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Abstract

The rise of portable electronic devices and Internet of Things (IoT) has spurred significant
interest in flexible triboelectric nanogenerators (TENGs) as sustainable energy solutions. The
electrical performance of TENGs is profoundly influenced by nanoscale factors, including
interface properties and material characteristics, highlighting the critical need for a
comprehensive understanding of these parameters to unlock their full potential. This paper
summarizes the recent advances in advanced fiber composite TENGs (FC-TENGs), especially
electrospun nanofibers, with a focus on key nanoscale properties, covering triboelectric layer
interface characteristics, dielectric constant, electron affinity, and crystal phase, all of which are
fundamental to optimizing their output performance. Additionally, it explores emerging
applications of FC-TENGs in wearable electronics, self-powered sensors, wireless
communication systems, human-machine interfaces, and modern healthcare technologies. The
review concludes by addressing existing challenges, evaluating future opportunities, and
outlining research directions for advancing FC-TENGs. By bridging foundational material
science with innovative applications, this review seeks to inspire the development of
high-performance, self-powered electrospun composite tribovoltaic nanogenerators, paving the
way for a wireless, artificial intelligence (AI)-enabled IoT era.
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1. Introduction

Flexible electronic devices, with their unique advantages of
seamless connection to the human body, real-time environ-
mental monitoring, and intelligent interaction, are rapidly
emerging as one of the most promising technological fields
in the era of the Internet of Things (IoT)!'-*/. However, com-
mon fuel cells face limitations in biocompatibility and rigid-
ity, making them unsuitable for the application in flexible
electronic devices*%l. As an emerging energy-capturing tech-
nology, triboelectric nanogenerators (TENGs) leverage tribo-
electric and electrostatic effects to efficiently capture low-
entropy energy from environmental sources, including mech-
anical movements!”®!, human movements®-'9 wind(!!-12] and
water!!3!14 "and transform it into electrical energy!'>~'7!. With
its simple structure, low cost, and eco-friendliness, TENG
presents a highly promising solution for sustainable energy
supply in flexible electronic devices!'3-221.

Despite these merits, TENGs still face numerous chal-
lenges with respect to energy conversion efficiency, out-
put stability, robustness, etc., which hinder their practical
application!>*2%/. The performance of TENGs is intricately
linked to their material composition and microstructural
design, yet existing materials often fail to simultaneously
achieve high conversion efficiency, stable performance, and
environmental resilience!?’%. Therefore, it is imperative to
make breakthroughs in material design to create novel high-
performance materials that address the key bottlenecks of
TENGP!-361,

Compared with conventional flexible films, the inher-
ent breathability, light weight, high specific surface area,
and excellent mechanical properties of triboelectric layers
or electrode layers made of fiber materials have become a
research hotspot for improving the performance of flexible
TENGsP~#1. On one hand, fibers can be made from a vari-
ety of materials, including natural fibers, synthetic fibers, and
nanocomposites, offering flexible material selection to optim-
ize performance according to specific requirements/*?>~#41,
Fiber composite TENGs (FC-TENGs) enable nanoscale struc-
tural design, specifically hierarchical**0], gradient!*”*%!, and
porous structures!*?>% offering effective ways to optimize
TENG performance. To quantitatively demonstrate the superi-
ority of FC-TENGs, Song et al. investigated different film-
forming processes of PVDF films and their effects on the tri-
boelectric output performance. By comparing the performance
of TENGs using cast PVDF films and electrospun PVDF films
as friction layers, the results showed that the output voltage
and short-circuit current of the electrospun TENG were 2.3
times and 2.88 times those of the cast TENG, respectively>!l,
The primary components of a TENG are the triboelectric layer
and electrode layer. Fiber manufacturing processes such as

electrospinning, melt spinning, and wet spinning can be used
to produce high-performance triboelectric layers and highly
conductive electrode layers for flexible TENGs!®>~%!, which
have important potential application prospects in fields such as
energy harvesting, sensors, wireless communication, human-
machine interfaces, and wearable electronics®>’—62!, Figure 1
shows various applications of FC-TENGs.

The materials of flexible TENGs are usually composed
of single polymers, such as polyvinyl alcohol (PVA)!®3:641,
thermoplastic polyurethane (PU)!®>%1 polytetrafluoroethyl-
ene (PTFE)I®7681 etc [99-731 These materials possess good
flexibility and electrical properties, making them suitable for
the triboelectric layers of TENGs. Although they exhibit sat-
isfactory electrical insulation, their positions in the tribo-
electric series are relatively fixed, which limits the charge
transfer efficiency. Composites composed of polymer mat-
rix and fillers significantly improve the material’s perform-
ance through the synergistic effect between the matrix and the
fillers!”+761. The introduction of fillers can regulate the phys-
ical and chemical properties of materials at the nanoscale or
microscale. Researchers have significantly enhanced the con-
ductivity of materials by introducing conductive fillers into
the polymer matrix!””78). Introducing certain nanoparticles
can improve the composites’ mechanical strength and thermal
stability!”?3% Additionally, two-dimensional (2-D) materials,
by virtue of their large specific surface area and distinctive
layered architecture, can substantially enhance the mechan-
ical properties, thermal conductivity, and barrier properties of
the materials'®!#?. As a result, fillers can effectively adjust the
polymers’ position in the triboelectric series, thus boosting the
TENG’s output performance and opening avenues for TENG
applications across various scenarios!®*®71, FC-TENG has
been rapidly developed and significantly advanced, achieving
numerous milestones and novel applications (Figure 2).

Composites have demonstrated remarkable capabilities in
enhancing the performance of flexible TENGs, and signific-
ant progress has been made. For example, by mixing conduct-
ive nanoparticles with polymer precursor solutions, nanofiber
membranes with high-efficiency triboelectric charge collec-
tion capabilities can be prepared, which greatly improves the
output power of TENGs!®3-2, By incorporating nanoparticles
with elevated dielectric properties into the fiber matrix, the
electrostatic induction effect can be strengthened, improv-
ing energy conversion efficiency of TENGs!**7!. By incor-
porating environmentally adaptive functional materials into
the fiber structure, the environmental tolerance and long-
term stability of TENGs can be enhanced!*®~192! Additionally,
researchers have explored various structural design strategies,
such as constructing helicall!03:104  woven!105:106] anq three-
dimensional network structures!'%-1%1  to achieve multi-
dimensional optimization of TENG performance.
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Figure 1. Various applications of fiber composite material TENGs. Energy harvesting. Reprinted from!!!”!, Copyright (2020), with permis-
sion from Elsevier. Reprinted from!!!!!, Copyright (2020), with permission from Elsevier. Reproduced from!''?!. CC BY 4.0. Human-machine
interaction (HMI). Reprinted from!''3!, Copyright (2022), with permission from Elsevier. Reprinted from!''¥, Copyright (2024), with permis-
sion from Elsevier. Reprinted from '3, Copyright (2024), with permission from Elsevier. Wearable electronics. Reprinted from %!, Copyright
(2022), with permission from Elsevier. Reprinted from!!!”!, Copyright (2023), with permission from Elsevier. Reprinted from!!'®!, Copyright
(2023), with permission from Elsevier. Sensing and wireless communication. Reprinted from''*!, Copyright (2023), with permission from
Elsevier. Reprinted from!'?), Copyright (2022), with permission from Elsevier.'?!! John Wiley & Sons. © 2022 Wiley-VCH GmbH.

To date, several reviews on TENGs, their manufacturing
materials, and processes have been published. However, the
mechanism by which filler materials in composites affect the
performance of different triboelectric layers remains unclear.
Moreover, the unique advantages of FC-TENGs in emerging
applications such as wireless sensing, human-machine inter-
faces (HMIs), and modern healthcare have not been fully
explored. Given the significant potential and progress of FC-
TENGsS, a comprehensive review and summary of relevant
research findings are of great importance. This review provides
a thorough overview and in-depth insights into recent devel-
opments in FC-TENGs research, from fundamental mater-
ial design to some emerging applications of FC-TENGs. The
review will be organized as follows: Section 2 introduces the
commonly used fiber manufacturing technologies for TENGs,
with a primary focus on the most widely used electrospinning

technology and spinning materials. Section 3 analyzes the dif-
ferences among various working modes and equivalent cir-
cuit models of TENGs. Section 4 discusses the structural
parameters affecting triboelectric layer performance, focus-
ing on interface characteristics, dielectric constants, electron
affinity, and crystalline phases. Section 5 explores emerging
applications of FC-TENGs, including wearable electronics,
self-powered sensors, modern healthcare, wireless communic-
ation, and HMI. Finally, Section 6 provides a comprehens-
ive evaluation of the current challenges in FC-TENGs and
offers valuable insights into the future prospects of the field,
addressing the need for continued research and development.
We aim for this review to highlight potential pathways for the
advancement of fiber composite tribovoltaic nanogenerators
(FC-TVNG) and inspire a paradigm shift toward self-powered
wireless Al-IoT era.
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Figure 2. Development of FC-TENG. In 2015, composite fiber for TENG. Reproduced from!!??. CC BY 4.0. In 2017, conductive materials
for FC-TENG. Reproduced from''?*! with permission from the Royal Society of Chemistry. In 2019, liquid metal (LM) for FC-TENG.
Reprinted from!'?*!, Copyright (2019), with permission from Elsevier. In 2020, a combination of electrospinning and electrospraying.
Reprinted from!'?!, Copyright (2020), with permission from Elsevier. In 2021, all-fiber FC-TENG. Reprinted from''?*, Copyright (2021),
with permission from Elsevier. In 2021, multi-nozzle technology for FC-TENG. Reprinted with permission from'?”). Copyright (2021)
American Chemical Society. In 2022, an external factor-assisted electrospinning method for FC-TENG. Reprinted from!! '), Copyright (2022),
with permission from Elsevier. In 2023, stretchable FC-TENG. Reprinted from!'?®!, Copyright (2023), with permission from Elsevier. In 2024,
coaxial triboelectric fibers. Reprinted from!'?!, Copyright (2024), with permission from Elsevier.

2. Working principle of TENG

To elucidate the influence of fillers on TENGs, it is neces-
sary first to analyze the working principle of TENGs. TENG
leverages the principles of triboelectrification and electrostatic
induction to facilitate charge transfer, with triboelectrifica-
tion serving as the core physical process driving it''3"). Based
on distinct physical principles and charge transfer mechan-
isms, TENGs exhibit four distinct operational modes: vertical

contact-separation mode (CS)!'*"13%] lateral sliding mode

(LS)[133:1341 " single-electrode mode (SE)!'3%!361) and freest-
anding layer mode (FS)!'37-138] (Figures 3(a)—(d), where two
polymer materials with differing electron affinities serve as tri-
boelectric layers, or one polymer material and one conductive
material acting concurrently as both an electrode and a tribo-
electric layer). Within these modes, CS and SE are categor-
ized as normal motion modes, while LS and FS are tangen-
tial motion modes. In terms of charge transfer, normal motion
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Figure 3. Working principle of TENG. (a) Vertical contact-separation mode. (b) Lateral sliding mode. (c) Single-electrode mode. (d)
Freestanding layer mode. (e) Voltage source model. (f) Current source model.

mode generators have brief contact time, resulting in minimal
triboelectric charges due to the predominance of small, normal
directional micro-displacements and low triboelectric forces.
Consequently, their effective output performance is limited,
but their durability is enhanced!'**-'#!l, Conversely, tangential
motion mode generators, where triboelectric is dynamic, pro-
duce higher triboelectric charges and superior effective output
performance, but with limited durability!'4*~'%4!. Concerning
electrical signal output, normal motion mode TENGs undergo
electrode polarization followed by instantaneous contact and
subsequent charge transfer. As a result, the output electrical
signals are pulsed, with rapid changes in current direction.
In contrast, tangential motion modes maintain continuous
electrode contact, yielding continuous electrical signals with
slower current direction changes. Through these four opera-
tional modes, TENGs can adapt flexibly to various mechan-
ical stimuli and application scenarios, thus enhancing energy
collection efficiency and versatility.

2.1. Four working modes of TENG

2.11 CS mode. In Figure 3(a), once the two triboelec-
tric layers physically interact, electron exchange occurs across

their interfaces because of varying electron affinities, resulting
in the build-up of triboelectric charges with opposite polarities
on both surfaces. Upon separation of the two triboelectric lay-
ers via external force, an air gap emerges between the formerly
contacting surfaces, concurrently inducing a potential differ-
ence between the electrodes. When the electrodes are linked
via a load, electron movement occurs from one electrode to the
other across the external circuit, generating a counter poten-
tial that counteracts the electrostatic field. At maximum sep-
aration of the electrodes, charge transfer concludes, and the
system attains charge equilibrium. Upon recontact of the tri-
boelectric layers, the potential difference induced by triboelec-
tric charges vanishes, causing electrons to move in the reverse
direction. The cyclic contact and separation process produces
an alternating current (AC) signal'!4>1461,

2.1.2. LS mode. Figure 3(b) shows that this mode has
the same structural configuration as the CS mode. The vari-
ation in induced potential difference arises from changes in
the tangential contact area among triboelectric layers. LS-
TENG can exist in multiple forms, including planar sliding,
cylindrical sliding, and disk sliding!!47].
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Table 1. Comparison of TENGs in different operating modes.

Advantages

Disadvantages

CS Simple structure, wide material
adaptability

Good output stability, adjustable
performance, less sensitive to
displacement direction

Simple structure, wide application

scenarios, flexible contact requirements

LS

SE

FE Stable output, non-contact operation,

long lifespan

Large vertical displacement required,
lower output power
Complex fabrication, high friction loss

Low output performance, easily affected
by the environment, low energy
collection efficiency

Complex fabrication, high environmental
requirements

2.1.3. Single-electrode mode. In certain scenarios, spe-
cific parts of the generator are moving components, mak-
ing it inconvenient to connect them via wires and electrodes.
To facilitate easier energy collection, a single-electrode mode
has been introduced, where the device has an electrode on
only one end. This electrode connects to a reference electrode
via a load, with the reference electrode typically grounded
(Figure 3(c)). The primary structural distinction between the
SE mode and the CS mode is the reduction in electrodes on the
dielectric layer. In CS mode, electrons move between differ-
ent electrodes, whereas in SE mode, only one set of electrodes
exchanges charges with ground or a zero-potential point. This
leads to the waste of charges on the other electrode, result-
ing in lower output performance in SE mode. However, dur-
ing device design, electrode placement is simpler in SE mode,
which provides significant advantages in self-powered sensing
and solid-liquid energy generation applications!!3],

2.14. Freestanding layer mode.  In most cases, electrodes
need to be fixed on the same side, leading to the formation of
the FE mode. In the FE mode, the electrodes are placed on
the same side (Figure 3(d)), with the dielectric layer moving
back and forth between them, resulting in periodic charge vari-
ations. Due to the enlarged frictional distance in the FE mode,
the induced charge generated from triboelectricity increases,
enhancing the output performance. However, this reduces the
space efficiency of the device. Compared to other modes, the
FE mode offers advantages such as better output performance
and more reasonable layout!!4%1501,

Based on the operating principles and introductions of
TENGS in the aforementioned different modes, Table 1 sum-
marizes the advantages and disadvantages of TENGs in differ-
ent operating modes.

2.2. Electrical model of TENG

Owing to the fact that the interfacial wear induced by tangen-
tial motion is significantly more severe than that caused by
normal motion, coupled with the unique structural character-
istics of FC-TENGs, nearly all FC-TENGs adopt the CS mode
and the SE mode. The electrical models of this kind of TENG
exhibit similarities. The research of their equivalent circuit
models often categorizes them into current source and voltage

source equivalent circuit models!'>!!. Among these, the most
classical circuit model is the voltage source equivalent circuit
model constructed by Wang et al. in 2013 (Figure 3(e))!'>2!.
The voltage source equivalent circuit model consisted of an
internal capacitor and an open-circuit voltage source. An
internal capacitor C was formed due to the electrostatic charge
induction in the dielectric layer of the TENG. Additionally,
a voltage source was incorporated based on the correlation
between charge and voltage, thereby establishing the voltage
source equivalent circuit model. Using the node method, the
capacitance composition and electrical theory for each mode
were derived; additionally, the theoretical correlation between
the optimal resistance and output performance was calculated,
providing important guidance for the structural design of CS-
TENGs!!>], That same year, a model for the sliding mode
TENG was also created. Through simulations, the potential,
electric field, and charge distribution across the metal elec-
trodes were characterized, and the V-Q-x control equations of
the generator were studied, providing theoretical guidance for
the sliding mode!'#>154],

In 2014, a theoretical framework for the SE-TENG was
investigated, and the effects of two key structural paramet-
ers, electrode spacing and area, on output performance were
studied theoretically, providing crucial guidance for rational
design of device structures to achieve optimal output in spe-
cific applications!!>!. In 2015, the theoretical framework of
FS-TENG was investigated!'*’!, discussing the performance
metrics of standard FS-TENG and elucidating that the suspen-
ded layer material, electrode spacing, and suspension height
significantly influence the output characteristics of FS-TENG.
In summary, the voltage source equivalent circuit model serves
as the foundation for the theoretical models of the four basic
modes. However, since the power supply characteristics of
TENGs have not been fully explored, and the voltage source
equivalent circuit does not fully represent the external output
characteristics of TENGs, further supplementation is needed
in the research on voltage source equivalent circuit models.

According to current research, some scholars have pro-
posed different perspectives on the equivalent power source
type of TENGs. Studies have found that TENGs exhibit
characteristics more akin to a current source. Zhang et al.
compared the theoretical and load characteristics of electro-
magnetic generators and TENGs!!*%!, determining the control
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equations for TENGs and validating their equivalent circuits
both theoretically and experimentally. Zhang et al. also con-
ducted a systematic analysis and comparison of the control
equations and output metrics, with the goal of establishing
complementary uses for the two technologies. Consequently,
TENGS can be regarded as current sources with high internal
resistance, whereas electromagnetic generators can be equi-
valently modeled as voltage sources with low internal resist-
ance. In summary, TENGs can be classified as current sources.

To determine whether a TENG is a voltage source or a cur-
rent source, it is essential to investigate the fundamental the-
ories of generators. The theoretical origin of TENGs is based
on the displacement current within Maxwell’s equations!!'3!,
According to Maxwell’s equations, the electric displacement
vector is:

D=¢gyE+P (D

where E, €y, P, are the electric field, the permittivity of free
space, and the polarization field density, respectively. For iso-
tropic media, based on Maxwell-Ampere’s law, the second
term is defined as Maxwell’s displacement current:

oD OE OP
= 507 _—

JD:E ot ot

(2)

According to the principle of CS-TENG, the electrostatic
field established by triboelectric charges drives the flow of
electrons through an external load, leading to the accumula-
tion of free electrons o and o, in the upper and lower elec-
trodes, respectively. The distance between the two triboelec-
tric layers is a function of z;, representing the process of con-
verting mechanical energy into electrical energy. The electric
fields in triboelectric layers 1 and 2 are given by E, = 0y /¢;
and E, = 01 /e,, respectively, while the internal gap electric
field is E, = (01 — 0.) /€00, Where o, is the surface charge

density.
The relative voltage difference between the two
electrodes is:
V=oi(di/e1+dr/e2) +z(01 —0¢) /0. 3)

Where d; and d, are the thicknesses of the two triboelec-
tric layers, respectively. Under short-circuit conditions, i.e.,
V=0,

— ZO-C
! d1€0/€1+d2€0/€2+2.

“

(2

From Equation (4), the displacement current density within
the material is:

0D, 0oy dz

7 d160/51+d250/62
D= nd

=— =0,
g o dt [dyeo/e1 + dago/er + 2]
do. <

dt d]&"()/é‘] —|—d2€0/€2+Z.

&)

According to Ohm’s law, the output current equation is:

do.
dt

RA :ZO'C/EQ—O'l[d1/61+d2/82+2/80]. (6)

Where R is the load resistance, and A can be equivalently
regarded as the effective contact area of the triboelectric layer.

The transfer charge within the TENG’s internal circuit is
fundamental to its output, and a variable capacitance exists
inside the TENG. Therefore, the TENG and the external load
form a resistor-capacitor (RC) load circuit. Additionally, the
root cause of the TENG’s operation is the triboelectric charge
and the internal current source it forms. The parameters related
to the transfer charge and the internal power source directly
influence the output of the generator!'37!.

Based on the output characteristics of the TENG, the
internal circuit of the TENG mainly consists of a variable capa-
citor, an internal equivalent resistance, and multiple constant
capacitors. By simplifying the circuit, combining the capa-
citors and resistors, and adding a current source, Zhao et al.
proposed the current source equivalent circuit model of the
TENG!'381 as shown in Figure 3(f). This model includes a
current source Iy, an internal equivalent resistance Ry, and
an internal capacitor Cy. Each generation mode can be equi-
valently represented by this current source equivalent circuit
model. It is evident that the internal equivalent resistance is in
parallel with the current source and in series with the internal
variable capacitor. Compared to the voltage source equivalent
circuit model, the current source equivalent circuit model not
only clarifies the origin of the internal resistance of the TENG
and the composition of the internal circuit but also provides a
theoretical foundation for the study of TENGs normalization
methods.

3. Fiber manufacturing technologies for TENGs

Fiber manufacturing technologies have brought numerous
possibilities for the performance improvement and application
expansion of TENGs. This section will focus on elaborating
the specific application performances of different fiber manu-
facturing technologies in TENGs.

3.1 Electrospinning-based TENGs

Electrospinning utilizes strong electric fields to elongate poly-
mer solutions/melts into fibers with diameters ranging from
micrometers to nanometers, as shown in Figure 4[159.160]
The system primarily comprises a high-voltage power sup-
ply, a syringe, and a collector. In 2015, Wang et al. quant-
itatively measured the charge density generated by tribo-
electrification of different triboelectric materials using mer-
cury, that was the electron-gain and -loss situations of vari-
ous materials. They then ranked these triboelectric materi-
als according to the strength of their electron-gain and -loss
abilities!'®!). Figure 4 depicts the common triboelectric poly-
mers used in electrospinning. Among them, the electron affin-
ity gradually increases from EC to PET. In the second row,
PTFE follows PET with a further increase in electron affin-
ity, and PVB has the strongest electron affinity. During the
triboelectric charging process, materials with greater elec-
tron affinity tend to attract electrons and become negatively
charged!'®>-1631, By introducing functional groups containing
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Figure 4. Electrospinning-based TENGs and functional materials. Ethyl cellulose (EC), nylon (PA), polymethyl methacrylate (PMMA),
polyvinyl alcohol (PVA), polyurethane (PU), polyethylene terephthalate (PET), polytetrafluoroethylene (PTFE), polydimethylsiloxane
(PDMS), polyvinyl chloride (PVC), polypropylene (PP), polyethylene (PE), polystyrene (PS), polyvinylidene fluoride (PVDF), polyacryloni-

trile (PAN), polyvinyl butyral (PVB).

oxygen atoms, such as hydroxyl and oxide groups, the polar-
ity of the bottom material can be increased, making it more
electron-attracting!!'%6-1681 Materials exhibiting less electron
affinity are prone to shedding electrons and acquiring a pos-
itive charge. This can be achieved by incorporating conduct-
ive impurities like metal particles, conductive polymers, or
conductive carbon nanomaterials, which provide additional
electron conduction pathways, enhancing conductivity and
electron mobility, thus causing the material to lose more
electrons!'%%1701 The greater the electron affinity difference
between triboelectric layers is, the greater the corresponding
amount of charge transfer. Materials in red font gain con-
ductivity by adding conductive materials and are commonly
used as electrode materials in flexible TENGs. A voltage is
applied between the syringe and the collector (usually span-
ning from several kilovolts to hundreds of kilovolts), cre-
ating a high-voltage electric field. When the voltage at the
needle tip reaches a certain threshold, the polymer solution
surmounts surface tension due to the electric field, leading
to the formation of a Taylor cone. The fine stream jetting
from the tip of the Taylor cone is rapidly stretched and dried
under the action of the electric field, forming nanofibers. These
nanofibers are attracted to the grounded or negatively charged

collector plate by the electric field force and deposit into
a non-woven fabric-like fibrous structure. Depending on the
type of collector, the morphology of the nanofiber film can
vary. When using a flat-plate collector, nanofibers are ran-
domly arranged due to multiple factors such as jet instability,
environmental factors, and solution properties. Some research-
ers have achieved the patterning of nanofiber thin-films by
using a patterned flat-plate collector!!”!!, If methods such as
using a rapidly rotating drum collector or magnetic field assist-
ance are employed, nanofiber thin-film with oriented arrange-
ment can be obtained!!’>'73]. In addition, Li et al. used a
conical collector and successfully obtained micron-scale fiber
long-lines composed of nanofibers!! 74!, Duan et al. have com-
prehensively analyzed the influence of collector type on the
morphology of nanofibers'**!, so further elaboration will not
be provided here.

3.2. Wet spinning

Wet spinning forms solid fibers through the controllable
phase separation of polymer solutions (Figure 5(a)). Similar
to the preliminary preparations for electrospinning, it is
necessary to prepare a uniform spinning solution with a
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(b) Melt spinning. Reproduced from'33). CC BY 4.0. (c) Hybrid technology. Reprinted from'34, Copyright (2024), with permission from

Elsevier.

certain concentration, viscosity, and stability that can form
fibers!!7>1761 " Subsequently, the solution is extruded through
a spinneret into a coagulation bath (usually a non-solvent or
a medium that is partially miscible with the solvent). In the
coagulation bath, the solvent in the spinning solution under-
goes diffusion and exchanges with the non-solvent, causing
the polymer chains to gradually precipitate due to the decrease
in solubility, ultimately forming continuous fibers. This pro-
cess involves the dynamic equilibrium between the solvent and
the non-solvent, as well as the rearrangement and solidifica-
tion of the polymer chains. The morphology and properties
of the fibers can be optimized by adjusting parameters such
as the spinning solution concentration, coagulation bath com-
position, temperature, and drawing rate. In the manufacture of
TENG, PVDF, PVC, PA, and PAN are commonly used mater-
ials for wet spinning!!77-181],

3.3. Melt spinning

Melt spinning is a technology that stretches molten polymers
into nanofibers using high-speed airflow and is suitable for

large-scale production (Figure 5(b)). Its advantages lie in high
yield, low cost, and the absence of the need for solvents,
which give it significant advantages in industrial applica-
tions. The fiber membranes prepared by melt spinning have
good flexibility and breathability, making them suitable as
flexible substrate materials for TENGs. However, the fiber
diameter of melt-spun fibers is typically in the micrometer
range, and it is difficult to achieve the nanometer scale.
Moreover, the fiber morphology is relatively simple, mak-
ing it challenging to prepare complex structures. In addi-
tion, melt spinning is mainly applicable to thermoplastic
polymers, resulting in a relatively narrow range of material
selection!!83-187],

3.4. Hybrid technology and others

Hybrid technology involves combining multiple nanofiber
manufacturing techniques to fully leverage their respective
advantages. Electrospinning is the most commonly used tech-
nique for fabricating TENGs, and it can be used to man-
ufacture the triboelectric layers, electrode layers, and wires
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Table 2. The advantages of different fiber manufacturing technologies.

Nanoscale fibers, high specific surface area, flexible
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Figure 6. Bibliometric analysis using data from Google Scholar. (a) Keywords: “electrospinning TENG”, “wet spinning TENG”, and “melt
spinning TENG”. (b) Keywords: “electrospinning TENG” and “electrospinning composite TENG”.

of the TENG system. Table 2 presents the advantages of
different spinning technologies. From this, it can be inferred
that if the problems associated with industrialization can
be resolved, electrospinning technology has the potential to
become the primary manufacturing technology for FC-TENGs
in the future. Nowadays, hybrid technology usually combines
electrospinning with other fiber manufacturing techniques to
address the inherent problems of electrospun materials, such
as poor mechanical properties and difficulty in controlling
fiber alignment. As shown in Figure 5(c)!'®#, Yang et al. pro-
posed a new technique that combined electrospinning with
wet spinning, which can significantly improve the mechan-
ical properties of the materials and maintain good stability
even after 3 000 cycles. The advantage of hybrid technology
lies in its ability to design TENGs with higher output per-
formance, better flexibility, and durability, while also expand-
ing the range of material selection. However, hybrid techno-
logy typically requires multi-step processes, which increases
the difficulty and cost of preparation. Moreover, it has higher
equipment requirements and a complex optimization process.
In TENGs, hybrid technology can be used in the design
of high-performance friction layers, multifunctional elec-
trodes, and customized structures, making it suitable for fields
with special requirements for performance and application
scenarios.

Bibliometric analysis tools were used to explore the hot top-
ics in TENG research. The data were sourced from “Google
Scholar” using specific search queries, focusing on articles
indexed with relevant information, with publication years lim-
ited to 2014-2024. Figure 6(a) shows a clear upward trend
in the number of research papers with related keywords since
2014. In particular, the citation volume of the electrospinning
technology is far greater than that of other technologies.

Moreover, as shown in Figure 6(b), electrospinning composite
TENGs dominate the field of TENGs based on electrospinning
technology, which indicates that electrospinning composite
TENGS will continue to be the focus of future research on flex-
ible TENGs.

4. Optimization of TENG performance through func-
tional materials

From the above discussion, it is evident that the key parameters
affecting TENG performance are the effective contact area of
the triboelectric materials and the amount of charge transferred
between the triboelectric interfaces!'¥). Therefore, optimiza-
tion can be mainly carried out through interface engineering
and material selection. Compared to techniques such as solu-
tion casting!'1%! spin coating!!*!1?1_ sputtering!!*>1°4 and
chemical vapor deposition'!?>!1%], the triboelectric layers pro-
duced by fiber manufacturing technologies possess a unique
fiber structure with a larger specific surface area. This can
increase the contact area of the triboelectric interface, thereby
optimizing the performance of TENGs. Regarding material
selection, according to the triboelectric series, the greater the
difference in electron affinity between materials is, the higher
the amount of electron transfer during contact. By altering the
electron affinity of the triboelectric layers, making the posit-
ive triboelectric layer more positively charged and the negative
triboelectric layer more negatively charged, the performance
of TENGs can be enhanced!'”-2°!l, This chapter will detail
the methods for optimizing TENG triboelectric layers by sum-
marizing and comparing the impacts of various methods on
the output performance of TENGs, thereby providing material
references for enhancing TENG optimization.
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Figure 7. Triboelectric layer materials with interfacial modification. (a) Electrospun LM composite nanofibers. Reproduced from

(2021 with

permission from Springer Nature. (b) Water-assisted electrospun hierarchical nanofiber films. Reprinted from!''®!, Copyright (2022), with
permission from Elsevier. (c) Single composite fiber TENG. Reprinted with permission from!?®!. Copyright (2014) American Chemical
Society. (d) Core-sheath woven-based TENG. Reprinted from>**!, Copyright (2022), with permission from Elsevier. (e) Patterned PVDF-
doped BaTiO3 (PVDF/BTO) composite nanofiber films. Reproduced from?*!, with permission from Springer Nature.

4.1. Interface properties

The area of the triboelectric interface has a significant impact
on the performance of TENGs. Its size determines the effi-
ciency of charge generation and transfer. Generally, during
triboelectric motion, a larger contact area leads to a stronger
charge separation effect, thereby generating higher energy.
Surface micro- and nano- structure design and porous struc-
ture are effective methods to increase the contact area. Surface
micro- and nano- structure design, also known as surface
patterning, includes the design of micro-pattern array struc-
tures such as pyramids, cubes, and cylinders?°*-2!9_ There are

1

generally three types of triboelectric layers for FC-TENGs:
nanofiber films (Figure 7(b)), single composite fiber long
lines (Figure 7(c)), and fabric structures (Figure 7(d)). Such
non-smooth surfaces greatly increase the specific surface
area of the materials. In addition, the porous structure can
effectively increase the specific surface area. Whether it is
the nanofiber film prepared by electrospinning or the fab-
ric structure woven by single fibers, the triboelectric layer
of FC-TENG:s itself has a porous structure, eliminating the
need for an additional sacrificial layer step to prepare the
porous structure. Similarly, the enhancement of frictional
force can also promote the effective generation and separation
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of charges, thus optimizing the output performance of
TENGS[Z] 1,212] .

Compared with polymer-based fibers, composite
fibers have a larger specific surface area and surface
roughness?!'32141 Composites consist of multiple materials
with distinct properties, and typical precursor solutions for
spinning contain nanoparticles that are either insoluble or
poorly soluble in solvents. These include stable metal and
inorganic non-metallic materials (gold nanoparticles, silver
nanowires, TiO,, ceramic particles, etc.)?!>>!8]. The fibers
prepared by electrospinning are extremely fine, generally at
the nanoscale. The distribution of particles within the electro-
spun nanofibers can occur in three ways. 1) Particles embed-
ded in the fibers: during the electrospinning procedure, high
voltage is applied to the polymer solution/melt, resulting in
charge development on its surface. In the electric field, the
polymer solution or melt is drawn into fine filaments, and
particles are carried into and distributed within the fibers. The
diameters of electrospun nanofibers typically range from a few
hundred nanometers to several micrometers. If the particles
are much smaller than the fibers’ diameter, they can be com-
pletely embedded within the fibers without altering the fiber
morphology. Coaxial electrospinning technology can ensure
that nanoparticles are fully distributed inside the nanofibers.
2) Particles semi-embedded on the fiber surface: if the particle
size is relatively large, it can affect the surface morphology
of the nanofibers (Figure 7(a))??]. 3) Particles completely on
the fiber exterior: by combining electrostatic spray techno-
logy, adhesive nanoparticles can be used as binders to connect
electrospun polymer nanofibers, achieving interlocking nan-
ofiber structures!'?!. Another type of composite fiber does
not contain nanoparticles but is composed of two or more
polymers. Kun et al. proposed a water-assisted electrospin-
ning technique to generate hierarchical hydroxypropyl cellu-
lose/TPU nanofiber films. Under the influence of Marangoni
flow, the electrospun fibers continuously migrated towards
the center of the existing nanofiber web on the water sur-
face, driving the web’s contraction and forming a continu-
ously growing web mat. By adjusting the spinning process
settings, the development and growth of the nanofibers were
successfully controlled. A designed drying process was used
to achieve surface patterning of the triboelectric layer, res-
ulting in good mechanical properties and high roughness.
The output power density of the TENG reached 3.37 W-m—?
(Figure 7(b))!!161,

The fibers prepared by wet spinning and melt spinning are
in the form of a single long thread. Electrospinning techno-
logy can also use a specialized conical collector to produce
nanofibers in the form of long strands. These fibers can be
processed into fabrics of different textures (plain, satin, twill)
through techniques such as weaving, braiding, and interla-
cing, which are particularly suitable for multifunctional and
wearable electronic devices. The fabric can better conform to
the body’s contours, achieving conformal attachment. Since
these fabrics are composed of long fiber strands, they not only
boost the surface area of the woven triboelectric layer but
also improve the contact points, thus enhancing the layer’s
surface area and roughness. In Figure 7(d)***!, Zhou et al.

proposed a nanometer/micrometer core-sheath woven-based
TENG. Utilizing the co-electrospinning technique, orderly
nanofibers are densely wrapped around conductive fibers.
Given the hierarchical structure and substantial specific sur-
face area, the prepared TENG demonstrates outstanding elec-
trical performance and robustness, achieving a power density
as high as 3.37 mW-m~2, showing no significant degradation
even after 10 000 continuous cycles.

As mentioned above, the micro-patterned structures on the
triboelectric layer’s surface can significantly enhance the elec-
trical performance of TENGs. The structural parameters of
electrospinning also determine the morphology of nanofibers.
Research has shown that the voltage of the high-voltage power
supply and the receiving distance are positively correlated
with the diameter of nanofibers, while the advancing speed
of the syringe pump is negatively correlated with the nan-
ofiber diameter. Similarly, different collectors determine the
shape of the nanofiber membrane!'’?!. Similar to the template
method, using a collector with a special texture can impart spe-
cific patterns to the electrospun nanofiber films. For example,
Gu et al. used a metal mesh as a collector to create pat-
terned PVDF/BTO nanofiber films. The preparation process
can achieve morphological control using the mesh size, regard-
less of the film thickness, and maintain the patterns on the fiber
film. Under a 100 M2 load resistance, the prepared TENG
achieved an output of up to 434.76 uW-m~2 (Figure 7(e))>*!.

4.2. Dielectric constant

In 2013, Niu’s team established a theoretical benchmark for
TENGs, wherein TENGs are regarded as infinite capacit-
ance models governed by Gauss’s law of electric fields!!*3.
Subsequent researchers have built upon this theoretical found-
ation, including the team’s 2024 proposition of three infin-
ite flat plate models!'*'. These models determined the initial
charge distribution on the triboelectric layer and the realloca-
tion of all charges across the TENG. Based on this, mathemat-
ical derivations were made for the electric field, charge trans-
fer mechanism, external circuit current, and internal displace-
ment current. The TENG’s performance metrics and merit
were directly derived from the proposed theory. These stud-
ies are based on capacitance models, specifically derived from
the external circuit using Ohm’s law, which characterizes
the dynamic transport process under load conditions. In this
external setup, the TENG acts like a capacitor, with its out-
put voltage facilitating electron movement between the two
terminals. Combined with Maxwell’s equations, it is evid-
ent that the displacement current is predominant within the
internal setup, rendering the external capacitance model a rep-
resentation of the displacement current’s external behavior.
For instance, with a dielectric-dielectric CS-TENG, the fric-
tional potential V can be determined via the node method:

1 1 1
V=—0(— — )4V
Q<C1+Cga,,+C2>+ oc
d d t
1 {‘ x(t)—l—z] 40X )
Seo | €n € )
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Figure 8. Enhancement of the dielectric constant of triboelectric layers by nanofillers. (a) Dielectric modulation of PVDF nanofibers by
MXene nanosheets. Reprinted from'?!, Copyright (2021), with permission from Elsevier. (b) Mixing BaTiO3 with 15% concentrated PVDF-
TrFE electrospinning precursor solution. Reproduced from™?%. CC BY 4.0. (c) Dielectric and dispersibility modulation of BaTiO3 nano-
particles. Reprinted from!**!"!, Copyright (2020), with permission from Elsevier.

Where C; and C, are the capacitances of the two positive
and negative triboelectric layers, C,q, is the capacitance that
changes with the distance x () between the two triboelectric
layers, €, and €, are the relative dielectric constants of the
two triboelectric layers, and d; and d, are their thicknesses.
From Equation (7), it can be seen that the higher the relative
dielectric constant of the triboelectric layer is, the higher the
output voltage of the TENG. For example, Bhatta et al. pro-
posed using MXene-functionalized PVDF composite fibers
as the negative triboelectric layer. After incorporating con-
ductive MXene nanosheets to modulate the dielectric proper-
ties of PVDF nanofibers, the dielectric constant increased by
270%. The prepared TENG achieved a peak power of 4.6 mW
(power density of 11.213 W-m~2) at a matched load of 2 M2,
which was 1.58 times that of the original PVDF nanofibers
(Figure 8(a))*!.

MXene nanosheets are two-dimensional materials with
excellent conductivity. When doping MXene nanosheets
within the PVDF matrix, these conductive nanosheets can
form a conductive network, thereby improving the mater-
ial’s electrical conductivity. This conductive network also
significantly boosts the dielectric constant, especially at high

frequencies. In addition, MXene as a dielectric functional
material, promotes interfacial polarization effects by form-
ing microcapacitor structures or penetration systems, thereby
achieving high charge induction and charge capture capabil-
ities (Sardana). Some inorganic non-metallic materials with
high dielectric constants are also commonly used to prepare
triboelectric layers with high dielectric constants. Min et al.
mixed different crystalline shapes of BaTiO; with a PVDF-
TrFE electrospinning precursor solution at a concentration of
15%, where BaTiO3 was one-fifth the mass of PVDF-TrFE.
The results showed that whether it was cubic BaTiO3 powder
or tetragonal BaTiO3; powder, it could significantly increase
the dielectric constant of PVDF-TrFE. Among them, tetra-
gonal BaTiO3 powder could increase the power density of the
TENG by 3.67 times, reaching 2.75 W-m~? (Figure 8(b))!>?%!.

However, at high doping concentrations or during pro-
longed mechanical deformation, particles such as BaTiO3 may
aggregate into clusters in the solution. These clusters can cause
the formation of large voids or cavities within the mater-
ial, reducing the volume fraction of the effective dielectric
material. The formation of clusters disrupts the uniformity
of the material, leading to uneven electric field distribution
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and decreased overall dielectric response. Cluster formation
may also introduce internal stresses, degrading the mechan-
ical properties of the material. Such mechanical stresses can
affect the distribution and conduction of the electric field,
thereby reducing the dielectric constant. To overcome the lim-
itations, Huang et al. proposed a new TENG based on barium
titanate-doped coaxial nanofibers with dielectric and dispers-
ibility modulation at the nanoscale. They synthesized tetra-
gonal barium titanate nanoparticles via a sol-gel hydrothermal
method, significantly improving their dispersion within PDMS
relative to PVDF. During the electrospinning process, the
PDMS and barium titanate particles were mixed in situ to form
the core of coaxial nanofibers, rather than the traditional com-
posite films. Integrating barium titanate nanoparticles into the
PDMS core layer enhanced the dielectric constant of the com-
posite nanofiber membranes and improved the TENG’s elec-
trical performance. The optimized TENG delivered a voltage
of 1 020 V, a current of 29 nA, and a peak power density of
2.2 W-m~2 at a 30 MQ2 load resistance (Figure 8(c))?*!.

The amount of high-dielectric-constant material added is
positively correlated with the dielectric constant of the fric-
tion layer. However, an increase in the high dielectric constant
often results in an increase in dielectric loss, which refers to the
energy consumed when the friction layer converts electrical
energy into heat energy in an alternating electric field due to
factors such as polarization relaxation. An increase in dielec-
tric loss means that more energy is wasted during the power
generation process, leading to a decrease in the energy con-
version efficiency of the generator. Therefore, when aiming
for a high dielectric constant of the friction layer in compos-
ite materials, minimizing the dielectric loss is the key to the
addition of high-dielectric-constant materials.

4.3. Electronic affinity

In Section 3.1, we discuss a sequence of triboelectric layer
materials used in electrospinning, which are ranked based on
their electronic affinity strength. The triboelectric layer mater-
ials in TENGs are essential for charge generation and trans-
fer processes, with electronic affinity being a key attribute.
Electronic affinity refers to the ability of an atom or molecule
to gain electrons from the environment to form negative ions.
Materials with strong electronic affinity often attract elec-
trons, thereby accumulating negative charges during triboelec-
tric. Conversely, materials with low electronic affinity tend to
lose electrons, forming positive charges. This difference in
electronic affinity between materials leads to charge separa-
tion and transfer, which is the foundation for TENG’s elec-
tricity generation. Specifically, upon friction between dissim-
ilar materials, electrons migrate from the material with weaker
affinity to the one with stronger affinity, resulting in charge
separation. The static electric field generated by this process
can be captured by an external circuit to produce electric
power output?>>-224! Therefore, selecting material combina-
tions with appropriate electronic affinities is crucial for optim-
izing TENG performance. In practice, common materials like
PVDF have moderate electronic affinity and can effectively
fix charges, while cellulose, with lower electronic affinity, can

effectively release charges. By selecting these material com-
binations, efficient charge separation and transmission can be
achieved. Additionally, doping with high electronic affinity
polar materials (such as hydroxyl groups, oxides) or modify-
ing the surface can further adjust the electronic affinity and
polarity of the triboelectric layer materials, thus improving
the output voltage and current of TENGs?>>-2?"] In summary,
the electronic affinity of materials in triboelectric layers is
crucial for TENGs. By reasonably selecting and optimizing
material combinations, the effectiveness of charge generation
and transfer in TENGs can be significantly improved, thereby
enhancing their overall power generation performance.

4.3.1. Negative triboelectric layer. 2D materials not only
possess high electronegativity but also offer abundant surface
active sites. These surface active sites are uniformly distrib-
uted within electrospun nanofibers during the electrospinning
process, providing more charge trapping sites. For the negat-
ive triboelectric layer, these sites can efficiently capture elec-
trons, thereby improving the charge binding ability of the neg-
ative triboelectric material. As shown in Figure 9(a)!*?®!, Shi
et al. utilized electrospun PVDF graphene nanosheet com-
posite fibers as the negative triboelectric layer, while spin-
coated PVDF fibers were used to form the positive triboelec-
tric layer. Additionally, to better evaluate the electronic affin-
ity of the modified nanofibers, spin-coated PVDF/1.5 wt%
graphene and electrospun PVDF nanofibers were employed as
counterparts of the negative triboelectric layer for comparat-
ive analysis. Experimental results showed that PVDF/PVDF-
G achieved an output voltage of 151 V, a short-circuit cur-
rent density of 7.82 mA-m~2, and a transferred charge dens-
ity of 47.42 uC-m~2, indicating that PVDF-G is more elec-
tronegative than pure PVDF. Meanwhile, PVDF/PVDF-NF
achieved outputs of 299V, 18.57 mA-m—2, and 72.36 pC~m’2,
nearly double those of the PVDF/G composite. In the case
of PVDF/PVDF-G-NF, the respective outputs were 530 V,
42.5 mA-m~2, and 116.45 uC~m*2. When the connection
polarity to the measuring devices was reversed, entirely oppos-
ite voltage and current readings were recorded, while the trans-
ferred charge density remained constant, further confirming
that the observed electrical outputs were due to contact tri-
boelectric charging. These results indicate that only electro-
spinning can maximize the polarization effect of graphene
on PVDF materials. Other 2D materials are also effective
in enhancing the electronic affinity of negative triboelec-
tric layer materials. Sardaba et al. prepared composite nan-
ofibers by mixing MXene/MoS, within a cellulose matrix
(Figure 9(b))?*°1. Chemical modification of the prepared nan-
ofiber layers with stearic acid enhanced the hydrophobi-
city and electronegativity of the MXene/MoS, composite
material.

While these materials effectively enhance the electron
affinity of the negative triboelectric layer, the doping of solid
particles has certain limitations. In long-term operation, it
can lead to fatigue issues in composite materials; continuous
deformation causes nanoparticles to concentrate in deformed
areas, leading to clustering and affecting the material’s per-
formance. Additionally, there may be stress concentrations
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Figure 9. Materials for the negative triboelectric layer. (a) Electrospun PVDF/G nanofibers. Reprinted from!?%%!, Copyright (2021), with
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Society of Chemistry. (c) Electrospun PVDE-HFP/LM composite nanofibers. Reproduced from'>*%)

of Chemistry.

at the interface between solid nanoparticles and the matrix
material, leading to cracks under stress and reducing the mater-
ial’s mechanical properties. Some solid nanoparticles, espe-
cially two-dimensional materials, are expensive, making large-
scale application challenging. A potential solution is to use
liquid-phase nano-fillers. Some metals are liquid at room tem-
perature, such as mercury, but it is toxic and unsuitable for
wearable electronic devices. Room-temperature LM, includ-
ing gallium and its alloys (e.g., gallium-indium and gallium-
indium-tin alloys), exhibit fluidity akin to water while retain-
ing metallic conductivity. These materials have low melting
points and remain liquid at ambient conditions. They are also
called room temperature LMs. Unlike toxic metallic mer-
cury, LM is safe, harmless, and biocompatible, allowing dir-
ect skin contact or even injection into the body without harm-
ful effects!”*!-233], Recently, owing to their distinct properties,
LMs have found extensive use in flexible electronics!>34-2371,
LM readily reacts with oxygen to create a thin (approx-
imately several nanometers) oxide layer (Ga,Os3) on its sur-
face. While the LM metal itself is conductive, Ga,O3 has
semiconductor characteristics. Through methods like ultra-
sound or shear fragmentation, bulk LM can be broken
down into micron- to nano-sized droplets?**?31_ Thus, these

221 with permission from the Royal

with permission from the Royal Society

core-shell structured nano-droplets can serve as durable,
stable, and cost-effective fillers in composite materials, also
enhancing TENG output performance. For example, Sha
et al. designed an electrospun LM/PVDF-HFP nanofiber film
(Figure 9(c))!**”. They doped a small amount of LM into
PVDF-HFP (only 2% by weight of PVDF-HFP) to fabricate
the fiber mats and TPU, which were used as the negative and
positive triboelectric layers, respectively. This configuration
enabled the TENG to achieve an output power of 24 W-m~—2
with a peak voltage of 1 680 V. Surface potential of indi-
vidual nanofibers was characterized using Kelvin probe force
microscope, showing a decrease from —0.55 V to —0.67 V.
Therefore, a more negative surface potential in the compos-
ite nanofiber mat leads to an increased potential difference
between the triboelectric layers, facilitating enhanced charge
transfer and higher electrical output.

4.3.2. Positive triboelectric layer. As mentioned above,
incorporating materials with abundant surface active sites and
oxides into the negative triboelectric layer can significantly
enhance its electronegativity, thereby enhancing the electrical
performance of the TENG. Similarly, optimizing the electro-
positivity of the positive triboelectric layer can achieve the
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same effect. Adding high electropositive nanoparticles to the
precursor solution of the positive triboelectric layer before
spinning can effectively reduce the electron affinity of the pos-
itive triboelectric layer. As depicted in Figure 10(a)*?!, zeolitic
imidazolate framework (ZIF-8) nanoparticles are mixed with
PAN/DMF solution for electrospinning to fabricate ZIF-8-
based nanofiber films. The electron affinity level of PAN is
1.19 eV, while that of ZIF-8/PAN is 1.42 eV, which can double
the transferred charge between the electrodes.

In addition to using doped nanomaterials to modulate the
polarity of the positive triboelectric layer, Babu et al. proposed
a tunable single-active-material TENG (Figure 10(b))!>4%,

During electrospinning, switching the bias voltage polarity
from positive to negative can alter the surface charge density
of the electrospun nanofibers due to different molecular ori-
entations. They changed the TENG configuration from using
two different materials as triboelectric layers to using a single
material prepared by positive and negative bias voltages in
the electrospinning technique. Both triboelectric layers of the
TENG were nylon-11, with work functions of 5.1 eV and
4.58 eV, respectively, for nylon-11+ and nylon-11— triboelec-
tric layers. This technique allowed the preparation of TENG
using a single material by achieving different electron affinit-
ies in nylon-11.


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Int. J. Extrem. Manuf. 8 (2026) 012010

Fiber composites-based flexible triboelectric nanogenerators...
Yu G etal.

Additionally, Li et al. exfoliated rigid mica sheets into
nanosheets (Figure 10(c)) and mixed them with stretchable
TPU!"'?I| which were then electrospun into nanofibers. The
findings demonstrated that the mean peak value of electro-
static surface potential for pure TPU nanofibers was approx-
imately 0.2 V, however, the average peak electrostatic sur-
face potential value for TPU/mica nanofibers without mica
nanosheet aggregation increased to 218 mV, and the aver-
age peak electrostatic surface potential value for the regions
with mica nanosheet aggregation increased to 305 mV. The
mica sheets significantly enhanced the electrostatic surface
potential of the TPU positive triboelectric layer. Mica is a
highly robust triboelectrically positive material. Mixing mica
nanosheets into TPU, which is less triboelectrically positive
than pure mica, can boost the triboelectric positivity of TPU.
However, when the concentration of mica exceeds 7.5 wt%, it
leads to reduced TENG output, attributed to the reduction in
the surface roughness and porosity of the nanofibers. These
results indicate that in TENGs, the surface roughness and
porosity of the nanofiber membrane have a greater impact on
performance than electron affinity in the triboelectric layer.
Similarly, LM has also been used to enhance the positive tri-
boelectric characteristics of TPU in the positive triboelectric
layer. Song et al. mixed LM nanodroplets with TPU solution
for electrospinning (Figure 10(d))!"'?®!, and COMSOL simu-
lation results showed that the surface potential of pure TPU
was 250 V, which increased to 410 V for TPU doped with 2%
LM concentration. However, they attributed the enhanced per-
formance of the TENG to the decreased TPU thickness caused
by stretching.

In summary, although the selection of positive and negative
triboelectric layers in TENGs relies on their different electron
affinities during manufacturing, the impact of electron affinity
on TENG performance, i.e., particularly the interfacial charge
transfer among the triboelectric layers, seems to be negligible.

4.4. Material crystallinity

The material selection for TENGs most commonly employs
PVDF and its derivatives as the negative triboelectric layer.
PVDF primarily exhibits four crystal phase structures («, 3, Y,
and d-phase). Different crystal phase structures (x, v, 3, and 0
phases) of PVDF have significant impacts on its physicochem-
ical properties. The o phase is the most stable non-polar phase
of PVDF. In this phase, the molecular chains are arranged in a
zigzag pattern, the polar groups are symmetrically distributed,
and the dipole moments cancel each other out. As a result,
the piezoelectricity and ferroelectricity of this phase are very
weak, the dielectric constant is relatively low, the chemical sta-
bility is high, and the surface energy is low. In the 'y phase, the
molecular chains adopt a TGTG’ conformation, which endows
them with a certain degree of polarity. Its piezoelectric per-
formance and dielectric constant are superior to those of the «
phase, and it also exhibits good chemical stability. However,
its stability is slightly weaker compared to the « phase. The
 phase is a polar phase with relatively weak piezoelectricity,
ferroelectricity, and pyroelectricity!>*!241, The 3-phase has
become the most triboelectrically active crystalline phase due

to its unique molecular and crystal structures. Its molecular
chains exhibit a planar zigzag conformation, with each repeat-
ing unit having large dipole moment, strong polarity, and being
easily polarized. The highly ordered crystal structure facilit-
ates the directional arrangement and transport of charges. In
addition, [3-phase PVDF exhibits superior mechanical prop-
erties, featuring high toughness and wear resistance. These
characteristics enable it to maintain structural integrity dur-
ing triboelectric processes, thereby enhancing the operational
longevity and durability of TENGs. Crystallinity modifica-
tion can be achieved through physical and chemical meth-
ods. Physical methods, such as stretch orientation, can align
molecular chains along the stretching direction to promote the
formation of the 3-phase, and heat treatment can control the
crystallization morphology. Chemical methods include blend-
ing modification, where the interaction between additives and
PVDF induces the arrangement of molecular chains, and chan-
ging the synthesis process to increase the proportion of the
[3-phase. The enhancement of TENG by [3-phase modifica-
tion is mainly based on three mechanisms. Firstly, increas-
ing the [3-phase content enhances the polarization ability of
the material, making it easier to separate charges at the fric-
tion interface and increasing the amount of charge genera-
tion. Secondly, the ordered crystal structure provides a stable
storage environment for charges, reducing charge recombina-
tion and leakage and improving storage efficiency. Thirdly, it
improves the internal charge transport channels of the mater-
ial, reducing transport resistance and facilitating the rapid
transport of charges to form current output. For flexible FC-
TENGsS, in essence, the weakening of the mechanical proper-
ties of the material caused by the increase in the (3-phase can be
ignored.

In summary, elevating the (-phase content in PVDF
enhances the energy generation efficiency of FC-
TENGs!>#-2481 " Compared to other thin-film manufactur-
ing methods, the high electric field in electrospinning can
induce PVDF molecular chains to align with the direction of
the electric field. Given that the {3-phase PVDF molecular
chains are arranged in a planar zigzag pattern, they are more
prone to form this ordered structure under an electric field.
Consequently, a high electric field enhances the probability
of 3-phase formation. Additionally, the stretching effects dur-
ing electrospinning, such as the stretching of droplets and
the fiber formation process, can induce the orientation and
alignment of PVDF molecular chains. This stretching effect
contributes to the development of a greater 3-phase struc-
ture fraction®*!. Moreover, electrospinning facilitates the
directional alignment of nanofillers within the fibers. This
alignment promotes the development of a greater (3-phase
structure fraction through stretching and whisker elongation
mechanisms. Tourmaline is a naturally occurring, eco-friendly
material featuring distinctive pyroelectric, piezoelectric, and
anion-releasing capabilities. Pan et al. prepared PVDF nan-
ofibers doped with tourmaline (Figure 11(a))!?*®!. During the
electrospinning process, PVDF chains interact synergistic-
ally with tourmaline, fostering the formation of highly polar
[3-phase PVDF crystals. Research findings indicated that a
tourmaline concentration of 0.3 wt% can increase the (3-phase
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composition in the fibers to 48.76%. The resulting TENG
demonstrated a power density of 0.107 W-m~2 under 40 M.

ZnO is a material with superior piezoelectric properties.
The high piezoelectricity and high surface activity of ZnO,
along with the mechanical stress and heat treatment effects
introduced during the spinning process, contribute to the
arrangement and alignment of PVDF chains, thus promoting
the formation of the (3-phase. Pu et al. achieved a synergistic
and aligned configuration of polymer chains with ZnO NWs
in fibers through electrospinning (Figure 11(b))!!'!l, facilit-
ating the development of highly polar crystalline (3-phase
PVDF and §’-phase in nylon. Under an applied load of 10—
20 MS2, the TENG using ZnO NWs-doped nylon-11/PVDF
as the positive and negative triboelectric materials reached a
power density of 3.0 W-m~2. Additionally, materials includ-
ing CuO, carbon nanotubes (CNT), BaTiO3;, ZnO, MXene,
and TiO; can significantly enhance the 3-phase concentration

in PVDF electrospun films through various mechanisms,
including interfacial effects, mechanical stress, and heat treat-
ment effects. The large specific surface area, superior mech-
anical properties, and great thermal conductivity of these
materials promote the disentanglement and orientation of
PVDF molecular chains, thereby increasing the (3-phase pro-
portion. Despite enhancements in their electrical properties,
these materials face several constraints, including brittleness,
diminished mechanical strength, lead toxicity, costly pre-
cursors, intricate synthesis processes, chemical instability in
harsh environments, and inadequate electrical conductivity. To
tackle the challenges, Venkatesan et al. concentrated on cre-
ating a soft electrospun spinel cobalt ferrite (CF) embedded
PVDF film as a negative triboelectric layer to improve the elec-
trical performance of TENG (Figure 11(c))!*°!. Compared
to the aforementioned fillers and metal oxides, metal ferrites
exhibit enhanced electrical conductivity and compatibility,
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with minimal eddy current losses, making them suitable for
high-frequency applications such as multifunctional wearable
electronics. X-Ray Diffraction (XRD) data indicated that the
spinel CF nanoparticles incorporated into the PVDF matrix
yielded a face-centered cubic phase in the synthesized nano-
composite, thereby enhancing the (3-phase of PVDF and ulti-
mately achieving a threefold boost in the output voltage of the
TENG.

In addition to the inorganic filler strategy, establish-
ing synergistic interactions between blended molecules and
PVDF nanofiber chains, the utilization of perovskite nano-
crystals to trigger the generation of the [3-phase is like-
wise a fruitful approach to augment the (3-phase in PVDF
nanofibers. Zhi et al. developed Cs;InCls (H,O)/PVDF-
HFP nanofibers with core-shell structure and biocompatibility
via one-step electrospinning-assisted self-assembly technique
(Figure 11(d))>*!. By employing lead-free Cs,InCls (H,0)
as an inducer, the composite nanofibers exhibited enhanced
[3-phase and self-oriented nanocrystals along the uniaxial
axis. This indicated that hydrogen bonding between Cs,InCls
(H,0) and PVDF-HFP induced the automatic arrangement of
dipoles and stabilized the (3-phase within the fibers. Fabricated
TENG achieved a power density as high as 0.694 mW-cm~2,
showcasing the top-notch output performance in halide-
derived TENG systems.

4.5. Electrode materials

Flexible electrodes are a crucial component of flexible
TENGs>2l. Common flexible electrodes are made of
metal substances like gold, silver, and copper, and these
metals can be directly deposited on the triboelectric layer
using techniques like thermal evaporation or magnetron
sputtering!®>3->331 " Alternatively, common aluminum or cop-
per foils can also serve as electrodes for flexible TENGs.
However, their tendency to fatigue, low functionality, and
poor breathability limit the large-scale application of TENGs,
especially in wearable electronics. Electrospinning tech-
nology offers an effective solution to this problem!?>¢-2381,
Electrospun electrodes are typically prepared by mixing con-
ductive materials with polymer substrates to form conductive
composites. The concentration and type of conductive mater-
ial dominate the variations in the electrical conductivity of the
composite, while diverse polymer matrices provide the elec-
trodes with various functionalities, such as optical, thermal,
and stretchable properties/>). Common polymer substrates
used for electrospun electrodes are indicated in red in Figure 4.
TPU is a commonly used substrate material for electrospun
electrodes. As shown in Figure 12(a)l'?*, Zhang et al. pre-
pared an ultra-thin stretchable coplanar electrode TENG using
electrospun polyurethane nanofibers along with conductive
nano substances (AgNW, CNT) as stretchable electrodes.
These electrodes maintained a resistance below 250 Q-cm™!
even when elongated to 100% of their original length, and
the TENG could generate an enhanced power density of
3.164 W-m~2 under folding/stretching conditions. Besides
metallic materials, some polymer materials also exhibit certain

electrical conductivity, such as polyaniline and polythiophene.
To achieve electrodes with both high stability and high con-
ductivity, Karagiorgis et al. designed PEDOT:PSS composites
and conducted a detailed study on the effects of PEDOT:PSS
and the applied voltage during electrospinning on the fiber’s
conductive properties (Figure 12(b))?*°l. The designed fibers
exhibited a sheet resistance of 7 €-sq~' and a conductivity
of 354 S-cm™!, with only a slight increase in sheet resistance
from 7 Q-sq~! to 8 Q-sq! after 1 000 bending cycles.

Even though conductive polymers possess ideal mechan-
ical characteristics, their poor electrical conductance restricts
their real-world applications. Metallic conductive additives
exhibit outstanding conductivity performance, yet they often
suffer from low strain coefficients and susceptibility to oxida-
tion. In comparison, some conductive two-dimensional mater-
ials not only exhibit extremely high electrical conductivity
but also possess good chemical stability, such as graphene.
Its large aspect ratio makes it an excellent platform for elec-
trical and thermal conductivity across the entire plane. Xing
et al. prepared highly stretchable graphene/TPU nanofibers via
a one-step electrospinning process (Figure 12(c))!*¥!, achiev-
ing ultra-low resistance of 535 Q-cm™!, and demonstrating
outstanding durability after over 10 000 stretching-release
cycles.

The fluidity of LM and their electrical conductivity are
also highly applicable to flexible TENG electrodes. LM has
been studied for use in flexible conductors through various
approaches, which encompasses incorporating LM particles
into elastomers, applying LM onto porous polymeric sub-
strates, blending LM particles with solid conductive filler mix-
tures, and introducing LM particles into polymer matrices to
form biphasic LM structures. Nevertheless, conductors based
on liquid metal encounter leakage problems when subjected to
external mechanical forces, and this restricts their dependabil-
ity, consistency, and steadiness. The adoption of coaxial elec-
trospinning technology is an effective approach to address this
problem, as depicted in Figure 12(d)!*%!!. Ma et al. prepared
an embedded LM fiber network using coaxial electrospinning
to encapsulate LM particles within styrene ethylene butylene
styrene (SEBS) nanofibers. This technique enabled the fabric-
ation of electrodes as thin as 10 pum or even thinner, filling
the technological gap in producing LM fibers below 100 pm.
The LM electrode achieves a conductivity of 1.11 S-mm™!
with just 3.82 vol% LM. For LM-based flexible electrodes,
the oxide layer on LM can lead to changes in conductivity,
and generally, sintering methods are needed to disrupt the
oxide film and form conductive pathways to enable electrode
functionality. As can be seen from the above-mentioned liter-
ature, the dielectric constant and interface characteristics are
the decisive parameters affecting triboelectric nanogenerators,
which should be given key attention in the development of new
materials in the future. Many of the aforementioned studies
have focused on improving the output of TENGs by enhancing
the performance of triboelectric layer materials to promote tri-
boelectric charge generation. However, the output of TENGs
highly depends on the crucial dynamic balance of triboelec-
tric charges between generation and decay. Thus, it is difficult
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to further improve the output of TENGs merely by promoting
triboelectric charge generation. Reducing triboelectric charge
decay has often been overlooked in previous studies, but it is
also a potential strategy for further improving the output of
TENG:s in the future!??],

Finally, we have summarized the effects of these compos-
ite materials on FC-TENGs, aiming to offer a valuable refer-
ence for creating innovative triboelectric layers, as shown in
Table 3. It is evident that all parameters, except for the inher-
ent crystal phase improvement of the negative triboelectric
layer, are applicable to both positive and negative triboelec-
tric layers.

20

5. Applications

Through the systematic optimization of strategies such as
interface engineering, dielectric regulation, and electron affin-
ity gradient design, FC-TENGs have achieved a leap from
basic performance breakthroughs to functional customization.
This controllable degree of freedom in material design enables
the device characteristics to precisely match the rigid require-
ments of specific application scenarios. In the wearable field,
the inherent flexibility and breathability of FC-TENGs can
adapt to the deformation of human motion and ensure wear-
ing comfort. For self-powered sensors, the molecular—Ievel
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Table 3. Effect of different composite materials on FC-TENGs.
Matrix Filler Parameters Power density/(Wm’z) References
PVDF ZnO Crystalline phase 3 tin
PVDF Printer ink Crystalline phase 22 (1o
PVDF MXene Crystalline phase, dielectric constant 11.213 (2191
PVDF Graphene Crystalline phase, electron affinity 130.2 (228]
PVDF FEP Porosity-interface properties, dielectric constant 1.28 ;571
PVDF PTFE Fabric-interface properties 0.002 2 (2041
PVDF Siloxene Crystalline phase, dielectric constant 13.25 121
PVDF MOFs Crystalline phase, electron affinity 8.712 (i
PVDF Graphene Electron affinity 11.32 (2631
PVDF CNCs Dielectric constant, electron affinity 0.091 (2641
PVDF CoFe,04 Crystalline phase, surface roughness-interface (2501
properties
PVDF Ag@MXene Interface properties, electron affinity 18.55 (263]
PVDF BTO Fabric-interface properties, electron affinity, 4.348 (2031
crystalline phase
PVDF-HFP SiO, Permeability-interface properties 0.445 i
PVDF-HFP BZT Electron affinity, dielectric constant 479 (2661
PVDF-HFP MXene Interface properties 0.217 (4
PVDF-HFP Si0,/Zn0O Dielectric constant (2671
PVDF-HFP BTO Crystalline phase, interface properties, dielectric 1.9 [268]
constant
PVDF-HFP Cs,InCls Crystalline phase, clectron affinity 6.94 (2511
PVDF-HFP LM Dielectric constant 24 2301
PVDF-TrFE BTO Dielectric constant 2.75 (2201
PVDF-TrFE MXene Electron affinity, crystalline phase, dielectric 19 (2691
constant
PVDF-TrFE BTO Electron affinity, dielectric constant 252 2701
PLLA Ag-Si0, Porosity-interface properties, crystalline phase, (271
dielectric constant
PEO Poly-DADMAC Dielectric constant, crystalline phase 5.6 891
PLA mPEG Dielectric constant, interface properties, 116.21 (2721
crystalline phase
PDMS BTO Dielectric constant 22 (2211
PAN BNNS Permeability-interface properties 3.31 581
PVDF PS Permeability-interface properties (2731
PI AgNPs Interface properties 1.6 (2741
PLA MOFs Porosity-interface properties, dielectric constant 44
Nylon-12 A-rGO Electron affinity 1.3 (s
CA Carbon nanotube Surface roughness-interface properties, electron 0.74 (2731
affinity
TPU AgNW/MnO, Interface properties 0.002 12 2761
TPU Gd(OH)3 Crystalline phase, interface properties (27
TPU LM (128)
TPU Mica Electron affinity 1.458 (2
PVDF MXene

customization of electron affinity significantly enhances the
sensitivity of electrical signal acquisition. In emerging fields
such as HMIs, the collaborative optimization of dielectrics
and electrodes is breaking through the technical bottleneck of
multi-dimensional signal coupling recognition. This chapter
will delve into how these material innovations are redefin-
ing the application boundaries. By establishing a quantitat-
ive mapping relationship between “material properties and

21

scenario requirements”, it reveals the crucial role of functional
fiber composite materials in modern technology and future
society.

5.1 Human wearable electronics

Wearable electronic devices relying on TENG can primarily
be categorized into 2 kinds: one where TENG serves as an



Int. J. Extrem. Manuf. 8 (2026) 012010

Fiber composites-based flexible triboelectric nanogenerators...
Yu G etal.

=

0 3 6 9 12 15

Timels

Charge-trapping aﬁ;c
with ferro

ot pressure

(h)

il aall

30° P\Asaﬂ
152 AN |}ﬂ‘
o IRV TP

Timels

Water

\__/ Water

droplet

droplet

Water

vap?,

(f) Knitted garment

8 10

4 6
Timels

Figure 13. Human-wearable flexible electronic devices based on TENG. (a) Throat. Reprinted with permission from®’8!. Copyright (2024)
American Chemical Society. (b) Gloves. Reprinted from!'?®!, Copyright (2021), with permission from Elsevier. (c) Finger.*”! John Wiley
& Sons. © 2023 Wiley-VCH GmbH. (d) Shoes. Reprinted from!?®"!, Copyright (2022), with permission from Elsevier. (¢) Knee. Reprinted
from!*!, Copyright (2024), with permission from Elsevier. (f) Clothes. Reprinted from!?®?!, Copyright (2022), with permission from Elsevier.
(g) Wrist. Reprinted from®®”!, Copyright (2023), with permission from Elsevier. (h) Mask. Reprinted from®’*!, Copyright (2023), with

permission from Elsevier.

energy source to power wearable electronics!?$3-2% and the
other where TENG is directly employed as a sensor!287-28%1,
However, the poor output stability has limited the develop-
ment of TENG as a power supply for wearable electronics.
Despite this, TENG has shown significant application pro-
spects in areas such as health monitoring, motion tracking, and
environmental sensing. The long-term safety of TENGs in dir-
ect contact with human tissues (e.g., skin, organs) is critical for
wearable and implantable applications. FC-TENG possesses
inherent breathability. Therefore, only its biotoxicity needs
to be considered for FC-TENG materials. Polymer matrices
(e.g., PDMS, PVDF) are generally regarded as biocompatible.
Some fillers, especially LM and certain molecular ferroelectric
materials with high piezoelectric responses, have been proven
suitable for long-term use in implantable electronics and skin
electronics>*?!1. Consequently, human wearable electronic
devices based on FC-TENG have become a focal point of
research.

The structure of TENG films produced through electrospin-
ning is highly sensitive to acoustic vibrations. Moreover, elec-
trospun films can easily conform to the throat area, adapting to

22

its curvature and movements (such as speaking and swallow-
ing), thereby reducing discomfort. These films generate elec-
trical signals from throat movements, allowing for the imme-
diate tracking of throat well-being, such as detecting inflam-
mation, tumors, or other abnormalities (Figure 13(a))?’8.
Additionally, when affixed to various locations on the human
body, they are capable of fulfilling varied sensing functions,
including motion health monitoring (Figure 13(e)) and pulse
monitoring (Figure 13(g))i?7>-278:281.283-2911 Hyuman skin per-
ceives the surrounding environment by converting mechanical
stimuli into bio-signals. Similarly, TENG converts mechan-
ical impulses into electric signals that are used to fabricate
electronic skin for environmental perception. Therefore, bio-
compatible materials can be directly adhered to human epi-
dermis or used to fabricate e-skin for robots to sense their sur-
roundings (Figure 13(c))?".

Electrospinning technology can be employed to man-
ufacture woven TENG structures. As illustrated in
Figure 13(b)!'*%], Guan et al. designed a breathable and
washable woven TENG by sewing multiple TENGs (each
with an area of approximately 2 cm?) onto a commercially
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available knitted cotton glove, creating a smart textile glove
capable of detecting finger movements in various situations.
Similarly, Chen et al. produced a durable, superhydrophobic,
wearable nanometer-micrometer structured triboelectric yarn
(Figure 13(f))%?1. They enhanced electrical output perform-
ance by incorporating electrospun nylon 11/ZnO nanofibers
as an intermediate layer and wrapping them with ring-spun
polyester fibers as the sheath to enhance wear resistance.
Due to the unique interconnected loop structure of the knit-
ted fabric, the resulting electronic textiles exhibited excel-
lent breathability (147.3 mm-s~'), water vapor permeabil-
ity (3.470 kg-m—2-day~"), and skin-friendly properties. They
demonstrated a power density of 0.488 W-m~2 at a load resist-
ance of 700 M(2, indicating their potential for commercializa-
tion as self-powered sensors for monitoring body movements.
In addition to clothing, shoes and insoles (Figure 13(d)) are
among the most common applications of TENG?%°!, The con-
tact and separation movements formed during human walking
can effectively facilitate charge transfer between the triboelec-
tric layers of TENG interfaces.

Rapid industrial development has long concerned people
greatly regarding environmental pollution and human health.
Luo et al. prepared PVDF/PS blends using the torque blend-
ing method (Figure 13(h))!?’3!. The PVDF/PS electrospun
film obtained through electrospinning can be used to fabric-
ate triboelectric nanogenerators with high output performance.
Compared with the commercial PP melt-blown non-woven
membrane filter layer, the PVDF/PS electrospun films exhibit
better filtration effects on airborne particles of different sizes.
Moreover, after losing their charges, the PVDF/PS electrospun
films can be recharged through friction to restore their filtra-
tion performance. The recharged PVDF/PS membranes still
provide good protection, with a filtration rate of up to 95% for
airborne particles in the size range of 0.3—10 pm.

5.2. Self-powered sensors

Considering the inherent power-free nature of PENG/TENG
and the unlimited material options for TENG, which endow
it with high-performance and eco-friendly power genera-
tion capabilities as well as self-powered sensing functional-
ity, the excellent compressibility of electrospun films further
expands their applicability. They can simultaneously detect
dynamic and static pressures while being self-powered!!”.
Increasing pressure enhances the contact area and close-
ness between the triboelectric layers, thus augmenting charge
generation and accumulation. The charge density is pro-
portional to the contact pressure, meaning higher pres-
sure yields more generated charges. Moreover, pressure aids
in enhancing the effectiveness of charge transfer between
materials since greater pressure leads to more intimate sur-
face contact, reducing charge loss. Bhatta et al. designed
a silicene/PVDF composite nanofiber membrane for high-
performance TENG and self-powered static and dynamic pres-
sure sensing uses (Figure 14(a))!'?!l. The TENG, composed
of S-PVDF membrane and nylon-66, could provide an out-
standing power density of 1.325 mW-cm~? and facilitate
the operation of low-power electronics and IoT devices. By
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effectively integrating the TENG with a capacitive pressure
sensor, it exhibited excellent dynamic pressure sensitivity of
12.062 V-kPa~—' (<3 kPa) and 2.58 V-kPa~! (3-25 kPa), as
well as static pressure sensitivity of 25.07 mV-kPa~—! (<3 kPa)
and 5.96 mV-kPa~! (3-25 kPa).

TENGs applied in structural health monitoring systems
can effectively monitor deformations, vibrations, and stresses
in buildings, bridges, pipelines, and other facilities. In
Figure 14(b)**?!, Meng and colleagues fabricated a self-
powered flexible vibration sensor for detector for assessing the
sealing security of railway track fasteners, employing an elec-
trospun nanofiber self-powered vibration detector relying on
high-performance TENG to set up a real-time and effective
security detection system for railway track fasteners. Under
matched loads, it achieved a power density of 4.28 W-m~2.
Additionally, it exhibited outstanding operational steadiness,
excellent environmental suitability, and rapid reaction time.
Similarly, self-powered TENGs are capable of guaranteeing
the steady functioning of mechanical equipment (Figure 14(c))
and human health monitoring (Figure 14(d))?%32%4,

The variation in TENG output due to changes in the sur-
rounding environment endows TENGs with self-driving char-
acteristics, making them suitable for automatic alarm sys-
tems. As shown in Figure 14(e)?>, Yuan and colleagues
proposed a high-biomimetic, hollow double-layer structured
high-temperature alarm which, upon thermal deformation,
drives PVDF and PA66 to undergo triboelectric interaction
jointly, producing an electrical signal to realize self-perception
and acquire related data regarding the stimulus. With the
development of IoT technologies, smart homes have gradu-
ally garnered researchers’ attention, such as smart keyboards,
curtains, and anti-theft doors. Figure 14(f) shows a self-
powered sensing anti-theft door!>*®!, where TENGs prepared
are deployed at different locations on the door to gener-
ate power when the door is opened, knocked, or kicked.
Furthermore, when a TENG is installed on the door handle,
it can play doorbell music based on different compressive
forces. Additionally, utilizing the contact electrification mode
of TNEGs, TENGs can be integrated into carpets and floors to
produce luminous floors (Figure 14(g))!'*1.

Besides the TENG-based wearable electronic devices for
humans mentioned in the previous section, TENGs with cer-
tain adhesive properties, or materials directly written onto the
roots, stems, and leaves of plants, can overcome the inher-
ent hydrophobicity of plants and be used as plant-wearable
sensors (Figure 14(h)) to ensure the healthy growth of plants
or enhance crop production/®*”.

5.3. Modern healthcare

With the rapid advancement of technology, modern med-
ical techniques are undergoing an unprecedented transform-
ation. Traditional medical devices and methods are gradu-
ally being replaced by more intelligent, portable, and efficient
solutions. Textile-based TENG wearable sensors inherently fit
well with conventional garments, which have the ability to
transform mechanical or electrical stimuli into an electrical
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American Chemical Society.

signal, enabling non-intrusive tracking of diverse physiolo-
gical indicators/?*®!. This article will delve into the applica-
tions of TENG in modern healthcare, focusing on its innov-
ative uses in self-powered wearable medical devices, bio-
sensors, and implantable devices. Figure 15(a) shows a plain-
weave fabric smart insole based on TENG*! which fea-
tures high sensitivity, antibacterial properties, breathability,
and washability. The designed TENG exhibits ultra-high sens-
itivity (8.36 V-kPa~!) and a low detection limit (0.01 kPa). By
strategically positioning 15 TENG stress-sensing elements in
the areas corresponding to the key pressure points of the foot,
the pressure changes in the TENG output are utilized to ana-
lyze gait changes in real-time. Thus, it can detect ulcers caused
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by abnormal plantar pressure distribution in patients with dia-
betic feet, providing an innovative solution for the early detec-
tion and continuous monitoring of diabetic feet.

The healing process of chronic wounds is frequently
hindered by bacterial contagions and feeble transepithelial
voltage. Dressings featuring electrical stimulation and anti-
microbial capabilities might resolve this problem. Figure 15(b)
shows a TENG assembled with an electrospun polymer fric-
tion layer and a polypyrrole electrode prepared by chemical
vapor deposition®%!. It has excellent flexibility, breathability,
and wettability, with a power density as high as 48.7 mW. By
collecting mechanical motion and applying electrical stimula-
tion with positive charges on the surface of polypyrrole, more
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than 96% of bacteria can be killed due to its synergistic effect
on cell membrane rupture. Cell culture and animal experi-
ments have shown that electrical stimulation can enhance the
expression of growth factor genes in mice, thereby accelerat-
ing wound healing.

Apart from accelerating wound healing, TENG can also
be used for auxiliary joint rehabilitation training. Specifically,
TENG integrated into wearable sensors can be employed
to collect real-time joint motion and pressure data. Based
on these real-time monitoring data, rehabilitation physi-
cians or Al algorithms can develop personalized rehabil-
itation training programs. By adjusting the intensity, fre-
quency, and methods of training, this approach can optim-
ize rehabilitation outcomes, reduce recovery time, and min-
imize risks (Figures 15(c) and (d))!'?>*°!l. This methodo-
logy can also be extended to the field of speech disorder
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rehabilitation (Figure 15(e)). Mandal et al. adjusted the sur-
face potential of nanofibers by changing the voltage polarity
in the electrospinning device!?*’!. The designed TENG has
been proven to be an ultra-high-sensitivity acoustic sensor,
which can generate electrical energy using the tiny mech-
anical movements produced by vocal organs such as the
mouth, throat, and lips during speaking. It has high sensitiv-
ity (27 500 mV-Pa~!) in medium-to-low-decibel (60-70 dB)
sounds, and thus can identify different sound signals accord-
ing to the condition of the vocal cords. Patients with language
disorders can wear this TENG to adjust their pronunciation
and volume in real-time, thereby achieving clearer and more
accurate speech, which is crucial for improving their com-
munication ability. Electrospun TENG ensures the breathab-
ility of auxiliary medical devices and their conformity with
the skin.
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5.4. Wireless communication

As the IoT and wireless communication technologies advance
rapidly, there’s an increasing need for efficient and sustainable
energy supply and signal transmission solutions. Traditional
battery-powered and externally connected power sources face
limitations in certain application scenarios. By modulating the
output signals of TENG into radio waves, low-power, short-
range wireless power transfer can be achieved, which is an
effective strategy to address this challenge®?!. The section
will delve into how TENG is utilized in wireless communic-
ation, analyzing its working principles, technical advantages,
and practical application cases.

Wireless communication systems have significantly
enriched the applications of smart homes. Figure 16(a) illus-
trates a TENG-based smart home system!''”), in which tri-
boelectric layers prepared via electrospinning provide more
electron traps and a larger specific surface area, effectively
enhancing the output of TENG. This results in significant dif-
ferences in the interval change of TENG output. Initially, a
microcontroller unit is utilized for signal processing, followed
by a radio frequency module to transmit the final processed
signals, enabling the effective control of household appli-
ances. Radio frequency antennas and receivers are commonly
used as TENG energy reception modules, effectively assisting
in the transmission and reception of TENG output signals.
Similarly, some researchers have opted for bluetooth modules
for TENG signal transmission. As shown in Figure 16(b)[274],
Wang and colleagues designed a TENG for real-time wireless
fine-grained biosensing of biological motions and postures.
The TENG is connected to a bluetooth module, and the sens-
ing of human movements by TENG can be analyzed using a
collection terminal, achieving wireless fine-grained perception
of human motion.

The foundation of modern wireless electromagnetic
communication is the Maxwell equations. Faraday’s law
(Equation 8) and the Maxwell-Ampere law (Equation 9) can
fundamentally explain the generation of wireless signals>*3],

OB

VxE=-——" 8)
oD

VxH=J+". ©)

Here, E and D represent the electric field and electric dis-
placement field, respectively, while B and H denote the mag-
netic induction and magnetic field strength, respectively. J
represents the current density. Wireless signals are primarily
induced by the variation of the conduction current density J,
followed by the conversion between the electric and magnetic
fields. Starting from the principle of TENG,

E P
V><H=J+€8—+a—

o ot (10)

The displacement current, corresponding to 9D/0t in
Maxwell’s equations (Equation (10), is a theoretical quantity
that unifies electricity and magnetism. Among the two terms
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in the displacement current, the second term OP /0t in the dis-
placement current is caused by the polarization of the medium.
Wang reveals that the output current of TENG has a direct cor-
relation with the second term OP/0t in Maxwell’s displace-
ment current, which brings additional displacement current
terms to initiate the creation and propagation of wireless sig-
nals. Here, OP represents the polarization term induced by
TENG. Given that TENG can simultaneously and effectively
capture mechanical energy and motion signals, no additional
power and sensing modules are required. The energy con-
sumption for emitting electromagnetic waves typically falls
below 1 mW, and this level of power can be readily sup-
plied by the energy from typical human motion energy col-
lected by TENG, enabling the device to be completely self-
powered. Through this integrated setup that cuts down on
intermediate processes, additional electronic components and
power consumption can be avoided, thereby achieving effect-
ive wireless transmission with minimalized devices. However,
creating a rapidly varying OP within the TENG to pro-
duce a sufficiently great OP/0t for efficient wireless signal
propagation poses considerable difficulties. Wang and col-
leagues designed a self-powered long-distance wireless sens-
ing scheme based on TENG-induced displacement current
through discharge-induced displacement current—the TENG-
based self-powered wireless sensor electronic label (SWISE,
Figure 16(c))**. SWISE produces swiftly varying polariza-
tion terms P via breakdown discharge and achieves the ability
to sense multi-point motion and gas sensing by differentiating
signals arising from diverse design parameters and gas com-
positions. Compared to air, water possesses a higher dielec-
tric constant, which is more favorable for the spread of the
polarization electric field. Thus, underwater communication
relying on the polarization electric field is feasible in com-
plex water environments. In Figure 16(d)%!, Zhao and col-
leagues realized underwater wireless communication through
Maxwell’s displacement current produced by TENG, where
connecting wires to TENG can generate an underwater electric
field, and underwater receivers at a specific distance are cap-
able of detecting the current signals. The received current sig-
nals are essentially unaffected by salinity, turbidity, and under-
water obstacles. Even when passing a 100-meter-long spiral
water pipe, the electrical signal waveform remains undistor-
ted. Through the modulation and demodulation of the current
signals produced by the sound-driven TENG, text and images
can be transferred in the tank at a speed of 16 bits per second.

5.5. HMI

HMI has become an indispensable part of modern
society?%307 From the touchscreens of smartphones to the
immersive experiences provided by virtual reality devices,
HMI technology continues to drive innovation and advance-
ment in human-computer interfaces(Figure 17(a))?*?l. By
integrating TENG into HMI systems, not only has the power
supply issue of devices been effectively addressed, but
user interfaces have become more intelligent and seamless.
Wearable HMI has made significant progress in the fields
of communication, education, and healthcare, largely due to
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the rapid development of the IoT and 5 generation mobile
communication technology. Among the various applications
of wearable HMI, there is an urgent need for technologies
that assist the visually impaired in communication, enabling
them to independently access information. However, progress
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in research on blind communication has been hindered by
challenges related to signal capture limitations and power
supply issues. To address these issues, Liu et al. proposed
an intelligent finger braille typing system based on a novel
TENG (Figure 17(b))%!. Leveraging the high-impedance
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and low-current characteristics of TENG, specialized weak
electrical signal processing circuits were developed to build
highly sensitive tactile sensors. The six points of the braille
code will be represented by six automatic tactile sensors,
and by using different tapping combinations, users can cre-
ate words, which are then transmitted to a mobile device via
bluetooth technology. This system has the potential to signific-
antly enhance the braille literacy of blind or visually impaired
individuals, bridging the gap between them and the digital
world.

Moreover, TENG is frequently used in motion recognition
and motion capture. As shown in Figure 17(c)!**°!, Shrestha
et al. designed an electrospun cellulose-reinforced flexible
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sensing paper for dynamic self-powered tactile perception.
The voltage signals generated by TENG are converted into
digital signals via multi-channel voltage acquisition modules
and analog-to-digital converters in the signal processing cir-
cuit. The microcontroller further filters and processes the sig-
nals, and real-time results can be displayed in a LabVIEW-
based design program, enabling human-machine interaction
functionality and effectively capturing personnel movements
for game character control. To improve the accuracy of human-
machine interaction, some scholars have begun to introduce
algorithmic technologies to enhance accuracy. Shrestha et al.
proposed a self-powered sensor for human activity recog-
nition and user identification (Figure 17(d))**, utilizing



Int. J. Extrem. Manuf. 8 (2026) 012010

Fiber composites-based flexible triboelectric nanogenerators...
Yu G etal.

advanced deep learning techniques to analyze TENG sensor
data, achieving accuracy rates of 99% in user identification
and user activity recognition. Ye et al. proposed TENG for
self-powered human-machine interaction (Figure 17(e))!''?],
achieving a self-powered game controller with signal acquis-
ition and processing circuits. Based on motion recognition
of international Morse code, they, for the first time, utilized
machine learning to manipulate characters in the Super Mario
Bros. game, significantly demonstrating the potential commer-
cial application capabilities of TENG in the field of HMI.

6. Conclusion and future perspectives

In recent years, FC-TENG has made significant progress,
and electrospun films modified with nanomaterials have been
proven to significantly enhance the specific surface area,
porosity, roughness, [3-phase transition, dielectric constant,
electron affinity, and other properties of the triboelectric layer,
thereby effectively improving the output and sensing per-
formance of TENG. Various applications have demonstrated
the strong commercial potential of TENG, including energy
harvesting, self-powered sensors, wearable electronics for
humans/plants, electronic skin, smart homes, wireless commu-
nication systems, human-computer interaction interfaces, and
medical devices. Despite the notable advancements in mater-
ial preparation and practical applications of EC-TENG, many
scientific and technological challenges still remain in this field
(Figure 18).

Material design: in recent years, researchers have focused
on the design of novel triboelectric materials, and TENG
has seen significant improvements in both energy out-
put and sensing performance. However, as environmental
conservation and sustainability concepts become increas-
ingly prominent, the materials for TENG need to possess
biodegradability3*-3191 biocompatibility!*'*1?1, certain self-
healing properties®!*3!4! and durability'3'>3! The develop-
ment of biodegradable materials will make TENG more envir-
onmentally friendly, especially in applications such as med-
ical devices and wearable electronics. By selecting naturally
degradable or body-absorbable biopolymers such as PLA and
PHA, the materials can degrade naturally after the lifespan of
TENG, reducing environmental pollution®!’=3!1, These bio-
degradable materials not only match the performance of tradi-
tional polymers but also can fully degrade in specific envir-
onments. Notably, as TENG gradually finds applications in
implantable medical devices, the materials must be biodegrad-
able and biocompatible. Additionally, materials with certain
self-healing properties can enhance the stability and lifespan
of TENG. LM can not only serve as a filler in the tribo-
electric layer of TENG to improve output, but also as an
electrode to achieve conformal properties. Extensive research
indicates that LM is an ideal material for fabricating self-
healing electrodes, but there is no consensus on the enhance-
ment of TENG performance when LM is used as a triboelec-
tric layer'*2°-3231 In addition, material wear has always been
a challenge faced by TENGs. Particularly at the solid-solid
interface, it causes severe wear to the friction layer. In recent
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Figure 18. Future Development of FC-TENG. Material design,
TVNGP?, application, bulk effect™, and machine learning
algorithm assistance.’*”®! John Wiley & Sons. © 2023 Wiley-VCH
GmbH.®?! John Wiley & Sons. © 2024 Wiley-VCH GmbH.

years, researchers have begun to focus on the study of solid-
liquid and gas-solid interfaces to develop TENGs with high
durability®**-3271 Therefore, the development of biodegrad-
able, biocompatible materials and LM should be a priority for
future TENG research.

Tribovoltaic nanogenerators: traditional TENG, lacking rec-
tifying circuits or specialized device structures, can only
generate alternating current, and its lower conversion effi-
ciency and output current density have limited its applica-
tions. In comparison to energy conversion devices, energy
exchange efficiency is nearly as important, as meaningful
energy conversion is only possible when the generated power
can be maximized and utilized. In this context, designing
direct current TENG (DC-TENG) with high output power
presents a more economical and rational approach to address-
ing energy conversion losses and low output power issues.
Structural design, phase control, and the use of semicon-
ductor materials are three common methods for construct-
ing DC-TENG. In recent years, spurred by the rapid devel-
opment of semiconductor materials, tribovoltaic nanogener-
ators (TVNG) have been developed!*3*-33?]. TVNG is a phe-
nomenon where direct current voltage and current are gen-
erated through mechanical friction at semiconductor inter-
faces. Compared to TENG, TVNG offers the advantages of
high current density and low impedance***=371. Common
semiconductor materials in TVNG include silicon, perovskite,
and gallium nitride. The above-mentioned fiber manufactur-
ing technologies can be used to prepare fiber films or long
filaments with semiconductor properties. By combining dif-
ferent fiber manufacturing technologies, semiconductor fibers
with heterojunction structures can be effectively fabricated,
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which have been proven to have significant application val-
ues in fields such as photocatalysis!*3*!, energy conversion!*1,
and environmental remediation**). Therefore, the FC-TVNG
does not require a rectifier circuit and can be directly used to
power micro- and small- sized electronic devices or for energy
storage. Compared with TENG, the current output of TVNG
can be an order of magnitude higher, making it more commer-
cially promising.

Applications: the FC-TENG has broad application expan-
sion and commercialization prospects, and it will become
an important driving force for future technological develop-
ment. The flexibility and light weight of FC-TENG make it
an ideal energy solution for smart clothing and health mon-
itoring devices, which can collect the energy from human
motion in real-time and power the sensors**!=3%3! In addi-
tion, FC-TENG can serve as a distributed energy harvester,
providing sustainable power support for wireless sensor net-
works and promoting the development of smart cities and
smart homes?!>3#4343] With the continuous advancement of
manufacturing technologies, the production cost of FC-TENG
will gradually decrease, and the production efficiency will be
significantly improved, laying a foundation for its large-scale
commercialization. Through standardized manufacturing pro-
cesses and optimized material selection, the product consist-
ency and reliability of FC-TENG will be guaranteed to meet
the market demand. It can be inferred that FC-TENG is expec-
ted to achieve commercial breakthroughs in fields such as con-
sumer electronics, smart textiles, and medical devices, and
become an important part of green energy.

Bulk effect: as a clean and sustainable form of energy, the
development and utilization of blue energy are of great sig-
nificance for addressing the global energy crisis and mitigat-
ing climate change. The ocean covers 71% of the earth’s sur-
face and holds abundant resources of tidal, wave, and current
energy, collectively termed blue energy!®*¢!. These resources
are not only vast and widely distributed but also have minimal
environmental impact. With the gradual depletion of tradi-
tional fossil fuels and the increasing global demand for energy,
the development and utilization of blue energy have become a
core direction for promoting energy transition and achieving
green, low-carbon development!**’-3%"1 However, the com-
plexity and vastness of marine environments present numerous
technical challenges for blue energy development, particularly
in efficient energy collection and long-distance transmission.
FC-TENG exhibits excellent mechanical flexibility and charge
storage capabilities, enabling the efficient conversion of mech-
anical energy from the ocean into electrical energy. This tech-
nology is not only suitable for small-scale self-powered sys-
tems but also provides continuous energy support for marine
monitoring equipment and sensor networks. In 2020, Wang
et al. attached an aluminum strip electrode to the negative fric-
tion layer (PTFE). The impacting water droplets bridged the
aluminum strip electrode and PTFE, connecting the originally
non-connected components into a closed-loop electrical sys-
tem. This transformed the traditional interfacial effect into a
bulk effect, thereby increasing the instantaneous power dens-
ity by several orders of magnitude in the equivalent device
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limited by the interfacial effect!®>!!. As a result, the instantan-
eous power density of equivalent devices limited by the inter-
facial effect was increased by several orders of magnitude.
Such remarkable results provide strong clues for subsequent
research332-34 Therefore, it can be inferred that the bulk
effect is very likely to be the key to the future development
of blue energy.

Machine learning algorithm assistance: TENG sensors not
only convert mechanical energy into electrical energy but also
possess high sensitivity, low power consumption, and environ-
mental friendliness, making them suitable for a wide range of
applications in environmental monitoring, health monitoring,
and TIoT3>53%1 However, TENG sensors face challenges in
signal processing complexity, data quality, and model optim-
ization during practical applications. TENG sensors often
encounter issues such as environmental noise, signal drift,
and sensor aging, which can degrade data quality and signal
accuracy. Traditional data processing methods often struggle
to effectively address these complex issues. Machine learning
algorithms, including support vector machines, random forest,
and deep learning, can learn from large datasets, automatic-
ally extract features, and perform classification and regres-
sion analysis, thereby effectively removing noise, correcting
signal drift, and improving data quality'*®*-3931. Furthermore,
machine learning algorithms play a crucial role in fault detec-
tion and maintenance of TENG sensors?®*3%!  QOver time,
TENG sensors may develop faults that affect their perform-
ance and lifespan. Traditional fault detection methods typic-
ally rely on manual experience and fixed rules, making it dif-
ficult to accurately identify faults in real-time. Machine learn-
ing algorithms, particularly unsupervised and semi-supervised
learning methods, can analyze real-time sensor data to auto-
matically identify abnormal patterns and provide early fault
warnings*®7-3681 For instance, Zhang et al. designed a self-
powered flexible keyboard capable of identifying users’ iden-
tities during typing. In combination with machine learning,
this keyboard achieves identity authentication through two
methods: fixed text input and dynamic text input. It accurately
authenticated fixed passwords consisting of 8 characters with
a success rate of 95.3%, and precisely authenticated 14 groups
of dynamic text containing double-key combinations with
an accuracy rate of 100%3%1. Additionally, machine learn-
ing algorithms show significant potential in optimizing the
energy efficiency and energy management of TENG sensors.
The energy output of TENG sensors is influenced by vari-
ous factors, including mechanical motion frequency, contact
material properties, and environmental conditions. Traditional
energy management methods are often based on fixed para-
meters and empirical models, which are less adaptable to com-
plex and dynamic environmental conditions. Machine learn-
ing algorithms can dynamically adjust energy management
strategies based on real-time data, achieving optimal energy
output and storage!37%-3711,

In summary, although commercialization faces many chal-
lenges, TENGs have made significant progress in material
design and emerging applications over the past few years.
Through close collaboration with other advanced disciplines
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and technologies, substantial innovations can be achieved,
providing TENGs with a sustainable, versatile, cost-effective,
and scalable spinning technology. It can be inferred that the
rapid development of FC-TENG will provide significant tech-
nical support for the era of wireless artificial intelligence and
IoT.
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