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of textile materials from ancient times 
to the present, and then to the future is 
shown in Figure 1, indicating that typical 
textile materials that can highlight the 
characteristics of the times have experi-
enced the transformation from natural 
fiber, artificial/synthetic fiber, reinforced 
fiber, functional fiber, conductive fiber, 
and then to smart fiber. Accordingly, the 
primary purposes or service demands of 
textile materials have also changed imper-
ceptibly from the aspects of covering, 
warmth preservation, protection, beauty, 
security, comfort, health, interaction, and 
intelligence. On these grounds, it can be 
found that with the advances of Internet-
of-Things and artificial intelligences, tex-
tile materials are no longer limited to 
the traditional functions of protection, 
warm-keeping, and aesthetic, but should 
be given more smart or intelligent attrib-
utes, such as energy harvesting,[1–3] energy 
storage,[4,5] autonomous response,[6,7] 
information interaction,[8,9] data trans-
mission,[10,11] light emitting,[12,13] color 

changing,[14] shape memory,[15] thermal regulation,[16,17] self-
healing,[18a] self-adaption,[19] etc. In addition, considering that 
human oriented wearable electronics will be highly integrated 
and miniaturized, completely safe and comfortable, and fully 
portable in the future, it is also expected to design various func-
tional electronics directly into textile structures, such as fibers, 
yarns or fabrics.[20,21] At present, a variety of functional attrib-
utes have been well integrated with textile materials, mainly 
including energy,[3,4,12,22] sensing,[8,10,23,24] comfort,[16,25a,26,27] 
and protection,[19,28–30] which endows this kind of traditional 
necessity of life with new development vitality (Figure 2). In 
particular, through the seamless combination of electrical func-
tionalities and textile elements, a new type of textiles, namely 
smart textiles, have been developed, which can perceive, react 
and adapt to environmental stimuli, including machinery, 
magnetism, heat, electricity, light, chemistry, biology, and 
others.[31–35] It can be predicted that the realization of high-
performance electrical function and comfortable to wear is 
the unremitting pursuit goal of the next generation of smart 
textiles.

It is noteworthy that the effective operation of most additional 
functions in smart textiles depends on sustained and stable 
energy sources. In other words, we need reliable, compact but 
high-performance electricity supply systems to power emerging 

The seamless integration of emerging triboelectric nanogenerator (TENG) 
technology with traditional wearable textile materials has given birth to the 
next-generation smart textiles, i.e., textile TENGs, which will play a vital 
role in the era of Internet of Things and artificial intelligences. However, low 
output power and inferior sensing ability have largely limited the develop-
ment of textile TENGs. Among various approaches to improve the output 
and sensing performance, such as material modification, structural design, 
and environmental management, a 3D fabric structural scheme is a facile, 
efficient, controllable, and scalable strategy to increase the effective contact 
area for contact electrification of textile TENGs without cumbersome material 
processing and service area restrictions. Herein, the recent advances of the 
current reported textile TENGs with 3D fabric structures are comprehensively 
summarized and systematically analyzed in order to clarify their superiorities 
over 1D fiber and 2D fabric structures in terms of power output and pressure 
sensing. The forward-looking integration abilities of the 3D fabrics are also 
discussed at the end. It is believed that the overview and analysis of textile 
TENGs with distinctive 3D fabric structures will contribute to the develop-
ment and realization of high-power output micro/nanowearable power 
sources and high-quality self-powered wearable sensors.

1. Introduction

Textile is one of the basic necessities of people’s daily life, which 
has been accompanied by the development of human civiliza-
tion for thousands of years. A brief chronology of the evolution 
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multifaceted on-body electronic devices. Currently, textile-based 
electrochemical energy storage devices, including fiber-shaped 
or fabric-like supercapacitors[36,37] and batteries[38,39] have been 
widely used to provide the required electricity for wearable elec-
tronics.[40–43] However, due to their inherent deficiencies, such 
as limited storage capacity, frequent charging times, calculable 
service life, potential safety risks, expensive recovery costs, and 
serious environmental hazards, it is difficult to fundamentally 
meet the sustainable power supply of numerous wearable elec-
tronics and distributed sensor networks.[1,5,44] Alternatively, a 
feasible solution for powering wearable electronics without 
additional power input is to directly harvest energy from the 
surrounding environment and effectively convert it into elec-
tricity or electrical signals. As we all know, there are a variety of 
renewable and green energy forms in our physical world, such 
as solar energy, thermal energy, mechanical energy, chemical 

energy, and biological energy.[45–47] Although solar, thermal 
and biological energies have been effectively collected by solar 
cells,[48,49] thermoelectric generators,[50,51] and biofuel cells[52,53] 
respectively, they are too dependent on external factors, such as 
outdoor sunlight, temperature gradient, and reactive enzymes, 
making it difficult for them to be used effectively on a large scale. 
A brief comparison of these renewable energy harvesting forms 
is further summarized in Table 1, from which their respective 
characteristics, merits and limitations can be easily found. In 
particular, mechanical energy, especially human movement, is 
a ubiquitous and widely distributed form of energy, which has 
always been ignored or wasted for a long time due to its out-of-
order form, low energy density, low motion frequency, and low 
utilization rate. As an emerging mechanical energy harvesting 
technology, triboelectric nanogenerator (TENG) originated 
from Maxwell’s displacement current can convert randomly  
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Figure 1. A brief chronology of the evolution of textile materials in the process of human civilization. The abscissa represents the time scale from 
B.C. to the future, and the ordinate reflects the change of textile materials in terms of the primary purposes and service demands. Representative 
fiber material types at different stages are highlighted with different background colors and arranged in chronological order, including natural fibers 
(pink), artificial fibers (green), reinforced fibers (yellow), functional fibers (gray), conductive fibers (blue), and smart fibers (red). It is worth noting that 
the above arrangement is not strictly in chronological order, but follows the general development law of fiber materials. Images permissions: Kevlar 
fibers. Reproduced with permission.[184] Copyright 2019, American Chemical Society. Chitosan fibers. Reproduced with permission.[185] Copyright 2021, 
Wiley-VCH. Carbon nanotube fibers. Reproduced with permission.[186] Copyright 2004, American Association for the Advancement of Science (AAAS). 
Graphene fibers. Reproduced with permission.[187] Copyright 2011, Springer Nature. PEDOT: PSS fibers. Reproduced with permission.[188] Copyright 
2019, The Royal Society of Chemistry. MXene fibers. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International 
license (https://creativecommons.org/licenses/by/4.0).[189] Copyright 2020, The Authors, published by Springer Nature. Ionotronic fibers. Reproduced 
with permission.[190] Copyright 2021, Wiley-VCH. Energy harvesting. Left: Reproduced with permission.[191] Copyright 2008, Springer Nature. Right: 
Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[192] 
Copyright 2020, The Authors, published by Springer Nature. Energy storage. Left: Reproduced with permission.[193] Copyright 2013, Wiley-VCH. Right: 
Reproduced with permission.[194] Copyright 2014, Wiley-VCH. Self-powered sensing. Left: Reproduced with permission.[195] Copyright 2021, The Authors, 
published by Springer Nature. Right: Reproduced with permission.[18b] Copyright 2022, American Chemical Society. Artificial muscle. Left: Reproduced 
with permission.[196] Copyright 2019, The Authors, published by AAAS. Right: Reproduced with permission.[197] Copyright 2016, The Authors, published 
by National Academy of Sciences, USA. Light-emitting. Reproduced with permission.[198] Copyright 2015, Springer Nature. Optical fibers. Reproduced 
with permission.[199] Copyright 2020, The Authors, published by AAAS. In this figure, UHMWPE represents ultrahigh-molecular-weight polyethylene.
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distributed, irregular and wasted low-frequency mechanical 
energy into electric power based on the coupling effect of con-
tact electrification/triboelectrification and electrostatic induc-
tion.[54–57] With the merits of wide availability, low cost of prepa-
ration, human/environmental friendly, and diverse material 
selection, TENGs have wide application prospects, including 

wearable emergency power sources,[58–61] self-powered sen-
sors,[62–65] personal healthcare systems,[24,66,67] human–machine 
interactions,[68,69] and artificial intelligence.[70,71] It is fantastic 
that human daily motion energy will be converted into elec-
tricity instead of being wasted when TENGs are placed on 
the surface of the human body. Compared with other existing 
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Figure 2. Schematic view of textiles that can be integrated with versatile functional attributes, such as energy, sensing, comfort, protection, and so 
on. a) Large-area display textiles. b) Woven lithium-ion fiber batteries. c) Scalable thermoelectric fibers for multifunctional textile electronics. d) Hybrid 
power textile for simultaneously harvesting solar and mechanical energy. e) Body network human–environment interactions with conformal tactile tex-
tiles. f) Nonprinted integrated-circuit textile. g) Wireless body sensor networks based on metamaterial textiles. h) Machine-knitted sensor array textile 
for precise epidermal physiological signal monitoring. i) Skin-like fabric for personal moisture management. j) Water-resistant and highly breathable 
textiles. k) Hierarchical-morphology metafabric for scalable passive daytime radiative cooling. l) 3D printed thermal regulation textiles. m) Flexible and 
multifunctional silk textiles for electromagnetic interference shielding. n) Loop-linked soft morphing flower. o) Structured fabrics with tunable mechan-
ical properties. p) Artificial muscles from fishing line and sewing thread. a) Reproduced with permission.[12] Copyright 2021, The Authors, published by 
Springer Nature. b) Reproduced with permission.[4] Copyright 2021, The Authors, published by Springer Nature. c) Reproduced under the terms of the 
CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[3] Copyright 2020, The Authors, pub-
lished by Springer Nature. d) Reproduced with permission.[22] Copyright 2016, Springer Nature. e) Reproduced with permission.[8] Copyright 2021, The 
Authors, published by Springer Nature. f) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://
creativecommons.org/licenses/by/4.0).[10] Copyright 2021, The Authors, published by Springer Nature. g) Reproduced with permission.[23] Copyright 
2018, The Authors, published by Springer Nature. h) Reproduced with permission.[24] Copyright 2020, The Authors, published by AAAS. Reprinted/
adapted from ref. [24]. © The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. Distributed 
under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/licenses/by-nc/4.0/. i) Reproduced under 
the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[25b] Copyright 2021, The 
Authors, published by Springer Nature. j) Reproduced with permission.[26] Copyright 2020, American Chemical Society. k) Reproduced with permis-
sion.[16] Copyright 2021, The Authors, published by AAAS. l) Reproduced with permission.[27] Copyright 2017, American Chemical Society. m) Reproduced 
with permission.[28] Copyright 2019, Wiley-VCH. n) Reproduced with permission.[29] Copyright 2017, Wiley-VCH. o) Reproduced with permission.[19] 
Copyright 2021, The Authors, published by Springer Nature. p) Reproduced with permission.[30] Copyright 2014, AAAS.
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forms, such as carrying, attaching, wrapping and embedding, 
textiles can be seamlessly combined with electrical functions 
without extra burden and aesthetic sacrifice, thus providing ver-
satile design carriers and broad service platforms for TENGs. To 
this end, a new type of smart textiles with mechanical energies 
harvesting ability and excellent wearing comfort, namely TENG-
based smart textiles, are emerging and developing rapidly, 
which opens up a new research direction for smart textiles.[72,73]

Wearable emergency power sources and self-powered 
pressure sensors are the two main application fields of the 
burgeoning TENG-based smart textiles, as illustrated in 
Figure 3. Although large numbers of research works have 
been done in these two aspects, their scalable development 

and practical application are still restricted by two bottlenecks, 
i.e., low power output and inferior sensing ability. Although 
there are several strategies to improve the power density and 
sensing sensitivity of TENGs, such as surface/interface modi-
fication,[74,75] material selection/optimization,[76,77] structural 
design/analysis,[78,79] charge shuttling/pumping,[80,81] power 
management,[82,83] and environmental control,[84] most of them 
rely on professional instruments, complex preparation tech-
nology, cumbersome processing process, and even special air 
conditions, which are difficult to achieve low-cost, large-scale 
and high-quality preparation, and even more difficult to effec-
tively apply to textiles. In particular, for fabrics interwoven by 
fibers from different orientations, it is possible to make full 
use of internal space structure to increase the effective contact 
area between the pairs of triboelectrification layers. Compared 
with 1D fiber and 2D fabric, the 3D fabric not only increases 
the number of layers of fiber arrangement in the in-plane direc-
tion, but also introduces bonding fibers in the thickness (out-
of-plane) direction, thus increasing the structural integrity and 
dimensional stability. Multilayered fiber distribution is able 
to create more contact–separation space that can effectively 
improve the power output density of textile TENGs. In addi-
tion, 3D fabric structures can also realize the gradual contact 
response between fibers from point to line and then to surface, 
which can improve the sensitivity and response speed of pres-
sure sensing. Moreover, although highly sensitive self-powered 
sensing fabrics have been widely reported, few research can 
achieve simultaneous response to static and dynamic pressure 
due to the limitation of conventional 2D fabric structures. 3D 
fabric structures provide a new combination design scheme for 
a wide range of pressure response. Based on these merits, 3D 
fabric structures are particularly suitable for the design and fab-
rication of high-performance TENG-based smart textiles.

Adv. Mater. 2022, 2109355

Table 1. Brief comparison of various renewable energy harvesting forms.

Energy sources Main energy harvesting devices Merits Limitations Maximum power

Solar energy •	 Photovolatic	solar	cells •	 High	power	output
•	 Continuous	power
•	 DC	output

•	 Highly	dependent	on	external	
environment

•	 Low-performance	without	sunlight

1 mW cm−2

Outdoor

Mechanical energy •	 Triboelectric	nanogenerators •	 Less	dependent	on	external	
environment

•	 High	voltage

•	 Pulsed	AC	input
•	 Require	constant	movement
•	 Low	current
•	 Sensitive	to	external	pollutants

1 mW cm−2

Indoor and outdoor

•	 Piezoelectric	nanogenerators •	 Less	dependent	on	external	
environment

•	 Unsensitive	to	surface

•	 Limited	material	selections
•	 Low	voltage
•	 Pulsed	AC	input
•	 Require	constant	movement

0.01 mW cm−2

Indoor and outdoor

Thermal energy •	 Thermoelectric	generators •	 Continuous	power
•	 Unsensitive	to	surface
•	 DC	output

•	 Low	voltage
•	 Limited	material	selections
•	 Complex	structure
•	 Depend	on	temperature	gradient

0.001 mW cm−2

Indoor and outdoor

•	 Pyroelectric	nanogenerators •	 Spatially	uniform	temperature
•	 Independ	of	temperature	gradient

•	 Pulsed	AC	input
•	 Limited	material	selection
•	 Depend	on	temperature	fluctuation

0.001 mW cm−2

Indoor and outdoor

Biomass energy •	 Biofuel	cells
•	 Microbial	fuel	cells

•	 Continuous	power
•	 Less	dependent	on	external	

environment
•	 DC	output

•	 Limited	fuel	availability
•	 Low	voltage
•	 High	cost
•	 Sensitive	to	external	pollutants

1 mW cm−2

Indoor and outdoor

Figure 3. Schematic illustration of on-body textile-based TENGs as 
micro/nanopower sources and self-powered active sensors.
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In this review, the basic operation modes of TENGs and 
their corresponding service occasions, as well as their electrical 
generation and transfer mechanisms are briefly summarized. 
In addition, the potential feasible approaches for improving 
the power output and self-powered sensing performance of 
TENGs are also analyzed. Furthermore, the state of the arts of 
TENG-based smart textiles with advanced 3D fabric structures, 
including 3D woven, 3D knitted, 3D braided, 3D nonwoven, 
3D printing, and 3D multilayer stacking, are comprehensively 
overviewed and systematically investigated. On the basis of the 
literature research and elaborated discussion, the advantages 
of 3D fabric structures in improving power output density and 
pressure sensing sensitivity of textile TENGs compared with 1D 
fibers and 2D fabrics are revealed. In the end, two main for-
ward-looking and prospective research directions of smart tex-
tiles with advanced 3D fabric structures are proposed, including 
efficient acquisition and synchronous storage of multiple energy 
forms, and real-time response and self-powered sensing of mul-
timode pressure signals. It is hoped that this review will make 
a comprehensive understanding of textile TENGs and provide a 
novel 3D fabric structure design idea for the research and appli-
cation of high-performance TENG-based smart textiles.

2. Advanced 3D Fabric Structures

A prominent feature of textiles is that they have a variety of 
structural forms, which can be roughly divided into 1D fibers 
or yarns, 2D fabrics, and 3D fabrics from the perspective of 
structural dimensions. 1D fibers or yarns are the basic compo-
nents of fabrics, which have the features of high aspect ratio, 
high specific surface area, continuous conductive channel, mul-
tilevel hierarchical distribution, and so on.[85–87] 1D fibers or 
yarns can be further processed into 2D or 3D fabrics through 
various textile forming methods or processing techniques. 2D 
fabrics are the most common and widely used textile struc-
tures due to their mature fabrication techniques, unlimited 
in-plane sizes, and broad application ranges. However, due to 
the lack of fiber interlacing in thickness direction, traditional 
2D fabrics are troubled by their low out-of-plane mechanical 
properties. In order to overcome this shortcoming, the binding 
reinforcing yarn is introduced into the thickness direction, thus 
forming 3D fabric structures, which is an industrial process for 

producing volumetric material through organized multiaxial 
interlacing of fibers. 3D fabrics are a kind of textile construc-
tions that have at least three fiber systems with different ori-
entations. In other words, fibers are intertwined, interlaced or 
intermeshed in the longitudinal (X), transverse (Y), and thick-
ness (Z) directions. Therefore, 3D fabric structures are usually 
endowed with several distinct properties, such as structural 
integrity, dimension stability, spatial interlacing network, and 
out-of-plane enhancement effect, which have great application 
prospects in the fields of composite material manufacturing, 
architectural engineering, furnishing decorations, sport appa-
ratus, medical instruments, and more.[1,88–91] From the per-
spective of manufacturing techniques and basic structural 
features, 3D fabric structures can be divided into 3D weaving, 
3D knitting, 3D braiding, 3D nonwoven, 3D printing, 3D multi-
layer stacking, and etc. Below, we will briefly introduce their 
respective typical representatives, structural characteristics, and 
promi nent merits (Table 2).

3D woven fabrics contain a group of fibers running through 
the whole thickness direction that can bond the in-plane layers 
at varying angles to form a whole, which are mainly divided 
into 3D orthogonal woven fabric (3DOW) and 3D angle-inter-
lock woven fabric (3DAW).[92] 3DOW consists of three groups 
of mutually perpendicular yarns, in which Z-yarns intercon-
nect all individual warp- and weft-directional yarns to each 
other, thus solidifying the fabric, as shown in Figure 4a. 3DAW 
contains at least two sets of yarns, which are divided into two 
groups, i.e., 3D layer-to-layer angle interlock fabric (3DLAW, 
Figure 4b) and 3D through-the-thickness angle-interlock fabric 
(3DTAW, Figure  4c). In 3DLAW, warp yarn travels from one 
layer to the adjacent layer and back, while in 3DTAW, warp 
yarn travels from one surface of the 3D fabric to the other, thus 
holding all the layers together. 3D knitting is composed of yarn 
loops connected to each other and adjacent rows and columns 
by various techniques.[93] Among various 3D knitting fabrics, 
3D knitted spacer fabric is a sandwich structure consisting of 
two separate outer knitted substrates that are joined together 
or kept apart by spacer yarns, which are oriented in the third 
dimension (Figure  4d).[94] 3D braided fabrics are formed by 
interlacing three or more yarns to form an integral structure, 
which have high-dimensional stability and structural integ-
rity.[95] An important characteristic of 3D braided fabrics is their 
ability to form a variety of complex shapes, such as rectangular 
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Table 2. Basic characteristics and classifications of 3D fabric structures.

Structures Typical representatives Characteristics Merits

3D woven Orthogonal, angle-interlock Z-yarns binding through the thickness direction High production rates, high-dimensional stability

3D knitted Spacer weft/warp-knitted Low fiber volume fraction,  
Looped structure

High stretchability, extensibility and drapeability,  
huge flexibility and stability

3D braided Four/five-directional,  
rectangular/tubular shape

Infinite length while finite cross section High shape adaptability, highly automated,  
readily available

3D nonwoven Web, sheet, felt, electrospinning Consisting of millions of individual fibers Large surface area to mass, high pore volume,  
tight pore size, and high density

3D printing Fused deposition modeling,  
direct ink writing

Incorporating multimaterial components to pro-
duce complex structures

Rapid prototyping, facile fabrication,  
versatile design, high reproducibility

3D multilayer stacking Melt Multiple 2D fabrics stacked along the thickness 
direction

Easy to scale, simple to fabricate
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shape (Figure 4e) and tubular fashion (Figure 4f). 3D nonwoven 
nanofibrous scaffolds consist of millions of individual fibers, in 
which fibers form a network structure and are finally bonded 
together by various techniques, such as bonding, stitching, 
felting, and thermal fusion (Figure 4g).[96,97] In 3D nonwovens, 
fibers are assembled into a planar structure and interlocked to 
form porous sheets with a certain degree of flexibility. Among 
various techniques, electrospinning is a facile and broadly 
used nonwoven manufacturing technique, which can fabricate 
micro/nanoscale fibers in a continuous process.[98] 3D nonwo-
vens are most commonly used for a wide range of filtration 
applications, because they have large surface area to mass ratio, 
high pore volume, tight pore size, and high density. Emerging 
3D printing technology is a process whereby parts or compo-
nents are directly built from a solid model using a heat source 
and filler material, which includes fusion deposition modeling, 
direct writing, selective laser sintering, stereo lithography, and 
so on.[99] In addition, 3D printing is also a possible future appli-
cation for mass customization of textile products, which can 
incorporate multimaterial components to produce complex tex-
tile structures (Figure 4h).[100] 3D multilayer stacking is one of 
the simplest ways to fabricate 3D textiles by stacking multiple 2D 
fabrics along the thickness direction, which is easy to scale on 
the basis of preparation technique of 2D fabrics.[101] Supporting 
structures are often built between layers by means of needing, 
suturing or others in order to enhance the interfacial adhesion. 
Of course, in addition to the listed above, there are also some 
other ways to fabricate 3D fabrics, which need to be further 
explored. It can be found that each of the above-mentioned  

manufacturing technologies for 3D fabrics has its own advan-
tages and disadvantages in terms of specific performance, and 
can be selected based on the end-use.

3. Working Modes

Since the first reported of TENG in 2012,[102] significant efforts 
have been devoted to converting mechanical energy into elec-
tricity by various modes of TENGs. According to circuit con-
nection methods and applied loading directions, TENGs can 
be divided into four basic working modes, namely vertical 
contact–separation (CS) modes, lateral sliding (LS) mode, 
single-electrode (SE) mode, and freestanding triboelectric-
layer (FT) mode (Figure 5).[103] The vertical CS mode utilizes 
the polarization in a vertical direction and relies on the vertical 
movement of two perpendicular triboelectric layers. Due to the 
advantages of high output voltage, the vertical CS mode has 
been extensively applied to harvest pressing,[104] impacting,[105] 
bending, shaking and vibration energies.[106] The LS mode 
depends on the polarization in the lateral direction, due to the 
lateral sliding between the two contact objects. It would be used 
for rotational and air/water flow energy harvesting because of 
high frequency, continuous and high electricity output, which 
has also been successfully applied in tactile sensing,[107] bar-
code recognition,[108] and virtual and augmented reality.[109] 
However, the stability of long-time working and robustness of 
friction surface is a critical question in practical application. 
The SE mode with only one electrode is designed to harvest 
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Figure 4. Classifications of 3D fabric structures, including: a–c) 3D woven structures, such as 3D orthogonal woven (a), 3D layer-to-layer angle-interlock 
woven (b), and 3D through-to-thickness angle-interlock woven (c), d) 3D warp spacer knitted, e,f) 3D braided structures, such as 3D five-directional 
rectangle braided (e) and 3D five-directional circular braided (f), g) 3D printing fabric structures, and h) 3D multilayered nonwoven structures.
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energy from a freely moving object without attaching an elec-
tric conductor, which is suitable for fabricating sliding/typing/
touch screen. Owing to simple fabrication, easy to carry, and 
versatility in energy harvesting, the SE mode has been devel-
oped in wearable electronics,[110] fitness monitoring,[111,112] soft 
robotics,[113] and human–machine interface.[70] The FT mode 
comprises a triboelectric layer and two stationary symmetrical 
electrodes. It is designed for rotational and vibration energy 
harvesting in virtue of high energy conversion efficiency, which 
has been used for noncontact free-rotating sensor,[114] multiple 
degree of freedom sensor,[115] and raindrop kinetic energy col-
lection.[116] The four basic working modes have been widely 
demonstrated, each of which has different design methods to 
accommodate the corresponding mechanical triggering condi-
tions. Enabled by different structural characteristics, the four 

working modes of TENGs have their own suitable application 
scenarios, as summarized in Table 3.

4. Theory of Textile TENGs from Expanded 
Maxwell’s Equations
Maxwell’s equation, as one of the ten most important equations 
for physics, is the foundation of modern wireless communi-
cation, photonics and optical communication.[57] One of the 
greatest creative ideas from the equations is the introduction of 
a displacement current in order to satisfy the conservation law 
of charges. Recently, to account for the contribution made by 
the contact electrification-induced electrostatic charges during 
the mechanical agitation for power generation, the expression 
of displacement current has been expanded,[56,117] in which 
a new term Ps in D is first introduced for deriving the output 
power of NGs.[118] The electric displacement vector D can be 
described as

0 sDD EE PP PPε= + +  (1)

where Ps is the polarization caused by the electrostatic surface 
charges on medium passing through the space due to mechan-
ical triggering, which is different from the electric field-induced 
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Figure 5. Four fundamental operational modes of textile-based TENGs, including: a) vertical contact–separation mode, b) single-electrode mode, c) in-
plane contact-sliding mode, and d) freestanding triboelectric-layer mode. a) i) Reproduced with permission.[105] Copyright 2012, Elsevier. ii) Reproduced 
with permission.[106] Copyright 2018, The Authors, published by AAAS. iii) Reproduced with permission.[104] Copyright 2017, Wiley-VCH. b) i) Reproduced 
with permission.[112] Copyright 2021, Wiley-VCH. ii) Reproduced with permission.[111] Copyright 2021, Elsevier. iii) Reproduced under the terms of the 
CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[70] Copyright 2020, The Authors, pub-
lished by Springer Nature. c) i) Reproduced with permission.[107] Copyright 2021, Wiley-VCH. ii) Reproduced with permission.[108] Copyright 2018, Elsevier.  
iii) Reproduced with permission.[109] Copyright 2021, Wiley-VCH. d) i) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 Inter-
national license (https://creativecommons.org/licenses/by/4.0).[114] Copyright 2020, The Authors, published by John Wiley & Sons Australia, Ltd on behalf 
of UESTC. ii) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/
by/4.0).[115] Copyright 2021, The Authors, published by Springer Nature. iii) Reproduced with permission.[116] Copyright 2020, American Chemical Society.

Table 3. Comparison of the four working modes of TENGs.

Modes Main application occasions

Contact–separation (CS) Pressing, impacting, bending, sharking, vibration

Lateral sliding (LS) Rotational and air/water flow energy harvesting

Single electrode (SE) Sliding/typing/toughing screen

Freestanding  
triboelectric-layer (FT)

Rotational and vibration energy harvesting

https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
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polarization of the medium P. By redefining a new vector D′, 
where D′ = ε0E + P, the expanded Maxwell’s equations can be 
expressed as 

· (Gauss’s law)DD ρ∇ ′ = ′  (2)

· 0 Gauss’s law for magnetismBB ( )∇ =  (3)

t
Faraday’s lawEE

BB ( )∇ × = − ∂
∂

 (4)

t
Ampere’s circuital law with Maxwell’s addition

HH JJ
DD

( )

∇ × = ′+ ∂ ′
∂  (5)

where the electric field E, the magnetic field B, magnetizing 
field H, the free electric charge density ρ′, the free electric cur-
rent density J′, displacement field D. If the medium makes 
a translational motion of a rigid body in space, in which the 
translation velocity is v, the volume charge density and the den-
sity of current density can be redefined as

·PPssρ ρ′ = − ∇  (6)

v
t

JJ JJ
PPssρ′ = + + ∂
∂

 (7)

Based on the charge conversion and continuation equation

t
· 0JJ

ρ∇ ′+ ∂ ′
∂

=  (8)

With the conduction current J, the total displacement cur-
rent is

t t
JJ

DD PP
DD

ss= ∂ ′
∂

+ ∂
∂

 (9)

where 
t

DD∂ ′
∂

 represents the displacement current due to the time 

variation of electric field, and the term 
t

PPss∂
∂

 is the current due 

to the change in media boundary.[56,57] These equations are the 
cornerstones of the electricity generation of textile TENGs.

5. Electricity Generation and Transport 
Mechanisms

Fiber refers to a kind of material with large aspect ratio, small 
diameter, and flexibility to some extent, which can be easily 
assembled into yarn by fiber clustering methods, such as 
twisting, wrapping, braiding, spinning, weaving and others. The 
integrated yarn has a hierarchical configuration and uneven sur-
face, which makes its interface with external bonding materials 
extremely complex. In addition, there are many micro- or nano-
structural defects on the surface of fibers or yarns, including 
convex, crack, hairiness, concave, crevice, and more, as exhibited 
in Figure 6a. Therefore, it is rather difficult to fully investigate 
the contact electrification behavior of fiber-based TENGs, which 
has also never been done before. However, the basic electricity 

generation process of planar TENGs that is proposed with the 
first invention of TENGs[102] can help us better analyze the 
charge generation and transport process of fiber-based TENGs. 
As shown in the Figure 6b, an alternating current signal corre-
sponds to a contact–separation period, which can be explained 
based on the coupling effect of contact electrification/tribo-
electrification and electrostatic induction. In the initial state, a 
separation distance between the two kinds of active triboelec-
tric materials is maintained due to the difference of micro- and 
nanostructures. Once the two kinds of active triboelectric mate-
rials are in contact with each other under the action of external 
force, electrons will be injected from one into the other, resulting 
in the induction of triboelectric charges on their surface. When 
the contact surfaces are separated, a potential difference will be 
established between the two electrodes, which will drive free 
electrons to flow between them to shield local electric field. And 
if the two surfaces come into contact again, a potential differ-
ence with reversed polarity and current will flow back in the 
opposite direction, making a complete cycle of electricity genera-
tion. In addition, an atomic-scale electron cloud/wave-function 
overlap model is often proposed to explain the contact electrifi-
cation induced electricity generation and transport mechanisms 
of TENGs.[119–121] Interatomic interaction potential can reflect the 
repulsion and attraction interactions between two atoms. When 
two atoms form a bond that represents some kind of overlap in 
electron clouds or wave functions, the equilibrium distance is 
established. By comparing bond length or interatomic distance 
with this equilibrium distance, we can judge whether the two 
atoms are in contact or tend to repel each other, thus judging 
whether the electron clouds overlap.[57] As shown in Figure 6c, 
the possible process of electron transfer between two atoms is 
also explained. In the initial stage (i), before the atomic-scale 
contact of each other, the electron clouds of the two materials 
A and B remain separate without overlap. Their electrons are 
tightly bound in specific orbits in their respective potential wells, 
which are restricted from escaping freely. When the atoms get 
close and contact with each other, the electron cloud overlaps 
between two atoms to form a chemical bond. In this case, the 
initial single potential well becomes an asymmetric double-well 
potential, and the energy barrier between them is reduced due to 
the overlap of strong electron clouds (ii). When they are far away 
from each other, electrons will flow from A to B, and most of the 
transferred electrons will stay in B, resulting in contact electrifi-
cation (iii). In addition, the mechanical contact between the two 
materials can shorten the distance between the atoms, and cause 
their electron clouds to overlap strongly in the repulsive region.

6. Approaches to Increasing Power Output and 
Sensing Ability
The low power output and unsatisfactory sensing ability are 
always one of the main problems that restrict the large-scale 
application of TENGs. Various strategies have been tried to 
improve the performance of TENGs in the two aspects, which 
can be mainly classified as surface/interface modification, 
material selection/optimization, structural design, power or 
circuit management, and environmental control (Figure 7). 
Surface/interface modification is mainly used to increase the 
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effective contact area of the paired charged surfaces or endow 
the surfaces with some additional functions. Taking TENGs in 
vertical CS mode as an example, the charged surface pairs are 
not completely in contact, which is limited by the material tex-
ture and surface inhomogeneities. Some measures have been 
taken to increase the effective contact area, thus increasing 
the surface charge, such as manufacturing a linear or cubic or 
pyramidal polymer pattern arrays on the surface of PDMS,[102] 
adopting silicone rubber and a rolling liquid to make the inner 
core which allows soft contact[122] (Figure  7a). Material selec-
tion/optimization is also a widely used method to increase 
the overall power output. Dielectric or surface polarization is a 
common strategy for increasing surface charge density. Because 
of the electric hysteresis effect of dielectric polarization, the 
friction electric field or electrostatic field will cause polarization 
of ferroelectric materials. At the time of surface polarization 
balance, ferroelectric materials inside the rest of the dielectric 
polarization enhances the ability of electronic surface of gain 
and loss, which in turn enhances the surface polarization, so as 
to improve the charge density. For example, high-performance 
triboelectric sensors based on ferroelectric multilayer nanocom-
posites with alternating layers of poly(vinylidenefluoride-co-
trifluoroethylene) (PVDF-TrFE) and barium titanate (BaTiO3) 
nanoparticles are introduced (left side in Figure  7b).[123] In 
order to keep the triboelectric charges to prevent them from 
dissipating, charge trapping or storage elements are always 
mixed into triboelectric materials. For instance, a multifunc-
tional layered TENG is designed, in which a mixed layer of 

reduced graphene oxide and silver nanoparticles is added 
between PVDF triboelectric layer and bottom aluminum elec-
trode to trap and block the interfacial charges (right side in 
Figure  7b).[124] In addition, although the triboelectric series 
for a wide range of polymers has been quantified to reveal the 
inherent trend of polymers gaining or losing electrons,[125–127] 
the triboelectric charge density of polymers can still be changed 
through adjusting the functional groups with different electron-
withdrawing or electron-donating abilities on the surface. As 
shown in Figure 7c, through the polyamidation reaction, carbon 
nanotubes (CNTs) and poly(ethylene terephthalate) (PET) are 
chemically grafted on the surface of polyester fiber, and a kind 
of textile TENG with enhanced output is obtained.[128] In order 
to solve the issues of low precision and poor stability of tradi-
tional surface modification methods, a new scheme based on 
helium ion irradiation[129] or nitrogen ion implantation[130] to 
inject extra electrons or ions is also developed (Figure  7d). In 
addition, the external charge excitation strategy through charge 
pump or shuttle is also an effective method to improve the sur-
face triboelectric charge density (Figure  7e).[81] In other cases, 
considering that the surface charge of two different friction sur-
faces cannot exceed a certain threshold, the increase of the sur-
face charge density alone is unable to further improve output 
performance. Under this case, the threshold of power output 
density can be increased by structural design. For example, a 
layer of aluminum coated with gold nanoparticles is introduced  
between the common double-layer CS-TENG, which can 
increase the output power by over 16 times.[78] In addition, due 
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Figure 6. Electricity generation and transfer mechanism of fiber TENGs. a) Typical micro- and nanostructural defects in fibers, including convex, crack, 
hairiness, concave, and crevice. b) Working principle of fiber TENGs in a complete contact and separation cycle. c) Electron cloud-potential well models, 
including: i) electron clouds before colliding, ii) electron clouds in colliding, and iii) electron clouds after colliding.
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to high-voltage air breakdown effect, the accumulated surface 
charges can easily diffuse into the atmosphere and internal 
frictional layer, leading to charge loss and decrease of surface 
charge density.[131,132] In order to avoid the negative impact 

of air breakdown effect, a kind of direct-current TENG (DC-
TENG) has been developed, which has the coupling effect of 
triboelectrification and electrostatic breakdown.[79] By simply 
adding a breakdown electrode, the DC-TENG can realize DC 
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Figure 7. Approaches to improving the power output density of TENGs. a) Surface or interface modification through nanostructures and soft contact. 
b) Material selection and optimization through ferroelectric polarization. c) Surface functionalization by chemical modification. d) Ion irradiation or 
implantation by directly injecting ions into polymers. e) Charging pumping/shuttling approach. f) Structural designs via electric double layer effect and 
electrostatic breakdown effect. g) Power management through switched capacitor convertors. h) Environmental control under vacuum condition. a) i) 
Reproduced with permission.[102] Copyright 2012, American Chemical Society. ii) Reproduced with permission.[122] Copyright 2019, Elsevier. b) i) Repro-
duced with permission.[123] Copyright 2020, American Chemical Society. ii) Reproduced with permission.[124] Copyright 2020, Elsevier. c) Reproduced 
with permission.[128] Copyright 2021, American Chemical Society. d) i) Reproduced with permission.[129] Copyright 2020, The Royal Society of Chemistry. 
ii) Reproduced with permission.[130] Copyright 2021, Elsevier. e) Reproduced with permission.[81] Copyright 2018, Elsevier. f) i) Reproduced under the 
terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[78] Copyright 2016, The 
Authors, published by Springer Nature. ii) Reproduced with permission.[79] Copyright 2019, AAAS. Reprinted/adapted from ref. [79]. © The Authors, 
some rights reserved; exclusive licensee American Association for the Advancement of Science. Distributed under a Creative Commons Attribution 
NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/licenses/by-nc/4.0/. g) Reproduced under the terms of the CC-BY Creative 
Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[83] Copyright 2020, The Authors, published by Springer 
Nature. h) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/
by/4.0).[84] Copyright 2017, The Authors, published by Springer Nature.
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electrical output without rectifier bridge, which greatly increases 
the output power and breaks through the output of traditional 
TENG limited by electrostatic breakdown (Figure  7f). For 
example, a highly flexible and wearable fabric DC-TENG with 
high power output has been developed by simply coating break-
down electrode and friction electrode on the top and bottom 
side of a polyester-cotton fabric, respectively.[133] By effectively 
harvesting surface charges from triboelectrification through the 
conductive plasma channel caused by air breakdown, the DC-
TENG can light up 99 bulbs and 1053 LEDs and drive electronic 
devices directly without rectifying or capacitor charging. Besides 
the above material and structural methods, attention should also 
be paid to output management and environmental impact. It is 
well known that one of the typical characteristics of TENGs is the 
high output voltage and low output current, which are not suit-
able for most wearable electronics. Therefore, it is necessary to 
adjust the electrical output by means of power supply or circuit 
management to meet the application requirements. Although 
the traditional transformer can realize the transition from high 
voltage and low current to low voltage and high current, it needs 
higher working frequency. However, the switch-capacitor con-
verter has some problems, such as high output impedance and 
large switching loss. In order to improve the power efficiency, a 
fractal design switching capacitor converter has been designed, 
which can achieve over 94% power transmission efficiency 
(Figure  7g).[83] It is indicated above that air breakdown caused 
by high-voltage discharge will greatly hinder the improvement 
of TENGs. Therefore, environmental control such as reducing 
air pressure can be adopted to reduce the possibility of air break-
down, thus increasing the power output density (Figure  7h).[84] 
However, although these methods can effectively improve the 
electromechanical conversion performance of TENGs, it is diffi-
cult to apply them to fiber or fabric materials with special struc-
tural characteristics, which also urges us to seek new methods to 
improve the electrical performance of textile TENGs.

7. 3D Fabric TENGs

Because of the structural particularity of textile materials, the 
above methods that have been developed to improve the perfor-
mance of TENGs are difficult to be effectively applied to the tex-
tile TENGs. Fortunately, through the 3D fabric structures, we 
turn the disadvantages caused by the special textile structures 
into the advantages of designing high-performance TENGs. 
Here, textile-based TENGs with advanced 3D fabric structures 
including 3D woven, 3D knitted, 3D braided, 3D nonwoven, 3D 
printing, and 3D multilayer stacking are summarized.

7.1. 3D Woven Structures

Due to the advantages of mechanical robustness and stability, 
3D woven structures have been widely used to fabricate high-
performance composites. Among all kinds of 3D woven fabrics, 
3D orthogonal woven (3DOW) and 3D angle-interlock woven 
(3DAW) architectures are the most commonly used structures. 
In 3DOW, there are three directions of yarn systems, i.e., 
warp yarns in the X direction, weft yarns in the Y direction, 
and through-the-thickness binding yarns in the Z direction. 

In particular, Z-binding yarns solidify the fabric by intercon-
necting warp and weft yarns. For instance, a 3DOW TENG is 
designed for effective biomechanical energy harvesting and 
active motion signal tracking. As shown in Figure 8a, the 
3DOW-TENG is composed of three groups of yarns, namely 
stainless steel/polyester fiber blended yarns as the warp fibers, 
PDMS-coated energy-harvesting yarns as the weft fibers, and 
nonconductive cotton yarns as the bonding Z-yarns, which are 
interwoven up and down along the warp yarns over the weft 
yarns.[134] The maximum output power density of the 3DOW-
TENG can achieve 263.36  mW m−2, which is several times 
higher than that of conventional 2D textile TENGs (Figure 8b). 
Furthermore, a self-powered dancing blanket is demonstrated to 
harvest human walking energy and capture human motion sig-
nals simultaneously (Figure 8c). Compared with 3DOW, 3DAW 
is fabricated with two sets of yarns, which obsesses more inter-
space between yarns and more easily deforms. As presented 
in Figure  8d, a 3DAW-TENG is developed by silicone rubber 
coated graphene oxide/cotton composite yarns for improving 
output performance.[135] Under a pressure of 10 N, the 3DAW 
obtains the output power of 225 mW m−2 (Figure 8e). In virtue 
of high output performance, the 3DAW-TENG can be used as 
self-powered sensors, such as carpet signal monitor for energy 
harvesting and human movement monitoring (Figure  8f). To 
be compatible with the traditional textile production process, 
a 3D honeycomb-structured woven fabric (3DHW-TENG) is 
fabricated of a flame-retardant wrapping yarn by a continuous 
hollow spindle fancy twister technology (Figure  8g).[136] The 
3DHW-TENG can reach the output power of 73.55 µW m−1 
(Figure  8h). The 3DHW-TENG is designed for smart carpets 
as a self-powered escape and rescue system, which can achieve 
precise position locating and reminding the escape route to 
the survivors (Figure  8i). It is worth noting that although 3D 
woven fabrics increase the structural complexity, they can easily 
achieve large-scale and rapid production by properly adjusting 
the current mature 2D woven fabric preparation process.

7.2. 3D Knitted Structures

Compared to other 3D textile structures, 3D knitted structures 
are endowed with excellent stretchability, elasticity, and inherent 
internal spaces so that they can provide larger contact and sep-
aration spaces. Therefore, 3D knitting structures have been 
widely adopted to design 3D fabric TENGs. For example, a 3D 
double-faced interlocking fabric TENG (3DFIF-TENG) is fab-
ricated by knitting the two system yarns, namely cotton yarns 
and polyamide (PA, nylon 66) composite yarns.[137] As shown 
in Figure 9a-i, the PA composite yarn is modified by coating 
Ag electrode and further wrapping silicone rubber. The peak 
energy output of the 3DFIF-TENG reaches 470 nJ one circle with 
200 MΩ external load resistance (Figure 9aii). The 3DFIF-TENG 
can generate electricity by bending and stretching itself, which 
can also be used as pressure or weight sensors (Figure  9a-iii). 
In addition, in order to further increase contact and separation 
spaces, a fully stretchable 3D rib-knitted fabric TENG (3DRK-
TENG) with double-arc shaped structure is fabricated.[138] As 
shown in Figure 9b-i, the 3DRK-TENG is composed of Ag-coated 
conductive fabric as the middle layer and two Ag coated PTFE 
fabrics as the two outer layers. The 3DRK-TENG shows a high 
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stretchable performance even the fabricated fibers without the 
intrinsic stretchable property, which can be stretched up to 30% 
(Figure  9bii). Under the vertical contact and separation mode, 
the maximum output power of 3DRK-TENG is 60 µW at the 
matched resistance of 5 MΩ (Figure 9b-iii). Furthermore, a 3D 
penetrated fabric TENG (3DP-TENG) is developed using a com-
mercially 3D knitting fabric structure as a template, which has 
high elastic behavior in the thickness direction.[139] As shown in 
Figure 9c-i, the 3DP-TENG consists of a bottom surface coated 
with PDMS, and two thin layers of CNT sheet and silver paste 
that are then coated on the bottom and top surfaces as the two 
electrodes. The peak power of the 3DP-TENG with a size of 
5 × 5 cm2 can reach 153.8  mW m−2 at a load resistor of 1 GΩ 
(Figure  9c-ii). With the inherent features of large separation 
distance and high compression resilience, 3D spacer fabric is 
widely adopted to design textile TENGs.[140,141] For example, a 3D 

spacer fabric TENG (3DS-TENG) with weft knitting technology 
has been developed, which consists of two outer fabric layers and 
a spacer layer.[142] As illustrated in Figure 9d-i, polyester mono-
filament is used to knit the spacer layer due to its high stiffness, 
and nylon multifilament is used to knit two outer fabric layers. 
The 3DS-TENG exhibits excellent force sensitivity, which can 
be used to accurately recognize foot pressure (Figure  9d-ii,iii). 
Similarly, a scalable and washable 3D warp-knitted power fabric 
(3D-WSF) with high compressive resilience and good electrical 
output is developed.[143] The 3D-WSF with sandwich structure is 
composed of the top polyethylene (PE) braided layer, the middle 
poly(ethylene terephthalate) (PET) spacer layer, and the bottom 
poly(tetrafluoroethylene) (PTFE) braided layer, in which the 
spacer PET fibers interweave with PE and PTFE fibers up and 
down to form a coherent whole. Another kind of 3DS-TENG as a 
kind of all textile energy harvester is fabricated by a computerized 
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Figure 8. Structure designs and power output of 3D woven TENGs. a) Schematic illustration of a 3D orthogonal woven TENG (3DOW-TENG). b) Power 
density	of	the	3DOW-TENG	under	the	tapping	frequency	of	3 Hz.	A	photograph	of	the	test	sample	with	the	contact	area	of	45	× 40 mm2 is shown 
in the top left. c) Demonstration of the 3DOW-TENG as a self-powered dancing carpet. a–c) Adapted with permission.[134] Copyright 2017, Wiley-
VCH. d) Structural characteristic of a 3D angle-interlock woven TENG (3DAW-TENG). e) Power density of the 3DAW-TENG with the sample and the 
lighting LEDs shown in its top left and bottom, respectively. f) Schematic diagram of the smart carpet with the 3DAW-TENGs mounted on its surface. 
d–f) Reproduced with permission.[135] Copyright 2020, Elsevier. g) Schematic illustration and photograph of a 3D honeycomb woven TENG (3DHW-
TENG). h) Current and peak power density of the 3DHW-TENG. i) Demonstration of the self-powered fire escape and rescue system. g–i) Reproduced 
with permission.[136] Copyright 2020, Wiley-VCH.
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Figure 9. Architecture characteristics and output performance of 3D knitted TENGs. a) 3D double-faced interlock fabric TENG (3DFIF-TENG), including: 
i) illustration and photograph of the 3DFIF-TENG, ii) V–Q output of the 3DFIF-TENG with different external load resistances, and iii) schematic diagram 
of the 3DFIF-TENG under recycling tensile and release loading. Reproduced with permission.[137] Copyright 2020, Elsevier. b) Fully stretchable 3D rib-
knitted fabric TENG (3DRK-TENG), including: i) 3D image of the 3DRK-TENG, ii) maximum elastic deformation of the 3DRK-TENG, and iii) average 
power	output	of	the	3DRK-TENG	in	a	vertical	contact	mode	at	the	frequency	of	3.3 Hz.	Reproduced	with	permission.[138] Copyright 2017, American 
Chemical Society. c) 3D spacer fabric TENG (3DS-TENG), including: i) scheme of the 3DS-TENG, ii) pressure distribution of human foot, and iii) short-
circuit current of the 3DS-TENG pixels located at different positions of the foot. Reproduced with permission.[142] Copyright 2016, Elsevier. d) Scalable 
and washable 3D warp-knitted spacer power fabric (3D-WSF) for energy harvesting and pressure sensing, including: i) 3D structural diagram of the 
3D-WSF, ii) schematic illustration of the eight-axial PE and PTFE braided fibers both with conductive Ag-coated nylon fibers embedded in the center, 
iii) characteristic analysis of voltage signal in sitting posture monitoring. Reproduced with permission.[143] Copyright 2021, IOP Publishing. e) 3D self-
charging spacer fabric (3DSC-TENG), including i) schematic diagram of the 3DSC-TENG, ii) charge/discharge characteristics of the 3DSC-TENG, and 
iii) demonstration showing an electronic watch powered by the 3DSC-TENG. Reproduced with permission.[145] Copyright 2018, Wiley-VCH.
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flat knitting machine.[144] The top layer of 3DS-TENG is knitted 
with conductive silver-plated nylon fibers on one needle bed, and 
the bottom layer is knitted with PAN fiber on the other needle 
bed. The top layer and bottom layer are connected together with 
cotton fibers. The 3DS-TENG can greatly increase output power 
by increasing the contact separation distances. In order to realize 
continuous and stable electrical output, the integration of TENGs 
with flexible Zn-ion battery (ZIB) is embedded in a piece of 3D 
spacer fabric. As displayed in Figure  9e-i, the 3D spacer fabric 
consists of three layers, of which the upper and lower layers are 
spaced apart.[145] Fabric TENGs work with the motion of up and 
down layers, and the batteries with the three layers are fabricated 
by injecting the electrolyte into the intermediate layer, which can 
convert human mechanical energy into electrical energy, and 
further store the electric energy in the battery to supply power 
for various electronic devices (Figure 9e-ii,iii). Through the above 
introduction, it can be found that 3D knitted structures are very 
popular to design textile TENGs due to their high permeability 
and elasticity.

7.3. 3D Braided Structures

3D braided fabric consists of multiplied braided yarn by 
moving and interweaving with each other in different direc-
tions, which can be classified into four or five directional 
structures based on the number of braided yarns. The inter-
twined structure of 3D braided fabric endows it with the merits 
of high flexibility, structural integrity, shape adaptability, and 
mechanical stability. Recently, a 3DB-TENG with good air 
permeability, high compression resilience, enhanced power 
output, improved pressure sensitivity, and machine wash-
ability is developed, which can combine the merits of both 
3D braided fabric and TENGs.[60] As shown in Figure 10a,  
the 3DB-TENG is fabricated through a four-step rectangular 
braiding technology, using the PDMS-coated energy yarn 
as the braided yarn and the eight-axial winding yarn as the 
axial yarn. Particularly, numerous rhombus-shaped frame-
column structures are established between the outer braided 
braced frame and the inner core column, which provide high 
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Figure 10. Shape adaptable and highly resilient 3D braided TENG. a) Structural characteristic of 3D braided TENG, including the outer braided braced 
frame and the inner axial core column. b) Comparison of the power densities of the 3D braided TENGs with different cross-sectional shapes. c) Pres-
sure sensitivity of the 3D braided TENG to different objects. d,e) Applications of the 3D braided TENG as an intelligent footwear system (d) and a 
self-powered identity recognition system (e). a–e) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license 
(https://creativecommons.org/licenses/by/4.0).[60] Copyright 2018, The Authors, published by Springer Nature.
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compression resilience and improved working performance 
of the 3DB-TENG. In addition, by adjusting the arrangement 
of yarns on the machine bed, the cross section of 3DB-TENG 
can be adjusted, such as rectangle shape, square shape, and 
toroidal shape. Among the three cross-sectional structures, the 
toroidal shape has the highest power output density, which 
can reach 26 W m−3 under the loading frequency of 3 Hz and 
the applied force of 20 N (Figure  10b). Moreover, the 3DB-
TENG can repeatedly and steadily distinguish the difference 
of electrical signal even if the mass variation is less than 0.1 g 
(Figure  10c). Finally, the 3DB-TENG is applied to two new 
forms of human–machine interactive applications, including 
an intelligent shoe for human motion monitoring and a self-
powered identity recognition carpet for safeguarding entrance, 
as shown in Figure  10d,e, respectively. This work provides a 
new design concept of 3D five-directional braiding structure 
and several innovative application occasions for 3D braided 
TENGs. However, compared with other 3D fabrics, more com-
plicated preparation process and longer production cycles lead 
to higher cost of 3D braided fabrics. In addition, although the 
axial length of 3D braided fabric can be extended infinitely in 
theory, it is difficult to expand its plane size in a large area due 
to the limitation of the number of yarn spindles.

7.4. 3D Nonwoven Structures

3D nonwoven fabrics with numerous hierarchical porous 
structures are usually obtained by stacking multiple layered 
2D nonwoven nanofiber films, membranes, webs, nets or felts 
in thickness direction. Because of excellent flexibility, air per-
meability, and conformability, 3D nonwovens have attracted 
extensive attentions, which have great potentials in energy har-
vesting and pressure sensing. For example, by sandwiching 
silver nanowires (Ag NWs) between poly(lactic-co-glycolic acid) 
(PLGA) nanofiber film and poly(vinyl alcohol) (PVA) nanofiber 
film, the breathable, biodegradable, antibacterial and self-pow-
ered electronic skin based on all nanofiber TENG is fabricated 
(Figure 11a).[146] The maximum areal power density of the PLGA/
Ag NWs/PVA e-skin is ≈130 mW m−2 at a matched resistance 
of ≈500 MΩ, which is four times more than that of the PVA/Ag 
NWs/PVA e-skin (Figure 11b). The designed e-skin can realize 
real-time and self-powered monitoring of physiological signals 
and joint movement of the whole body (Figure 11c). In addition, 
based on the similar configuration of all nanofibers, a self-pow-
ered e-skin for real-time respiration monitoring is designed.[112] 
Figure  11d exhibits the application scenario and 3D structure 
diagram of the self-powered all-nanofiber e-skin, which consists 
of polyamide 66 (PA 66) nanofibers coated with Au electrode 
as the top electrification layer and Au electrode coated polyacry-
lonitrile (PAN) nanofibers as the bottom electrification layer. 
The all-nanofiber respiratory monitoring e-skin is also used 
for the diagnosis of obstructive sleep apnea–hypopnea syn-
drome (Figure 11e). Figure 11f shows the electrical signal char-
acteristics of three typical respiratory states, including normal 
breathing, sleep hypopnea, and sleep apnea, from which it can 
be observed that the voltage amplitude decreases significantly, 
indicating the occurrence of obstructive respiratory events. The 
apnea–hypopnea index defined as the total number of apneas 

and hypopneas per hour of sleep is also an index to evaluate the 
degree of obstructive sleep apnea–hypopnea syndrome, which 
helps to improve sleep quality and human respiratory health. 
There are many similar studies on TENGs based on multifunc-
tional all nanofibers, which have air permeability, ultraviolet 
protection, self-cleaning, antibacterial and self-powered proper-
ties, that are fabricated based on a low-cost and facile electro-
spinning method.[147,148] In addition to the above functionalities, 
ferroelectric materials, such as PVDF and its derivatives can 
also be incorporated into nanofibers by means of electrospin-
ning techniques to improve the power output of TENGs. For 
instance, an all-fiber tribo-ferroelectric synergistic e-skin with 
high power output and thermal-moisture comfortability is 
developed, as shown in Figure  11g.[149] The e-skin consists of 
four function layers, including PVDF-TrFE nonwoven webs and 
polyamide 6 (PA6) nonwoven webs with opposite tribo-polarity 
for contact electrification, nickel–copper (Ni–Cu) fabric elec-
trode for charge induction, and the moisture-wicking fabric for 
directional water transport and evaporation, as demonstrated 
in Figure 11h. Owing to the tribo-ferroelectric synergistic effect 
induced by PVDF-TrFE, the maximum peak power density of 
the e-skin can reach 5.2 W m−2 under the loading frequency 
of 2.5  Hz. Another similar work has also been reported.[150] 
As presented in Figure  11i, the multilayer nanofiber stacked 
smart fabric is composed of a ferroelectric-enhanced TENG 
and a directional moisture-wicking fabric. When running from 
human skin to the environment, large-sized water clusters 
will be decomposed into small-sized water clusters or water 
monomers to increase the rate of water evaporation. Figure 11j 
shows the electrical output performance of the fabric, whose 
maximum instantaneous power density is about 135 W m–3 at 
the matched resistance of 60 MΩ. The quick-drying and cooling 
fabric can be further used as a wireless sports monitoring insole 
to reduce the skin temperature when walking (Figure  11k). In 
addition to the above, there are many other reported TENGs 
with 3D nonwovens, which contain various functional attrib-
utes.[151–154] Considering that many polymers can be easily pre-
pared into nanofibers by electrospinning, it is very popular that 
3D nonwovens can integrate multiple functions, which is more 
suitable for the design of skin-like sensors.

7.5. 3D Printing Structures

In addition to the pervasive 3D structures manufactured with 
traditional textile techniques, 3D printing technology with 
the benefits of being simple, adaptable, cheap, fast, efficient, 
durable, sustainable, and precise has also been widely leveraged 
for the fabrication of wearable electronics with irregular and 
complex shapes in a one-step integration way.[155–157] The inte-
gration of advanced TENG with burgeoning 3D printing tech-
nology and traditional textile structures fosters the emergence 
of 3D printing textile-based TENGs. For example, 3D printed 
elastomeric metal-core silicone–Cu TENG fibers are fabricated 
by using a coaxial microextrusion process (Figure 12a). Con-
tinuous extrusion of silicone in combination with continuous 
vertical motion of the extruder results in the production of 
metal-core elastomeric silicone–Cu fiber TENGs (Figure  12b). 
With the help of different shapes of substrates, various kinds 
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Figure 11. 3D multilayered nonwoven TENGs as multifunctional electronic skins. a) Schematic illustration of the 3D network structure of an all-
nanofiber TENG-based e-skin. b) Peak power density of the TENG-based e-skin under varied external resistance c). a–c) Adapted with permission.[66] 
Copyright 2020, AAAS. Reprinted/adapted from ref. [66]. © The Authors, some rights reserved; exclusive licensee American Association for the 
Advancement of Science. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC) https://creativecommons.
org/licenses/by-nc/4.0/. The photos appear here with the subject’s consent. d) Application scenario and schematic illustration of a self-powered all-
nanofiber e-skin. e) Respiratory airway states while asleep. The left, middle, and right images are normal, narrowed, and closed airways, respectively. 
f) Real-time voltage signals under different sleep respiratory states, including normal, hypopnea, and apnea. d–f) Reproduced with permission.[112] 
Copyright 2021, Wiley-VCH. g) Structural diagram of an all-fiber tribo-ferroelectric synergistic e-skin. h) Schematic illustration showing that the all-fiber 
TENG-based e-skin with the functions of breathability, moisture permeability, and moisture wicking. g,h) Reproduced under the terms of the CC-BY 
Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[149] Copyright 2018, The Authors, Published by 
Springer Nature. i) Schematic structure of the ferroelectric-enhanced triboelectric evaporation textile and the water transport path on the skin under 
the wicking-polarization coupling effect. j) Electrical output performance of the textile TENG measured at different external load resistances. k) Sche-
matic diagram of a smart insole and its application in skin surface cooling function. i–k) Reproduced with permission.[150] Copyright 2021, Wiley-VCH.
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of 3D-printed flexible structures with hollow cylinder, cone, 
cuboid and star shapes have been fabricated,[158] as demon-
strated in Figure  12c. Besides the fiber-shaped TENGs, 3D 
printing can also be used to directly 3D fabric TENGs or other 
complex structural TENGs. For instance, by employing a 3D 

printer equipped with a coaxial spinneret, core-sheath fibers 
are directly printed on the e-textiles (Figure  12d). The printed 
fibers choose CNTs as the conductive core layer and silk fibroin 
(SF) as the dielectric sheath to fabricate CNTs@SF core-sheath 
fiber-based smart pattern (Figure  12e).[159] The CNTs@SF 
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Figure 12. 3D printing fabric TENGs. a) Schematic illustration of 3D printing triboelectric fibers. b) Surface and cross-sectional photographs of 3D 
printing triboelectric fibers. c) Photographs of 3D printing structures with different shapes. a–c) Reproduced with permission.[158] Copyright 2020, 
Elsevier. d) Schematic illustration showing the 3D printing process using a coaxial spinneret. e) Photograph of the 3D printing process. f) Short-circuit 
density and power density as a function of resistances of the 3D printed smart textile. d–f) Reproduced with permission.[159] Copyright 2019, Elsevier. 
g) Schematic fabrication process of all printed TENG (AP-TENG). h) Output comparison between 3D hierarchical patterned AP-TENG and mold-cast 
flat microporous TENG counterpart. i) Demonstration of lighting up 88 commercial LEDs connected in series. g–i) Reproduced with permission.[160] 
Copyright 2019, Elsevier. j) Overall structure of a 3D ultraflexible TENG. k) Current density and peak power density of the 3D ultraflexible TENG under 
the	frequency	of	1.3 Hz.	j,k)	Reproduced	with	permission.[161] Copyright 2018, Elsevier.
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fiber-based smart textile can achieve a maximal power density 
of 18  mW  m−2 at an external resistance load of 4 MΩ under 
a displacement speed of 10  cm s−1 (Figure  12f). Similarly, an 
all-printed TENG (AP-TENG) with micro-3D pattern and nano-
porous aerogel structure is designed and fabricated through 
a fully direct-write printing approach.[160] As illustrated in 
Figure  12g, CNF ink and PDMS ink are printed onto Ag/PET 
substrates, respectively, forming 3D patterned positive and neg-
ative friction layers. As shown in Figure 12h, the output voltage 
and current of the 3D AP-TENG are both higher than those of 
traditional 2D flat TENG, indicating a superior electrical output 
performance of the 3D AP-TENG. The power generation dem-
onstration of the 3D AP-TENG shows that it can light up 88 
commercial LEDs connected in series (Figure 12i). One of the 
most outstanding advantages of 3D printing is the rapid design 
ability of complex structures. As exhibited in Figure 12j, a prac-
tical and ultraflexible 3D printing TENG is reported which con-
sists of printed composite resin parts and ionic hydrogel as the 
electrification layer and electrode, respectively.[161] It is found 
that an instantaneous peak power density of 10.98 W m−3 and a 
transferred charge density of 0.65 mC m−3 are achieved under a 
low frequency of about 1.3 Hz (Figure 12k). A self-powered SOS 
flicking and buzzing distress signal system is demonstrated to 
show its potential applications in wearable electronic devices.

7.6. 3D Multilayer Fabric Stacking Structures

Similar to most reported TENGs fabricated with multilayer 
composite film structure to improve their performance,[103,162,163] 
one of the simplest strategies to prepare high-performance 
3D fabric TENGs is to combine or stack multiple single-layer 
functional fabrics in a certain order. Therefore, 3D fabric 
TENGs with multilayer fabric stacking structures have also 
been widely reported. For example, a narrow-gap textile TENG 
stitched face to face with nonconductive textiles is composed 
of two composite layers, one of which is a thin and wrinkled 
nitrile film attached to a conductive textile, the other of which 
is a conductive textile coated with silicone rubber,[164] as shown 
in Figure 13a. The electricity generated from the textile TENG 
is further used to stimulate the sciatic nerve of rats for poten-
tial application in implantable and self-powered rehabilitation 
system (Figure 13b). Additional functions can also be well and 
easily integrated into the 3D multilayer fabric stacking sys-
tems. One example is the self-extinguishing flame-retardant 
fabric TENG for fire protection applications, which consists of 
two flame-retardant silver-coated cotton fabrics, a PTFE-coated 
cotton fabric, and an intermediate divider (Figure  13c).[165] 
Under an external load resistance of 700 MΩ, the maximum 
peak output power density of the flame-retardant TENG can 
achieve 343 mW m−2 (Figure  13d). Owing to the excellent fire 
resistance and power output ability, the flame-retardant fabric 
TENG is applied for firefighter self-rescuing system and forest 
fire warning system (Figure  13e). In addition, fabric TENGs 
with multilayer fabric stacking structure are also used in the 
fields of human–machine interfaces. For example, a fully 
fabric TENG used as self-powered human–machine interac-
tive keyboard is composed of the top PTFE-coated PET cloth, 
the middle CNT coated cotton fabric, and the bottom silver 

pasted PET cloth (Figure  13f).[166] The peak power density of 
the fabric TENG is 3.8 mW m−2 at the resistance of 1 GΩ and 
contact frequency of 1  Hz (Figure  13g), which is able to light 
up dozens of LEDs and charge capacitors. The self-powered 
wearable keyboard is further demonstrated in the biometric 
recognition system to identify visitors (Figure 13h). Recently, a 
hydrophobic self-repairing power textile with multilayer fabric 
stacking structure has been designed for water droplet energy 
harvesting (Figure  13i).[167] The obtained voltage output of the 
power textile is improved about seven times than that of tradi-
tional single-electrode mode TENG (Figure 13j). As a result, the 
power textile under one water droplet can power 25 LEDs, dem-
onstrating its ability to power wearable electronics (Figure 13k). 
From these examples, it can be seen that 3D multilayer fabric 
stacking structure is a relatively simple and rapid method to 
prepare functional textile TENGs. In addition, with the help 
of large-area surface-to-surface contact, the power output of 
3D multilayer stacking structural fabrics is high. However, the 
instability between interlayer interfaces leads to poor mechan-
ical and working stability of textile TENGs.

8. Comparison the 3D Fabric TENGs with 2D 
Fabric and 1D Fiber TENGs
It is well known that autonomous power supply and self-pow-
ered sensing are the two most prominent functions of TENGs. 
Accordingly, power density and pressure sensitivity are the 
two key indexes to investigate the overall properties of TENGs. 
With the purpose of fully grasping the development trend of 
TENGs in the two indicators in recent years, the peak power 
density and pressure sensitivity of TENGs with curved fiber 
structures are first summarized with the focus on comparing 
with planar membrane structures.[24,83,113,135,144,168–183] As shown 
in Figure 14a,b, the overall variation of the two metrics shows 
an upward trend due to the improved structural design and fab-
rication process. In addition, TENGs with planar membrane 
structures present higher power density and pressure sensi-
tivity than those with curved fiber structures. Moreover, with 
the advancement of relevant research, this trend will become 
more obvious. The potential reason can be attributed to the dif-
ference of effective contact area. Planar membrane structures 
can achieve more full and faster contact with external objects 
than curved fiber structures, resulting in more and easier 
charge transfer. Therefore, it can be concluded that effective 
contact area plays a crucial role in electrical output and pres-
sure sensing of TENGs. In order to compare the output per-
formance differences of textile TENGs caused by the difference 
of textile structure dimensions, the two main technique indica-
tors, such as peak power density and pressure response sen-
sitivity, of various textile-structured (1D fibers, 2D fabrics, and 
3D fabrics) TENGs are systematically compared, as presented 
in Table 4. Based on these literature data, a regional distribu-
tion map with the peak power density and pressure sensitivity 
as the abscissa and ordinate, respectively, is further plotted in 
Figure 14c, in which the regions of 1D fiber TENGs, 2D fabric 
TENGs, and 3D fabric TENGs are marked with green, red and 
blue color, respectively. It can be found that 3D power fabrics 
exhibit generally higher electrical output and pressure response 
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performance than 1D energy fibers and 2D power fabrics, which 
gives clear evidence that 3D fabric TENGs have more potential 
to achieve higher power density and better pressure sensitivity 
than 1D fiber TENGs and 2D fabric TENGs. The electrical or 

signal generation of TENGs mainly comes from contact elec-
trification or triboelectrification between two materials. For 
fiber/fabric-structured TENGs, charge transfer may occur in 
four contact pairs, including between conductive and dielectric 

Figure 13. 3D multilayer fabric stacking TENGs. a) Illustration of wearable textile TENG for the next-generation healthcare applications. b) Rehabilita-
tion application for direct nerve stimulation. a,b) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license 
(https://creativecommons.org/licenses/by/4.0.[164] Copyright 2019, The Authors, published be Wiley-VCH. c) Schematic diagram of the flame-retardant 
textile-based TENG. d) Output current density and power density of the flame-retardant TENG with external resistances. e) Applications of the flame-
retardant TENG for forest self-rescue and fire location alarm system. c–e) Reproduced with permission.[165] Copyright 2020, American Chemical Society. 
f) Structural design of the fabric-based TENG. g) Current density and power density of the fabric TENG varying with external resistances. h) Application 
of the fabric TENG for user login identification. f–h) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license 
(https://creativecommons.org/licenses/by/4.0).[166] Copyright 2021, The Authors, Published by Springer Nature. i) An all-fabric TENG with hydrophobic 
self-repairing ability for water droplet energy harvesting. j) Comparison of voltage output between traditional single-electrode mode TENG and the 
developed all fabric TENG. k) Demonstration of powering LED arrays under one water droplet. i–k) Reproduced with permission.[167] Copyright 2021, 
American Chemical Society.
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materials inside fibers, between in-plane fibers with orthogonal 
or arbitrarily orientation, between fibers in different layers, 
and between surface fibers and external objects. In addition 
to contact with external objects, the other three contact pairs 
only exist in the fiber/fabric system. As shown in Figure  14d, 
the effective contact area shows an exponential growth trend 
with the extension of textile structure system from 1D fibers 
to 2D fabrics and then to 3D fabrics. In 1D fiber TENGs, the 
charge transfer comes from the interface between the core elec-
trode and the sheath dielectric layer. When multiple 1D energy 
fibers are combined into fabrics through various processes, the 
interweaving of fibers with different orientations will greatly 
increase the contact area. Furthermore, by increasing the 
number of fabric stacking layers in the thickness direction, 3D 
fabric TENGs add additional interlayer contact area on the basis 
of 1D fibers and 2D fabrics. Therefore, 3D fabric TENGs with a 
larger effective contact area than 1D fiber TENGs and 2D fabric 
TENGs show higher power output and electrical response per-
formance, which have better application prospects in autono-
mous power sources and self-powered sensors.

9. Summary and Outlook

High power output and high sensing sensitivity are the eternal 
pursuit of TENGs, which can be improved through a variety of 
strategies involving constitutive theory, material modification, 
interface optimization, structural design, circuit management, 
system integration, and so on. Although the electromechanical 
conversion performance of TENGs has steadily improved, the 

power output and sensing ability of textile TENGs are far behind 
those of common membrane TENGs, owing to their special 
curved surfaces and micro-to-nano defect structures. In order 
to provide comprehensive summary and methodological guid-
ance for the future high-performance energy and sensing tex-
tiles, TENGs with advanced 3D fabric structures are discussed in 
detail, with emphasis on the fabrication processes and structural 
characteristics, including weaving, knitting, braiding, nonwoven, 
printing, and multilayer stacking. Particularly, the operating 
modes and working mechanisms of TENGs are reinterpreted 
from the perspective of the structural characteristics of fibers or 
fabrics. In addition, some commonly used approaches to improve 
the electromechanical conversion performance of TENGs are 
also summarized. Finally, peak power density and pressure 
response sensitivity as the two key indicators of TENGs are com-
pared between the curved fiber structure and planar membrane 
structure, as well as among 1D fibers, 2D fabrics, and 3D fabrics. 
The potential reason for the inferior electromechanical conver-
sion ability of textile TENGs is revealed, which is due to the dif-
ference in contact electrification caused by effective contact area.

Based on the above comprehensive understanding of the state 
of the art of 3D fabric TENGs, it is obvious that 3D fabrics are 
far better than 1D fibers and 2D fabrics in terms of electrome-
chanical conversion performance, which have more potential to 
realize high-performance energy and sensing textiles. Another 
remarkable advantage of 3D fabric is that it is also a powerful 
combination platform for multifunctional integration. As the 
application scenario illustrated in Figure 15, it can realize effi-
cient acquisition and synchronous storage of multiple energy 
forms, as well as real-time response and self-powered sensing of 

Figure 14. Investigation of the advantages of 3D fabrics in power output and pressure response compared with 1D fibers and 2D fabrics. a) Comparison 
of peak power density between curved fiber structure and planar membrane structure in recent years. b) Comparison of pressure sensitivity between 
curved fiber structure and planar membrane structure in recent years. c) Comparison of power output and pressure sensing abilities among 1D fibers, 
2D fabrics, and 3D fabrics. d) Qualitatively comparison of effective contact area among 1D fibers, 2D fabrics, and 3D fabrics.
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Table 4. Comparison of electrical output and pressure sensitivity among 1D, 2D and 3D textile-based TENGs.

Structural  
dimension

Fabrication  
method

Working  
mode

Electrode  
material

Electrification  
material

Peak power density  
(loading conditions)

Pressure  
sensitivity

Ref.

1D Dip-coating SE Ag NPs/MXene PDMS – 1 mV Pa−1 [200]

1D Dip-coating/conformal 
coating

SE CNTs/Ag NWs mixed PDMS 21.5 µW m−1 (1.5 GΩ, 1 Hz, 20 N) 5.2 mV Pa−1 [69]

1D Injecting SE Liquid	metal Silicone rubber/PCMs 192 µW m−1 (150 MΩ, 1 Hz, 20 N) 0.2 mV Pa−1 [201]

1D Core-sheath inserting CS Silver-coated nylon fiber Silicone rubber 311 µW m−1 (300 MΩ, 3 Hz, 20 N) 0.05 mV Pa−1 [68]

1D Core-sheath inserting SE Silver fiber PDMS 2.5 µW m−1 (40 MΩ, 3 Hz) 1 mV Pa−1 [202]

1D Conjugate spinning SE Conductive fiber Latex/PVDF-TrFE 432 µW m−1 – [203]

1D Thermal drawing SE Tungsten wire PP tubing with acrylic 43 mW kg−1 (80 MΩ, 8 Hz, 70 N) – [204]

1D Electrospinning SE Silver-coated nylon fiber PAN@PVDF 336 µW m−1 (500 MΩ, 2.5 Hz) – [205]

1D Injecting SE Liquid	metal	(EGaIn) SEBS hollow fiber 360 µW m−1 (100 MΩ, 4 Hz, 0.1 N) – [206]

2D Weft-knitting CS Silver-coated nylon fiber PA66/PTFE 7.5 mW m−2 (40 MΩ, 2 Hz) – [207]

2D Vacuum pumping/
plain woven

CS Liquid	metal	(Galinstan) Silicone rubber 30.4 mW m−2 (7 MΩ, 1 Hz) – [208]

2D Weft-knitting SE Organogel electrode Silicone hollow fiber 40 mW m−2 (300 MΩ, 3 Hz, 25 N) – [209]

2D Plain woven SE Stainless steel fiber Polyurethane fiber 60 mW m−2 (200 MΩ) – [170]

2D Weft-knitting SE Stainless steel/polyester fiber Silicone rubber 85 mW m−2 (100 MΩ, 3 Hz, 20 N) – [58]

2D Wet-spinning SE PNA hydrogel fiber Poly(methyl acrylate) 88 mW m−2 (200 MΩ, 1.25 Hz) – [172]

2D Doctor bladed CS Ag NWs TPU/PLA 1.25 W m−2 (200 MΩ, 1.25 Hz) – [210]

2D Electrospinning/plain 
woven

FT Stainless steel fiber PA66/PVDF-TrFE 93 mW m−2 (10 MΩ, 3 Hz, 200N) 1.8 mV Pa−1 [211]

2D Electrospinning SE Liquid	metal-Ag	flakes PVDF-HFP/SEBS 220 mW m−2 (20 MΩ, 5 Hz, 30N) 0.68 mV Pa−1 [212]

2D Plain knitting SE Stainless steel fiber Nylon fiber – 7.8 mV Pa−1 [24]

2D Yarn winding and 
embedding

SE Silver-coated nylon fiber Silicone rubber 230 mW m−2 (100 MΩ, 3 Hz, 20N) 0.13 mV Pa−1 [62]

2D Electrospinning nano-
fiber mat

CS Copper PDMS ion gel/PVDF-TrFE 900 mW m−2 (10 KΩ) 0.068 mV Pa−1 [213]

2D Plain woven SE Silver-coated nylon fiber Tencel/chitosan blended 
fiber

15.8 mW m−2 (70 MΩ, 3 Hz, 100N) 1.94 mV Pa−1 [214]

3D Double-faced interlock CS Silver-coated nylon fiber Cotton/silicone rubber 3.4 mW m−2 (200 MΩ) 3.4 mV Pa−1 [137]

3D Electrospinning non-
woven web

SE Carbon nanofibers PVDF 85.4 mW m−2 (50 MΩ) 0.2 mV Pa−1 [148]

3D Electrospinning non-
woven web

SE Ag NWs PLGA 130 mW m−2 (500 MΩ, 3 Hz, 20 N) 2.8 mV Pa−1 [146]

3D Electrospinning non-
woven web

SE Ag NWs PAN/PTFE 48.6 mW m−2 (4160 MΩ, 1 Hz, 2 N) 5.2 mV Pa−1 [147]

3D Penetrated structure CS CNTs/Ag PET/PDMS 153.8 mW m−2 (1 GΩ) – [139]

3D Orthogonal woven CS Stainless steel/polyester fiber PDMS 260 mW m−2 (132 MΩ, 3 Hz, 20 N) – [134]

3D Angle-interlock woven CS GO Silicone rubber 225 mW m−2 (700 MΩ, 1Hz) – [135]

3D Computerized flat knit-
ting

SE Silver-plated nylon fiber PAN 1768.2 mW m−2 (50 MΩ, 1200N) – [144]

3D Electrospinning non-
woven web

CS Silver-coated nylon fabric PA6/PVDF-TrFE 5.2 W m−2 (2.5 Hz) – [149]

3D Electrospinning CS PA66/PAN Au 330 mW m−2 (100 MΩ, 3 Hz) 0.217 kPa−1 [112]

3D Additive manufacturing SE PAAm-LiCl hydrogel Composite resin 10.98 W m−3 (750 MΩ, 1.3 Hz) – [161]

3D Fabric stacking CS Ag PTFE/Ag 343 mW m−2 (700 MΩ, 3 Hz, 30 N) – [165]

3D Spacer warp-knitted CS Silver-coated nylon fiber Polyethylene/
poly(tetrafluoroethylene)

2.6 mW m−2 (100 MΩ, 3 Hz, 20 N) – [143]

3D Fabric stacking CS CNT/Ag PTFE 3.8 mW m−2 (1 GΩ, 1 Hz) 0.5 mV Pa−1 [166]

3D Four-step braiding CS Silver-coated nylon fiber PDMS 26 W m−3 (3 Hz, 20 N) 16 mV Pa−1 [60]

3D Electrospinning  
nonwoven web

SE Conductive sponge PVDF-TrFE/silicone 
rubber

135 W m−3 (60 MΩ, 1.8 Hz) 18 mV Pa−1 [150]
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multimode pressure signals. It is ideal to make full use of the 
energies around the human body, such as solar energy, mechan-
ical energy, temperature gradient, and so on. For instance, a 3D 
power fabric with multiple energy combination is conceptually 
presented (left side in Figure  15), which consists of top photo-
voltaic fibers, middle electrochemical storage fibers, and bottom 
electromechanical conversion fibers, in which the solar and 
mechanical energies are harvested and simultaneously stored 
with the purpose of achieving appreciable, continuous and stable 
power supply. Human skin can perceive tactile stimuli through 
cutaneous mechanoreceptors, which inspires us to pursue an 
artificial skin including fast adaptive and slow adaptive receptors 
that can respond sensitively and selectively to static and dynamic 
pressure signals. The integration advantage of 3D fabric struc-
tures makes it possible to seamlessly combine the dynamic pres-
sure response ability of the triboelectric or piezoelectric effect 
with the quasi-static pressure sensing ability of the resistance or 
capacitance effect. In this case, a dual-mode 3D fabric pressure 
sensor is designed with the triboelectric or piezoelectric fibers as 
the upper layer and the resistive or capacitive fibers as the lower 
layer (right side in Figure 15). When the external load approaches 
the initial contact, the upper layer will first induce electrostatic 
charge, which can respond to the tactile range from the prox-
imity to contact, while the lower layer is able to well reflect the 
small pressure variations from contact to the maximum com-
pressive strain. Therefore, the dual-mode 3D fabric pressure 
sensor is capable of detecting static and dynamic pressure sig-
nals over a wide range. Although no specific research work has 
been reported, the two examples fully demonstrate the potential 
advantages of 3D fabric structures in multifunctional integration.

Based on their respective structural characteristics and 
performance advantages, each 3D fabric TENGs has its own 

suitable application scenarios. In the process of moving toward 
the real practical stage, energy and sensing textiles with 3D 
fabric structures also face many challenges. First of all, in 
terms of structural design and preparation process, 3D fabrics 
are much more complicated or difficult to be fabricated than 
common 2D fabrics. Although 3D fabric forming technology is 
quite mature in the textile industry, it is still a huge challenge to 
realize the scalable manufacturing of 3D electronic textiles, con-
sidering the integration of a large number of electronic compo-
nents. Secondly, reasonable circuit design is also crucial for 3D 
integrated electronic textiles, which require a variety of complex 
electronic components to be connected in an orderly and reli-
able manner without causing any wearing burden. Thirdly, the 
long-term working stability is also greatly challenged due to the 
increased weak links in the 3D fabric system that the break-
down of one unit will lead to the failure of the whole device, 
which increases the difficulty of repair or replacement. In par-
ticular, good chemical endurance is essential for the long-term 
operation of 3D electronic textiles, which represents the ability 
to resist the erosion of various media, including acid, alkali, 
organic solvent, detergent and other household chemicals. 
When the surface of textile materials is polluted or working 
in high humidity/high temperature environment, the charge 
transfer on the surface of friction layer will be inhibited to a cer-
tain extent, so as to reduce the amount of charge transfer and 
reduce the effective electric output. Surface packaging is one of 
the effective strategies to avoid chemical damage and maintain 
good chemical endurance of electronic textiles. Fourthly, in the 
process of textile preparation, it is inevitable to add a variety of 
dyes and additives, which will more or less contain chemicals 
that are harmful to human body. In addition, considering that 
textile or clothing for wearing needs to be in constant contact 

Figure 15. Two forward-looking/prospective research directions of smart textiles with novel 3D fabric structures. The 3D fabric structure on the left 
demonstrates	efficient	acquisition	and	synchronous	storage	of	multiple	energy	forms	that	consist	of	the	top	photovoltaic	collection	layer,	the	middle	
electrochemical energy storage layer, and the bottom biomechanical harvesting layer. And the one on the right displays the multimode pressure signal 
response and sensing including the top dynamic signal activated by nanogenerators and the bottom static signal excited by piezoresistive or piezo-
capacitive sensors.
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with human skin, some harmful substances or skin sensitive 
components will contact with the skin, causing skin symptoms, 
such as itching, inflammation, microbial breeding, and other 
epidermal symptoms, and even entering the human body to 
damage tissues and organs. Different from the methods usu-
ally used to enhance the electrical output of textile TENGs by 
adding charge trapping elements into polymer or surface modi-
fication of polymer, 3D fabric structural design improves the 
overall output through the structural extension effect in the 
thickness direction, which can maintain the original bio-safety 
of polymer and avoid the safety issues caused by the addition of 
external elements. Last but not the least, the overall thickness 
of 3D fabrics will increase to a certain extent, which may lose 
the original style of fabrics, including flexibility, sense of weight 
bearing, air permeability, thermal and moisture comfort, and so 
on. Taking air permeability as an example, the transmission of 
gas in fabrics is mainly through the gap between fibers. If the 
gas is blocked by fibers, it will be diffused to the surrounding 
gap channel. Compared with 2D textile TENGs, the air travel 
path is longer and the number of blocking fibers in the air flow 
channel is more in the 3D textile TENGs, which is bound to 
reduce the overall air permeability. Due to the existence of fiber 
gap, there are many air transmission channels in the 3D tex-
tile TENGs, which endows them with good air permeability. 
In addition, its air permeability depends on many factors, 
including fiber size, arrangement spacing, interleaving mode, 
number of stacking layers, and so on.

No matter how big the challenges are, there is no doubt that 
these potential difficulties will be overcome one by one with 
the progress of related science and technology. It is hoped that 
the timely and comprehensive summary and discussion of 
advanced 3D fabric TENGs will provide a unique strategy for 
pursuing high-performance energy and sensing textiles with 
either high power output or high pressure sensitivity.
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