responsivity, and excellent mechanical stability, the 
skin-inspired TENG was successively demonstrated in wear-
able powering technology, physiological monitoring, intelligent 
prostheses, and human–machine interfaces. In addition to fiber 
network structure, stretchable conductive fabrics have also been 
used to design such kind of TENGs.[254,255] As demonstrated in 
Figure  17h, an ultraflexible fabric-based TENG was prepared 
by coating PDMS with microstructures on the surface of a Ag-
coated chinlon fabric via a one-step doctor-blading technique.[255] 
Although the TENGs with textile-related membranous structure 
have the advantages of simple preparation method and high 
electrical output performance, their bad air permeability and 
poor skin affinity hinder their application in practical process. 
Furthermore, the polymer-encapsulated fabric-based TENGs are 
difficult to integrate with existing textile products.

The summary and comparison of the current fabric-
based TENGs are listed in Table  8. Similar to PENGs, due to 
varied loading conditions and environmental factors, it is 
rather difficult or even impossible to distinguish good or bad 

between different fabric-based TENGs. However, in order 
to provide more intuitive and quantitative information for 
future researchers and product designers, they are still worth 
introducing here.

5. Textile-Based Piezoelectric and Triboelectric 
Hybrid Nanogenerator

Hybrid energy harvesters with the functions of simultane-
ously scavenging different kinds of energy, miniaturizing the 
size of device, and compensating for the respective short-
comings of each type are highly desirable for future wear-
able power sources, which have become a popular research 
topic.[256–259] Due to the collaboration of different mechanisms 
from individual components, the energy-harvesting capabili-
ties are strengthened and the sensing of a variety of signals are 
enriched, which can meet the practical demand of wearable 
electronics. Since the PENG and TENG have matching imped-
ance and similar structure features, and more importantly, both 
of them possess the capability to convert mechanical energy 
into electricity, it is very likely to combine them into one system 
so as to superimpose the electrical output from their distinct 
mechanisms. With appropriate structure designs and polariza-
tion direction modulations, the piezoelectric and triboelectric 
hybrid nanogenerators (PTHNGs) can combine the advan-
tages of high piezoelectric output current and high triboelectric 
output voltage, which show promising application prospects 
in future wearable power sources.[260] Based on theoretical 
predictions, simulation analyses, and experimental measure-
ments, the coupling mechanisms and superposition effects of 
PTHNGs have been extensively studied and reported.[261–263] 
It is found that the accordant direction of piezoelectric polar-
ized charges and triboelectric induced charges would enhance 
power outputs, while their opposite direction would tremen-
dously reduce electricity generation. According to the number 
of electrodes and combination ways of PENG and TENG, there 
are three different coupling modes of PTHNGs (Figure  18a), 
i.e., mode I in which PENG and TENG share a pair of elec-
trodes,[264–272] mode II in which PENG and TENG share one 
common electrode,[273–275] and mode III in which PENG and 
TENG work independently.[276–282] Although each mode has its 
own characteristics, their electrical generation processes can be 
roughly divided into three steps, i.e., 1) TENG contacted and 
PENG pressed, 2) TENG contacted and PENG released, or 3) 
TENG separated and PENG released, according to the contact 
or separation state of triboelectric material and the compress 
or release state of piezoelectric material. Mode I can be further 
categorized based on whether the piezoelectric component and 
triboelectric material are the same, as displayed with red dotted 
boxes in Figure 18a. If the materials have both the piezoelectric 
and triboelectric effects, the simplest PTHNG with only three-
layer structure can be developed. Compared with mode II, there 
is an additional insulating layer between PENG and TENG in 
mode III, which enables them to be structurally independent. 
Figure  18b demonstrates the simultaneous output voltage 
versus time curves of PENG and TENG in a single press-and-
release process. It is found that the output voltage of TENG is a 
lot sharper than that of PENG, and there is a delay in the peaks 
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Table 8.  Summary and comparison of fabric-based TENGs.

Ref. Modes Electrodes Triboelectric materials Structures Power outputs Stretchability/ 
durability

Washability Main applications

[36] CS CNT PTFE and CNT Twisting 11 nA, 0.16 nC (5 Hz) 2.5%/5 h – Self-powered 

sensors

[192] SE Stainless-steel wire Silicone rubber and skin Sewing on fabric 200 V, 300 nC, 200 µA, 14 mW (1 MΩ) 100% Washable Biomedical sensing

[42] SE Stainless-steel wire Silicone rubber and skin 2D knitting 150 V, 52 nC, 1.5 µA, 85 mW m−2 

(3 Hz, 11 N, 100 MΩ)

100%/50 000 

cycles

5 times Energy harvesting

[194] SE Stainless-steel wire Polymer fiber and cotton 2D wearing or 

knitting
75 V, 1.2 µA, 60 mW m−2 (200 MΩ) 5 h 120 times Energy harvesting

[84] SE Liquid electrode Silicone rubber and skin 2D wearing 130 V, 4 µA (2 Hz) 300% – Wearable 

electronics

[199] SE Stainless-steel wire Silicone rubber and skin 2D weaving 19.8 V, 12.5 µW m−1 (0.5 Hz, 20 MΩ) 100%/2000 cycles 10 times Energy harvesting

[236] CS Al foil Nylon fabric and PVDF Fabric stacking 2 V, 200 nA Durable 50 times Pulse signal 

monitoring

[39] SE Conductive fabric Conductive fabric and PET Fabric stacking 3 V, 15 nA 10 000 cycles 20 min Sleeping monitoring

[214] CS Cu wire and cu foil PTFE and Cu wire 2D weaving 6 V, 0.8 µA Enough durability Washable Energy harvesting

[215] SE Cu foil strip PTFE and skin 2D weaving 1050 V, 22 µA, 0.56 W m−2 (100 MΩ) 15%/12 h 30 min Self-powered 

electronics

[216] FT Ag fabric PET and nylon 2D weaving 90 V, 1 µA – Washable Energy harvesting

[217] CS Ni-coated PET 

fabric

Parylene and Ni 2D weaving 50 V, 4 µA, 393.7 mW m−2 – – Energy harvesting

[219] FT Ni-coated PET 

fabric

Silicone rubber and Ni 2D weaving 540 V, 140 µA, 0.89 mW m−2 (10 MΩ) 10 h – Energy harvesting

[222] CS Cu-coated PET fiber PI and Cu 2D weaving 4.98 V, 15.5 mA m−2 (10 cm s−1) 1000 cycles 20 times Respiratory 

monitoring

[225] CS Ag fabric PTFE and Ag 2D knitting 23.5 V, 1.05 µA, 60 µW (3.3 Hz) 30% – Energy harvesting

[226] CS Ag-plated fiber PA6 and PTFE 2D weaving 80 V, 4 µA, 11 mW m−2 (2 Hz, 10 MΩ) 1330 cycles Washable Wearable 

electronics

[227] SE Ag-coated fibers Ag and PAN 3D full fabric 1768 mW m−2 (1200 N, 50 MΩ) 100 000 times Washable Energy harvesting

[228] CS Graphene PTFE and nylon 3D spacer 3 V, 0.3 µA, 16 µW (0.6 MΩ) – – Pressure sensing

[230] CS CNT and Ag Ag and PDMS 3D penetrated 500 V, 20 µA, 153 mW m−2 (1 GΩ) – – Energy harvesting

[37] CS Stainless-steel wire Stainless-steel wire and 

PDMS

3D orthogonal 35 V, 18 nC, 263 mW m−2 (132 MΩ) 1500 cycles 10 times Energy harvesting

[38] SE PAAM-LiCl Composite resin and skin 3D printing 62 V, 26 mA m−3, 0.65 mC m−3, 

11 W m−3

1 month – Self-powered 

system

[246] CS Carbon black Cellulose and 

polyethersulfone

Nanofiber 

stacking
115 V, 9 µA, 32 nC, 0.13 W m−2 

(3 Hz, 30 MΩ)

6000 cycles – Energy harvesting

[237] CS Conductive fabric Cotton and nylon Fabric stacking 8 V, 1 µA cm−2, 13 µW cm−2 (50 MΩ) 2 h Washable Energy harvesting

[234] SE Ag flake Waterproof fabric and skin Fabric stacking 880 V, 1.1 µA cm−2 (5 N, 4 Hz) 100%/600 stretch 

cycles

Washable Energy harvesting

[233] SE Au foil Water drop and waterproof 

fabric

Fabric stacking 15 V, 4 µA, 0.14 W m−2 (100 MΩ) Stretchable and 

durable

Waterproof Water energy 

harvesting

[232] SE Conductive fabric PTFE NPs/PVDF NFs and 

skin

Fabric stacking 112.7 V, 1.98 µA, 80 mW m−2 (50 MΩ) 10 000 cycles 12 h Wearable 

electronics

[235] SE CNT Silk fabric and Skin Fabric stacking 7 V, 180 nA (2 Hz) 2000 bending 

cycles

Washable Touch/gesture 

sensor

[239] FT Cu strips Nylon and PET fabric Lateral sliding 2 kV, 0.2 mA 5400 cycles Washable Energy harvesting

[241] FT Carbon fabric PI/PU and Al/PDMS Lateral sliding 15 V, 130 nA (3 cm s−1) Durable – Energy harvesting

[242] FT Ag-coated fabric Interdigitated Ag fabric 

and PTFE

Lateral sliding 900 V, 19 µA Stretchable/500 

cycles

1 h Energy harvesting

[243] FT Carbon fibers Carbon fiber and PTFE fiber Lateral sliding 118 V, 48 nC Durable Washable Energy harvesting

[252] CS Ag plated fabric Silk fabric and silicone 

rubber

Corrugated 28.13 V, 2.71 µA 120% – Self-powered 

system
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in the second half cycle, which is due to the triboelectric charges 
are compensated faster than piezoelectric charges.[273,283] 
Furthermore, the activation states of TENG and PENG are out 
of sync, resulting in different phases of their alternative current 
(AC) signals. If PENG and TENG are directly connected in par-
allel mode, the total output power of PTHNG will be degraded 
to a certain extent due to the mutual cancellation between their 
electrical signals. In order to avoid the undesirable cancellation 
effect, a parallel circuit connection mode based on two full-
wave bridge diodes circuits is designed for the circuit connec-
tion of PTHNGs (Figure 18c).

Considering the enormous enhancement effect of power 
output, PTHNGs have also gradually adopted to design 
wearable mechanical energy harvesting devices with textile 
structures. At present, the textile-based PTHNGs are fabri-
cated basically based on the abovementioned three structural 
modes. Taking mode I as an example, an all-nanofiber-based 
PTHNG as a wearable gesture recognizer was prepared by 
electrospinning silk fibroin and PVDF nanofibers on conduc-
tive fabrics (Figure  18d).[40] Another similar all-nanofiber-
based PTHNG as a power-generating insole was composed of 
PVDF nanofibers sandwiched between a pair of conductive 
fabrics (Figure 18e).[265] Both of them verified that the consist-
ency direction of polarization charges and triboelectrification 
charges was particularly important for the PTHNG with high 
power output performance. A fabric-based PTHNG constructed 
with mode II was developed by stacking five-layer fabrics 
including three layers of fabric electrodes, an electrospinning 
PVDF/CNT/BaTiO3 nonwoven fabric as the piezoelectric unit, 
and a PDMS/CNT/graphite composite film as the triboelectric 
unit, where the PENG and TENG shared one common fabric 
electrode (Figure 18f).[283] Compared with mode I and II, mode 
III with relatively independent piezoelectric and triboelectric 
structures is more convenient to design textile-based PTHNGs. 

As exhibited in Figure  18g, a fiber-based PTHNG with core–
shell structure was prepared by covering a TENG on the surface 
of a fiber-shaped PENG, in which the two NGs were separated 
by the middle nylon layer. In addition to single fibers, fabrics 
are also used to design this mode of PTHNG.[277] As shown 
in Figure  18h, a self-powered smart sock with piezoelectric 
and triboelectric hybrid mechanism for smart home applica-
tions was designed by integrating PEDOT:PSS-coated TENG 
fabric with PZT piezoelectric sensor, in which the PENG chip 
was embedded between two TENG fabrics.[284] Compared with 
single PENGs or TENGs, the power output performance of 
the abovementioned textile-based PTHNGs has been greatly 
improved. Although it will inevitably increase structural com-
plexity, design cost and preparation difficulty, textile-based 
PTHNGs has taken a significant step toward a truly practical 
self-charging textile, which is still worthy of further research 
and large-scale promotion.

6. Conclusion and Perspectives

We have conducted a brief introduction of modern smart 
textiles as well as a comprehensive investigation and detailed 
discussion on current wearable textile-based nanogenerators. 
As textiles provide a large-area affiliated carrier and widespread 
service platform for the design and application of textile-related 
functional electronics, it is necessary to make a simple introduc-
tion and discussion on the current research status and future 
development trends of modern textiles as well as their new 
development forms, i.e., electronic textiles. In addition, in order 
to provide design guidance for smart textiles, the basic classi-
fication of textiles, commonly used conductive materials, and 
frequently adopted preparation methods are also summarized 
in detail. As a new mechanical energy harvesting and versatile 
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Ref. Modes Electrodes Triboelectric materials Structures Power outputs Stretchability/ 
durability

Washability Main applications

[35] SE Ag-coated nylon 

fiber

Skin and silicone rubber Yarn embedded 160 V, 1.2 µA, 60 nC, 

240 mW mm−2 (3 Hz)

100%/50000 

cycles

Washable Electronic skin

[255] CS Ag-coated fabric Ag and PDMS Fabric embedded 80 V, 8 µA, 0.2 mW cm−2 (20 MΩ) Stretchable and 

durable

washable Energy harvesting

[249] CS Al foil Silk and PVA/MXnen Nanofiber 

stacking
1087 mW m−2 (5 MΩ) 124 000 cycles – Self-powered 

devices

[250] CS Ag nanofibers Cellulose nanofiber 

and FEP

Nanofiber 

stacking
22 V, 8 nC, 0.73 µA (5 Hz) – – Healthcare 

monitoring

[251] SE Ag NPs Ag NPs and PVDF Arch-shaped 26 V, 250 nA, 0.12 mW (10 MΩ) 10 000 times – Respiratory 

monitoring

[253] CS PEDOT:PSS PEDOT:PSS and silicone 

rubber

Multiarch 0.2 V (160% strain) 160%/4 h Washable Nanosensor

[102] SE Ni-coated fabric Wool fabric and skin Fabric stacking 13 V, 0.5 µA 10 000 cycles Washable Wearable keyboard

[245] CS Al foil PVDF–AgNWs and nylon Nanofiber 

stacking
240 V, 13 µA 60 min – Energy harvesting

[244] CS Cu foil PVDF–HFP and PDMS Nanofiber 

embedded
45 V, 0.9 W m−2 (700 kPa) – – Pressure sensor

[248] CS Conductive fabric Natural rubber 

and PVDF mat

Nanofiber 

stacking

1400 V, 0.78 mA, 21 mW (86 N) 50 000 cycles Washable Power source

Table 8.  Continued.
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self-powered sensing technology, NGs have shown strong 
vitality and enormous advantage which have great application 
prospects in various fields of future society. NGs are mainly 
divided into two categories, i.e., PENGs and TENGs, in term 
of compositional structures and working mechanisms. General 
speaking, power outputs of PENGs are much less than those 
of TENGs, while PENGs are better than TENGs with respect 
to working stability. Textile-based NGs in the form of fibers 

and fabrics are born in the combination of modern textiles and 
NG technology. In order to make an overall grasp about textile-
based NGs, the basic knowledge and current research situation 
of fiber/fabric-based PENGs and TENGs are also presented and 
discussed here, which mainly include basic concepts, material 
selection systems, structure characteristics, working modes and 
corresponding mechanisms, and respective application occa-
sions. It is found that piezoceramics and piezopolymers are two 
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Figure 18.  Fiber/fabric-based piezoelectric and triboelectric hybrid nanogenerators. a) Three typical configurations of PTHNG, i.e., mode I in which 
PENG and TENG share a pair of electrodes, mode II in which PENG and TENG share one common electrode, and mode III in which PENG and TENG 
work independently. b) Output voltage versus time curves of PENG and TENG, measured individually in a single press-and-release cycle. b) Repro-
duced under the terms of the Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[273] Copyright 
2015, Springer Nature. c) Concurrent connection circuit for PTHNG based on two full-wave bridge diodes circuits. d) An all-nanofiber-based PTHNG 
fabricated by electrospinning silk fibroin and PVDF nanofibers on conductive fabrics. d) Reproduced with permission.[40] Copyright 2018, Elsevier.  
e) An all-nanofiber-based PTHNG as an energy-harvesting insole composed of electrospinning piezoelectric PVDF nanofibers sandwiched between 
a pair of conductive fabrics. Reproduced with permission.[265] Copyright 2015, Elsevier. f) A highly flexible and large-area fabric-based PTHNG for 
mechanical energy harvesting. Reproduced with permission.[283] Copyright 2018, Wiley-VCH. g) A fiber-based PTHNG for energy harvesting and as 
a self-powered pressure sensor. Reproduced with permission.[277] Copyright 2014, American Chemical Society. h) A self-powered and self-functional 
cotton sock using piezoelectric and triboelectric hybrid mechanism for healthcare and sports monitoring. Reproduced with permission.[284] Copyright 
2019, American Chemical Society.
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main categories of piezoelectric materials, while triboelectric 
series are the main selection standard for TENGs. Electrical 
output properties of PENGs mainly depend on the polarization 
charge of piezoelectric materials, while these of TENGs rely on 
the induced potential difference between the two paired tribo-
materials. Metal–insulator–metal is the typical structural type 
as well as basic design principle of PENGs. The ubiquitous tri-
boelectric effect endows TENGs with more design possibilities 
and diversified structure choices. Based on structural character-
istics and fabrication techniques, both of textile-based PENGs 
and TENGs can be classified as single fiber-shaped type, fabric-
based type with textile forming and multilayer stacking struc-
tures. Particularly, in term of the final forming dimension of 
fabric-based NGs, the textile forming structure can be further 
categorized into 2D and 3D. According to the preparation 
method of fabric-based NGs, the multilayer stacking structures 
can be divided into 2D fabric, nanofiber network, and textile-
related membrane stacking. For each classified structure, a 
large number of recent research works have been overviewed 
and corresponding discussions are also given.

It is well known that the applications of textile-based NGs are 
ubiquitous and endless. However, there are two representative 
aspects, i.e., wearable electronics and artificial intelligence that are 
particularly noteworthy, from which we can see the future pros-
pects of textile-based NGs. The potential applications of textile-
based NGs based on the two aspects are also introduced as follows:

1)	 Wearable Electronics: Wearable electronics are electronic de-
vices constantly worn by a person as unobstructively as cloth-
ing to provide intelligent assistance for human life such as 
communicating, interacting, monitoring and sensing.[285–289] 
Thus, it is necessary to endow wearable electronics with 
electric conductive and signal transmission functions. Tex-
tile-based NGs with two main functions of wearable power 
supplying and self-powered sensing just cater to the sustain-
able development needs of future wearable electronics. On 
the one hand, textile-based NGs can effectively harvest hu-
man motion energy in a continuous, convenient and envi-
ronmentally friendly way, thus providing a feasible supply 
power path for wearable electronics. For example, textile-
based NGs worn on human body will be able to power up 
electronic watches, mobile phone, tablet PC, laptop PC, and 
even more. On the other hand, electrical signals generating 
from textile-based NGs can also be regarded as important 
observed indicators for the variations of human body or en-
vironment. In such case, textile-based NGs are transformed 
to active self-powered sensors, which can realize a variety 
of functional applications without additional power supply, 
such as motion tracking, health monitoring, pressure pixel 
array, and human–machine interactive. It is firmly believed 
that textile-based NGs will be bound to shine brightly in fu-
ture wearable electronics.

2)	 Artificial Intelligence: AI is the simulation of human intel-
ligence process by machines, aiming at creating a technol-
ogy that allows computers and machines to function in an 
intelligent manner such as planning, learning, reasoning, 
motioning, manipulating, problem solving, knowledge repre-
sentation, language programming, and so on.[290–295] AI has 
become an essential part of the information society which 

is revolutionizing and reshaping our physical and spiritual 
world. The development and application of textile-based NGs 
will certainly contribute to the advancement of AI, which will 
provide feasible implementation approaches and versatile 
communication channels for AI. In principle, textile-based 
NGs can be applied in almost every field related to AI such 
as healthcare, garment, education, military, manufacture, fi-
nance, communication, business, sport, transportation, etc. 
Herein, some representative application occasions in terms 
of these fields are presented in Figure 19. For example, iden-
tity recognition based on unique human physiological charac-
teristics, such as face, voice, odor, fingerprint, and heartbeat, 
has been adopted in many fields. In order to enhance the 
authentical, interactive, exercise and competitive effects, so-
matosensory and 3D visualized functions are gradually incor-
porated into modern games. Bionics is a novel engineering 
design technology based on the imitation of natural biologi-
cal characteristics. In term of human body, several kinds of 
bionomic systems have already been developed, such as elec-
tronic skin, intelligent prosthesis, and soft robotic. Although 
some satisfactory results have been achieved about AI, it is 
still in its infancy and many difficulties need to be overcome. 
However, there is no doubt that the application of AI in all 
fields is an inevitable trend. In future, it can be forecasted that 
textile-based NGs will become an important part of AI.

Although great progress related to textile-based NGs has 
been achieved in terms of theoretical research and multifaceted 
application demonstrations, there is still a huge gap between 
research and practical commercial applications. Herein, poten-
tial difficulties and challenges for the widespread commercial 
applications of textile-based NGs are also analyzed and dis-
cussed from the perspectives of wearability, stability, fabrica-
tion, power output, evaluation standard, and target market. As 
shown in Figure  20, each factor contains several aspects and 
interacts with each other.

1)	 Working Stability: The service life of wearable textile-based 
NGs depends on their long-term working and complex 
environmental stability. In practical use, there are many 
factors that threaten their stabilities and even their lives. 
For example, functional nanomaterials such as conduc-
tive, dielectric, piezoelectric or triboelectric components, 
or special nanostructures such as nanowire, nanorod, and 
nanofiber, are often incorporated into textile systems to en-
hance their working performance. However, after complex, 
repetitive and intense external mechanical loads or chemical 
treatments, the electrical outputs of NGs will be dramatically 
reduced or completely vanished with the weakening or dis-
appearance of nanostructures. In addition, the operation of 
NGs sensitively depends on external environmental condi-
tions, such as temperature, humidity, water, gas, absorption, 
and radiation. It turns out that temperature has a negative 
effect on the electrical output performance of NGs.[296] Piezo-
electric materials will lose their permanent electric dipoles 
above their Curie or melting temperature.[297] The opera-
tion temperature of TENGs is also limited owing to electron 
thermion emission.[188,298] Piezoelectric output increases 
with the increase of oxygen concentrations, because more 
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absorbed oxygen mitigates the surface free-carrier screening 
effect.[299] UV radiations will desorb oxygen molecules and 
thus suppress piezoelectric output.[300] Water intrusion or 
high humidity normally degrades the performance of NGs. 
In frequent use, contaminants will inevitably be absorbed 
on the surface of NGs, which will reduce electrical outputs 
due to weakened charge transfer.[42,301] It should be noted 
that these environmental factors are not fatal to NGs because 
electrical output performance can be recovered when the  
environmental condition is removed. In future, the stability 
of NGs is no longer a key issue since most of them are used 
at one time.

2)	 Various Wearability: Since textile-based NGs are mainly for 
wearable purposes, they must be qualified with various wear-
ability that common fabrics possess, including flexibility, 
stretchability, breathability, comfortability, washability, tai-
lorability, biocompatibility, aesthetics, desired mechanical 
properties, etc. Complex mechanical deformations caused 
by human motions require textile-based NGs to possess de-
sired flexibility/stretchability and considerable mechanical 

strength. Unfortunately, most of the current fiber-shaped 
conductive materials are either too hard or too soft. For 
example, most flexible polymers are prone to fracture under 
intense mechanical loadings, while metal wire/foil are too 
rigid to textile-based NGs. As an important factor of comfort-
ability, breathability that is mainly involved with the perme-
ability of air, moisture, water, heat and light plays a role in 
managing and regulating the balance of temperature and hu-
midity in human microenvironment. To make textile-based 
NGs have good breathability, space between fibers is neces-
sary, which acts as flow channels/bridges between human 
skin and outer environment. Moreover, static air trapped with 
the space between fibers is benefit for warmth retention of 
textile-based NGs. In addition to the heat-moisture comforts, 
tactile comforts such as prickle sensation, fabric weight, stat-
ic electricity, and cold stimulation is also important for wear-
ability, which are often associated with biocompatibility. As 
textile-based NGs are often in contact with human skin, the 
selected materials for them must be nontoxic, safe and highly 
biocompatible. Harmful conductive materials (e.g., carbon 

Figure 19.  Promising application fields of NGs in artificial intelligence (AI). For example, home-furnishing decoration in construction; self-driving in 
transportation; physiological signal monitoring in healthcare; individualized learning in education; real-time positioning and tracking for the military; 
automatic production in manufacture; food delivery in catering; automatic analysis and transaction in finance; face recognition in business; wireless 
video calls in communication; somatosensory games in entertainment; action guidance and adjustment in sport; body protection in security; luminous, 
conductive or thermally regulating cloth for garments; and versatile bionic systems including electronic skin, intelligent protheses, and soft robotics.
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fillers and hazardous metals) and chemical reagents should 
be avoided as far as possible in the process of fabrication. 
Due to soft texture and thin thickness, most of textile-based 
NGs have good tailorability. However, the tricky problem for 
the tailored textile-based NGs is circuit connection. Machine 
washability is particularly important for textile-based NGs be-
cause it involves whether they can be used many times. Re-
cently, it has received more and more attentions in the design 
and application of textile-based NGs. To prevent functional 
materials from being washed away or damaged, the common 
way is to encapsulate with waterproof materials or cover di-
rectly with hydrophobic/repellent materials. However, these 
additional protective materials are bound to increase overall 
weight and weaving difficulty. For fabric-based NGs with 
multilayer fabrics stacking, nanofiber network, or textile re-
lated membranous structures, their breathability and com-
fortability are poor. Furthermore, in practical use, they are 
usually attached to or decorated on common fabrics, which 
not only results in the loss of aesthetics, but also greatly re-
stricts normal human activities. Therefore, textile-based NGs 
fabricated from individual functional fibers are more suitable 
for wearable use in a wide range.

3)	 Industrial Fabrication: Large-scale industrialized production 
of textile-based NGs is one of basic premises for their wide 
commercial applications. However, it is disappointing to 
note that most of the textile-based NGs reported above are 
manually fabricated. Although several efforts and attempts 
have been made to promote their rapid preparation, there are 
still many difficulties and challenges ahead that remain to be 
overcome. From the perspective of materials, due to curved 
surface structure, high aspect ratio, and limited covering area 
of fibers, it is rather difficult for functional materials to cover 
on their surface. Even if these materials are initially success-
fully added to fibers, they are still vulnerable to damage in use 

due to weak interfacial bonding between functional materials 
and textile substrates. The cracking/delamination of surface 
insulation layer and the rupture of fibers may easily lead to 
the occurrence of open-circuit and short-circuit failures of 
textile-based NGs. From the point of view of structure design, 
it is difficult to find a textile structure with both rapid prepa-
ration capability and excellent wearability. On the one hand, 
although fabric-based NGs with multilayer stacking struc-
tures have the advantages of rapid prototyping, large contact 
area, and high output efficiency, poor wearability make them 
difficult to become the mainstream of future wearable NGs. 
On the other hand, in spite of good wearability, most func-
tional fibers are incompatible with current mature textile 
manufacturing process. For instance, fibers containing 
piezoelectric or triboelectric materials usually have diameters 
larger than the maximum yarn crossing caliber of modern 
looms. The chemical treated fibers exhibit brittle and hard 
textures, which are liable to break under large loom tension. 
In addition, special structural designs are also required for 
textile-based PENGs and TENGs, which increases the com-
plexity and cost of preparation.

4)	 Electrical Output: Low output power and poor sensing capa-
bility of textile-based NGs make them difficult to effectively 
use. On the one hand, power outputs of textile-based NGs are 
far less than the actual demand of most wearable electronics. 
At present, there are several approaches to improve the ener-
gy conversion efficiency of textile-based NGs, such as increas-
ing effective contact area, improving softness, establishing 
nanostructured contact interface, and using hybrid energy 
harvesters.[302] However, none of them is feasible without in-
creasing the difficulty of fabrication. As a mature textile form-
ing method, 3D fabrics can effectively increase the number 
of fiber layers in the thickness direction, which have been 
proved to be an effective method to increase power outputs 

Figure 20.  Potential difficulties and challenges that impede the large-scale industrial fabrication and commercial application of textile-based NGs.
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with a smaller contact area. On the other hand, the electrical 
signals of textile-based NGs are easily disturbed by surround-
ing environments. Although sensor-oriented NGs have been 
extensively studied, few works have compared its sensing 
accuracy with commercial devices. In the early development 
stage of NGs, the sensing accuracy of NGs is often neglected 
since most researchers are committed to achieving sensing 
ability instead of improving it. With the rapid development of 
NGs and their expanding application fields, sensing accuracy 
will gradually become an unavoidable problem in the process 
of their commercialization. Fortunately, the sensing capa-
bility of textile-based NGs can be improved through struc-
tural design, systematic circuit management, and custom 
personalized user interface. As listed in Table 9, the sensing 
accuracies of several optimized NGs are similar to or even 
better than those of commercial devices.[171,210,303–310] There-
fore, it is firmly believed that the power output of future NGs 
will be greatly enhanced and improved.

5)	 Evaluation Standard: There is an incredible fact behind 
the vigorous development of NGs that the electrical out-
put performance of different NGs are unable to compare. 
Although there are some common indicators to characterize 
the electrical output performance of NGs, including open-
circuit voltage, short-circuit current, short-circuit charge 
transfer, energy conversion efficiency, charging capacity, 
sensing sensitivity, and response time, it is quite difficult or 
almost impossible to compare power outputs among differ-
ent NGs due to inconsistent test conditions such as working 
environment, contact area, applied load, material modifica-
tion, electrode connection mode, operating mode, etc. Cur-
rent disordered and confusing research status of NGs cannot 
provide correct guidance for future researchers and product 
designers. It is hoped that systematic research systems and 
standardized evaluation criteria will be developed in the near 
future, which mainly cover material selection, performance 
characterization, performance optimization, evaluation in-
dex, and figure of merit.

6)	 Target Market: Even if the above five aspects can be well solved, 
the wide commercial applications of textile-based NGs are 
still influenced by market factors. In the future market of 
wearable electronic and artificial intelligence, whether textile-
based NGs can stand out among various energy equipment 
still depends on their cost efficiency, market demand, and 

self-value. In order to improve the market competitiveness 
of textile-based NG, we must always focus on improving its 
performance, reducing its production cost, and enhancing its 
production efficiency.

Although these unresolved issues and tough challenges have 
seriously hindered the development process of wearable fiber/
fabric-based NGs, their vigorous development and widespread 
application are an irresistible trend of our times. It is firmly 
believed that many major issues of the current textile-based 
NGs will be well solved with the progress of science and tech-
nology. In a word, textile-based NGs have great possibilities to 
become the mainstream of future daily wearing textiles.
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