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Abstract: With the demand of a sustainable, wearable, environmentally friendly energy source,
triboelectric nanogenerators (TENGs) were developed. TENG is a promising method to convert me-
chanical energy from motion into electrical energy. The combination of textile and TENG successfully
enables wearable, self-driving electronics and sensor systems. As the primary unit of textiles, fiber
and yarn become the focus of research in designing of textile-TENGs. In this review, we introduced
the preparation, structure, and design strategy of fiber/yarn TENGs in recent research. We discussed
the structure design and material selection of fiber/yarn TENGs according to the different functions
it realizes. The fabrication strategy of fiber/yarn TENGs into textile-TENG are provided. Finally,
we summarize the main applications of existing textile TENGs and give forward prospects for their
subsequent development.
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1. Introduction

In the past decade, emerging technologies such as the Internet of Things, artificial
intelligence, and big data have developed rapidly [1–3]. These technologies continue to
change the way humans live and communicate [4–6]. At the same time, with the decrease
in the size of electronic components and the increase in functionality, people are eager
to use more electronic accessories in daily life or wear them directly on the body [7–9].
Research in wearables is in full swing. However, the center of the operation of an electronic
system is the power supply [10–13]. The bulky size of traditional batteries, low comfort,
and environmental issues limited its application in wearable devices [14,15]. Therefore,
many energy harvesting technologies and self-powered systems are studied. Among them,
Wang et al. first proposed the triboelectric nanogenerator (TENG) concept in 2012 [16].
It can collect mechanical energy and convert it into electrical energy through a coupled
effect of contact electrification and electrostatic induction [17]. Mechanical energy exists
in a large amount in our life, and all motion can generate mechanical energy. However, it
is also the most overlooked source of energy. The human body is an essential source of
mechanical energy, and the human body is also the terminal for the operation of electronic
components [17–19]. Therefore, integrating the TENG into a wearable system can solve the
problems brought by the inconvenience of conventional power sources [20]. In addition,
the principle of TENG enables it to be used not only as an energy source but also as
a self-powered sensor for sports, health and physical monitoring, signal transmission,
and human–computer interaction [13,21,22]. Presently, the miniaturization and multi-
functionalities of electronic devices are the research trends [6,18,23]. TENG has shown
promising application prospects as a multifunctional self-driving system in the wearable
field [24–26].

1.1. Fundamentals of TENGs

Triboelectric electrification is a phenomenon that has existed for thousands of years
without being well studied [27–29]. According to several studies, each contact-electrified
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component acquires a net charge during contact with either a positive or negative polarity
rather than a uniform charge distribution [30]. Each surface contains a random “mosaic” of
nanoscopic-sized, diametrically opposed regions. They postulated that contact electrifica-
tion is a multi-step process comprising at least bond cleavage, chemical alterations, and
material transfer occurring in discrete patches of nanoscopic dimensions [30]. The model
of the triboelectric principle is summarized by Daniel et al. [31]. Based on this research
Weon-Guk et al. considered that the charge transfer mechanisms could be categorized
into three possible species which are responsible for triboelectricity: electrons, ions, and
cleaved bulk materials (Figure 1a) [27]. In the electron transfer model, as two materials
come into contact, charges are transferred according to the different charge affinities of the
materials [32,33]. Despite the lack of conclusive experimental evidence, this assumption
is widely accepted. Moreover, some research proved that transferred electrons are the
primary species in contact electrification. The ion transfer model is normally applied in
ionic polymers. In this model, mobile ions could transfer from one material to another
when the materials are in contact [34,35]. The third model is material Transfer Model [36].
Through Kelvin probe force microscopy, CRS, and XPS analysis, Baytekin et al. found that
the contact between the polymers is charged to produce a nano mosaic charge pattern,
which is generated by the corresponding material transfer. The nanomaterial fragments
transfer the electric charge, creating a triboelectric phenomenon [30].

The TENG was created based on studies on contact electrification. Charge transfer
and electrification occur in contact or friction between two different triboelectric materials,
resulting in the coupling between triboelectric effects.

It is well known that TENG has four different working modes: contact-separation
mode (CS), Lateral sliding mode, single-electrode mode (SE), and freestanding mode
(Figure 1b) [37]. Dielectric materials generate triboelectric charges by contacting each
other. Based on the generation of triboelectric charges, an induced potential is generated
on the conductor through the relative displacement between dielectric materials, thereby
generating electricity [32,34,38]. During the cycle of contact and separation, an alternative
current (AC) can be produced. Among them, the lateral sliding mode can be designed
to generate direct current (DC). Due to the characteristics of textiles, the vast majority
of fiber/yarn-based TENGs were designed based on CS and SE modes. The working
principles of these two modes are similar. As shown in Figure 1b, the SE mode includes
an electrode and triboelectric material attached. When another triboelectric material with
different electron affinity contacts and separates with it, electrons will flow in or out of the
electrodes to create an electric current. CS mode has two electrodes that are connected.
Each electrode carries a triboelectric material [33]. When the two electrodes come into
contact and separate, electrons flow from one electrode to another. Compared with CS
mode, SE mode is more straightforward in structure and more flexible in design, so it is
widely used in Textile-TENG. CS mode has better power output and stability. Both modes
are suitable for working in environments with frequent external forces (such as carpets,
insoles, and joint movements) [14].

1.2. Textile-TENG

Traditional textiles are often used for shade, protection, warmth, and aesthetics. With
the development of textile technology, textiles have begun to be given more meaning, and
functional textiles have been valued [39–41]. Common functional textiles have the functions
of water and oil repellency, fire prevention, and UV protection [42]. Nevertheless, these
functions are developed based on traditional textiles, and there is no real innovation. With
the development of information technology and wearable appliances, a whole new class
of functional textiles was born: smart textiles [43–45]. As a new type of wear-able system,
smart textiles can achieve functions such as energy harvesting, electrical energy generation,
human–computer interaction, wearable sensors, and signal output while maintaining the
comfort of traditional textiles [46,47].
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Figure 1. (a) Model of electron transfer, ion transfer and material transfer between two insulators.
Copyright 2021, American Chemical Society [27]. (b) Schematic of four basic TENG working mode:
Contact-separation mode, Lateral-sliding mode, Single-electrode mode and Freestanding mode [37].
Copyright 2020, Wiley.

Portability is one of the issues in developing smart fabrics. Conventional chemical
batteries, the most common kind of energy storage, have drawbacks such as size, portability,
lifespan, and environmental impact [48,49]. Additionally, standard electrical components
have inflexible and rather bulky structures that fall short of meeting wearer demands for
comfort [50,51]. In addition, temperature, humidity, sweating, cleaning, friction, and other
conditions can have an impact on how well traditional electronic components work [52].
Consequently, these issues have become major challenges in the design of smart textiles.

The daily motion of the human body produces a significant quantity of mechanical
energy, which can be captured and transformed into electrical energy via TENG. As an
integral part of daily life, textiles are very suitable as carriers for TENG [53,54]. Textile-
TENG is a vital part of a self-charging smart textile system that utilizes the triboelectric
effect to continuously power the electronic components in the system [55]. In addition,
TENG can be designed as wearable electronic components, such as a self-powered system
for sensing or a human–machine interface integrated into smart textile systems [56].

There are two main design strategies for Textile-TENG. One is to add triboelectric
materials to existing textiles, such as integrating triboelectric materials on conductive fab-
rics by electrospinning, solution blow spinning or coating [57,58]. However, conductive
or triboelectric materials introduced in this way can affect the properties of the original
textile. The multi-layer structure also makes the whole system bulk, stiff, and not easy to
carry [59,60]. The second way is to design from one-dimensional structures, prepare tribo-
electric fibers or yarns, and then process them into two-dimensional or three-dimensional
structures by weaving [61]. The design method from 1D to 2D gives textile-TENG the
freedom of design, which greatly improves the flexibility of the finished product. The
textile-TENG designed and woven by f-TENG exhibits good breathability, biocompatibility
and deformability [62]. This approach is considered to be the optimal solution for fabri-
cating textile-TENG. At the same time, by investigating the textile TENG’s arrangement,
enhancing triboelectric performance, and taking into account the washability and comfort
of devices, the triboelectric design based on one-dimensional structure has been realized.

Textile-TENG can be divided into three categories:
1. Fiber-TENG. Fiber is the basic textile unit, a flexible material with a large length

ratio to diameter. It can be designed as single fibers or yarns, or it can be mass-produced
for further fabrication. Due to its unique working principle, triboelectric fiber/yarn can be
considered unique conductive yarn. Compared with ordinary conductive yarn, triboelectric
yarn usually has an additional layer of friction material. The majority of fiber-TENG are
now constructed as coaxial structures based on insulating synthetic polymer fibers or
programmable, large-diameter conductive wires [24].
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Fiber-TENG usually consists of two parts: conductive material and friction mate-
rial [24]. The carrier, triboelectric components, and encapsulation layers for triboelectric
devices can be made of nonconductive polymer fibers [63]. The electrodes can be made
of straight or coiled conductive wires, such as fibers or synthetic conductive fibers [64,65].
As a result, the majority of fiber TENGs are created as coaxial structures using conductive
wires that have been wrapped in insulating material. This kind of fiber TENG Usually
has a larger diameter and better ductility. Some of them are designed to have multi-layer
or multi-core structures to generate triboelectricity through their deformation without
further fabrication. Due to the particularity of the structure of fiber TENGs, SE and CS
modes are often the primary design strategies. The combination of conductive yarn and
triboelectric material can be considered a kind of SE-mode TENG [66]. The triboelectric
effect is generated and accompanied by an induced current when outer materials approach
and come into contact [67]. When two different triboelectric materials are combined with
conductive yarns, and an external circuit connects the conductive yarns, it is CS mode [68].
Electrons will flow in the external circuit when there is a contact and separation between
the two conductive fibers [4,69].

2. Yarn-TENG. Yarn-based TENGs are also very common. Such TENGs are usually
based on yarn structures, or triboelectricity is generated by structural design after being
woven into textiles [25]. Traditional textile materials such as nylon, PET, PU, and silk are
also suitable triboelectric materials. Compared to fiber-TENG, yarn-TENG is closer to
traditional textile yarns, based on the contact-separation of two or more fiber components.

3. Some other textile-TENGs are mainly based on existing textiles, adding conductive
or friction materials to form a multi-layer structure.

So far, the relevant review mainly focuses on TENG’s material selection and processing
technology, and few of them mention the structure and design strategy. In this review,
we summarized the preparation, structure, and design strategy of one-dimensional tri-
boelectric materials, namely fiber/yarn-TENG. The function of triboelectric yarns often
depends on the design of their structure. Therefore, we classify triboelectric yarns based
on their structures and working methods. We introduce the materials, preparations, fabri-
cations, and applications of fiber-yarn-TENG. The challenge and outlook of triboelectric
fibers/yarns as energy harvesting and sensors was given as well.

2. Material Used in Fiber/Yarn Based Triboelectric Nanogenerator

It is generally believed that the strength of triboelectricity depends on the different
electron affinities of the two friction materials. The more electron affinity differences
between the two materials, the stronger the triboelectricity. The researchers obtained the
triboelectric series table by calibrating different materials. TENG should be designed as
far as possible by selecting materials with significant differences in electron affinity in the
table. As shown in Figure 2, PDMS, PTFE, fluoropolymer, and polyamide are widely used
due to their outstanding triboelectric properties [37].

The triboelectric series shows that silicone resin has good triboelectric negativity, easily
attracting electrons and being negatively charged [70]. Most worn materials, such as textile
fabrics and human skin, are more likely to be positively charged during contact friction. The
excellent elastic and mechanical properties of PDMS make it well-suited to be combined
with flexible textiles [71]. Therefore, it has become the most commonly used material
for preparing triboelectric yarns by a coating method. PDMS has good processability. It
is usually formed by the reaction of two components: A-component and B-component
silicone. The two-component silicone resin is liquid prior to the reaction, making it easy to
deposit on other materials. Polymers that contain fluorine, such as polytetrafluoroethylene
(PTFE), fluorinated ethylene propylene (FEP), and polyvinylidene fluoride (PVDF), have
been used as electron-negative part of the TENGs owing to the strongest electron attractive
ability of fluorine element and the low surface energy [72]. Some common textile materials
(such as nylon, polyamide, and polyester) have comparable triboelectric properties [73].
As mature, mass-producible materials, they possess mechanical properties better suited to
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existing processing and weaving. In addition, it also has properties such as breathability,
fashion, and wearability. Compared with the above materials, such materials usually have
triboelectricity. Expecting triboelectric charge, the mechanical properties also should be
considered carefully. Fluoropolymers have good strength and wear resistance, which are
commonly used as insulating layer materials. Fluoropolymers are not stretchable. In
addition, it has very strong water repellency, resulting in poor wearing comfort. PDMS
has excellent stretchability, good biocompatibility, and no irritation to the skin. However,
poor moisture absorption and breathability are challenges in wearable applications. Both
relatively good mechanical properties and processability of traditional textile materials
make them promising candidates for wearable applications. However, compared with
other materials, its triboelectric performance is poor.
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3. Fabrication Strategy and Structure Design
3.1. SE Mode of Fiber/Yarn-TENG

There are mainly two working modes of fiber-TENG: SE mode and CS mode [74].
The difference between the two modes is the number of electrodes in TENG. SE mode has
only one electrode and one friction material [75]. This mode of operation requires external
friction materials to provide triboelectric charges [76]. CS mode can be understood as two
different SE TENGs are connected, and by rubbing each other, the charge flows from one
SE TENG to the other SE TENG. The whole system is CS TENG.

According to the structure, there are two main forms of SE fiber-TENG. One is a simple
but stable structure that works through contact separation with outer friction material. It
usually consists of an inner conductive core and outer triboelectric material. This form of
TENG has become the most widely used strategy for fiber-TENG due to its simple structure,
diverse preparation methods, and good performance. The commonly used preparation
method is coating or wrapping to introduce high-performance triboelectric materials into
the electrode. The coating is a common method in textiles, mainly used for post-finishing
to coat materials with special functions on textiles. The coating is also the most common
method for producing PDMS-based fiber/yarn TENG. Lai et al. directly coated stainless-
steel fibers with Ecoflex (Figure 3a) [77]. The resulting triboelectric fiber can be further
seed into an elastic textile fabric. The silicone rubber served as the triboelectric material,
and the stainless-steel fiber served as the electrodes. A single TENG fiber can output 15 V,
and 7 µA when sewn on the fabric. Dong et al. plied and twisted conductive fiber strands
as conductive yarn, and then coated PDMS on the outside of the conductive yarn as a
triboelectric material (Figure 3b) [78]. As the number of inner conductive strands increases,
the electrical conductivity increases and the triboelectric output increases. In addition, the
increase in the number of conductive yarns will increase the surface area of the yarn, thus
increasing the contact area during friction, and improving the triboelectric performance.
For instance, the PDMS-coated triboelectric yarn with a 2 mm diameter and 8-axial yarn
electrodes can reach the maximal value of 150 Wm−1 at an external stress of 2 G when the
applied frequency is 3 Hz.

Compared with the films formed by coating, nanofibers, as fiber-TENG friction mate-
rials, have a larger specific surface area, better air permeability, better comfort, and signifi-
cant wearability advantages. Electrospinning is a commonly used method for obtaining
nanofibers. It can pull polymers from solution into nanofibers and spin them out through
an electrostatic field, widely used in textiles, biology, and medicine. Busolo et al. used
electrospinning to wrap PVDF nanofibers on carbon nanotube (CNT) yarns (Figure 3d) [79].
It adopts a rotating collection device so that the PVDF nanofibers are wrapped on the
CNT yarn to form a core–shell structure. The yarn demonstrated a high wear resistance,
withstanding over 1200 rubbing cycles. The washing test showed no damage on the coating,
and no decrease in triboelectric performance, proving its high washability and durability.
Ma et al. use conductive sliver fiber as core and polyvinylidene fluoride (PVDF) and poly-
acrylonitrile (PAN) hybrid nanofibers as the shell to make ultralight nano-micro fiber hybrid
single-electrode triboelectric yarns (SETY) (Figure 3e) [80]. During the electrospinning
process, the authors used two electrospinning devices to spin the nanofiber simultaneously.
The conductive yarn was passed through the middle of the metal receiving disc. During the
spinning process, the metal disc rotates to pull and orient the hybrid nanofibers to entangle
them in conductive silver yarns. This method not only obtains a more stable yarn structure,
but also can be designed for scalable production.

Spinning is another way to warp triboelectric material on conductive yarns. Yu et al.
proposed a strategy for TENG textiles by using conductive fibers as the core yarn and
traditional textile fibers (cotton, silk, nylon, etc.) as the shell (Figure 3c) [81]. This technique
produces soft, flexible, and wearable Triboelectric yarn. Their manufacturing procedures are
appropriate for industry. At the same time, different textile materials have different tribo-
electric properties and electronic affinity and have a certain flexibility in material selection.



Sensors 2022, 22, 9716 7 of 22

Sensors 2022, 22, x FOR PEER REVIEW 7 of 25 
 

 

nano-micro fiber hybrid single-electrode triboelectric yarns (SETY) (Figure 3e) [80]. Dur-

ing the electrospinning process, the authors used two electrospinning devices to spin the 

nanofiber simultaneously. The conductive yarn was passed through the middle of the 

metal receiving disc. During the spinning process, the metal disc rotates to pull and orient 

the hybrid nanofibers to entangle them in conductive silver yarns. This method not only 

obtains a more stable yarn structure, but also can be designed for scalable production.  

Spinning is another way to warp triboelectric material on conductive yarns. Yu et al. 

proposed a strategy for TENG textiles by using conductive fibers as the core yarn and 

traditional textile fibers (cotton, silk, nylon, etc.) as the shell (Figure 3c) [81]. This tech-

nique produces soft, flexible, and wearable Triboelectric yarn. Their manufacturing pro-

cedures are appropriate for industry. At the same time, different textile materials have 

different triboelectric properties and electronic affinity and have a certain flexibility in 

material selection. 

 

Figure 3. SE mode of fiber/yarn-TENG. (a) Fiber-TENG based on silicone coated stainless-steel yarns 

[77]. Copyright 2017, Wiley. (b) Structural design of PDMS-coated energy yarn [78]. Copyright 2020, 

The Authors, Published by Springer Nature. (c) Core–shell-yarn-based triboelectric nanogenerator 

by Spinning of PU fiber with stainless-steel fibers [81]. Copyright 2017, American Chemical Society. 

(d) Electrospinning of PVDF nanofiber on carbon nanotube yarn [79]. Copyright 2021, American 

Chemical Society. (e) Continuous manufacture of yarn-TENG by Electrospinning of PVDF nano-

micro fiber on stainless-steel yarn [80]. Copyright 2020, American Chemical Society. 

3.2. Stretchable Fiber/Yarn-TENG 

As a wearable device for energy harvesting and sensing during exercise, the flexibil-

ity and stretchability of Fiber-TENG are critical. There are many options for stretchable 

   

   

   

      

Figure 3. SE mode of fiber/yarn-TENG. (a) Fiber-TENG based on silicone coated stainless-steel
yarns [77]. Copyright 2017, Wiley. (b) Structural design of PDMS-coated energy yarn [78]. Copyright
2020, The Authors, Published by Springer Nature. (c) Core–shell-yarn-based triboelectric nanogen-
erator by Spinning of PU fiber with stainless-steel fibers [81]. Copyright 2017, American Chemical
Society. (d) Electrospinning of PVDF nanofiber on carbon nanotube yarn [79]. Copyright 2021,
American Chemical Society. (e) Continuous manufacture of yarn-TENG by Electrospinning of PVDF
nano-micro fiber on stainless-steel yarn [80]. Copyright 2020, American Chemical Society.

3.2. Stretchable Fiber/Yarn-TENG

As a wearable device for energy harvesting and sensing during exercise, the flexibility
and stretchability of Fiber-TENG are critical. There are many options for stretchable
triboelectric materials. However, the difficulty of stretchable flexible fiber-TENG is that
traditional conductive materials such as metals, graphene, and conductive polymers are
not stretchable, limiting the stretching of triboelectric materials. There are three commonly
used solutions. The first method is to use “pre-stretch”. This strategy can be used to
produce Conductive fibers with ultra-high stretchability. Liu et al. reports this preparation
method for the first time (Figure 4a) [82]. Coating by using CNT after stretching the rubber
fiber core, followed by a releasing process. When stress is applied to stretch, the length of
the elastomer becomes more prolonged, and the diameter decreases. The elastomer returns
to its original size when the stress is removed. Driving by the resilience, the CNT layer
was pushed back and generated wrinkles. This structure retains electrical conductivity
while maintaining extremely high tensile properties, with little change in resistance during
subsequent tensile tests.
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Similarly, Ning et al. used a three-step method to fabricate fiber-TENGs with high
elasticity and ultra-fine wire diameters (Figure 4b) [83]. First, nanosilver particles were
attached to pre-stretched spandex core yarn. Carbon nanotube coating was introduced to
improve the conductivity. PDMS subsequently encapsulates the composite fiber to form
the coaxial structure. This fiber-TENG is ultra-fine with 0.63 mm in diameter and stains up
to 140%. It can be folded into different shapes, as shown in Figure 4b.

The second solution is to use stretchable electrodes and stretchable triboelectric ma-
terials. Commonly used stretchable electrodes include liquid metals and conductive gels.
The introduction of deformable flexible electrodes can maximize the stretchability of PDMS.
Yang et al. reported a high-stretchable liquid metal-based TENG (Figure 4d) [84]. This
fiber-TENG used liquid metal Galinstan as the stretchable electrode and PDMS as the outer
material. First, a twisted iron wire on which the releasing agent had been evenly sprinkled
was covered with the silicone rubber mixture. Peeling off the silicone rubber from the
wire after naturally solidified, cured fiber-shaped silicone rubber with a hollow structure
was obtained. The two ends of the device were then sealed after acquiring the hollow
silicone rubber in the form of a fiber, and the liquid metal was then injected into the hollow
area. Due to its superior mechanical performance and liquid metal electrodes, this TENG
demonstrated a high strain as PDMS (300%). The Voc, Isc, Qsc, and average power density
of the 6 × 3 cm2 LM-TENG are 354.5 V, 15.6 µA, 123.2 nC, and 8.43 mW/m2, respectively.

In addition to liquid metal, conductive gel is another option for a stretchable electrode.
Jing et al. demonstrated a fiber-TENG with organogel as electrode (Figure 4c) [85]. The
4-acryloylmorpholine (ACMO) monomer, propylene carbonate solvent, and pre-cured
liquid were photo-crosslinked to create the gel electrode in a clear, thin silicone hollow
fiber. The tensile test revealed that even after being stretched to almost 200% of its original
length, the inner electrode core of the GS-fiber kept its conductivity while the core/shell
structure of the fiber was still preserved. Dong et al. reported a stretchable fiber-TENG
based on conductive hydrogels (Figure 4e) [86]. This strong stretchable gel-electrode-
based triboelectric fiber (GETF) can withstand tensile forces over 1.2 mpa and maintain
conductivity at 600% deformation. The salting effect of NaCl in water leads to a strong
interaction between PVA and glycerin, which can significantly improve the gel’s mechanical
properties, enabling it to work at −20 ◦C without freezing.

The third method introduces a coil structure to render non-stretchable conductive mate-
rial a certain stretchability, like a spring. Park et al. demonstrated a stretchable triboelectric
fiber using a sandwich structure with silicon-conductive yarns-silicon (Figure 5a) [87]. The
conductive yarns were introduced by convolving around silicon rubber fiber. Then, another
silicon rubber was coated on it as a shell for contacting. Gong et al. reported a continuous
and scalable method for super-stretchable triboelectric yarn [88]. As shown in Figure 5b,
stainless-steel yarn served as the conductive material. PDMS was melted and introduced
with frozen compressed gas. Pretension was applied to the pulleys. Due to the difference
in the rotational speed of the compaction roll and the take-up roll, the pre-stretched PDMS
is released, driving the inner stainless-steel yarn into a helix structure. When the obtained
yarn is stretched, the contact surface between the core yarn and the outer layer material
decreases while the surface area of the outer layer material increases, thereby creating a
potential difference. Alternating current can be produced via repeatedly stretching and
releasing the SETEY.
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1 

 

 

Figure 4. Strategy of stretchable fiber/yarn-TENG. (a) Pre-stretching for production of superplastic
sheath-core fiber [82]. (b) Superplastic fiber-TENG by coating of AgNWs, CNT and PDMS on
spandex fiber [83]. Copyright 2021, Wiley. (c) Gel electrode-based fiber-TENG by injection of polymer
solution into hollow fiber [85]. Copyright 2021, Royal Society of Chemistry (d) Stretchable fiber-TENG
with liquid metal as electrode [84]. Copyright 2018, American Chemical Society. (e) High strength
fiber-TENG based on conductive hydrogel [86]. Copyright 2022, Springer.
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Figure 5. (a) Elastic fiber-TENG prepared by coating of PDMS on copper wire winded silicone
rubber core [87]. Copyright 2017, Royal Society of Chemistry. (b) A scalable, stretchable fiber-TENG
fabrication method via external tension to form a coil structure of conductive fiber [88]. Copyright
2019, The Authors, Published by Springer Nature. (c) Self-trigger fiber-TENG designed by gap
formation via soluble PVA [89]. Copyright 2021, Elsevier. (d) Preparation strategy of stretchable
fermat-spiral-based energy yarn [90]. Copyright 2021, Wiley.

3.3. Self-Trigger Fiber/Yarn-TENG

However, outer friction materials significantly limit TENGs with this type of structure,
and the output performance and signal are unstable. For example, when the outcome
triboelectric material has a similar electron affinity with the TENG fiber, it will weaken the
output performance. Therefore, a strategy for “self-trigger” SE fiber-TENG was investigated.
This type of SE TENG has more than one triboelectric material. By introducing “gap”
between internal triboelectric materials, the TENG can achieve triboelectric effect through
contact of each triboelectric material under deformation or pressure, without considering
the influence of external materials. Gao et al. reported a core–spun coating yarn with
hierarchical structure that utilize nylon and PDMS as triboelectric materials (Figure 5c) [89].
First, cotton fiber was convolved on silver-plated nylon as core fiber, followed by nylon
coating. The obtained fiber was braided into flexible thread and coated with PVA. The exact
process was applied with PDMS coating replaced by nylon coating. Then, the PDMS-coated
yarn was braided on nylon-coated yarn with PVA, forming a sandwich structure. Finally, the
PVA was dissolved and generated a “gap” between PDMS and nylon. Under deformation,
a triboelectric effect occurs on PDMS and nylon yarns. Pre-stretching is another way to
achieve a “gap” between materials. An abrasion-resistant and waterproof stretchable
fermat-spiral-based energy yarns (FSBEY) was reported (Figure 5d) [90]. Spandex yarn was
used as an elastic core and pre-stretched with braided conductive yarns. Then, this thread
was further pre-stretched and warped with nano PVDF-TrFE fibers. During stress release,
the nanofiber layer springs back and forms wrinkles, resulting in a small gap between
conductive fibers and PVDF-TrFE nanofibers. In this case, conductive fiber served as both
electrode and friction material. By stretching, this FSBEY can generate 5 V as Voc.
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3.4. CS Mode Fiber/Yarn-TENG

Although SE fiber-TENG has many advantages in design, it has problems such as
small output and unstable signal. On this basis, CE fiber-TENG was introduced. Generally,
there are two different forms of CS mode fiber/yarn TENG. The first one can be obtained by
combining two different SE fiber-TENG. Ye et al. reported ultrastable and high-performance
silk energy harvesting textiles (EHT) using CS mode TENG (Figure 6a) [91]. This EHT con-
tains two triboelectric yarns: Silk fiber warped stainless steel yarn and PTFE fiber warped
stainless steel yarn. After the fabrication, two fabrics are connected and generate triboelec-
tric output by contact-separation of each other. Generally, CS mode TENGs are realized
by the contact separation of two different TENGs without the need for outer materials.
Interestingly, Guan et al. used another approach to achieve CS mode (Figure 6b) [92]. In
their design, electrospun nylon and PVDF-TrFE nanofibers were wrapped around stainless-
steel threads. Subsequently, these two TENG yarns were woven together as warp and weft.
When there are external materials in contact, there is no contact separation process between
the two yarns due to the tight woven structure. Since these two materials have strong
but different triboelectric properties, outer materials with any type of electron affinity can
induce a triboelectric effect, causing electrons to flow from one pole to the other.
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Figure 6. Strategy of CS-mode fiber/yarn-TENG. (a) CS-mode of yarn-TENG by silk/PTFE wrapped
on stainless-steel fibers [91]. Copyright 2020, Springer. (b) CS-mode yarn-TENG by electrospinning
of PVDF-TrFE and PA66 on warped on stainless-steel fibers [92]. Copyright 2021, Elsevier. (c) CS-
mode fiber-TENG prepared by coating of CNT/PMMA/PDMS on silicone rubber tube, with sucrose
particles as “gap“ [93]. Copyright 2017, Royal Society of Chemistry.

The second method integrates multiple triboelectric materials and electrodes on a
single fiber. This type of CE fiber-TENG has a coaxial or core–shell structure. A gap
is introduced between two different triboelectric materials to form contact to generate
triboelectric charges, then connect the outer electrode to the inner electrode to form a circuit.
Yu et al. demonstrated a complex coaxial triboelectric nanogenerator fiber (CTNF) with
high performance [93]. As shown in Figure 6c, CTNF has a total of seven layers. First,
PDMS fiber was applied as core fiber. Then, the CNT was coated on PDMS fiber as an
inner conductive layer. PMMA microspheres and PDMS were deposited as triboelectric
material. Sucrose particles were coated on PMMA as a sacrificial layer which will dissolve
to generate an air gap between PMMA and PDMS layers. Another layer of CNT was
coated on PDMS as an outer electrode. Finally, PDMS was deposited on top for protection
of the conductive layer. All materials were coated on pre-stretched PDMS core fiber to
obtain stretch properties. The dissolved sucrose created a ~10 µm space for contacting and
separating the PDMS and PMMA layer, generating ~2 V as Voc and 200 nA as Isc when
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the length of CTNF is 2.5 cm, and the pressing force is 10 N. He et al. utilized copper wire
convolved with silicone rubber to produce highly stretchable CS-TENG. Conductive ink
made of CNT and polymer was coated on silicone rubber as an inner electrode, followed
by another coating layer of silicone rubber. Copper microwire was convolved on the fiber
as the outer electrode as well as the outer friction material. The copper coil will contact and
separate with silicone rubber during stretching.

3.5. Scalable Production of Fiber/Yarn-TENG

Due to the limitation of contact area, single fiber-TENG is challenging to realize the
purpose of TENG as an energy source. Fabrication of fiber-TENG can not only improve the
surface area and triboelectric performance, but also maintain good wearability. However,
the large-scale production of triboelectric yarns is the core issue. The complex structure,
various materials, and different processing of triboelectric yarn are the main problem when
considering large-scale production. A few strategies for scalable triboelectric yarns are
listed. As mentioned above, spinning has been proven as a robust method for scalable
production of fiber/yarn-TENG. Traditional textile materials have excellent properties and
are easy to apply. At the same time, fiber/yarn TENG produced by spinning can be better
used for subsequent fabrication. They can be directly used in existing textile machines,
such as weaving, knitting, sewing, and other equipment. Braiding is a good candidate for
the fabrication of fiber/yarn-TENG. It allowed triboelectric fiber to be directly warped on a
conductive thread to make yarn-TENG. As mentioned in the last section, the production
or coating of a hollow silicone tube with the injection of conductive material can also be
designed as scalable production. A modified electrospinning method was reported for
scalable production of nanofibrous yarn for wearable smart textile (Figure 7) [94]. It is a
one-step method based on electrospinning which involves a pair of positive and negative
power supplies. The prepared polymer solution was put in different nozzles connected to
the positive and negative power supplies. Under the action of electrostatic force, nanofibers
are spun out and form a spinning triangle above the drum. The collector was rotated, and
the spun fibers were twisted in the spinning triangle around the metal core.
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4. Fabrication of Fiber/Yarn TENG

Weaving is the most common method of textile weaving. Weaving fabric with simple
structure, stability, and excellent performance is also prevalent in preparing TENGs. In
addition to Fiber-TENG, some films and strip TENGs are also woven in this way. The
structure of warp and weft in weaving has significant advantages in fabricating CS-TENG
with dual electrodes. The most direct method is to weave fiber-TENG as cloth. However, the
contact material properties affect the performance of this SE-mode TENG. A better way is
by two or more triboelectric yarns weaved together and working in CS-mode. For example,
a textile-TENG made of nylon and polyester fabric strips with silver fiber fabric can be
weaved together and generate a ISC up to 1 µA and Voc about 90 V via free-standing mode
(Figure 8a) [88]. The weaving fabric consists of single-electrode triboelectric yarn (SETEY)
(weft yarn) and MPAN-stainless steel yarn (warp yarn) is demonstrated in Figure 8b. This
fabric is highly stretchable and can generate Voc of 10 V to 35 V, depending on circuit
connection patterns. As shown in the figure, the weft-connection single-electrode pattern
and warp-weft-connection single-electrode pattern were considered optimal output circuits.

Knitting is another common way of weaving. Compared with woven fabrics, knitted
fabrics are softer and have good elasticity and extensibility. It is also better in breathability
and comfort than other fabrication strategies, which are more suitable as a smart textile.
At the same time, the flexible coil structure design of knitting gives Textile-TENG a larger
design space. Benefiting from the interaction between the coils, some knitted TENGs
can achieve the effects of energy harvesting and signal output through stretching and
deformation without external material contact. Chen et al. reported a 3D double faced
interlock fabric TENG (3DFIF-TENG) for motion energy harvesting and self-powered
wearable sensor (Figure 8d) [95]. Three-ply cotton yarn and PA composited yarn with
silver and silicone coating were used as yarn-TENG for knitting of interlock fabric. Two
working modes were achieved. The first one is the SE mode that is triggered with external
triboelectric material. The second one is the contact and separation between cotton yarn
and PA composite yarn during the stretching or deformation of the fabric. This novel
structure renders it high sensitivity and gives it potential as a pressure sensor and tactile
sensor. Inspired by the overlapping structure of organisms, Niu et al. fabric for outdoor
rescue and human protection (Figure 8c) [96]. They utilized three types of yarn: PTFE
yarn, nylon yarn, and Ag-plated nylon yarn. BSK-TENG has a three-layer structure and is
woven by a high-speed V-bed flat knitting machine at one time. The upper layer is made
of PTFE yarn to form a scale-like dielectric layer. The middle and bottom layers are plain
weave structures woven with nylon and conductive yarns used as friction materials and
electrodes, respectively. BSK-TENG has no vertical spacer layers, retaining the flexibility
and wearability of knitting fabric. Simply pressing BSK-TENG, this self-powered sensor
sends wireless signals to the App in the smartphone via Bluetooth low-energy (BLE).

Besides fabric, other textile methodologies such as sewing, embroidery, and braiding
can also be used for textile-TENG. Dong et al. demonstrated a four-step rectangular
braiding process was used to create a three-dimensional five-directional braided (3DB)
structure combining energy yarn coated with PDMS as the braided yarn and eight-axial
winding yarn as the axial yarn. (Figure 8f) [78]. The connecting line from the middle of the
yarn carriers will be the braided yarn trace in the cross-section. After a four-step braiding
cycle, the axial yarn carrier only passes in the X direction before returning to the initial
pattern. Yu et al. reported an ultra-fine and durable copper thread used in embroidery
for energy harvesting and sensing (Figure 8e) [97]. A 5-ply ultra-thin copper thread (150
µm as diameter) was produced by introducing a high twist for five polyurethane-coated
copper wires (50 µm in diameter). This plied structure renders it high strength while
maintaining good flexibility. It can be directly embroidered to different patterns with
a commercial embroidery machine. The embroidery fabric can be placed in a different
position on humans for energy harvesting and motion capturing.
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Figure 8. Fabrication of fiber/yarn-TENG into textile-TENG. (a) Stretchable weaving fabric made
of single-electrode triboelectric yarn as weft yarn and stainless-steel/MPAN plied yarn as warp
yarn [88]. Copyright 2019, The Authors, Published by Springer Nature. (b) Textile-TENG by weaving
of nylon/silver conductive strip and polyester/silver conductive strip [98]. Copyright 2014, American
Chemical Society. (c) A bionic scale knitting TENG made of PTFE, nylon and Ag-plated nylon
monofilaments [96]. Copyright 2022, Elsevier. (d) 3D braided triboelectric nanogenerators made of
PA composite yarns [95]. Copyright 2020, Elsevier. (e) Embroidery TENG made of ultra-fine and
high twisted enameled copper wire [97]. Copyright 2022, Elsevier. (f) Textile-TENG based on four
step rectangle braiding technique [78]. Copyright 2020, The Authors, Published by Springer Nature.

5. Application
5.1. Energy Harvesting

Many studies have shown that TENG is a promising energy harvesting solution.
The output of some fiber/yarn based TENGs are summarized in Table 1. Simply by
flapping, it can quickly obtain an output voltage of up to several hundred volts and can
be directly used for LED lighting (Figure 9c) [95]. When connected with a rectifier circuit,
textile-TENG can power capacitors or other small electronics such as a pedometer, mini
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calculator, and electronic watch (Figure 9a) [84]. Some research transmitted the energy
from flowing water (rain) to triboelectric output, which can be used to power LED screens
(Figure 9b) [90]. However, it is difficult to use it directly to power electronic components
due to its unstable performance and usually AC output. A better solution is to combine
TENGs with batteries or capacitors to form self-charging systems. Dong et al. demonstrated
a fiber-TENG that combines self-charging and energy storage systems (Supercapacitor) on
the same yarn (Figure 9d) [99]. This fiber uses H3PO4/poly(vinyl alcohol) (PVA) electrolyte
as the inner core and supercapacitor, and carbon nanotubes as electrodes connected to
the supercapacitor. PDMS provides strength and flexibility to the yarn while acting as a
triboelectric material. In addition, PDMS also separates SC and TENG, avoiding mutual
interference. The performance of fabricated TENG: a Voc of 42.9 V, Qtr of 15.1 nC, maximum
Isc of 0.51 µA, and maximum output power of 1.12 µW.

Table 1. Output of fiber/yarn based TENG.

Refs Work Mode Power Density Triboelectric Material

[78] CS 26 W m−3 PDMS/Ag-coated yarn
[80] SE 336.2 µW/m PAN/PVDF nanofibers/Acrylic
[81] SE 60 mW m–2 Spandex/Polyester
[84] SE 8.43 mW/m2 Skin/PDMS
[88] CS 12.5µW/m Polyacrylonitrile/PDMS
[90] SE 1.25 W/m2 Nylon/PVDF
[91] CS 3.5 µW/m2 Silk/PTFE
[92] CS 93 mW/m2 PA66/PVDF-TrFE/Rubber
[97] SE 245 µW/m PU/PTFE
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Figure 9. Fiber/yarn-TENG as energy source. (a) Demonstration of TENG as an energy source to
drive small electronic devices [84]. Copyright 2018, American Chemical Society. (b) fiber/textile-
TENG driven by mechanical extrusion or water flow, lighting up LED screen [90]. Copyright 2021,
Wiley. (c) Textile-TENG as power source directly light up LEDs [95]. Copyright 2020, Elsevier.
(d) A fiber-TENG that combining self-charging systems and energy storage systems (Supercapacitor).
Copyright 2017, American Chemical Soc.iety.
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5.2. Sensors

Unlike traditional sensors, TENG can output signals without an external power supply,
rendering its high potential as a self-power sensor. The signal output of TENG is affected
by force, frequency, deformation, and environmental factors and can be used for healthcare
monitoring, human motion detection, and human–machine interaction. Both fiber-TENG
and fabric-TENG can be used in sensing system design. The properties of SE mode TENG
influenced by foreign materials make it worthwhile for material identification. For example,
the triboelectric affinity of different textiles is different, so Textile-TENG can “recognize” it.
As shown in Figure 10a, when contact with different fabrics such as cotton, silk, polyester,
and nylon, the open circuit voltage produced by Textile-TENG is significantly different [80].
The high sensitivity of applying force renders it great potential as a stress sensor. As
shown in Figure 10b, a weighting cushion sensor was demonstrated, with high accuracy for
measuring the occupant’s weight [95]. In addition, a fully textile stress sensor successfully
detects the weight of liquid in the bottom (Figure 10c) [95]. By connecting each yarn-TENG
individually, a sensing fabric was prepared. It can track or record the action of the finger or
external force at each point of the fabric (Figure 10d) [80].
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Figure 10. Textile-TENG as sensor. (a) The single electrode TENG yarn for fabric components
identification [80]. Copyright 2020, American Chemical Society. (b) A weighting cushion sensor made
of three-dimensional five-directional braided textile-TENG [95]. Copyright 2020, Elsevier. (c) Stress
sensor made of three-dimensional five-directional braided textile-TENG [95]. Copyright 2020, Elsevier.
(d) Smart fabric for biomechanical sensing [80]. Copyright 2020, American Chemical Society.

Gesture detection is the most common application of fiber-TENG. By sewing with
gloves, the fiber-TENG deforms according to the finger’s movement, generating the tri-
boelectric signal (Figure 11a) [100]. Different gestures are distinguished based on signal
strength, frequency, and pattern. By placing textile-TENG in joints or insoles, the electrical
signal generated by movement can be directly applied for analysis without needing a
power source (Figure 11c) [97]. Human–computer interaction is also a prominent appli-
cation of TENG. A simple, self-powered, fully textile keyboard/controller is designed
(Figure 11b) [100]. No power supply is required, and this interactive device can be directly
controlled by a mobile phone or laptop, for music control or phone call.

The real-time monitoring of human health has attracted much attention. It has high
requirements for wearing comfort, power limitation, and signal transmission, which are the
advantages of Textile-TENG. Zhao et al. integrated biological enzymes on fiber-TENG to
obtain a biosensor for real-time sweat and motion analysis (Figure 11f) [101]. Glucose, crea-
tinine, and lactate acid in sweat can be detected by the coupling effect of triboelectric and
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enzymatic reaction (surface-triboelectric coupling effect). The coil structure of varnished
wires with polyaniline (PANI) stretchable conductive yarns generates triboelectric signals
during motion. A wireless, self-powered health monitoring system was reported by Meng
et al. (Figure 11e) [102]. A flower shape of textile-TENG composed of polyester-metal
hybrid yarns and Ag-coated fabric was placed on the wrist. The deformation induced by
blood pressure generating electricity is attributed to a conjunction of triboelectrification
and electrostatic induction. The signal can be transferred to a cell phone for continuous
monitoring for human obstructive sleep apnea-hypopnea syndrome diagnosis with filtering
and amplification. Pulse wave and respiratory wave measurements were achieved through
a sensor array based on a textile-TENG with high sensitivity for subtle pressure detection
(Figure 11d) [103]. This textile-TENG was knitted with fiber-TENG and nylon yarns in
a cardigan stitch. Two sensor arrays placed in the abdomen and wrist can obtain up to
7.84 mV/pa for sensitivity and 20 ms as response time. A wireless mobile system was
designed to transmit a signal from the sensor array to the App in the cell phone.
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Figure 11. Multifunctional sensor based on textile-TENG (a) Self-powered gesture and finger motion
detection via fiber-TENG [100]. Copyright 2021, Wiley. (b) Self-powered fully textile based smart
controller/keyboard via fiber-TENG [100]. Copyright 2021, Wiley. (c) Motion detection in different
position of human body by embroidered fiber-TENG [97]. Copyright 2022, Elsevier. (d) A smart
t-shirt with sensor array based on a textile-TENG for subtle pressure detection [103]. Copyright 2020,
The authors, Published by American Association for the Advancement of Science (e) A fully textile
wristband for heart rate and sleep quality monitoring [102]. Copyright 2019, Elsevier. (f) Wearable and
biocompatible fiber-TENG for real-time sweat analysis and body motion capturing [101]. Copyright
2022, Elsevier.

6. Challenges and Summary

For fiber/yarn TENG, simple and reliable structure, flexible design, and size selection
are its most significant advantages. According to the triboelectric series, the material selec-
tion is relatively fixed, mainly PDMS, PTFE, nylon, and other materials. These materials
have their own advantages and disadvantages. For example, PDMS and fluoropolymers
are extremely triboelectric, but poor in terms of mechanical properties and comfort. Textile
materials such as nylon are excellent in comfort and processability, but most of them are
tribo-positive materials with poor triboelectric performance. Therefore, there are often
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trade-offs in the selection of materials. The application of new technologies such as elec-
trospinning of fluoropolymers, which are produced in the form of nanofibers and applied
in fiber/yarn TENG. These methods greatly improve the wearing comfort of polymers.
The addition of conductive fillers can further improve the triboelectric properties of these
materials [37]. For wearable applications, there are fewer choices of existing materials. The
synthesis and application of new polymers are expected.

Through structural design and different processing methods, fiber/yarn-TENG can
possess the advantages of textiles, such as high elasticity, breathability and durability,
and be used in fields such as energy harvesting, sensor design, and human–computer
interaction. It is the popular direction of TENG at present. However, the contact surface
area’s size limited its energy harvesting application. The current common method is
fabrication, converting the yarn into cloth. For use as a sensor, the susceptible inherent
of triboelectricity is a hindrance. According to the triboelectric model, the triboelectric
output depends on the exchange of electrons when the material is rubbed/contacted.
This process depends on the external environment, such as humidity, temperature, and
other influences. The change of environment will change the triboelectric performance,
resulting in instability as a sensor. Meanwhile, the accumulation of surface charges on
triboelectric materials is the key to triboelectric output. The generation of triboelectric
charges is often accompanied by rapid loss, so it is easy to change with time. A possible
solution is to introduce special microstructures on the surface of triboelectric materials, such
as superhydrophobic structures, to increase the stability of the triboelectric properties of
materials and avoid the influence of environmental factors. Sealing of triboelectric devices
is also a possible solution.

Thanks to the convenient fabrication method, fiber/yarn-TENG can be directly pro-
cessed into textile-TENG, demonstrating great potential in smart wearable, wearable sensor,
self-powered system, health monitor and human machine interface, which greatly expands
applications of fiber/yarn TENG. In addition, textile-TENG significantly improves the
complex multi-layer structure and poor wearing comfort of traditional composite TENG.

Overall, textile-TENG still faces some challenges: First, mass manufacturing is still
tricky. Several studies have achieved large-scale production of triboelectric yarns and
textile-TENGs. However, most of these are still lab scales, which greatly limit production
efficiency. Second, the function is single. At present, textile-TENG is mainly used as an
energy harvesting and sensor. As a functional conductive textile, it has more potential
applications, such as water repellency, fire protection, and thermal regulation. Third, the
internal resistance of textile-TENG as an electrical energy source is too large, and the actual
electrical output is smaller than the output voltage. As a sensor, its performance is affected
by many factors, and its stability is poor. Triboelectric sensors still require much research in
terms of precision and accuracy before they can be put into practical use. As a self-powered
sensor, it has broad application prospects in the wearable field.
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45. Grancarić, A.M.; Jerković, I.; Koncar, V.; Cochrane, C.; Kelly, F.M.; Soulat, D.; Legrand, X. Conductive polymers for smart textile

applications. J. Ind. Text. 2018, 48, 612–642. [CrossRef]
46. Li, X.; Lin, Z.; Cheng, G.; Wen, X.; Liu, Y.; Niu, S.; Wang, Z.L. 3D Fiber-Based Hybrid Nanogenerator for Energy Harvesting and

as a Self-Powered Pressure Sensor. ACS Nano 2014, 8, 10674–10681. [CrossRef] [PubMed]
47. Xu, B.; Eike, R.J.; Cliett, A.; Ni, L.; Cloud, R.; Li, Y. Durability testing of electronic textile surface resistivity and textile antenna

performance. Text. Res. J. 2019, 89, 3708–3721. [CrossRef]
48. Jost, K.; Dion, G.; Gogotsi, Y. Textile energy storage in perspective. J. Mater. Chemistry. A Mater. Energy Sustain. 2014, 2,

10776–10787. [CrossRef]
49. Wang, J.; Li, X.; Zi, Y.; Wang, S.; Li, Z.; Zheng, L.; Yi, F.; Li, S.; Wang, Z.L. A Flexible Fiber-Based Supercapacitor-Triboelectric-

Nanogenerator Power System for Wearable Electronics. Adv. Mater. 2015, 27, 4830–4836. [CrossRef]
50. Zhao, Z.; Yan, C.; Liu, Z.; Fu, X.; Peng, L.; Hu, Y.; Zheng, Z. Machine-Washable Textile Triboelectric Nanogenerators for Effective

Human Respiratory Monitoring through Loom Weaving of Metallic Yarns. Adv. Mater. 2016, 28, 10267–10274. [CrossRef]
51. Panda, P.K. Review: Environmental friendly lead-free piezoelectric materials. J. Mater. Sci. 2009, 44, 5049–5062. [CrossRef]
52. Zhao, Z.; Huang, Q.; Yan, C.; Liu, Y.; Zeng, X.; Wei, X.; Hu, Y.; Zheng, Z. Machine-washable and breathable pressure sensors

based on triboelectric nanogenerators enabled by textile technologies. Nano Energy 2020, 70, 104528. [CrossRef]
53. Wang, S.; Lin, L.; Wang, Z.L. Triboelectric nanogenerators as self-powered active sensors. Nano Energy 2015, 11, 436–462.

[CrossRef]
54. Zhang, H.; Yang, Y.; Su, Y.; Chen, J.; Adams, K.; Lee, S.; Hu, C.; Wang, Z.L. Triboelectric Nanogenerator for Harvesting Vibration

Energy in Full Space and as Self-Powered Acceleration Sensor. Adv. Funct. Mater. 2014, 24, 1401–1407. [CrossRef]
55. Li, Z.; Wang, Z.L. Air/Liquid-Pressure and Heartbeat-Driven Flexible Fiber Nanogenerators as a Micro/Nano-Power Source or

Diagnostic Sensor. Adv. Mater. 2011, 23, 84–89. [CrossRef]
56. Sim, H.J.; Choi, C.; Kim, S.H.; Kim, K.M.; Lee, C.J.; Kim, Y.T.; Lepró, X.; Baughman, R.H.; Kim, S.J. Stretchable Triboelectric Fiber

for Self-powered Kinematic Sensing Textile. Sci. Rep. 2016, 6, 35153. [CrossRef]
57. Wei, L.; Qin, X. Nanofiber bundles and nanofiber yarn device and their mechanical properties: A review. Text. Res. J. 2016, 86,

1885–1898. [CrossRef]
58. Zhong, J.; Zhang, Y.; Zhong, Q.; Hu, Q.; Hu, B.; Wang, Z.L.; Zhou, J. Fiber-Based Generator for Wearable Electronics and Mobile

Medication. ACS Nano 2014, 8, 6273–6280. [CrossRef]
59. Lee, M.; Chen, C.; Wang, S.; Cha, S.N.; Park, Y.J.; Kim, J.M.; Chou, L.; Wang, Z.L. A Hybrid Piezoelectric Structure for Wearable

Nanogenerators. Adv. Mater. 2012, 24, 1759–1764. [CrossRef]
60. Kim, S.; We, J.; Cho, B. A wearable thermoelectric generator fabricated on a glass fabric. Energy Environ. Sci. 2014, 7, 1959–1965.

[CrossRef]

http://doi.org/10.1126/science.1201512
http://doi.org/10.1021/acsnano.7b02156
http://www.ncbi.nlm.nih.gov/pubmed/28558185
http://doi.org/10.1039/c3ee42571a
http://doi.org/10.1002/aenm.201802906
http://doi.org/10.1016/j.nanoen.2018.04.025
http://doi.org/10.1016/j.elstat.2004.05.005
http://doi.org/10.1088/0022-3727/44/45/453001
http://doi.org/10.1002/advs.202000186
http://doi.org/10.1002/anie.200701812
http://doi.org/10.1002/anie.201507333
http://doi.org/10.1007/s11431-018-9504-5
http://doi.org/10.1007/s10311-019-00913-w
http://doi.org/10.3390/textiles1020015
http://doi.org/10.3390/s140711957
http://www.ncbi.nlm.nih.gov/pubmed/25004153
http://doi.org/10.3390/ma13040950
http://doi.org/10.1177/1528083717699368
http://doi.org/10.1021/nn504243j
http://www.ncbi.nlm.nih.gov/pubmed/25268317
http://doi.org/10.1177/0040517518819848
http://doi.org/10.1039/c4ta00203b
http://doi.org/10.1002/adma.201501934
http://doi.org/10.1002/adma.201603679
http://doi.org/10.1007/s10853-009-3643-0
http://doi.org/10.1016/j.nanoen.2020.104528
http://doi.org/10.1016/j.nanoen.2014.10.034
http://doi.org/10.1002/adfm.201302453
http://doi.org/10.1002/adma.201003161
http://doi.org/10.1038/srep35153
http://doi.org/10.1177/0040517515617422
http://doi.org/10.1021/nn501732z
http://doi.org/10.1002/adma.201200150
http://doi.org/10.1039/c4ee00242c


Sensors 2022, 22, 9716 21 of 22

61. Liu, M.; Pu, X.; Jiang, C.; Liu, T.; Huang, X.; Chen, L.; Du, C.; Sun, J.; Hu, W.; Wang, Z.L. Large-Area All-Textile Pressure Sensors
for Monitoring Human Motion and Physiological Signals. Adv. Mater. 2017, 29, 1703700. [CrossRef] [PubMed]

62. Yetisen, A.K.; Qu, H.; Manbachi, A.; Butt, H.; Dokmeci, M.R.; Hinestroza, J.P.; Skorobogatiy, M.; Khademhosseini, A.; Yun, S.H.
Nanotechnology in Textiles. ACS Nano 2016, 10, 3042–3068. [CrossRef] [PubMed]

63. Chatterjee, K.; Tabor, J.; Ghosh, T.K. Electrically Conductive Coatings for Fiber-Based E-Textiles. Fibers 2019, 7, 51. [CrossRef]
64. Tseghai, G.B.; Malengier, B.; Fante, K.A.; Nigusse, A.B.; Van Langenhove, L. Integration of Conductive Materials with Textile

Structures, an Overview. Sensors 2020, 20, 6910. [CrossRef]
65. Castrillon, R.; Pnrez, J.J.; Andrade-Caicedo, H. Electrical performance of PEDOT:PSS-based textile electrodes for wearable ECG

monitoring: A comparative study. BioMedical Eng. OnLine 2018, 17, 38. [CrossRef]
66. Zhu, J.; Zhu, P.; Yang, Q.; Chen, T.; Wang, J.; Li, J. A fully stretchable textile-based triboelectric nanogenerator for human motion

monitoring. Mater. Lett. 2020, 280, 128568. [CrossRef]
67. Tao, X.; Zhou, Y.; Qi, K.; Guo, C.; Dai, Y.; He, J.; Dai, Z. Wearable textile triboelectric generator based on nanofiber core-spun yarn

coupled with electret effect. J. Colloid Interface Sci. 2022, 608, 2339–2346. [CrossRef] [PubMed]
68. Hu, Y.; Zheng, Z. Progress in textile-based triboelectric nanogenerators for smart fabrics. Nano Energy 2019, 56, 16–24. [CrossRef]
69. Jeong, J.; Kwon, J.; Lim, K.; Biswas, S.; Tibaldi, A.; Lee, S.; Oh, H.J.; Kim, J.; Ko, J.; Lee, D.; et al. Comparative Study of Triboelectric

Nanogenerators with Differently Woven Cotton Textiles for Wearable Electronics. Polymers 2019, 11, 1443. [CrossRef]
70. Zhong, W.; Xu, L.; Wang, H.; An, J.; Wang, Z.L. Tilting-Sensitive Triboelectric Nanogenerators for Energy Harvesting from

Unstable/Fluctuating Surfaces. Adv. Funct. Mater. 2019, 29, 1905319. [CrossRef]
71. Liang, X.; Zhao, T.; Jiang, W.; Yu, X.; Hu, Y.; Zhu, P.; Zheng, H.; Sun, R.; Wong, C. Highly transparent triboelectric nanogenerator

utilizing in-situ chemically welded silver nanowire network as electrode for mechanical energy harvesting and body motion
monitoring. Nano Energy 2019, 59, 508–516. [CrossRef]

72. Bai, P.; Zhu, G.; Zhou, Y.S.; Wang, S.; Ma, J.; Zhang, G.; Wang, Z.L. Dipole-moment-induced effect on contact electrification for
triboelectric nanogenerators. Nano Res. 2014, 7, 990–997. [CrossRef]

73. Yu, A.; Zhu, Y.; Wang, W.; Zhai, J. Progress in Triboelectric Materials: Toward High Performance and Widespread Applications.
Adv. Funct. Mater. 2019, 29, 1900098. [CrossRef]

74. Su, Y.; Yang, Y.; Zhong, X.; Zhang, H.; Wu, Z.; Jiang, Y.; Wang, Z.L. Fully Enclosed Cylindrical Single-Electrode-Based Triboelectric
Nanogenerator. ACS Appl. Mater. Interfaces 2014, 6, 553–559. [CrossRef]

75. Niu, S.; Liu, Y.; Wang, S.; Lin, L.; Zhou, Y.S.; Hu, Y.; Wang, Z.L. Theoretical Investigation and Structural Optimization of
Single-Electrode Triboelectric Nanogenerators. Adv. Funct. Mater. 2014, 24, 3332–3340. [CrossRef]

76. Shi, Q.; Qiu, C.; He, T.; Wu, F.; Zhu, M.; Dziuban, J.A.; Walczak, R.; Yuce, M.R.; Lee, C. Triboelectric single-electrode-output
control interface using patterned grid electrode. Nano Energy 2019, 60, 545–556. [CrossRef]

77. Lai, Y.; Deng, J.; Zhang, S.L.; Niu, S.; Guo, H.; Wang, Z.L. Single-Thread-Based Wearable and Highly Stretchable Triboelectric
Nanogenerators and Their Applications in Cloth-Based Self-Powered Human-Interactive and Biomedical Sensing. Adv. Funct.
Mater. 2017, 27, 1604462. [CrossRef]

78. Dong, K.; Peng, X.; An, J.; Wang, A.C.; Luo, J.; Sun, B.; Wang, J.; Wang, Z.L. Shape adaptable and highly resilient 3D braided
triboelectric nanogenerators as e-textiles for power and sensing. Nat. Commun. 2020, 11, 2868. [CrossRef]

79. Busolo, T.; Szewczyk, P.K.; Nair, M.; Stachewicz, U.; Kar-Narayan, S. Triboelectric Yarns with Electrospun Functional Polymer
Coatings for Highly Durable and Washable Smart Textile Applications. ACS Appl. Mater. Interfaces 2021, 13, 16876–16886.
[CrossRef]

80. Ma, L.; Zhou, M.; Wu, R.; Patil, A.; Gong, H.; Zhu, S.; Wang, T.; Zhang, Y.; Shen, S.; Dong, K.; et al. Continuous and Scalable
Manufacture of Hybridized Nano-Micro Triboelectric Yarns for Energy Harvesting and Signal Sensing. ACS Nano 2020, 14,
4716–4726. [CrossRef]

81. Yu, A.; Pu, X.; Wen, R.; Liu, M.; Zhou, T.; Zhang, K.; Zhang, Y.; Zhai, J.; Hu, W.; Wang, Z.L. Core–Shell-Yarn-Based Triboelectric
Nanogenerator Textiles as Power Cloths. ACS Nano 2017, 11, 12764–12771. [CrossRef] [PubMed]

82. Liu, Z.F.; Fang, S.; Moura, F.A.; Ding, J.N.; Jiang, N.; Di, J.; Zhang, M.; Lepro, X.; Galvao, D.S.; Haines, C.S.; et al. Hierarchically
buckled sheath-core fibers for superelastic electronics, sensors, and muscles. Science 2015, 349, 400–404. [CrossRef] [PubMed]

83. Ning, C.; Dong, K.; Cheng, R.; Yi, J.; Ye, C.; Peng, X.; Sheng, F.; Jiang, Y.; Wang, Z.L. Flexible and Stretchable Fiber-Shaped
Triboelectric Nanogenerators for Biomechanical Monitoring and Human-Interactive Sensing. Adv. Funct. Mater. 2021, 31, 2006679.
[CrossRef]

84. Yang, Y.; Sun, N.; Wen, Z.; Cheng, P.; Zheng, H.; Shao, H.; Xia, Y.; Chen, C.; Lan, H.; Xie, X.; et al. Liquid-Metal-Based
Super-Stretchable and Structure-Designable Triboelectric Nanogenerator for Wearable Electronics. ACS Nano 2018, 12, 2027–2034.
[CrossRef] [PubMed]

85. Jing, T.; Xu, B.; Xin, J.H.; Guan, X.; Yang, Y. Series to parallel structure of electrode fiber: An effective method to remarkably
reduce inner resistance of triboelectric nanogenerator textiles. J. Mater. Chemistry. A Mater. Energy Sustain. 2021, 9, 12331–12339.
[CrossRef]

86. Dong, L.; Wang, M.; Wu, J.; Zhu, C.; Shi, J.; Morikawa, H. Deformable Textile-Structured Triboelectric Nanogenerator Knitted
with Multifunctional Sensing Fibers for Biomechanical Energy Harvesting. Adv. Fiber Mater. 2022. [CrossRef]

87. Park, J.; Choi, A.Y.; Lee, C.J.; Kim, D.; Kim, Y.T. Highly stretchable fiber-based single-electrode triboelectric nanogenerator for
wearable devices. RSC Adv. 2017, 7, 54829–54834. [CrossRef]

http://doi.org/10.1002/adma.201703700
http://www.ncbi.nlm.nih.gov/pubmed/28949422
http://doi.org/10.1021/acsnano.5b08176
http://www.ncbi.nlm.nih.gov/pubmed/26918485
http://doi.org/10.3390/fib7060051
http://doi.org/10.3390/s20236910
http://doi.org/10.1186/s12938-018-0469-5
http://doi.org/10.1016/j.matlet.2020.128568
http://doi.org/10.1016/j.jcis.2021.10.151
http://www.ncbi.nlm.nih.gov/pubmed/34774315
http://doi.org/10.1016/j.nanoen.2018.11.025
http://doi.org/10.3390/polym11091443
http://doi.org/10.1002/adfm.201905319
http://doi.org/10.1016/j.nanoen.2019.02.071
http://doi.org/10.1007/s12274-014-0461-8
http://doi.org/10.1002/adfm.201900098
http://doi.org/10.1021/am404611h
http://doi.org/10.1002/adfm.201303799
http://doi.org/10.1016/j.nanoen.2019.03.090
http://doi.org/10.1002/adfm.201604462
http://doi.org/10.1038/s41467-020-16642-6
http://doi.org/10.1021/acsami.1c00983
http://doi.org/10.1021/acsnano.0c00524
http://doi.org/10.1021/acsnano.7b07534
http://www.ncbi.nlm.nih.gov/pubmed/29211958
http://doi.org/10.1126/science.aaa7952
http://www.ncbi.nlm.nih.gov/pubmed/26206929
http://doi.org/10.1002/adfm.202006679
http://doi.org/10.1021/acsnano.8b00147
http://www.ncbi.nlm.nih.gov/pubmed/29420011
http://doi.org/10.1039/D1TA01309B
http://doi.org/10.1007/s42765-022-00181-4
http://doi.org/10.1039/C7RA10285B


Sensors 2022, 22, 9716 22 of 22

88. Gong, W.; Hou, C.; Zhou, J.; Guo, Y.; Zhang, W.; Li, Y.; Zhang, Q.; Wang, H. Continuous and scalable manufacture of amphibious
energy yarns and textiles. Nat. Commun. 2019, 10, 868. [CrossRef]

89. Gao, Y.; Li, Z.; Xu, B.; Li, M.; Jiang, C.; Guan, X.; Yang, Y. Scalable core–spun coating yarn-based triboelectric nanogenerators with
hierarchical structure for wearable energy harvesting and sensing via continuous manufacturing. Nano Energy 2022, 91, 106672.
[CrossRef]

90. Zhang, D.; Yang, W.; Gong, W.; Ma, W.; Hou, C.; Li, Y.; Zhang, Q.; Wang, H. Abrasion Resistant/Waterproof Stretchable
Triboelectric Yarns Based on Fermat Spirals. Adv. Mater. 2021, 33, 2100782. [CrossRef]

91. Ye, C.; Dong, S.; Ren, J.; Ling, S. Ultrastable and High-Performance Silk Energy Harvesting Textiles. Nano-Micro Lett. 2020, 12, 12.
[CrossRef] [PubMed]

92. Guan, X.; Xu, B.; Wu, M.; Jing, T.; Yang, Y.; Gao, Y. Breathable, washable and wearable woven-structured triboelectric nanogenera-
tors utilizing electrospun nanofibers for biomechanical energy harvesting and self-powered sensing. Nano Energy 2021, 80, 105549.
[CrossRef]

93. Yu, X.; Pan, J.; Zhang, J.; Sun, H.; He, S.; Qiu, L.; Lou, H.; Sun, X.; Peng, H. A coaxial triboelectric nanogenerator fiber for energy
harvesting and sensing under deformation. J. Mater. Chemistry. A Mater. Energy Sustain. 2017, 5, 6032–6037. [CrossRef]

94. Dai, Z.; Wang, N.; Yu, Y.; Lu, Y.; Jiang, L.; Zhang, D.; Wang, X.; Yan, X.; Long, Y. One-Step Preparation of a Core-Spun
Cu/P(VDF-TrFE) Nanofibrous Yarn for Wearable Smart Textile to Monitor Human Movement. ACS Appl. Mater. Interfaces 2021,
13, 44234–44242. [CrossRef]

95. Chen, C.; Chen, L.; Wu, Z.; Guo, H.; Yu, W.; Du, Z.; Wang, Z.L. 3D double-faced interlock fabric triboelectric nanogenerator for
bio-motion energy harvesting and as self-powered stretching and 3D tactile sensors. Mater. Today 2020, 32, 84–93. [CrossRef]

96. Niu, L.; Peng, X.; Chen, L.; Liu, Q.; Wang, T.; Dong, K.; Pan, H.; Cong, H.; Liu, G.; Jiang, G.; et al. Industrial production of bionic
scales knitting fabric-based triboelectric nanogenerator for outdoor rescue and human protection. Nano Energy 2022, 97, 107168.
[CrossRef]

97. Chen, Y.; Chen, E.; Wang, Z.; Ling, Y.; Fisher, R.; Li, M.; Hart, J.; Mu, W.; Gao, W.; Tao, X.; et al. Flexible, durable, and washable
triboelectric yarn and embroidery for self-powered sensing and human-machine interaction. Nano Energy 2022, 104, 107929.
[CrossRef]

98. Zhou, T.; Zhang, C.; Han, C.B.; Fan, F.R.; Tang, W.; Wang, Z.L. Woven Structured Triboelectric Nanogenerator for Wearable
Devices. ACS Appl. Mater. Interfaces 2014, 6, 14695–14701. [CrossRef]

99. Dong, K.; Wang, Y.; Deng, J.; Dai, Y.; Zhang, S.L.; Zou, H.; Gu, B.; Sun, B.; Wang, Z.L. A Highly Stretchable and Washable
All-Yarn-Based Self-Charging Knitting Power Textile Composed of Fiber Triboelectric Nanogenerators and Supercapacitors. ACS
Nano 2017, 11, 9490–9499. [CrossRef]

100. Lai, Y.; Lu, H.; Wu, H.; Zhang, D.; Yang, J.; Ma, J.; Shamsi, M.; Vallem, V.; Dickey, M.D. Elastic Multifunctional Liquid–Metal
Fibers for Harvesting Mechanical and Electromagnetic Energy and as Self-Powered Sensors. Adv. Energy Mater. 2021, 11, 2100411.
[CrossRef]

101. Zhao, T.; Fu, Y.; Sun, C.; Zhao, X.; Jiao, C.; Du, A.; Wang, Q.; Mao, Y.; Liu, B. Wearable biosensors for real-time sweat analysis
and body motion capture based on stretchable fiber-based triboelectric nanogenerators. Biosens. Bioelectron. 2022, 205, 114115.
[CrossRef] [PubMed]

102. Meng, K.; Zhao, S.; Zhou, Y.; Wu, Y.; Zhang, S.; He, Q.; Wang, X.; Zhou, Z.; Fan, W.; Tan, X.; et al. A Wireless Textile-Based Sensor
System for Self-Powered Personalized Health Care. Matter 2020, 2, 896–907. [CrossRef]

103. Fan, W.; He, Q.; Meng, K.; Tan, X.; Zhou, Z.; Zhang, G.; Yang, J.; Wang, Z.L. Machine-knitted washable sensor array textile for
precise epidermal physiological signal monitoring. Sci. Adv. 2020, 6, eaay2840. [CrossRef] [PubMed]

http://doi.org/10.1038/s41467-019-08846-2
http://doi.org/10.1016/j.nanoen.2021.106672
http://doi.org/10.1002/adma.202100782
http://doi.org/10.1007/s40820-019-0348-z
http://www.ncbi.nlm.nih.gov/pubmed/34138051
http://doi.org/10.1016/j.nanoen.2020.105549
http://doi.org/10.1039/C7TA00248C
http://doi.org/10.1021/acsami.1c10366
http://doi.org/10.1016/j.mattod.2019.10.025
http://doi.org/10.1016/j.nanoen.2022.107168
http://doi.org/10.1016/j.nanoen.2022.107929
http://doi.org/10.1021/am504110u
http://doi.org/10.1021/acsnano.7b05317
http://doi.org/10.1002/aenm.202100411
http://doi.org/10.1016/j.bios.2022.114115
http://www.ncbi.nlm.nih.gov/pubmed/35219020
http://doi.org/10.1016/j.matt.2019.12.025
http://doi.org/10.1126/sciadv.aay2840
http://www.ncbi.nlm.nih.gov/pubmed/32201720

	Introduction 
	Fundamentals of TENGs 
	Textile-TENG 

	Material Used in Fiber/Yarn Based Triboelectric Nanogenerator 
	Fabrication Strategy and Structure Design 
	SE Mode of Fiber/Yarn-TENG 
	Stretchable Fiber/Yarn-TENG 
	Self-Trigger Fiber/Yarn-TENG 
	CS Mode Fiber/Yarn-TENG 
	Scalable Production of Fiber/Yarn-TENG 

	Fabrication of Fiber/Yarn TENG 
	Application 
	Energy Harvesting 
	Sensors 

	Challenges and Summary 
	References

