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A B S T R A C T   

In recent years, the widespread adoption of next-generation wearable electronics has been facilitated by the 
integration of advanced nanogenerator technology with conventional textiles. This integration has led to the 
development of textile-based nanogenerators (t-NGs), which hold tremendous potential for harvesting me
chanical energy from the surrounding environment and serving as power sources for self-powered electronics. 
Textile structures are inherently flexible, making them well-suited for wearable applications. However, their 
electrical performance as nanogenerators is significantly limited when used without any modifications. To 
address this limitation and enhance the electrical performance of textile-based nanogenerators, nanocomposite 
textiles have been extensively utilized for fabricating advanced nanogenerators. This critical review focuses on 
the recent progress in wearable nanocomposite textiles-based piezoelectric and triboelectric nanogenerators. The 
review covers the fundamentals of piezoelectricity and triboelectricity, the working principles of nanogenerators, 
and the selection of materials. Furthermore, it provides a detailed discussion of nanocomposite textiles in various 
forms, such as fibers or yarns, fabrics, and electrospun nanofibrous webs, which are employed in piezoelectric 
and triboelectric nanogenerators. The review also highlights the challenges associated with their implementation 
and outlines the prospects of textile-based nanogenerators. It can be concluded that nanocomposite textile based 
piezoelectric and triboelectric nanogenerators exhibit better electrical output and mechanical strength compared 
to conventional textile based nanogenerators. Nanocomposite electrospun web based piezoelectric nano
generators exhibit higher piezoelectric output compared with nanocomposite fibre/yarn or fabric based piezo
electric nanogenerators. This is because an in-situ poling takes place in electrospinning unlike with fibre or fabric 
based piezoelectric nanogenerators. Nanocomposite electrospun web based triboelectric nanogenerators also 
show better triboelectric output compared to the fibre or fabric-based equivalents. This is due to the higher 
contact area developed with electrospun nanocomposite webs compared to the fibre or fabric cases. Overall, it 
can be concluded that while nanocomposite construction can boost output and durability of textile based 
nanogenerators, more research is required to bring output, stability and durability up to the levels achievable 
with non-textile based devices.   

1. Introduction 

In recent years, there has been a growing interest in small-scale 

wearable and portable electronic devices, which have become an inte
gral part of people’s daily lives, enabling smart lifestyles [1–5]. This 
interest is primarily driven by their lightweight, small architecture, and 
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low power consumption. These devices are typically powered by bat
teries, and as a result, ongoing research has focused on modifying and 
improving battery technology [6,7]. These modifications aim to increase 
the energy density and overall performance of batteries. However, 
batteries have inherent limitations, such as a limited lifespan, requiring 
periodic recharging, which can eventually impact the efficiency of 
electronic devices. To address this battery life issue, researchers are 
exploring alternative power sources for small-scale portable and wear
able electronic devices [8]. In this context, piezoelectric [9,10], tribo
electric [11–14], and thermoelectric [15,16] harvesting technologies 
have emerged as potential solutions for providing continuous power to 
various small electronic devices. These technologies have the potential 
to convert renewable environmental waste into usable energy. Renew
able energy sources such as solar energy [17,18], thermal energy, and 
mechanical energy can be harnessed for this purpose. Among them, 
mechanical energy is particularly abundant in the surrounding envi
ronment [1,19]. Therefore, the ubiquitous utilization of mechanical 
energy in wearable and portable electronic devices through piezoelec
tric or triboelectric energy harvesting technologies holds great promise 
for wearable and portable electronic devices. Each of the mentioned 
energy harvesting technologies have its own advantages and drawbacks, 
but they can be employed based on the environmental energy sources 
including solar energy, thermal energy, electromagnetic energy, and 
mechanical energy as illustrated in Fig. 1. For example, piezoelectric and 
triboelectric technologies have been successfully employed to harvest 
electrical energy from mechanical energies present in our surroundings. 
On the other hand, thermoelectric technology is utilized to scavenge 
electrical energy from thermal energy in the environment. Among these, 
triboelectric nanogenerators exhibit higher electrical outputs compared 
to other counterparts [20]. 

Triboelectric energy harvesting is a technology that enables the 
scavenging of electrical energy through tribo-electrification and electro- 
static induction when two dissimilar material surfaces come into contact 
[22–25]. A triboelectric nanogenerator (TENG) compromises two ma
terials with different electron affinity (positive or negatively charged) 

and an electrode that produces an external current circuit [26]. The 
development of a triboelectric nanogenerator (TENG) involves 
employing various suitable manufacturing processes based on specific 
application requirements. [27–30]. To date, several methods have been 
employed for the development of triboelectric nanogenerators. These 
methods include as the solution cast film method, direct textile methods 
such as weaving, knitting, braiding, and nonwoven techniques, among 
others. Among these methods, textile-based triboelectric nano
generators (t-TENGs) have garnered significant interest compared to 
other approaches [31]. This is primarily attributed to their light weight, 
good flexibility, easy processability, cost effectiveness as well as other 
advantages [32–35]. Numerous research groups have conducted studies 
to explore the fabrication of highly promising triboelectric nano
generators by optimizing their structure and manufacturing methods. 
Despite these efforts, the development of triboelectric nanogenerator 
structures and manufacturing methods is an ongoing process, aimed at 
achieving large-scale production and high-performance products [36]. 

In recent years, hybrid energy harvesters (piezoelectric and tribo
electric) have also attracted attention to supply power to the different 
wearable electronic devices, because hybrid energy harvesters can 
generate high output current and voltage. However, the suitable struc
tural designs and polarization direction modulations are very important 
factors to get combined piezoelectric and triboelectric effects. Moreover, 
the piezoelectric and triboelectric effect can easily be combined since 
they have matching impedance, similar structural features, and more 
importantly, both of them possess the capability to convert mechanical 
energy to electrical energy [37,38]. 

Due to the increased interest in wearable electronics, researchers 
have been actively developing wearable nanogenerators to power 
various small-scale wearable and portable electronic devices. Piezo
electric and triboelectric nanogenerators, fabricated using films, can be 
attached as patches to wearable garments to harvest mechanical energy 
from the human body. Alternatively, direct textile structure-based 
piezoelectric and triboelectric nanogenerators offer an appealing 
approach for the development of wearable smart textiles. 

Fig. 1. Comparison of different energy harvesting technologies [21].  
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Considering the recent advancements in textile-based nano
generators (t-NGs) for energy harvesting and self-powered electronics, 
this comprehensive review provides an overview of wearable nano
composite textile-based nanogenerators (t-NGs) for energy harvesting 
and self-powered electronics (see Fig. 2). The review begins by focusing 
on the fundamental concepts of piezoelectricity and triboelectricity, 
explaining the working principles of piezoelectric and triboelectric 
nanogenerators, and discussing the selection of suitable materials. A 
subsequent section of the review delves into a detailed discussion of 
nanocomposite textiles based on piezoelectric and triboelectric nano
generators. Additionally, the review explores the potential avenues for 
overcoming the challenges and highlights the future prospects of 
nanocomposite textile-based piezoelectric and triboelectric nano
generators, emphasizing their role in advancing wearable and portable 
electronics, energy harvesting, and other related fields. 

2. What is piezoelectricity and triboelectricity? 

Piezoelectricity means an electricity generation due to pressure. 
Furthermore, piezoelectricity refers to the inherent property of certain 
materials to generate electricity when subjected to mechanical force, 
and conversely, to deform or vibrate when an electric field is applied to 
them. The process of capturing or harnessing the electric energy 
generated through piezoelectricity is commonly referred to as piezo
electric energy harvesting. There are two type of piezoelectric effects; 
namely, direct piezoelectric effect discovered by Pierre and Jacques 
Curie in 1880 [45] (mechanical energy is converted into the electrical 
energy) and inverse piezoelectric effect discovered by G Lippman in 
1881 [46] (electrical energy is converted into the mechanical energy). 
Generally, sensors work on the direct piezoelectric effect while actuators 
work on the inverse piezoelectric effect. Materials having piezoelectric 
characteristics are known as the piezoelectric materials [47]. To un
derstand piezoelectricity, one should consider a systematic theory of 
piezoelectricity [48–50]. The combined occurrence of the Hooke’s law 
for liner elastic materials and the linear behaviour of piezoelectric ma
terials is known as piezoelectricity. These two properties’ respective 
mathematical formulae are as follows: 

D = εE⇒Di = ΣiεijEj (i)  

S = sT⇒Sij = Σk,lsijklTkl (ii) 

where, D, ε and E are the electric flux density [51], the permittivity, 
and the electric field strength. On the other hand, S and s are denoted as 
the linearized strain and compliance under short-circuit conditions and 
T is the applied stress. 

Further, these two above mentioned formulas can be combined to a 
single formula: 

S = sT + ∂tE⇒Sij = Σk,lsijklTkl +Σkdt
ijkEk (iii)  

D = ∂T + εE⇒Di = Σj,kdijkTjk +ΣjεijEj (iv) 

where, ∂ is the piezoelectric tensor and the superscript t stands for its 
transpose. Due to the symmetry of ∂, dt

ijk=dkji=dkij. 
In matrix form, 

{S} =
[
sE] {T}+ [dt] {E} (v)  

{D} = [d] {T}+
[
εT] {E} (vi) 

where, [d] and 
[
dt
]

are the matrices for the direct piezoelectric ef
fect and the converse piezoelectric effect. Whereas, E and T denote the 
electric field and the stress field. The superscript t denotes transposition 
of a matrix [52,53]. 

On the other hand, triboelectricity refers to the generation of electric 
charge through repeated contact (e.g. sliding). This phenomenon, 
commonly known as static electricity, was first discovered by Thales of 
Miletus (Greek philosopher) about 2500 years ago. The triboelectric 
effect occurs when two dissimilar materials make repeated contact. This 
effect can be observed abundantly in our daily life. In past decades, 
different industries have mentioned that this electrostatic charge can 
lead to dust explosions, electronic damage, and ignition. However, from 
the energy point of view, the electrostatic charges involved can form the 
basis of an energy harvester. From this energy device concept, early- 
stage electrostatic generators such as the “friction machine” and “van 
de Graaff generator”, were fabricated. The modern triboelectric 

Fig. 2. Various nanocomposite textile based piezoelectric and triboelectric nanogenerators (a) PVDF (Poly (vinylidine fluoride)/ potassium sodium niobate (KNN) 
nanocomposite melt spun filament based piezoelectric nanogenerator [39], (b) BaTiO3/PVC nanocomposite and cotton yarns based woven fabric for the piezoelectric 
nanogenerator [40], (c) PVDF/KNN electrospun nanocomposite fibrous web based piezoelectric nanogenerator [41], (d) PVDF/ graphene electrospun nanocomposite 
web based triboelectric nanogenerator [42], (e) black phosphorus (BP) and hydrophobic cellulose oleoyl ester nanoparticles (HCOENPs)/PET fabric based tribo
electric nanogenerator [43], and (f) PU/PTFE core-sheath fibre based triboelectric nanogenerator [44]. 
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nanogenerator operates by the combined phenomenon of the tribo
electric effect and electrostatic induction. Prof Z.L.Wang was the first to 
elucidate the concept of a triboelectric nanogenerator [54]. Triboelec
tric nanogenerators mainly harvest the waste mechanical energy which 
is available in different forms in our daily life [26]. The main physics 
behind this triboelectric effect for energy harvesting was first discussed 
by Wang et al. [55]. Wang et al. has discussed a relationship between the 
triboelectric output and the Maxwell’s current displacement in this 
article. The electrical displacement vector as per Maxwell can be 
denoted as: 

D = εοE+P (vii)  

where, E and P, are the electric field and the polarization vector. Since 
displacement current has an immense role in the output of the tribo
electric nanogenerator, the displacement vector and the displacement 
current density can be expressed as: 

D = εοE+P+Ps (viii)  

JD =
ƏD
Ət

+
ƏPs
Ət

(ix) 

In the case of triboelectric nanogenerators, the current density 
mainly depends on the surface charge density (σT) and dielectric con
stant (ε1, ε2) of the triboelectric layers. Hence, the current density at 
short circuit condition can be denoted as: 

JD ≈ σT
dH
dt

d1ε0
ε1 + d2ε0

ε1
(

d1ε0
ε1

+
d2ε0

ε1
+ z

)2 (x) 

The triboelectric nanogenerator having area of A, can generate 
output current of I = A× JD. So, an equation for this output current can 
be expressed as: 

I ≈ AσT
dH
dt

d1ε0
ε1 + d2ε0

ε1
(

d1ε0
ε1

+
d2ε0

ε1
+ z

)2 (xi) 

Therefore, Eq. (xi) can be separated into three parts for a clearer 
understanding; namely, P1 is the surface tribo-charge density (σT) which 
depends on properties of the triboelectric materials, P2 (dH/dt) is cor
responding to the mode of operation of the triboelectric nanogenerator, 

and P3 (
d1ε0

ε1 +d2ε0
ε1(

d1ε0
ε1

+
d2ε0

ε1
+ z

)2 ) is attributed to the electrostatic induction 

which depends on the permittivity and thickness of the triboelectric 
materials [56,57]. 

2.1. Piezoelectric vs triboelectric: working principles of nanogenerators 
(NGs) 

The working mechanism of a piezoelectric device is illustrated in  
Fig. 3a. Before applying any electrical field, the electric dipoles within 

the composite-based material are randomly aligned between the two 
electrodes. When pressure is applied, the charge within the piezoelectric 
material separates, leading to a net polarization between the top and 
bottom of the surface, as shown in Fig. 3a. Consequently, positive, and 
negative charges accumulate at the bottom and top of the electrode, 
respectively, resulting in the generation of the positive voltage signals 
from the microdevice, corresponding to the first positive peak of voltage. 
Upon releasing the pressure from the device, a negative signal is 
generated. The piezoelectric potential arises from the movement and 
accumulation of free charges in piezoelectric materials. After returning 
to the original state, the accumulated electrons flow back in the opposite 
direction, resulting in a negative signal (Fig. 3a). The generated elec
trical energy is collected using an appropriate circuit directly connected 
to the electrodes [58,59]. 

As previously mentioned, the discovery of the triboelectric nano
generator dates back to 2012. Since then, numerous researchers have 
been actively engaged in this field due to the increasing significance of 
TENGs. There are four different working modes of triboelectric nano
generator, contact separation (CS), sliding mode (SM), single electrode 
(SE), and free standing (FS), modes (Fig. 3b). In the contact separation 
mode, as the name implies, two material surfaces undergo repeated 
cycles of normal contact (or tapping). In this mode, the two materials 
should have different electron affinity so that they can exchange charges 
between them. CS mode based TENGs generally have two components: 
contact material and electrode, respectively. When the two material 
surfaces come in contact by means of external force, one material surface 
loses charges (becomes positively charged) and the other surface gains 
the charges (and becomes negatively charged). On the other hand, when 
two material surfaces get detached from each other, a surface potential 
difference takes place on the material surface due to the unbalance of 
electric charges. Therefore, when two materials come in contact and get 
separated from each other, an electrical current flow through the wire 
connected with the materials until the TENG releases charges fully. In 
this process, when again force is applied, the potential difference will 
drop away due to the gap reduction between the two material surfaces 
and an electric current will flow in the opposite direction. Therefore, in 
this mode, the TENG will generate alternating current (AC) as shown in 
Fig. 3b. In contact separation mode, output current and voltage can be 
expressed as follows [57,60,61]: 

I = c
δV
δt

+ V
δC
δt

(xii)  

V =
σd
ε0

(xiii)  

where, C and V are the capacitance and voltage of the triboelectric 
nanogenerator (TENG) and σ, ε0 are the charge density and vacuum 
permittivity, respectively and d is the distance between the two mate
rials surfaces. 

In sliding mode (SM), two dielectric materials are arranged in a 
similar manner to CS mode. However, the materials are sliding one over 

Fig. 3. Working principle of the (a) piezoelectric and (b) triboelectric nanogenerator.  
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another tangentially rather than separating normally, which results in 
charge generation on the material surfaces. An AC output voltage is 
generated when an external load is connected to the TENG layers. The 
sliding mode operation of TENG is depicted in Fig. 3b. 

On the other hand, to reduce the manufacturing cost and energy 
harvesting from such applications where two electrodes are not 
compatible, a new modification in the TENG device has been carried 
out. Where a single electrode and one grounding arrangement based 
TENG is enough to harvest electrical energy from rotating tires, touched 
pads, and so on. The working mechanism of a single electrode TENG 
based on charge transfer between an electrode and the ground is shown 
in Fig. 3b(ii & iii). 

A variation of the sliding mode where a single layer of dielectric 
material slides over and back on two laterally separated tribo-layers is 
known as the ‘free-standing mode’ - see Fig. 3b. 

2.2. Piezoelectric and triboelectric materials 

Materials that can generate electric charge under external mechan
ical stress and vice versa are referred to as piezoelectric materials. The 
piezoelectric effect is observed in both natural and synthetic materials. 
Examples of natural piezoelectric materials include quartz (single crys
tal), SiO2, topaz, tourmaline group minerals, Rachelle salt (inorganic 
natural piezoelectric materials) and wood, silk, bone, rubber, dentin, 
hair, and enamel (organic natural piezoelectric materials). Synthetic 
piezoelectric materials can be classified into four groups namely pie
zoceramics (such as lead zirconate titanate (PZT), KNN, barium titanate 
(BT), etc.), piezo semiconductors (such as zinc oxide (ZnO), zinc stan
nate, etc.), piezopolymers (such as PVDF, poly (vinylidene fluoride- 
trifluoroethylene) (PVDF-TrFE), polypropylene (PP), nylon11 etc.), 
and piezocomposites (such as PVDF/KNN, PVDF-TrFE/BT, etc.). There 
are 32 crystal classes which are divided into seven groups such as 
triclinic, monoclinic, orthorhombic, tetragonal, trigonal, hexagonal, and 
cubic. Among these 32 classes, only 20 crystal classes have piezoelectric 
properties. Out of 20 crystals, 10 have polar characteristics, signifying 
spontaneous polarization is occurring without any external mechanical 
stress, and this is because of the non- cancelling electric dipole moment 
associated with their unit cell. The remaining 10 of the 20 crystal classes 
will show polarization only when they are subjected to an external 
mechanical load. Some of the piezoelectric materials along with their 
main piezoelectric properties are shown in Table 1 [62–64]. All the 
piezoelectric materials have some benefits and drawbacks; for example, 
single crystal piezoelectric materials have high mechanical quality fac
tor, but they are very expensive. Similarly, ceramic piezoelectric mate
rials have high piezoelectric constant and coupling factor, but they are 
brittle in nature (brittle piezoelectric materials are not suitable for using 
in certain applications). Polymer based piezoelectric materials have 
high flexibility (flexible piezoelectric materials can be used where 
flexibility is required unlike the ceramic based piezoelectric materials), 
but they have low piezoelectric constant, coupling factor, and dielectric 
constant. To solve individual drawbacks in ceramic and polymer based 
piezoelectric materials, composite based piezoelectric materials have 
become popular, but several material processing challenges remain in 
the case of composite piezoelectric materials [59]. 

Currently, there is a wide range of materials that exhibit triboelectric 
characteristics and can be employed in triboelectric nanogenerator ap
plications. The selection of triboelectric materials plays a vital role in the 
performance of a triboelectric nanogenerator, as it relies on the utili
zation of two dissimilar layers with different polarities. The polarity 
basically depends on the capability of a material to gain electrons (an 
electro-negative material) or lose electrons (an electro-positive). The 
triboelectric materials can be arranged as per their polarity and charge 
density. The triboelectric series was first published by John Carl Wilcke 
in 1757 [78,79]. In reality, materials listed farther from the chart’s 
centre tend to be more positively or negatively charged, and the distance 
between two materials in the series determines how much charge is 

transmitted between them. The list of materials with triboelectric 
properties is shown in Fig. 4 below. The materials that are most 
compatible with one another and provide the most triboelectric in
teractions are those that have comparable opposing electric charges. 

3. Fundamentals of textiles and textile nanocomposites 

Fibres serve as the primary raw material in textile manufacturing and 
can be broadly classified into natural or synthetic fibres. Regardless of 
their origin, fibers are characterized by certain parameters including a 
high length-to-width ratio, flexibility or softness, dyeability, good 
strength, and elongation. Examples of natural fibres include cotton (seed 
fibre), sisal (leaf fibre), jute (bust fibre), silk (protein fibre), wool (pro
tein fibre), coir (fruit fibre), and many more. On the other hand, syn
thetic or manmade fibres are polyester, polypropylene, nylon, glass, 
metallic, specialty fibres and so on. Historical records indicate that fibers 
were initially sourced from natural materials (plants or animals), and it 
was only in the 1940 s and 1950 s that synthetic fibers were developed 
from chemical sources. In addition to natural and synthetic fibers, there 
is also a category of regenerated fibers (such as viscose, rayon, cellulose 
acetate, etc.), which are derived from natural cellulose sources, but 
undergo chemical treatment during the manufacturing process.[81,82]. 

A yarn refers to a strand of fibers that has undergone the process of 

Table 1 
Some popular piezoelectric materials and their main piezoelectric properties.  

Piezoelectric Materials 

Materials Properties  

Piezoelectric 
coefficient 
(d) 
(pC/N) 

Relative 
permittivity 
(�r) 

Electromechanical 
coupling factor (k) 

Ref. 

Single crystals: 
AIN d15 = − 4.07 

d31 = − 2 
d33 = 5 

�33 = 11.4 - [65] 

BaTiO3 d15 = 392 
d31 = − 34.5 
d33 = 85.6 

�11 = 2920 
�33 = 168 

k15 = 0.57 
k31 = 0.315 
k33 = 0.56 

[66] 

LiNbO3 d15 = 68 
d31 = − 1 
d33 = 6 

�11 = 84 
�33 = 30 

k31 = 0.02 [67] 

LiTaO3 d15 = 26 
d31 = − 3 
d33 = 9.2 

�11 = 53 
�33 = 44 

- [68] 

Ceramics: 
BaTiO3 d15 = 270 

d31 = − 79 
d33 = 191 

�11 = 1440 
�33 = 1680 

k15 = 0.57 
k31 = 0.49 
k33 = 0.47 

[69] 

BiFeO3 d33 = 37 - K33 = 0.6 [70] 
PMN-PT d31 = − 74 �33 = 1170 k31 = − 0.312 [71] 
PZT-5A d31 = − 171 

d33 = 374 
�33 = 1700 k31 = 0.34 

k33 = 0.7 
[72] 

KNN-BZ d33 = 400 2 54.7 [73] 
KNN-BT d33 = 225 1.06 36 [74] 
Polymers: 
PVDF d31 = 17.9 

d32 = 0.9 
d33 = − 27.1 

6–12 k31 = 10.3 
k33 = 12.6 

[75] 

P(VDF-TrFE) d31 = 12–25 18 k31 = 0.16 
k33 = 0.29 

[76] 

P(VDF-HFP) d31 = 30–43 
d33 = 24 

11 k31 = 0.187 
k33 = 0.36 

[77] 

Nylon 11 d31 = 14–100 
d33 = 4 

5 k31 = 0.049 [77] 

Polylactic 
acid (PLA) 

d31 = 1.58 3–4 - [77] 

Cellulose d31 

= 1.88–30.6 
d33 = 5.7 

- - [77] 

Polyurethane 
(PU) 

d31 = 27.2 4.8–6.8 - [77]  
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spinning. Two main types of yarns are commonly used: spun yarns, 
which consists of fibers with a specific length, and filament yarns, which 
are composed of continuous fibers. Filament yarns are typically made 
from synthetic fibers, while spun yarns are made from natural fibers. A 
twisting process takes place in the spinning of natural fibre-based yarns 
in order to improve the coherence force between the fibres to form a 
yarn. There are different spinning methods used to produce synthetic 
yarn, including melt spinning, wet spinning, and dry spinning. The melt 
spinning process starts with melted polymer chips being extruded into 
filaments by extruders. Wet spinning involves the coagulation of poly
mer solution using nonsolvent to form a filament. Then these yarns are 
used to make the textile fabric having a different structure like woven, 
knitted, braided (Fig. 5). 

There are four different ways to make textile fabric: weaving, 

nonwoven, knitting, and braiding. Weaving is the process of interlacing 
two different types of yarn (warp and weft). The textile design affects 
how woven cloth is made. This design classifies woven cloth as plain, 
twill, satin, and many more terms. Similarly, knitting is the process of 
two yarns (wale and course) interloping with one another. There are 
many different knitting patterns, including plain, rib, purl, interlock, etc. 
On the other hand, by interlocking the fibres together, a nonwoven 
fabric structure can be created. (Fig. 5). One of the most promising 
processes for producing nonwoven fabrics is needle punching. Finally, a 
braiding machine is used to braid two or more yarns together in the 
braiding fabric production procedure. A classification of textile fibres, 
yarns, and fabric is shown in Table 2, in terms of their dimension, 
construction process, advantages and disadvantages. 

A nanocomposite is a material composed of at least one of the phases 

Fig. 4. Triboelectric series for selection of materials in TENGs [80].  
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Fig. 5. Textile fibre [83], yarn [84], and various textile fabrics (braided [85], nonwoven [86], woven (self-drawn), knitted [87]).  

Table 2 
Classification of textile fibres, yarns, and fabrics in terms of their dimension, construction process, advantages, and disadvantages.  

Type of textiles Constructions Advantages Disadvantages 

Fibre 
(0D dimension) 

Natural Growing naturally Easy availability, low cost, biodegradable, 
environment friendly 

Low strength, heavy in weight, not 
durable, wrinkled structure 

Synthetic Derived from chemicals High strength and durability, lower moisture 
content, smooth surface 

Cost effective, processing challenges, non- 
eco friendly 

Yarn 
(1D dimension) 

Spun Made by twisting of the staple 
fibres (fibres having short length) 

Low cost Low strength, less softness, more hairiness 

Filament Mono Consists of a single strand High strength, softer, less hairiness Cost effective, hard to manufacture 
Multi Consists of two or more strands 

Woven fabric 
(plain, twill, satin, 
sateen, etc.) 

2D fabric Made by combining two 
orthogonal yarns 

Easy processing, lower fibre damage, higher 
dimensional stability 

Heavy in weight, less productivity, rigid in 
structure 

3D fabric Made by combining three 
orthogonal yarns 

Light in weight, high productivity, softer, higher 
dimensional stability 

Higher fibre damage tendency, complexity 
in manufacturing 

Knitted Fabric 
(plain, rib, purl, 
interlock) 

2D fabric Made by interloping of the yarns Good flexibility, soft to touch, higher extensibility Lower dimensional stability, cost 
effective, shrinks easily, tendency to curl 
at the edges 

3D fabric 

Braided fabric 
(bi-axial and tri-axial) 

Made by intwining of the yarns Higher strength than fibre and yarn, low cost, easy 
processability, good for high performance 
applications 

Only narrow fabric can develop, it can be 
stretched in one direction only 

Nonwoven 
(electrospun, needle punch, spun 
bonding, water entanglement, air 
bonding, etc.) 

Made by entanglement of the 
fibres 

Flexible, softer, low cost, light weight, higher 
specific surface area of the fibres (electrospun 
fibres) 

Lower dimensional stability, low strength, 
low durability,  
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(matrix or reinforcing) having less than 100 nm dimensions [88]. Over 
the past years, the textile industry has become one of the emerging 
adopters of nanotechnology with numerous nanocomposite 
textile-based products available in the market [89,90]. Nanotechnology 
has found substantial application in textile manufacturing, particularly 
when incorporating nanofillers into textile materials, resulting in what is 
known as nanocomposite textiles. Compared to conventional textiles, 

nanocomposite textiles exhibit enhanced functional properties. For 
example, their piezoelectric or triboelectric characteristics are superior 
to those of regular textiles. In this review, we will delve into the details 
of nanocomposite textile-based piezoelectric and triboelectric 
nanogenerators. 

Fig. 6. (a) (i) Digital photos of the PVDF/BT nanocomposite fibre based PENG [91], (ii) a bobbing of the PVDF/BT nanocomposite fibres [91]; (b) An output voltage 
and a output power generated by the PVDF/BT nanocomposite filament based PENG [91]; (c) The coil structure [94] and (d) Output voltage of the PVDF, PVDF/BT, 
PVDF/rGO, and PVDF/rGO/BT nanocomposite filaments [94], (e) Schematic illustration of the PVDF/KNN nanocomposite filament based PENG [39] and (f) An 
output voltage generated by the PVDF/KNN nanocomposite filament based PENG [39]. All essential copyrights and permissions received. 
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4. Nanocomposite textile based piezoelectric nanogenerators 
(NT-PENGs) 

Significant research has already been conducted on textile-based and 
nanocomposite textile-based piezoelectric nanogenerators. In the case of 
conventional textiles, a poling method is typically required to achieve 
desirable piezoelectric properties. However, in nanocomposite textiles, 
the presence of nanofillers within the polymer matrix acts as a nucle
ating agent, resulting in higher piezoelectric properties compared to 
normal textiles. Consequently, there is sometimes no need for additional 
poling arrangements as required for conventional textiles. Alternatively, 
direct incorporation of piezoelectric fillers such as KNN, BT, PZT, etc., 
into the polymer matrix can be employed to enhance the piezoelectric 
properties. Nanocomposite textile-based piezoelectric nanogenerators 
can be fabricated in various forms, including single fibers or yarns, 
fabrics, and electrospun nanofibrous webs. 

4.1. Nanocomposite single fibre or yarn based piezoelectric 
nanogenerators (NSF-PENGs or NY-PENGs) 

In general, piezoelectric polymer-based single fibers or yarns in their 
pristine form exhibit lower piezoelectric performance. Moreover, pure 
polymer-based fibres or yarns have poor mechanical properties. To 
overcome these limitations, researchers have attempted to develop 
nanocomposite-based piezoelectric fibers or yarns. Although 
nanocomposite-based fibres or yarns possess superior properties, to 
date, only a limited number of studies have been conducted on nano
composite single fibre or yarn based piezoelectric nanogenerators. One 
such example is the work by Mokhtari and co-workers [91], who re
ported a PVDF/BT melt spun nanocomposite filament based piezoelec
tric nanogenerator (Fig. 6a). In this study, pure PVDF and PVDF/BT 
nanocomposite filaments were produced using a two-stage process: so
lution casting followed by melt spinning. The effect of BT nanoparticles 
on the piezoelectric properties of PVDF polymer was analyzed by 
varying the concentration of BT nanoparticles (0, 5, 10, and 20 wt%). It 
was observed that the fraction of β-phase increased in the case of 
PVDF/BT nanocomposite filaments (β-phase fraction-98%) compared to 
neat PVDF filament (β-phase fraction-51%). This increase can be 
attributed to the nucleation of β-crystalline nucleating effect of the BT 
nanoparticles in PVDF polymer. However, the β-phase fraction in the 
PVDF polymer is decreased beyond 10 wt% of BT nanoparticles. At 
higher concentration, BT nanoparticles get agglomerated and therefore, 
improper interaction takes place in between BT nanoparticle and PVDF 
polymer [92,93]. The PVDF/BT nanocomposite filament also showed 
better mechanical properties (tensile strength- 170% and young 
modulus- 130% higher than pure PVDF filament) compared to pure 
PVDF filament. PVDF/BT nanocomposite filament is a more suitable 
candidate for developing the piezoelectric nanogenerator due to higher 
dielectric constant (~200), lower cost, and ecofriendly nature of the BT 
nanoparticles. Further, it was found that the PVDF/BT nanocomposite 
filament based piezoelectric nanogenerator had an output voltage of 
1.1 V which is comparatively high compared to the pure PVDF filament 
based piezoelectric nanogenerator (output voltage ~0.48 V). In addi
tion, the nanocomposite filament based piezoelectric nanogenerator 
showed a maximum power of 0.21 µW with an external resistance of 
400 kΩ (Fig. 6b). It was also found that the PVDF/10%BT nano
composite filament based piezoelectric nanogenerator has shown higher 
output voltage than PVDF/20% BT. However, the piezoelectric voltage 
constant (g33) is lower in the case of PVDF/10% BT based PENG as 
compared to PVDF/20% BT based PENG. Finally, to prove practical 
ability of this as prepared PENG, capacitors having different capacities 
were charged. Later, in the year 2021, the same research group [94] has 
also reported the piezoelectric properties of a highly stretchable piezo
electric nanogenerator composed of PVDF/rGO/BT melt spun nano
composite filament (Fig. 6c). For this study, pure PVDF, PVDF/BT, 
PVDF/rGO/ and PVDF/rGO/BT nanocomposite filaments were prepared 

by a melt spinning process. During melt spinning, a twist of 12000 TPM 
(twist per meter) was inserted into the melt spun filament until a coil 
formed completely along the entire length of the filament. It was found 
that the β-phase fraction is increased in the case of PVDF/rGO/BT 
nanocomposite filament as compared to other counter parts. This is 
because of the nucleation effect of rGO which causes delocalization of 
π-electrons with the remaining oxygen groups in rGO which interact 
with the CH2, and CF2 functional groups of the PVDF polymer chains. It 
was also found that the pure PVDF, PVDF/rGO/ and PVDF/BT nano
composite filament-based PENG showed output voltages of 0.3 V, 0.4 V 
and 0.7 V, respectively (Fig. 6d). The PVDF/BT based PENG showed 
higher output than PVDF/rGO - this may be due to the rGO sheets having 
many free charges which did not find dipoles from the PVDF polymer. 
On the other hand, the developed PVDF/rGO/BT nanocomposite 
filament-based PENG showed an output voltage of ~1.2 V, an output 
current of ~2.5 nA, and a power density of ~ 0.42 µW/cm3, respec
tively. The optimized PENG device was employed as motion and strain 
sensors to detect the human finger bending angle and movements. The 
sensor output voltage was calibrated using different forces (0.5 − 10 N) 
applied during the sample compression test. Although BT has advan
tages in boosting the electrical performance of the nanocomposite based 
piezoelectric nanogenerator, BT has limited dielectric constant, piezo
electric constant (d33) and curie temperature as compared to the other 
ceramic based piezoelectric materials like PZT and KNN. 

KNN is one of the most desirable piezoceramic materials because of 
its higher piezoelectric constant (150–500 pC/N), higher curie temper
ature (>400℃), higher dielectric constant, and its ecofriendly nature 
[5,95]. Therefore, it is expected that KNN nanocomposite filament based 
piezoelectric nanogenerators will show better piezoelectric properties as 
compared to BT based piezoelectric nanogenerators. In a study, Bairagi 
and colleagues [39] prepared a piezoelectric nanogenerator using KNN 
nanorods incorporated PVDF polymer nanocomposite melt spun fila
ments (Fig. 6e). Herein PVDF/KNN nanocomposite filaments were 
developed by the melt spinning process with different concentrations of 
KNN nanorods (0%, 2%, 4% and 6%). The as prepared filaments were 
characterized using the FTIR and XRD to find out the structural char
acteristics of the filaments. It was observed that the beta fraction value 
for the nanocomposite filaments increases with increase in the KNN 
nanorod concentration (beta fraction for PVDF/0% KNN NRs is 9% 
while 26% for the PVDF/4% KNN NRs). This is due to the beta nucle
ating effect of the KNN nanorods in PVDF polymer. However, the beta 
fraction value reduces down for PVDF/6% KNN NRs due to the 
agglomeration of the KNN nanorods at higher concentration. The same 
trend was also found for the XRD analysis of the developed nano
composite filaments. The dielectric constant of the filaments was also 
analyzed, and it was found that the PVDF/4% KNN NRs based nano
composite filament showed 175 dielectric constant which is compara
tively higher than the other filaments (pure PVDF-73, PVDF/2% KNN 
NRs-134, and PVDF/6% KNN NRs-131, respectively). Finally, the 
piezoelectric responses were evaluated with a digital oscilloscope using 
hand-tapping on the respective PENG device and interestingly, it was 
found that the PVDF/KNN nanocomposite filament based piezoelectric 
nanogenerator showed better electrical performance (output voltage 
~3.7 V (Fig. 6 f) and output current~0.326 µA, respectively) compared 
to the pure PVDF filament based piezoelectric nanogenerator (output 
voltage ~1.9 V). The electrical performance of the PVDF/KNN nano
composite filament-based PENG is higher compared to PVDF/BT based 
PENG. 

Later in the same year (2020), Chowdhury and co-workers [96] 
prepared a PVDF/PU/rGO nanocomposite filament based piezoelectric 
nanogenerator. In this study, PVDF/PU/rGO nanocomposite filaments 
were engineered by varying the concentration of rGO from 0 wt% to 
0.5 wt%. The FTIR characterization was carried out to find out the 
relative beta fraction value of the as prepared filaments and it was found 
that the beta fraction value is higher in the case of PVDF/PU/0.1%rGO 
(66%) nanocomposite filaments compared to other counterparts (for 0% 
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rGO, beta fraction is 40%, for 0.3% rGO, beta fraction is 38% and for 
0.5% rGO, beta fraction is 39%, respectively). The relative beta fraction 
is high for the PVDF/PU filaments having lower concentration of rGO 
compared to higher rGO incorporated PVDF/PU filaments. This is 
because, at lower concentration of rGO, a suitable interaction takes 
place between the PVDF and PU polymer chains which results in a high 
relative beta fraction, but at higher concentration of rGO, that interac
tion between the PVDF and PU polymer chains gets restricted [97]. The 
PVDF/PU/0.3% rGO nanocomposite filament-based PENG had an open 
circuit voltage and a short circuit current of 0.349 V and 0.294 µA, 
respectively while only the PVDF/PU filament-based PENG showed an 
open circuit voltage and a short circuit current of 0.318 V and 0.172 µA, 
respectively. Moreover, 0.3% rGO incorporated PVDF/PU based PENG 
showed a power density of 66.39 mW/m2 under a constant load and 
frequency of 3.82 N and 2.5 Hz, respectively. 

All these above-mentioned studies provide a clear idea about nano
composite fibre or yarn based piezoelectric nanogenerators. It can be 
found that the nanocomposite fibre/yarn based piezoelectric nano
generators have shown better piezoelectric performance as compared to 

pristine polymer based piezoelectric nanogenerators. This is due to the 
additional piezoelectric characteristic of the nano fillers and nucleation 
effect of the nano fillers in polymer matrix. In addition, nanocomposite 
fibre/yarn showed higher mechanical strength compared to pristine 
polymeric fibre/yarn. However, to prepare nanocomposite based 
piezoelectric fibre/yarn one of the main challenges is the uniform dis
tribution of filler in polymer matrix and therefore, to mitigate this 
problem, more research work needs to be explored. Although nano
composite filament based PENGs are very flexible in nature and easy to 
process, they have very low piezoelectric outputs. Hence, the nano
composite filament based PENGs would not be a suitable power source 
for wearable and portable electronics. Therefore, textile fabrics (woven, 
knitted, and braided) can be prepared by using these nanocomposite 
filaments to get enough piezoelectric signals. 

4.2. Nano composite fabric based piezoelectric nanogenerators (NF- 
PENGs) 

The piezoelectric outputs of nanocomposite single fibre or yarn 

Fig. 7. (a) (i) Digital photos of the PVDF/BT nanocomposite fabric based PENG [91], (ii) an output voltage signal generated by PENG [91], and (iii) the digital photos 
of the PVDF/BT nanocomposite fabric based PENG (an output voltage signal at the inset) [91]; (b) Schematic diagram of the PVC/BT nanocomposite fabric based 
PENG [40], (ii) & (iii) an output voltage and current generated by the as fabricated PENG [40]; (c) The schematic illustration of the ZnO NWs nanocomposite fabric 
based PENG [99]; (d) The ZnO NWs incorporated nanocomposite based PENG (i) schematic diagram of the PENG [100], and (ii) an output voltage generated by the 
PENG in forward and reverse directions [100]. All essential copyrights and permissions received. 
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based PENGs, are very low due to limited number and smaller active 
area. Therefore, in order to enhance piezoelectric outputs, one encour
aging approach is to combine multiple nanocomposite fibres or yarns 
into the 2D or 3D textile structure by different textile manufacturing 
methods (weaving, knitting, nonwoven, etc.). The nanocomposite fabric 
based PENGs are a more suitable candidate than nanocomposite fibres 
or yarn based PENGs, in terms of their higher energy conversion effi
cacy. Moreover, nanocomposite fabric based PENGs can also be inte
grated in textile structures for wearable applications. Hence, 
nanocomposite fabric based PENGs are a more suitable candidate to 
supply power to small portable and electronic devices. To date, many 
research works have already been done on nanocomposite fabric based 
PENGs. For a typical example, Mokhtari and co-workers [98] prepared a 
piezoelectric nanogenerator composed of nanocomposite braided yarn. 
The nanocomposite braided yarn was engineered by intertwining of the 
melt spun piezoelectric PVDF fibres and conductive silver coated nylon 
yarns. The PVDF fibres were braided around the silver coated nylon 
yarns to form the inner electrodes, while the whole assembly was 
braided further with the silver coated nylon yarns to form the outer 
electrode. This formed a triaxial structure that made the energy 
harvester quite robust and fatigue resistant. These energy harvesters 
under compressive or bending forces generated an output voltage of 
380 mV with a power density of 29.62 μWcm− 3. 

In another study, Mokhtari and colleagues [91] also studied the 
piezoelectric properties of a nanocomposite fabric based piezoelectric 
nanogenerator (Fig. 7a). The nanogenerator was fabricated using the 
PVDF/BT nanocomposite filaments prepared by the melt spinning pro
cess. It was observed that, at a higher loading of the barium titanate 
nanoparticles, agglomeration of the nanoparticles took place. Moreover, 
at higher loading of nanoparticles, the nanocomposite preparation 
became difficult owing to the reduced mobility of the polymer chains. 
The electroactive phase content of PVDF increased with the increase in 
the barium titanate nanoparticle loading owing to the increased inter
action between the filler and polymer. However, beyond a certain 
concentration, the segmental mobility of the polymer chains is 
restricted; that results in a decrease in the electroactive phase content. 
The fibres were then triaxially braided to form energy harvesters. The 
braided fibres were then fabricated into knitted structures to form 
wearable energy harvesters. These energy harvesters generated up to 
4 V output voltage with a power density of 87 μWcm− 3 and excellent 
sensitivity. Likewise, Zhang et al. [40] fabricated a 2D nanocomposite 
fabric-based PENG composed of BaTiO3 NWs/PVC nanocomposite 
yarns, cotton yarns and Cu wires (Fig. 7b). Here, BaTiO3 NWs/PVC 
nanocomposite yarns were used as the piezoelectric component whereas 
cotton yarns for protecting short circuit between the Cu wires as well as 
to maintain wearability of the PENG device. To fabricate 2D fabric based 
piezoelectric nanogenerator, BaTiO3 NWs/PVC nanocomposite yarns 
were used in the warp direction (length wise) while conductive Cu wires 
used in the weft direction (width wise). On the other hand, cotton yarns 
were utilized as the insulating spacers between the conductive Cu wires 
to protect from short circuit between Cu wires. The fabric was prepared 
by hand knitting using these above-mentioned yarns. For getting better 
piezoelectric response the prepared 2D fabric was poled by applying an 
external electric field of 4 kV/mm at a temperature of 20 ◦C for 20 h. 
Furthermore, for comparison purposes, a pure PVC polymer-based fabric 
was also developed. Finally, the as prepared piezoelectric nanogenerator 
was attached onto an elbow pad to harvest biomechanical energy from 
the human body movement. And interestingly, it was found that the 
fabricated piezoelectric nanogenerator showed an output voltage and 
short circuit current of 1.9 V and 24 nA, respectively, against the human 
hand bending motion. 

In wearable piezoelectric nanogenerators (PENGs), biocompatibility 
is a crucial requirement. In this context, zinc oxide (ZnO) is an appealing 
alternative to lead zirconate titanate (PZT) or other filler materials due 
to its biocompatible nature. It has good mechanical and piezoelectric 
coupled semiconducting properties, which results in easy conversion of 

body movement mechanical energy into electrical energy. Therefore, 
ZnO based nanocomposite fabrics have been studied widely for piezo
electric performance. One such example in 2019 (Rafique and co- 
workers [99]) reported a textile based piezoelectric nanogenerator 
which was developed by growing silver doped ZnO nanorods on cotton 
fabric (Fig. 7c). These nanorods were grown hydrothermally on the 
cotton substrate. The morphological studies of the substrate revealed 
good adhesion of the Ag-doped ZnO nanorods on cotton due to hydrogen 
bonding between them and the hydroxyl groups of the cotton fabric. 
Structural analysis of the hydrothermally grown Ag-doped ZnO nano
rods revealed the replacement of Zn2+ions with the Ag+ ions, evident 
from the shift in peaks towards higher degree for the doped nanorods 
compared to pristine nanorods. The improved piezoelectric performance 
of the Ag-ZnO nanorods on cotton fabric compared to pristine ZnO 
nanorods on cotton fabric was mainly due to the reduction in free charge 
carrier concentration due to doping with silver. In addition, the piezo
electric performance of the developed piezoelectric nanogenerator was 
carried out under a cyclic applying load of 3 kgf. The Ag-ZnO/cotton 
based piezoelectric nanogenerator showed an output voltage of 6.85 V 
and a short circuit 3.42 µA while the undoped ZnO/cotton based 
piezoelectric nanogenerator showed an output voltage and a short cir
cuit current of 2.28 V and 1.16 µA, respectively. Therefore, the output 
voltage and current of the Ag doped ZnO grown cotton based piezo
electric nanogenerator is almost 3 times higher than the undoped ZnO 
coated cotton based piezoelectric nanogenerator. Moreover, the Ag 
doped ZnO based piezoelectric nanogenerator also showed a maximum 
power density of 1.45 mW/cm2 at a load resistance of 31 MΩ and they 
also found that capacitive reactance also affects the charging capability 
of the PENG. Similarly, in another study, a nanocomposite fabric-based 
PENG was developed using two types of fibres, one was ZnO NWs grown 
fibres and other is ZnO NWs grown covered with the palladium (Pd) 
(Fig. 7d). The as-fabricated PENG could generate output voltage and 
current of 3 mV and 17 pA, respectively, when the PENG is slid by a 
linear motor [100]. A summary of some of the nanocomposite single 
fiber (NSF) or yarn (NY) and the nanocomposite fabric (NF) based 
piezoelectric nanogenerators (PENGs) is shown in Table 3. 

From these above studies on nanocomposite textile fabric based 
piezoelectric nanogenerators, it can be seen that few well known 
piezoelectric materials such as PVDF, BaTiO3, and ZnO, are utilized to 
develop the nanocomposite textile fabric based PENGs. Often ZnO, and 
BaTiO3, either directly grow on the textile fabric or incorporate into the 
polymer matrix whereas PVDF is usually fabricated into the filament 
mostly by the melt spinning method. It can also be observed that the 
nanocomposite fabric based PENGs have shown better piezoelectric 
properties and durability as compared to the pristine fabric based 
PENGs. Although nanocomposite textile fabric based PENGs show better 
piezoelectric properties, still systematic studies need to be done. 

To prepare nanocomposite fibre/yarn and fabric based piezoelectric 
materials the most important step is the poling method. Poling is a 
method where all randomly oriented dipoles (molecular dipoles for the 
polymer and ionic dipoles for the inorganic piezoelectric materials) in 
the nanocomposite get aligned in a particular direction by application of 
an external electric field. The poled piezoelectric nanocomposite fibre/ 
yarn or fabric only can show better piezoelectric properties. Therefore, it 
can be concluded that, to prepare nanocomposite piezoelectric fibre/ 
yarn or fabric, additional poling arrangement need to be added. This 
additional arrangement will increase the overall cost of the nano
generator and will also decrease the production of the nanogenerator. To 
solve these problems, the electrospinning method comes into the picture 
to prepare electrospun nanocomposite piezoelectric materials. The 
electrospinning method for preparing electrospun nanocomposite based 
PENGs is discussed in detail in the next section. 
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4.3. Nanocomposite electrospun web based piezoelectric nanogenerators 
(NEW-PENGs) 

Electrospinning is a versatile and important process used to produce 
nanofibers. It involves the application of a high-voltage electric field to a 
polymer solution or melt, causing the formation of ultrafine fibers with 
diameters typically ranging from a few nanometers to several micro
meters of a nonwoven like web. Here, the electrospinning process is 
described briefly. A flowing dielectric polymer solution bends as it 
leaves a needle or spinneret under the influence of an electric field to 
create a cone (known as a Taylor cone) from which small droplets lift off. 
The droplets lifting off will combine into a thin liquid jet if the voltage 
supplied is high enough. The viscosity and electrical resistivity of the 

polymer solution affect how the Taylor cone and thin liquid jet develop. 
While the jet travels to the collector as fibre jets for high viscosity so
lutions, it breaks up into droplets for low viscosity solutions. The narrow 
jets will form fibres as long as the solvent carrying the polymer evapo
rates quickly enough. Following initiation from the cone, the jets move 
chaotically or exhibit bending instability before being field-directed 
towards the grounded collector that is negatively charged and collects 
the charged fibres [102]. Electrospinning can be affected by different 
parameters which play a significant role in deciding the morphology, 
diameter, and formation and electromechanical properties of the 
resultant nanofibers or webs. The factors can be divided into solution 
parameters, process parameters and ambient condition. Among them, 
solution parameters such as viscosity, molecular weight and 

Table 3 
Summary of the NSF-PENGs /NY-TENGs and NF-PENGs.  

Materials Textile structure Electrd. wt% Voc 
(V) 

Isc 
(µA) 

Pd
max 

(mW/m2) 
Applications Ref. 

PVDF/BT Melt spun filament Al 10  1.1 - 2.1 Energy harvesting [91] 
PVDF/rGO/BT Melt spun filament Al 0.5 &10  1.2 0.0025 36 Energy harvesting and LEDs glowing [94] 
PVDF/KNN NRs Melt spun filament Al 4  3.7 0.000326 - Energy harvesting [101] 
PVDF/Ag-Nylon Braided fabric Ag 10  0.38 1750 1.6 Energy harvesting and capacitor charging [98] 
PVC/BT NWs Knitted fabric Cu -  1.9 24 0.1 Energy harvesting and motion sensing [40] 
Cotton/Ag-ZnO Woven fabric Cu -  6.85 3.42 14.5 Energy harvesting and capacitor charging [99]  

Fig. 8. (a) Schematic illustration of the PVDF/PZT electrospun nanocomposite fibre based PENG (inset showing morphology of the PVDF/PZT nanofibres) [121]; (b) 
Schematic diagram of the SMPU/PZT electrospun nanocomposite fibre based PENG and a digital image of the developed PENG as depicted at the right hand side 
[122]; (c) (i) The P(VDF-TrFE)/PZN-PZT electrospun nanocomposite based PENG [123], (ii) & (iii) the output voltage and current generated by the developed PENG 
[123]; (d) (i) A diagram of the PVDF/KNN nanofibre based PENG [125]; (ii) an output voltage generated by the PENG [125]; (e) Schematic diagram of the 
PVDF/SM-KNN electrospun nanocomposite fibre based PENG along with its output voltage graph [126]. All essential copyrights and permissions received. 
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conductivity and major process parameters including applied electric 
field, flow rate and tip to collector distance are primary ones. Besides 
these, the morphology and diameter are also affected by ambient con
ditions such as temperature and humidity [103–107]. 

One of the highly promising research areas in recent years is the 
development of piezoelectric nanogenerators based on electrospun 
nanofibers. These nanogenerators offer several advantages over melt- 
spun materials and solution cast films, primarily due to the in-situ 
poling process integrated into the electrospinning procedure. As a 
result, they exhibit greater output signals and eliminate the need for 
additional poling arrangements. During electrospinning, the dipoles 
within the nanofibers align themselves in a specific direction in response 
to the external electric field applied during the process. This aligning of 
dipoles ensures that the nanofibers possess a predetermined polariza
tion, eliminating the requirement for supplementary poling apparatus 
[108–111]. Additionally, compared to solution-cast films or melt-spun 
filaments, electrospun nanofibre-based piezoelectric nanogenerators 
ought to be lighter, more flexible, and less expensive. Numerous re
searchers all over the world are using electrospun nanofibres as piezo
electric materials as a result of these benefits. However, piezoelectric 
pure polymer based electrospun nanofibres are not sufficient to harvest 
energy for self-powering applications due to their lower piezoelectric 
signals. To overcome drawbacks with the pure polymer based electro
spun nanofibres, researchers have tried to develop electrospun nano
composite fibres. In general, polymer (PVDF, PVDF-TrFE, PVDF-HFP, 
PP, Nylon11, PLA, and so on) [112–116] material has been used as a 
matrix whereas inorganic metal oxide (ZnO, KNN, PZT, and many more) 
[117–120] has been utilized as a filler component in the nanocomposite 
based piezoelectric material. And it is also expected that output signals 
of the nanocomposite electrospun web based PENGs will be high as 
compared to nanocomposite single fibres or yarns and fabric based 
PENGs. However, the durability of the electrospun nanofibrous webs 
still needs to be much improved. There are several research works on 
nanocomposite electrospun web based PENGs. Koc and colleagues [121] 
reported on PVDF/PZT electrospun nanocomposite fibres based flexible 
piezoelectric nanogenerators (Fig. 8a). Herein, PVDF/PZT electrospun 
nanocomposite fibres were developed by the electrospinning process 
where different concentrations (0 wt%, 10 wt%, 20 wt%, and 30 wt%) 
of PZT filler were incorporated into the PVDF polymer. The piezoelectric 
outputs for PVDF/PZT and pure PVDF electrospun fibres were evaluated 
by connecting a load in parallel to the piezoelectric device and also 
testing without connecting the load. It was found that the PVDF/PZT 
nanocomposite-based PENG had a more effective voltage of 35.81% 
more than the pure PVDF electrospun fibres-based PENG under a 
resistive load of 1 MΩ. Whereas, without resistive load, the PVDF/PZT 
based PENG only showed an effective voltage of 11.73% above the pure 
PVDF based PENG. Furthermore, it was also found that the PVDF/10% 
PZT nanocomposite-based PENG had a higher power output (6.35 µW) 
than the pure PVDF based PENG (3.44 µW). This is due to the higher 
piezoelectric characteristics of the PZT. In another study, Guan et al. 
[122] also reported a piezoelectric nanogenerator based on the PZT 
incorporated shape memory polyurethane (SMPU) electrospun nano
composite fibres (Fig. 8b). Two types of electrospun nanocomposites 
were prepared: random oriented and aligned nanocomposite fibres. 
Randomly oriented and aligned nanofibres were developed intentionally 
to observe the effect of fibre orientation upon the mechanical and 
piezoelectric properties of the resultant SMPU/PZT nanocomposite. 
Interestingly, it was found that the aligned (0 ◦ aligned means nano
composite fibres parallel to the tensile testing direction) nanocomposite 
fibres showed better mechanical and piezoelectric properties as 
compared to randomly oriented nanocomposite fibres. Mechanical 
properties of the aligned nanocomposite fibres are better due to align
ment of the nanofibres along the load bearing direction. Specifically, the 
aligned nanocomposite fibres based piezoelectric nanogenerator had an 
output voltage of 421 mV which is 5.4 times higher than randomly 
oriented nanocomposite fibres based piezoelectric nanogenerator 

(output voltage for the randomly oriented fibres based piezoelectric 
nanogenerator is 65.6 mV). This is because of the higher density and 
lower surface area of the aligned nanocomposite fibres. Likewise, Liu 
and colleagues [123] reported the piezoelectric outputs for a PZN-PZT 
(0.4Pb (Zn1/3Nb2/3)O3–0.6Pb(Zr0.5Ti0.5)O3) nanoparticles incorpo
rated P(VDF-TrFE) polymers electrospun nanocomposite based piezo
electric nanogenerator (Fig. 8c(i)). To develop electrospun 
nanocomposite fibres, various concentrations (0 wt%, 5 wt%, 10 wt%, 
and 20 wt%) of PZN-PZT fillers (diameter of 54 nm) were loaded into 
the P(VDF-TrFE) polymer during the electrospinning process. It can be 
seen from Fig. 8c(ii) and (iii), that the piezoelectric output signals 
(output voltage and current) are increasing with increase in the con
centration of the PZN-PZT fillers - this is due to higher piezoelectric 
properties of PZN-PZT fillers compared to P(VDF-TrFE) polymer. The P 
(VDF-TrFE)/20% PZN-PZT nanocomposite fibre based piezoelectric 
nanogenerator had an output voltage and a short circuit current of 3.4 V 
and 240 nA, respectively, which is much higher than the pure P 
(VDF-TrFE) polymer based piezoelectric nanogenerator. Therefore, it 
can be concluded from this section that PZT is one of the most lucrative 
piezoelectric fillers for getting better piezoelectric output from electro
spun nanocomposite based piezoelectric nanogenerators. This is because 
PZT has very good piezoelectric properties. However, in recent years, 
there is a tendency to avoid PZT in piezoelectric applications since it 
contains more than 60% lead which is non-eco-friendly. 

To address the issue of lead toxicity, various lead-free piezoelectric 
materials such as KNN, ZnO, BT, etc., have been employed to develop 
environmentally friendly electrospun nanocomposite fibers for piezo
electric applications. Among these lead-free piezoelectric fillers, KNN 
stands out as a promising material due to its high piezoelectric constant 
and Curie temperature compared to other alternatives. In 2018, Teka 
and co-authors [124] reported a flexible, lightweight piezoelectric 
nanogenerator based on the PVDF/KNN electrospun nanocomposite fi
bres. Here, pure PVDF and PVDF/5%KNN nanocomposite fibres were 
prepared by an electrospinning process. It was found that the 
PVDF/KNN nanocomposite fibres based piezoelectric nanogenerator 
showed an output voltage of 1.9 V, while an output voltage in the range 
of 50–100 mV was reported for the pure PVDF based piezoelectric 
nanogenerator. This is due to the β nucleating effect of KNN nano
structures in PVDF polymer. Later, in the year 2019, Bairagi and col
leagues [125] also studied the piezoelectric properties of the PVDF/KNN 
electrospun nanocomposite fibre-based piezoelectric materials (Fig. 8d 
(i)). Interestingly, it was found that the PVDF/3% KNN NRs nano
composite based piezoelectric nanogenerator showed a maximum 
output voltage and current (17.5 V and 0.522 µA, respectively) (Fig. 8d 
(ii)), whereas PVDF/0% KNN NRs, PVDF/1% KNN NRs, and PVDF/5% 
KNN NRs based piezoelectric nanogenerators have shown an output 
voltage of 0.5 V, 1.9 V, 2.4 V and a short circuit current of 0.089 µA, 
0.109 µA, 0.197 µA. Therefore, it can be seen that the output voltage and 
current was increased with increase in the KNN NRs concentration upto 
a certain limit (i.e 3% KNN NRs) which could be attributed to the β 
nucleating effect of KNN NRs in PVDF polymer and in-situ poling of 
PVDF and KNN NRs during the electrospinning method. After a certain 
limit, the piezoelectric output signals deteriorate because, at higher 
concentration, KNN NRs get agglomerated and choke the needle tip 
during the electrospinning method for which a much reduced number of 
KNN NRs are expected to reach into PVDF electrospun fibres. Further, to 
solve the agglomeration problem of the KNN NRs, Bairagi and 
co-workers [126] recently reported a surface modified KNN NRs 
(SM-KNN NRs) incorporated PVDF electrospun nanocomposite based 
piezoelectric nanogenerator (Fig. 8e). Here, as synthesized KNN NRs 
were modified using silane coupling agent (3-aminopropyltriethoxy 
silane). Herein, different concentrations (0–5%) of SM-KNN NRs were 
utilized to develop PVDF/SM-KNN NRs based electrospun nano
composite fibres. The 3% SM-KNN NRs/PVDF nanocomposite 
fibre-based piezoelectric nanogenerator had an output voltage and a 
short circuit 21 V (Fig. 8e) and 22 µA, respectively, which is higher 
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compared to other counterparts (0.5 V for P-PVDF, 18 V for PVDF/1% 
SM-KNN NRs, and 2.5 V for PVDF/5% SM-KNN NRs). Therefore, it can 
be concluded from these above studies that, after surface modification of 
KNN NRs, there is a small increment in piezoelectric outputs for the 
SM-KNN NRs incorporated PVDF polymer nanocomposite fibres based 
PENG compared to the untreated KNN NRs based PENG. Although KNN 
is one of the most comparable piezoceramic materials, it has various 
drawbacks including lower stability at higher temperatures, it can show 
better piezoelectric properties at its morphotopic phase boundary 
(MPB), and it has a low piezoelectric constant i.e 90 pC/N [63,127]. 

ZnO has also been explored extensively in making piezoelectric 
nanocomposite materials [128]. ZnO nanomaterials can be synthesized 
simply by the hydrothermal method. The synthesis of ZnO is quite easy 
as compared to KNN and PZT. It has suitable piezoelectric as well as 
semiconducting properties, which make it a suitable candidate for 
piezoelectric applications [129]. However, dispersion of ZnO nano
materials in polymer solution is a challenging task to obtain uniform 
distributed ZnO throughout the polymer matrix. Therefore, doping or 
using other additional dispersing agents with ZnO nanomaterials is a 
must to get uniform distribution of ZnO nanomaterials in the polymer 
matrix [130]. The piezoelectric nanocomposite having uniform ZnO 
nanomaterial distribution could exhibit a better piezoelectric property. 
One such example, where a piezoelectric nanogenerator was fabricated 
from electrospun membranes of PVDF-HFP combined with cellulose 
nanocrystals and Fe-doped nano ZnO is shown in Fig. 9a. The Fe-ZnO 
nanostars were synthesized hydrothermally while the cellulose nano
crystals were prepared through hydrolysis reactions. Electrospinning 
helps to align the domains of the filler material in the nanocomposite 
material in a specific direction that helps to enhance the overall 

piezoelectric performance of the material. The prepared nanogenerator 
produces different voltages under various mechanical stimulations: 12 V 
upon mechanical vibration, 5.5 V for elbow movement and 1.1 V upon 
cloth folding movements. It also had the ability to harvest energy from 
ultrasonic waves, which proves its efficacy in energy harvesting from 
various energy sources. Such type of piezoelectric nanogenerators can 
be incorporated into wearables for energy harvesting purposes [130]. 
Likewise, in another study, the PVDF-TrFE/ZnO/exfoliated graphene 
oxide (EGO) electrospun nanocomposite fibres were utilized to develop 
a flexible piezoelectric nanogenerator (PENG) [131] (Fig. 9b). The as 
prepared PENG, using hybrid nanocomposite fibres (PVDF-TrFE/Z
nO/EGO) exhibited better piezoelectric performance compared to pris
tine PVDF-TrFE and PVDF-TrFE/ZnO based PENGs. The output voltage 
and current were found to be ~0.40 V & ~0.23 nA (for the hybrid 
nanocomposite-based PENG), ~0.20 V & ~0.18 nA (for the 
PVDF-TrFE/ZnO based PENG) and ~ 0.07 V & 0.12 nA, respectively, 
against an irregular finger tapping on the piezo devices. The hybrid 
nanocomposite-based PENG has shown better performance because of 
the higher β nucleating effect in PVDf-TrFE polymer in the presence of 
ZnO nanomaterials and EGO. The β nucleating action is limited in the 
case of PVDF-TrFE/ZnO nanocomposite as ZnO nanomaterials are 
agglomerated, while ZnO nanomaterials were distributed uniformly in 
the presence of EGO. Therefore, a uniform distribution of the nano filler 
materials in polymer matrix is a promising requirement to obtain better 
energy conversion efficiency from the nanocomposite-based PENG. 
Similarly, Parangusan [132] prepared a piezoelectric nanogenerator 
based on cobalt- ZnO incorporated PVDF-HFP electrospun nano
composite fibres (Fig. 9c). It was found that the nanocomposite fibres 
had a dielectric constant value of 38, which is comparatively higher than 

Fig. 9. (a) (i) P(VDF-HFP)/Fe-ZnO electrospun nanocomposite fibre [130], (ii) & (iii) P(VDF-HFP)/Fe-ZnO electrospun nanocomposite fibre-based PENG [130]; (b) 
(i) An electrospinning setup [131], (ii) PVDF-TrFE/ZnO/GO nanocomposite fibre deposited on PDMS electrode [131], (iii) & (iv) fabricated PVDF-TrFE/ZnO/GO 
nanocomposite fibre based PENG [131]; (c) (i) Schematic illustration of a PVDF-TrFE/Co-ZnO nanocomposite fibre based PENG [132], (ii) image of a 
PVDF-TrFE/Co-ZnO nanocomposite fibre based PENG [132]; (d) Schematic diagram of a PVDF-TrFE/BT nanocomposite fibre based PENG (inset showing surface 
morphology of the PVDF-TrFE/BT nanocomposite fibre) [128]; (e) (i) Schematic diagram of a PVDF-TrFE/MWCNTs nanocomposite fibre based PENG [133], (ii) 
image of the developed PENG [133], (iii) the developed PENG under releasing mode [133] and (iv) the developed PENG under bending mode [133]. All essential 
copyrights and permissions received. 
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the dielectric constant of the pure PVDF-HFP polymer (i.e. 8). In addi
tion, the output voltage of the PVDF-HFP/cobalt-ZnO based PENG was 
found to be 2.8 V, whereas output voltage of the pure polymer-based 
PENG is 120 mV. This is due to the β nucleating and charge induction 
characteristics of the cobalt-ZnO nanomaterials in PVDF-HFP polymer. 

The durability of the electrospun nanofibre based PENG is an 
important factor. In general, pristine polymer based nanofibre has low 
mechanical strength. Therefore, making nanocomposite fibre could be a 
great approach to enhance the durability of PENGs. Although nano
composite fibre based PENGs would show good durability, studies still 
need to be done. In another study, a piezoelectric nanogenerator was 
fabricated based on PVDF-TrFE/MWCNTs electrospun nanocomposite 
fibres [128] (Fig. 9d). The Young’s modulus of pristine PVDF-TrFE 
polymer and PVDF-TrFE/MWCNTs nanocomposite fibres was found to 
be 34.36 MPa and 47.60 MPa, respectively. The nanocomposite fibres 
show higher Young’s modulus because iso-directionally distributed 
CNTs and polymer chains have shared the stress while, for the pristine 
polymer, only polymer chains experience the stress. Along with this, the 
piezoelectric performance is also enhanced in the case of 
PVDF-TrFE/MWCNTs nanocomposite fibre-based PENG. The nano
composite fibre-based PENG had an output voltage and current of 
18.23 V and 2.14 µA, respectively, while pure PVDF-TrFE nanofibre 
based PENG had an output voltage and current of 8.68 V and 0.89 µA, 
respectively. The nanocomposite fibre-based PENG has shown an 
increasing trend of the output signals with increasing MWCNTs con
centration up to a certain limit (3 wt%). Whereas, further increasing 
CNTs concentration actually drops the output signals. The reason is, at 
lower concentration of CNTs, the polar β phase formation takes place 
during the electrospinning process. In addition, CNTs can entrap charges 
injected in the electrospinning process at the interfaces. These entrapped 
charges will help to enhance polarization in the polymer matrix by 
inducing more dipoles and providing more inductive charges on the 
outside surface of the nanofibres. However, at higher concentration of 
CNTs, the entanglement of the CNTs weakens which results in lower 
crystallinity in PVDF-TrFE polymer. Although, some of the CNTs which 
are oriented coaxially will trap charges and will add more inductive 
charges on the nanofibre surface, with the agglomerated CNTs, the total 
inductive charges will be reduced as CNT will link each other and will 
neutralize a part of opposite inductive charges through the conductive 
path. Therefore, concentration of the conductive nano-filler in nano
composite is an important parameter to get higher mechanical and 
functional properties. 

Similarly, Siddiqui and colleagues [133] studied the manufacturing 
of piezoelectrically active nanofibers by the electrospinning process 
using a nanocomposite of barium titanate nanoparticles (BT NPs) 
implemented in poly(vinylidene fluoride-trifluoroethylene) (P 
(VDF-TrFE)) and this resulted in the successful fabrication of a strong, 
effective, flexible-lead free nanogenerator. A nanofiber PENG 
(NF-PENG) was fabricated by encompassing nanofibers in an elasto
meric film (Fig. 9e). The fabricated device was demonstrated by the 
moment of footsteps. Packing of the nanofiber supported device (loaded 
with nf-PENG containing BT NPs of weight 15%) into a shoe generated 
25 V during walking at a walking frequency of 0.6 Hz and the higher 
load of 600 N. Such nanofiber-supported device has the potential to 
charge a capacitor of 4.7 μF after walking about seventy-two times. A 
strain sensor can function from such preserved charge without utilizing 
any power supply. Such excellent characteristics of the NF-PENG are 
primarily due to the automatically poled composite nanofibres. More
over, these devices have a strong ability to protect nanofibres from 
mechanical damage. The applications of such devices comprise a wide 
area of prospect ranging from electronics that are wearable to aesthetics, 
and comfort related applications. 

Yang and co-workers [134] prepared an aluminum nitride (AIN) 
incorporated PVDF-TrFE electrospun nanocomposite based flexible 
piezoelectric nanogenerator. The AIN/PVDF-TrFE electrospun nano
composite fibres were prepared by an electrospinning method by 

varying the concentration of AIN from 0% to 0.2%. The peak intensity 
corresponding to ferroelectric β crystalline phase in PVDF-TrFE polymer 
was increased with increasing concentration of AIN from 0% to 0.1%. 
Peak intensity (corresponding to β crystalline phase) then decreased 
with further increase of the AIN concentration from 0.1% to 0.2%. This 
may be due to the agglomeration of AIN nanoparticles at higher con
centration of the AIN. However, FTIR spectrums of the AIN/PVDF-TrFE 
nanocomposite fibres show no such significant changes when AIN was 
incorporated in PVDf-TrFE polymer. The influence of AIN on the 
piezoelectric properties of the nanocomposite fibres was further clari
fied by performing perpendicular and transverse piezoelectric charac
teristics of the AIN/PVDF-TrFE nanocomposite fibres. For the 
perpendicular piezoelectric measurement, the developed 0/1% 
AIN/PVDF-TrFE electrospun nanocomposite fibre-based piezoelectric 
nanogenerator showed an open circuit voltage and a short circuit cur
rent of 106 mV and 1.1 nA, respectively, under a 4 N load and 5 Hz 
frequency; whereas, for the transverse measurement, the same piezo
electric nanogenerator showed an open circuit voltage of 82.1 V and a 
maximum peak power density of 1.07 µW/cm2 at 12 mm displacement 
and 0.5 Hz frequency. Finally, the as prepared piezoelectric nano
generator was used as a motion sensor and a pulse sensor. 

From these above studies it can be seen that different inorganic 
piezoelectric fillers such as PZT, KNN, ZnO, and BT, etc are used to 
prepare electrospun nanocomposites whereas PVDF, and PVDF-TrFE are 
used as a polymer matrix for the same. PZT incorporated PVDF and 
PVDF-TrFE electrospun nanocomposite based PENGs have shown better 
piezoelectric properties compared to the pure polymer based PENGs. 
This is due to higher piezoelectric characteristics of PZT. On the other 
hand, ZnO, KNN and BT are also widely used to prepare nanocomposite 
electrospun web owing to their ecofriendly nature. In some studies, 
conductive fillers such as CNTs, MW-CNTs are also additionally used 
with the piezoelectric fillers (PZT, KNN, BT, etc) to prepare more effi
cient electrospun nanocomposite based PENGs. Although electrospun 
nanocomposite based PENGs show better piezoelectric properties, the 
lower durability and stability of the electrospun web limit their appli
cations. However, these studies provide a clear direction and framework 
for future research work on the textile based piezoelectric nano
generators. At the end, different electrospun nanocomposite fibres based 
piezoelectric nanogenerators (PENGs) are summarized in Table 4. 

5. Nanocomposite textiles for triboelectric nanogenerators (NT- 
TENGs) 

The textile based TENG (t-TENG) is being researched extensively for 
mechanical energy harvesting from different sources such as from 
human body movements, wind flows, rain drops, etc. Although the 
triboelectric performance of the t-TENG has been improved by intro
ducing different approaches, it still lags significantly behind the per
formance of non-textile TENGs and considerable improvement is 
needed. The electrical performance of the t-TENG is mainly governed by 
the transfer of charges caused by contact or sliding of the triboelectric 
fabric/yarn/fibre materials and electrostatic induction of charges onto 
the electrodes. Two approaches have been explored to enhance the 
performance of triboelectric materials or textile-TENG (t-TENG). Firstly, 
the decoration or modification of the chemical composites or surface 
structure of the triboelectric materials has been investigated. This in
volves introducing additives, coatings, or functionalizing the material 
surfaces to optimize their triboelectric properties. Secondly, another 
approach focuses on designing a well-engineered structure for the 
triboelectric materials. By carefully designing the structure, such as the 
morphology, alignment, and configuration of the materials, the overall 
triboelectric performance can be significantly improved. These two ap
proaches offer promising strategies to enhance the efficiency and reli
ability of triboelectric materials and t-TENG devices [139]. During 
triboelectrification, positive and negative charges result on the con
tacting surfaces. The generated charges may occupy a certain position 
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on the textile triboelectric layer causing new charges to face problems 
entering the triboelectric surface and therefore, the electrostatic in
duction process can be affected negatively. The porous nature of textiles 
is also likely to reduce the effectiveness of electrostatic induction (in the 
fabric-coated electrode case) when compared with induction through 
solid electrode-coated films. On the other hand, over time, accumulated 
charges on the surface of the triboelectric material can also decay due to 
drift or diffusion of the charges. To resolve these various problems, 
functional and optimized materials incorporated at the triboelectric 
layer is one approach that has been utilized to generate and maintain 
high surface charge density. In this context, nanocomposite textiles are a 
promising option for the textile triboelectric nanogenerator (t-TENG). In 
this section, nanocomposite textiles in the form of single fibre or yarns, 
fabric, and electrospun web, are discussed systematically [140]. 

5.1. Nanocomposite single fibre or yarn based triboelectric 
nanogenerators (NSF-TENGs or NY-TENGs) 

Mechanical energy is one of the most available renewable energy 
sources as already mentioned earlier and it is often wasted abundantly in 
our surrounding environment. Amongst these, human activity is one of 
the promising sources of mechanical energy and hence this energy 
harvesting has become of great interest to researchers. Various studies 
have already been done by the different research groups on the devel
opment of the most capable energy harvesting devices. The triboelectric 
energy harvesting approach is more efficient than some of the other 
energy harvesting methods (e.g. compared to piezoelectric energy har
vesting). Therefore, a surge of research has also been reported on 
triboelectric energy harvesting devices in different forms like fibre, yarn, 
and fabrics. The fibre based (especially nanocomposite fibre based) 
triboelectric nanogenerator is more advantageous than other textile 
forms because of its light weight, flexibility, small structure, and easy 
washability. In the case of fibre based or nanocomposite fibre based 
TENGs, various approaches have been attempted such as dip coating, 
spray coating or functional layer on the textile fibres, electrospun fibres 
and thermal drawn fibres, to develop the FTENG [140]. 

Liu et al. [141] reported a fibre based triboelectric nanogenerator 

having potential energy harvesting capability. The fibre based tribo
electric nanogenerator is composed of nylon (as positive triboelectric 
component) and PTFE (as negative triboelectric component) fibres 
(Fig. 10a). In this study, nylon and PTFE fibres were wrapped on a 
copper (Cu) fibre. Here, copper fibre acts as an electrode material and 
nylon, PTFE fibre as the friction layered. After wrapping nylon and PTFE 
fibres on a copper fibre, these two core-shell fibres (nylon and PTFE) 
were twisted into a coaxial double helix structure. Then various char
acterizations were carried out to know its potential. Since the developed 
triboelectric nanogenerator has been utilized to harvest mechanical 
energy during human activities like walking, moving, stretching, and so 
forth, the tensile property should be an essential requirement. Interest
ingly, the developed twined structure has shown tensile strength in 
excess of 200 MPa and strain to failure of about 180% (see Fig. 10a). To 
test triboelectric performance of the developed twined nylon and PTFE 
structure, the first two ends of the fibre based triboelectric nano
generator (FTEN) were fixed and a polyester thread having diameter of 
0.20 mm was rubbed against the FTENG. It was found that, when 
polyester fibre comes in contact with the nylon fibre, they rub each 
other. As per the triboelectric series, polyester fibre gains electrons and 
becomes negatively charged, while the nylon fibre becomes negatively 
charged. In this way, when the polyester thread moves toward the PTFE 
thread from nylon fibre, the PTFE fibre shows negative charge and 
polyester becomes positively charged. As a result, electrons flow from 
PTFE electrode surface to nylon electrode surface through the external 
circuit. The same phenomenon takes place when polyester thread moves 
from the right to the left side (PTFE thread side to nylon thread side). In 
this way, the FTENG can generate output voltage and current of 
~850.20 mV and ~19.52 nA, respectively. 

He and co-workers [33] developed a highly stretchable silicon 
fibre-based triboelectric nanogenerator (TENG) (Fig. 10b). Where sili
con rubber was used as core fibre and CNT loaded polymer sheet was 
used as one electrode material. Then again, silicon rubber was wrapped 
over the surface of CNT/polymer based conductive layer and finally a 
micron size copper wire was convoluted over the silicon rubber layer. 
The CNT/polymer sheet is not only working as an electrode material but 
also provides mechanical strength in the TENG. Compared with the 

Table 4 
Summary and comparison of the different electrospun nanocomposite fibre based PENGs.  

Materials Area 
(cm2) 

Freq. 
(Hz) 

Load 
(N) 

Electrd. Wt% Voc 
(V) 

Isc 
(µA) 

Pd
max 

(mW/m2) 
Pd

max/N 
(mW/m2/N) 

Applications Ref. 

PVDF/PZT 16 15 - Al tape 10  0.44 - 3.967 - Energy harvesting [121] 
P(VDF-TrFE)/ Pb(Zn1/ 

3 Nb2/3)O3–Pb 
(Zr0.5Ti0.5)O3 

5 - - ITO 
coating 

20  3.4 0.24 1.632 - Energy harvesting and 
capacitor charging 

[123] 

PVDF/KNN nanostructures 6.25 - - Al tape 5  1.9 - - - Energy harvesting [124] 
PVDF/KNN NRs 4 7 20 Al tape 3  17.5 0.522 22.8375 1.141875 Energy harvesting and 

LEDs glowing 
[125] 

PVDF/SM-KNN NRs 4 7 20 Al tape 3  21 22 1155 57.75 Energy harvesting and 
LEDs glowing 

[126] 

PVDF-HFP/CNC/Fe-ZnO - 45 2.5 Ag coating 2 &2  12 2.5 490 196 Energy harvesting [130] 
PVDF-TrFE/ZnO/EGO - - - Ti & Au 

coating 
1&0.01  0.40 0.00023 - - Energy harvesting [131] 

PVDF-HFP/Co-ZnO - 50 2.5 Al foils 2  2.8 - - - Energy harvesting [132] 
PVDF-TrFE/MWCNTs 3 1 - Cu foils 3  18.23 2.14 65.3 - Energy harvesting and 

LEDs glowing 
[128] 

PVDF-TrFE/BT NPs 1 0.6 20 ITO 
coating 

15  3.4 0.523 22.8 1.14 Energy harvesting and 
capacitor charging 

[133] 

PVDF-TrFE/AlN 1.5 5 4 Al tape 0.1  0.106 0.0011 10.7 2.675 Energy harvesting [134] 
PVDF/KNN/CNT 4 7 20 Al tape 3 & 0.1  23.24 9 522.9 26.145 Energy harvesting and 

LEDs glowing 
[135] 

PVDF/KNN/ZnO 4 7 20 Al tape 3 & 2  25 1.81 113.125 5.65625 Energy harvesting and 
LEDs glowing 

[136] 

PVDF/KNN-ZS 4 7 20 Al tape 3  25 2.11 131.875 6.59375 Energy harvesting and 
LEDs glowing 

[127] 

PAN/CuO 4 7 20 Al tape 0.5  5 0.172 2.15 0.1075 Energy harvesting [137] 
PVA/Casein 4 7 20 Al tape -  20 37 1850 92.5 Energy harvesting and 

LEDs glowing 
[138]  
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previous study done by Liu et al., herein the contact area between 
convoluted copper wire and silicon rubber layer is much higher, there
fore it can be expected that this TENG will generate higher triboelectric 
output (because charge density is higher owing to the greater contact 
area between the silicon rubber and copper wire). In this case, 
contact-separation takes place between the silicon rubber and copper 
wire surface by stretching-releasing operation. When the whole fibre is 
stretched, the silicon rubber surface gets separated from the copper wire 
surface and vis-versa. The developed TENG is not only stretchable but 
also bendable and twistable. Here, authors evaluate the electrical per
formance of the TENG against three different factors like number of coils 
of the copper wire on the rubber surface, stretching-releasing frequency, 
and stretching strain percentage. Interestingly, it was found that output 
voltage and current of the fibre-like TENG was changed proportionally 
(output voltage: 13–140 V and current: 0.005–0.075 µA/cm) with 
increasing the number of coils from 6/cm to 22/cm, at constant 
stretching frequency (2 Hz) and strain (50%). Similarly, when number 
of coils and strain were constant (i.e. 22/cm and 50%), the output 
current of the fibre-like TENG was only increased (from 0.01 to 
0.18 µA/cm) with increase in the stretching frequency (0.5–5 Hz). This 
is due to higher charge transfer cycles taking place at a certain time, 
which results in a higher output current by the TENG. While output 

voltage of the TENG has not changed since voltage depends on the 
structure and materials selection. Also, when the number of coils and 
stretching frequency were constant, output voltage and current were 
changed with increase of the strain rate. Therefore, this fibre-like TENG 
can easily be utilized to supply power in various wearable and portable 
electronic goods. 

Park et al. [20] also reported similar kinds of fibre-like TENG, where 
silicon rubber was used as a triboelectric surface and a conductive 
thread was used as an electrode (Fig. 10c). The conductive thread was 
fabricated by silver-coated copper and polyester fibre to maintain the 
tensile properties of the TENG. The working mechanism of the devel
oped TENG can be explained in such a way that, when the fibre-like 
TENG comes in contact with the human skin, electrons move from the 
skin to the silicon rubber surface. Because, as per the triboelectric series, 
silicon rubber has more electron affinity than human skin. And when the 
two surfaces have separated from each other, a positive charge is 
induced in the conductive thread due to the negative charge on the 
silicon rubber surface. This results in a current flow from human skin to 
the conductive thread. Again, when human skin comes in contact with 
the silicon rubber, induced positive charge in the conductive thread gets 
decreased and a reverse current is generated. In this way an electrical 
output will be generated by the fibre-like TENG by continuous 

Fig. 10. (a) (i) Nylon and PTFE composite fibre based TENG (FTNG) [141], (ii) digital image of the FTNG [141], (iii) a magnified view of the marked part in Fig. (a) 
ii [141], (iv) stress-strain curves of the nylon coated copper fibre, PTFE coated copper fibre and nylon/PTFE composite fibre [141]; (b) (i) Schematic diagram of the 
fibre like TENG [33], (ii) magnified view of the fibre like TENG ( insets showing SEM images of the TENG fibre [33], (iii) & (iv) image of the fibre like TENG under 
stretched and released conditions [33], (v) – (vii) digital images of the fibre-like TENG under stretched, bendable and twistable conditions [33]; (c) (i) Fabrication 
flow chart [20], (ii) SEM images [20], and (iii) images of the fully stretchable TENG based on the silicon rubber and a composite conductive electrode [20]; (d) 
Schematic illustration of the stretchable TENG based on Ag coated nylon yarn and PVDF-TrFE electrospun nanofibre [142]. All essential copyrights and permis
sions received. 
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contact-separation phenomenon. It was found that this TENG having 
dimensions of 8.5 cm length and 1.2 mm diameter, can generate output 
voltage and current of ~ 28 V and 0.56 µA, respectively against 1 kgf 
force induced between the human skin and silico rubber. 

In another study, Sim et al. [142] studied the triboelectric effect of a 
stretchable fibre-like TENG (STEF) (Fig. 10d). The fibre like TENG is 
composed of a multilayered core-shell structure, where a silver-coated 
nylon filament was wrapped on a polyurethane (PU) core followed by 
an electrospun PVDF-TrFE web and CNT sheet placed on the surface of 
the silver-coated PU core. Here, silver-coated nylon filament acts as the 
inner electrode as well as the positive triboelectric material, whereas the 
electrospun PVDF-TrFE web and CNT sheet were used as the other 
triboelectric material and outer electrode, respectively. The developed 
stretchable fibre-like TENG was worked in such a way that, at initial 
condition the electrospun PVDF-TrFE web contacts the silver-coated 
nylon filament surface. This mechanical contact results in a negative 
charge accumulation on the surface of PVDF-TrFE web since it has 
higher electron affinity compared to silver-coated nylon filament as per 

the triboelectric series. When the resultant fibre structure is stretched by 
an external force, the PVDF-TrFE electrospun web surface gets separated 
from silver-coated nylon filament due to their different Poisson’s ratio 
and eventually electrons flow from inner electrode (silver-coated nylon 
filament) to outer electrode (CNT sheet). Again, when the external force 
is released, all the components (PVDF-TrFE electrospun web, 
silver-coated nylon filament) get back in their original position and a 
reverse signal is generated. The electrical performance of the STEF based 
triboelectric nanogenerator was evaluated against a mechanical 
stretching to develop a strain sensor by calibrating triboelectric output 
performance and resistance change of the silver-coated nylon/PU fibers. 
The fabricated sensor showed good sensitivity to direction of strain 
(50% at various frequencies up to 10 Hz). 

All these four studies provide an idea regarding preparation of the 
fibre/yarn based triboelectric nanogenerators. It can be seen from these 
studies that core-sheath structure-based fibre/yarn is used as one of the 
triboelectric layers. The silicon rubber is mostly used to prepare fibre/ 
yarn based TENGs. Although fibre/yarn based TENGs are quite 

Fig. 11. (a) PVDF/CNC nanocomposite fabric based TENG (i) as prepared PVDF/CNC nanocomposite yarn [143], (ii) PVDF/CNC nanocomposite fabric [143], and 
(iii) the charge and power density against the external load resistance [143]; (b) The functional elastomer layer composite fabric (made from Ecoflex and CNTs) based 
TENG [140]; (c) (i) Schematic illustration of the NPCO/silicone and Mxene/silicone nanocomposite fabric based TENG [144], and (ii) an output voltage and current 
density of the plain silicone and nanocomposite fabric based TENGs [144]; (d) Schematic diagram, output signals and different applications of the porous nano
composite fabric based TENG [145]; (e) The AgNWs and graphene nanocomposite fabric based TENG [146]. All essential copyrights and permissions received. 
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advantageous due to their flexibility and stretchability, they can 
generate low triboelectric outputs. 

5.2. Nanocomposite fabric based triboelectric nanogenerators (NF- 
TENGs) 

In general, textile fabric-based triboelectric nanogenerators (TENGs) 
often exhibit lower electrical performance due to structural limitations. 
This is primarily attributed to the small contact area between textile 
fabrics when they come into contact with each other. To address these 
challenges, several approaches have been explored, including fabric 
surface modification, microstructure introduction on fabric surfaces, 
and the development of nanocomposite textile fabrics using functional 
fillers. 

However, surface modification techniques are not suitable for long- 
term applicability of TENGs. In contrast, nanocomposite textile fabrics 
offer a promising approach to enhance both the electrical performance 
and durability of TENGs. Several research groups have studied nano
composite fabric-based triboelectric nanogenerators (NF-TENGs). For 
example, Lee et al. [143] developed an NF-TENG using a nanocomposite 
fabric composed of PVDF/cellulose nanocrystal (CNC) nanocomposite 
yarns (Fig. 11a). The nanocomposite yarns exhibited higher mechanical 
strength compared to pristine PVDF yarns. The NF-TENG demonstrated 
an output voltage, current density, and power density of approximately 
2 V, − 155 nA/cm2, and 219 nW/cm2, respectively, at a pressure of 9.8 
kPa. Furthermore, the NF-TENG was utilized as a real-time pressure 
sensor to evaluate its feasibility as a smart sensing textile with CNC1 
fibers. Interestingly, it was observed that the triboelectric pressure 
sensor was capable of sensing pressures ranging from 0.98 kPa to 98 kPa 
(sensing area of 10 × 10 mm2). 

A nanocomposite NF-TENG based on Ecoflex/CNT modified 
conductive fabric has been reported (Fig. 11b) in another study. It was 
found that the NF-TENG can generate a high output voltage of ~490 V, a 
current of 43 µA, and a power density of ~1.6 mW/cm2, respectively 
[140]. Similarly, a silicon/nanoporous cobalt oxide and silicon/MXene 
decorated woven fabric-based NF-TENG has been reported by Rahman 
et al. (Fig. 11c) [144]. The NF-TENG showed a power density of 
10.4 W/m2, which is 23 times higher than the silicon only based TENG. 
Likewise, a cellulose acetate (CA) and Al3O3 treated conductive 
fabric-based NF-TENG has also been fabricated for mechanical energy 
harvesting and motion sensing Bai et al. [145]. The porous nano
composite fabric (PNF) was developed by dry casting method (Fig. 11d). 
The PNF based TENG having 10% Al2O3 concentration, showed a 
maximum open circuit voltage of 448 V and a power density of 
2.5 mW/cm2, respectively. Wu et al. [146] have also prepared a 
NF-TENG by utilizing a transparent nanocomposite textile (Fig. 11e). 
The NT-TENG was engineered using polyester/AgNWs/GO/PMMA, 
polyester/AgNWs/GO/PI, and polyester/AgNWs/GO/PDMS, as a posi
tive and negative triboelectric layer, respectively. For developing poly
ester/Ag NWs/GO/PMMA triboelectric layer, the polyester fabric was 
first modified with the AG NWs and GO aqueous suspensions by the 
blade-coating method. Thereafter, PMMA solution was coated on poly
ester/Ag NWs/GO fabric followed by drying process. In the same way, PI 
solution was coated on polyester/Ag NWs/GO fabric, and PDMS solution 
was coated on polyester/Ag NWs/GO fabric, to obtain polyester/Ag 
NWs/GO/PI and polyester/Ag NWs/GO/PDMS triboelectric layers. The 
electrical performance was estimated by finger movement, and it was 
found that a single NF-TENG can generate an output voltage of ~4 mV, 
an output current of ~2 µA, and a power density of ~7 nW/cm2, 
respectively. 

In wearable electronics, textiles are a more attractive candidate due 
to their outstanding deformability and breathability. Textile based 
TENGs (T-TENGs) can easily be incorporated with clothing to harvest 
mechanical energy from daily human body motions. Although the T- 
TENG can sense every small motions of the body, induced friction be
tween textiles, fibres and yarns inevitably cause wear and tear, mainly 

due to strong repetitive mechanical stress during human activity and the 
durability of the textile can be deteriorated in the presence of moisture 
or light. For this reason, still durability of the T-TENG is a challenging 
task and therefore, in recent years researchers are trying to develop 
more durable T-TENGs by different means such as modification of tex
tiles, making durable textiles using nanocomposite yarns, etc. As an 
example, Xiong et al. [43] developed a durable skin-actuated wearable 
NF-TENG based on the black phosphorus (BP) and the hydrophobic 
cellulose oleoyl ester nanoparticles (HCOENPs) modified PET fabric. 
The NF-TENG based on BP/HCOENPs/PET, was found to generate 
higher electrical performance (an open circuit voltage of ~1860 V, short 
circuit current density of ~1.1 µA/cm2, and a power density of 
~0.52 mW/cm2) as compared to pristine PET, BP/PET, and HCOENP
s/PET fabrics. This is due to the synergistic effect of BP and HCOENPs in 
the case of the BP/HCOENPs/PET based NF-TENG. BP can entrap 
charges which results in lower charge loss from the TENG device and 
HCOENPs protects the BP from the environment. In addition, HCOENPs 
can induce charges on the material surface resulting in higher electrical 
performance. 

There are various studies that have been explored to enhance 
triboelectric signals of the textile based TENGs by different processes 
such as surface modification, modification of the fibre surface before 
weaving, and many more. In general, surface modification or other 
treatment of the textile clothes will improve surface contact area during 
energy generation eventually which results enhancement in triboelectric 
signals of the textile based TENGs. Feng et al. [147] reported a fabric 
based triboelectric nanogenerator (Fig. 12a), where surface modified 
velvet fabric and PTFE material were used as positive and negative 
triboelectric materials. In this study, the main goal was to improve 
triboelectric performance of the fabric based triboelectric nano
generator through modification of the velvet fabric by acylated CNT and 
polyetherimide (PEI). Surprisingly, it was found that the output voltage 
and current were 10 times higher than the unmodified velvet fabric. For 
this study, the velvet fabric was first treated by oxygen plasma followed 
by dipping in an acylated CNT solution with continuous ultrasonication 
for 20 min at 50℃. Then CNT modified fabric was dipped into the PEI 
solution followed by drying at 60 ◦C overnight. Finally, the TENG device 
was fabricated by using both the triboelectric materials having di
mensions of 2 × 2 cm2 (modified velvet fabric as positive triboelectric 
material and PTFE fabric as negative triboelectric material). It was found 
that developed fabric based TENG could generate output voltage of 
119 V, output current of 12.6 µA, and power density of 3.2 W/m2, 
respectively. They explored TENG as a force and tactile sensor by cali
brating the peaks of the voltage level that correspond to the stepping on 
the TENG and the departure of the foot from the TENG device. Further, 
woollen gloves were used as a sensing platform for human− computer 
interaction applications. 

Seung et al. [148] fabricated a flexible nanopattern textile based 
triboelectric nanogenerator (Fig. 12b). Ag coated woven fabric was 
purchased from the market and this Ag coated fabric was used as a base 
fabric to develop nanopatterns. For developing the nanopattern, first Ag 
coated woven fabric was washed thoroughly followed by seeding and 
growing of the ZnO NRs on the fabric surface. Then PDMS polymer so
lution was covered on the ZnO NRs array-based Ag coated textile fabric. 
Finally, the triboelectric nanogenerator was assembled where Ag coated 
woven fabric and PDMS pattern were utilized as tribo-positive and 
tribo-negative materials, respectively. The developed TENG showed 
output voltage and current of 120 V and 65 µA, respectively, which is 
higher than the non-nanopatterned PDMS flat film based TENG (30 V 
and 20 µA). 

Dong et al. [149] developed a knitted textile based self-charging 
device. This power device is made of a fibre based triboelectric nano
generator as well as a fibre-based supercapacitor. The knitted fabric 
structure was chosen in this study since it has suitable flexibility and 
stretchability. Due to this characteristic (flexibility and stretchability) of 
the knitted structure, mechanical energy from human motion can be 
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easily harvested as electrical energy. In this device, the triboelectric 
fabric was used to harvest mechanical energy from human motion again 
and the knitted supercapacitor (SC) was used to store the harvested 
energy to supply power in various wearable devices. The knitted tribo
electric fabric was developed by using a single yarn. The yarn was made 
of silicon rubber coated three-plie stainless steel/polyester yarn. In this 
coated yarn, silicon rubber acts as triboelectric material while stainless 
steel/polyester acts as electrode material, respectively. And the super
capacitor (SC) yarn was fabricated by dip coating of a bundle of carbon 
fibres in a solution containing carbon nanofiber (CNF) and poly(3, 
4-ethylenedioxythiophene)-poly-(styrenesulfonate) (PEDOT: PSS). 
Finally, SC yarn was incorporated in the triboelectric fabric by a knitting 
process. The developed integrated system of knitted self-charging power 
textile is symmetrically depicted in Fig. 12c. For the preparation of the 
knitted textile based triboelectric nanogenerator (TENG), the commer
cially available three-plie stainless steel/polyester yarn was coated by 
four different types of silicon rubber having parameters of 0–10, 0–20, 
0–30 and 0–50 hardness, and 14,000, 3000, 3000, and 800 cps viscosity, 
respectively. Thereafter, the electrical performance of the silicon rubber 
coated yarns was investigated under a constant force of 5 N with fre
quency ranging from 1 to 5 Hz. When frequency is increased from 1 to 
5 Hz having constant force (5 N), it was found that the short circuit 
current value is increasing with increasing frequency, but open circuit 
voltage (VOC) and short circuit charges were almost the same at all the 
various frequencies. On the other hand, the electrical performance of the 
yarns was also tested under a constant frequency (2 Hz) with contact 
force varying from 0.25 N to 9.8 N. Here, as expected (due to the 
contact-force dependence of TENGs), it was found that the electrical 
performance of the yarns was improved continuously. This may be due 
to the increase in contact area between the silicon rubber and an active 

layer (i.e., acrylic plate) as the applied contact force was increased. 
Finally, it was found that the 0–20 hardness-based silicon rubber coated 
yarn showed better electrical performance as compared to the other 
counterparts. This is because a moderate hardness and lower 
viscosity-based silicon rubber (0–20 and 3000 cps) can enable a higher 
contact area and contact separation distance between the silicon rubber 
coated yarn and acrylic plate rather than a higher hardness and viscus 
silicon rubber. For this better performance of the 0–20 hardness and 
3000 cps viscosity-based silicon rubber coated yarn, it was used to 
fabricate the TENG fabric in this study. Further, the electrical perfor
mance of knitted TENG was evaluated under standard testing equipment 
driven by linear motor. And interestingly, it was found that this TENG 
can generate output voltage and current of ~ 150 V and ~0.55 µA to ~ 
2.9 µA, respectively at constant force of ~11 N with varying the fre
quency from 1 Hz to 5 Hz. In another study, Dong et al. [150] also 
fabricated a tubular knitted fabric based TENG (Fig. 12d). Where 
PTFE-Ag and nylon66-Ag braided yarns were used as negative and 
positive triboelectric materials. A tubular knitted fabric based TENG was 
fabricated by using a computerized flat knitting machine. In the devel
oped tubular TENG, PTFE-Ag and nylon66-Ag knit layer knitted in such 
a way that two layers are alternatingly parallel to each other and cross 
each other at the junctions. It was found that this t-TENG has enough 
stretchability (up to 110%), but for measuring the electrical perfor
mance of the developed t-TENG, 15% and 60% strain was chosen, 
whereas the frequency was varied from 1 to 3 Hz. It was found that this 
t-TENG can generate output voltage and current of 50 V and 0.9 µA, 
respectively. 

The summary and current nanocomposite fibre and nanocomposite 
fabric based triboelectric nanogenerators are recorded in Table 5. From 
these studies it can be seen that the nanocomposite fibre and fabric 

Fig. 12. (a) The CNT/PEI nanocomposite fabric based TENG (surface treatment flow chart, schematic diagram of the TENG, and output signal of the developed CNT/ 
PEI based TENG [147]; (b) The ZnO NRs modified nanocomposite fabric based TENG (schematic illustration of the TENG, a flowchart of the ZnO NRs modification, 
output signals, and various applications of the TENG) [148]; (c) The carbon nanofibres and H3PO4/PVA nanocomposite knitted fabric based TENG for self-charging 
wearable electronics [149]; (d) The PA 6-Ag, PA66-Ag and PTFE nanocomposite knitted fabric based TENG, (i) –(iii) microscopic images of the PA 6-Ag multifil
ament, PA66-Ag filament, and PTFE-Ag yarn [150], (iv) & (v) cross-sectional images of the PA66-Ag and PTFE-Ag yarns [150], (vi) digital image of a flat knitting 
machine used in this work [150], (vii) the state of loop during knitting method [150], (viii) the as prepared TENG having dimensions of 8 cm × 8 cm [150], and (ix) a 
magnified view of the TENG device shown in Fig. 10 (d), (viii) [150]. All essential copyrights and permissions received. 
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based triboelectric nanogenerators are prepared by the different ap
proaches (core-sheath fibre structure, surface modification of the fab
rics, nanocomposite fibre/yarn-based fabrics, etc.). The as developed 
TENGs have shown significant triboelectric outputs. But it is rather 
difficult to compare good or bad fibre or fabric based TENGs since 
triboelectric performance has been carried out at different loading 
conditions and environmental factors. However, these studies can pro
vide a direction for future research in nanocomposite fibre or fabric 
based triboelectric nanogenerators. 

5.3. Nanocomposite electrospun web based triboelectric nanogenerators 
(NEW-TENGs) 

Among the materials being considered for TENGs, polymers have 
gained considerable attention - particularly electrospun polymer-based 
TENGs due to their high specific surface area, and excellent flexibility 
[151]. Polyvinylidene fluoride (PVDF) is the most commonly used 
polymer for preparing TENGs, primarily owing to its exceptional 
dielectric properties and the presence of strong electronegative fluorine 
groups [152]. However, TENGs prepared using polymers usually have 
relatively low triboelectric output that are insufficient for practical ap
plications [153]. Doping nanofillers into the bulk of the friction mate
rials has been shown as an effective way to enhance the triboelectric 
performance by providing charge trapping sites, static induction, tri
boelectrification and enhancing the relative permittivity of the original 
bulk material. Furthermore, it has already been reported that electro
spun webs have good triboelectric performance but have major prob
lems with durability. Therefore, nanocomposite electrospun webs are 
being considered in order to boost mechanical strength and durability. 
Electrospun fibrous mats can also serve to increase the contact area 
available for charge transfer. Various recent works on electrospun web 
based TENGs will now be discussed in detail. 

One recent study used of a copolymer of PVDF (i.e hexa
fluoropropylene with liquid metal Galinstan), acting as a conductive 
filler, to prepare TENGs by the process of electrospinning (Fig. 13a) 
[154]. They stated that such electrospun nanocomposites can further 
enhance the triboelectric performance of the nanogenerators. It was 
found that by using 2 wt% liquid metal in the PVDF copolymer nano
fibrous film (acting as a negative triboelectric layer with thermoplastic 
polyurethane as the positive layer), that the peak open-circuit voltage 
was recorded as 1680 V with a power density of 24 W/m2 across a 
resistive load of 150 MΩ. These values were found to be higher when 

compared with the conventionally used PVDF nanocomposite electro
spun web based triboelectric nanogenerators (NEW-TENGs). This 
excellent performance is attributed to numerous factors such as: the 
enhanced surface potential, capacitance, charge trapping capability, and 
the secondary polarization inside the PVDF-copolymer based nano
fibrous web with liquid metal droplets incorporated in the web. It was 
further found by the scientists that incorporating 2 wt% liquid metal in 
the nanofibrous membrane, demonstrated generation of 12 times higher 
output voltage along with highest multifunctional efficiency of me
chanical performance and electrical generation of TENG - in comparison 
to only the PVDF-copolymer sample with aluminium foil as the positive 
friction layer and a small air gap (~75 µm) in between. Furthermore, it 
was reported that the tensile properties of liquid metal modified nano
composite membranes were also enhanced. It was found that the 
modified TENGs could illuminate seven segment digit light emitting 
diode (LED) modules. Therefore, it can be concluded that liquid metal 
modified PVDF-copolymer nanofibrous membranes can be promising 
materials in high performance TENGs as the negative tribo-layer. 
Similarly, another research work carried out by He et al. [155] re
ported a new approach for hybridizing nanomaterials to build Schottky 
based junctions for controlling triboelectric charges by dynamic move
ment in the friction layer and improving the electricity generation of the 
flexible TENGs (Fig. 13b). For preparing such flexible TENGs, re
searchers have used the same above stated material, i.e. poly (vinylidene 
fluoride-co-hexafluoropropylene) composite nanofibrous mat, acting as 
the negative triboelectric layer. The previously stated study can be 
differentiated from the present one by the introduction of a combination 
of conductive silver nanowires (AgNWs) and perovskite oxide Mn-doped 
(Bi0.5Na0.5)TiO3-BaTiO3 nanomaterials into the PVDF-copolymer web. It 
was found that incorporating conductive fillers in to the electrospun web 
showed a significant enhancement of output voltage of approximately 
386% over the pristine PVDF-copolymer based nanogenerator. 
Furthermore, a peak open-circuit voltage of about 2170 V and a power 
density of about 47 W/m2 were stated, which were remarkably superior 
to the output performance of only PVDF-based TENGs. Such superior 
electrical properties conferred by the nanofibrous mat may be attributed 
to enhanced dielectric properties, increased capacitance of the TENG, 
increased charge trapping capability, and enlarged work function of the 
composite electrospun fibrous mat. Furthermore, it was found that the 
Schottky junction incorporated in between the conductive perovskite 
oxide and metal nanowires accelerates the charge movement from 
AgNWs to PVDF-copolymer mat and slows down the electron 

Table 5 
A comparison of electrical performance of the NF-TENGs or NY-TENGs and NF-TENGs.  

(þ) layer (-) layer Area 
(cm2) 

Freq. 
(Hz) 

Press. (p) 
(Pa) 

VOC (V) Isc 
(µA) 

Js (µA/ 
cm2) 

Pd
max 

(mW/ 
m2) 

Pd
max 

/p 
(mW/ 
N) 

Applications Ref. 

Nylon/Cu PTFE/Cu - 1.8 -  2.15 0.0693 0.142 - - Energy harvesting [141] 
Cu silicon rubber - 2.0 50% 

stretch 
strain  

140 0.075 - - - Energy harvesting, capacitor 
charging, acceleration 
sensing 

[33] 

Human skin Silicon rubber - - 9.8  28 0.56 - - - Energy harvesting [20] 
Nylon/Ag PVDF-TrFE - 10 N 

force 
50% strain  0.024 0.008 - - - Energy harvesting and 

motion sensing 
[142] 

Cotton PVDF/CNC 1 - -  2.0 0.155 0.155 2.19 - Energy harvesting [143] 
nitrile-butadiene 

rubber 
Ecoflex/CNT/ 
LTV 

6.25 2400 16  490 43 6.88 16000 6.667 Energy harvesting [140] 

Nitrile glove NPCO/silicone/ 
MXene/silicone 

- 5 N force 10  1680 117 10.555 10400 - Energy harvesting and 
motion sensing 

[144] 

CA/Al2O3/ 
Conductive 
fabric 

LTV 9 1666.67 18  480 45 5 25000 14.99 Energy harvesting [145] 

Polyester/ 
AgNWs/GO/ 
PMMA 

Polyester/Ag 
NWs/GO/PDMS 

- - -  0.004 2 - 0.07 - Energy harvesting [146] 

Human skin BP/HCOENPs/ 
PET 

49 1020.40 10  1860 - 1.1 5200 5.09 Energy harvesting [43]  
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dissipation, thereby helping to retain a higher and long-lasting potential. 
Therefore, it can be concluded that such modified TENGs show renew
ability, biocompatibility, and wearability of the supplied energy useful 
for physiological monitoring, human machine interactions and health
care in this rapidly evolving information age. Another similar work used 
the same material (i.e. PVDF/AgNW composite and nylon nanofibers) to 
prepare TENGs as the top and bottom triboelectric layers. Such ferro
electric polymer–metallic nanowire composite nanofiber triboelectric 
layers is described for use in high-performance TENGs. Electrospinning 

process further facilitated the uniaxial stretching of the polymeric 
chains, which improves the formation of the highly oriented crystalline 
β-phase that forms the most polar crystalline phase of PVDF. The addi
tion of AgNWs further promotes the β-phase crystal formation by 
introducing electrostatic interactions between the surface charges of the 
nanowires and the dipoles of the PVDF chains. The ability of trapping 
the induced tribocharges increases upon the addition of nanowires to the 
PVDF matrix. The enhanced surface charge potential and the charge 
trapping capabilities of the PVDF–AgNW composite nanofibers 

Fig. 13. (a) Schematic illustration of the PVDF-HFP/LM based NEW-TENG along with a photograph and testing set up [154]; (b) (i) Schematic diagram of the 
PVDF-HFP/AgNWs/Mn-BNT-BT nanocomposite electrospun web based TENG [155], (ii) output power corresponding to the various load resistances [155]; (c) 
Morphology of the (i) PVDF-ZnO NW [157], and (ii) nylon-ZnO NW electrospun nanocomposite webs [157], (iii) schematic illustration of the PVDF and nylon 
electrospun nanocomposite web based TENG [157]; (d) Schematic diagram of the PVDF-PVDF/BT-PVDF three-layer nanocomposite electrospun web based TENG 
with (i) continuous sprayed [158], (ii) separately sprayed [158], and (iii) separately sprayed with gold sputter coating [158]; (e) (i) Fabrication flow chart of the 
PVDF/GO electrospun nanocomposite based TENG [160], and (ii) the different states (initial, compressed, and released) of the TENG [160]; (f) (i) Schematic of the 
PVDF/MXene electrospun nanocomposite web based TENG [161], (ii) open circuits voltage (VOC) and short circuit current of the fabricated TENG with different 
external loads [161], and (iii) the output power of the TENGs made from PVDF/MXene electrospun nanocomposite webs having different concentration of MXene 
corresponding to the different external loads [161]. All essential copyrights and permissions received. 
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significantly enhance the TENG output performance. Finally, the me
chanical stability of the electrospun nanofibers is dramatically enhanced 
while maintaining the TENG performance by applying thermal welding 
near the melting temperature of PVDF [156]. In this context, another 
similar study involving electrospun PVDF and a nylon 11 fibrous web 
with zinc oxide nanowires (ZnO NWs) was investigated to prepare 
flexible TENGs (Fig. 13c) [157]. It was found that ZnO NWs were 
aligned along the fibre axis during electrospinning. Such cooperative 
and mutual alignment of polymer chains with ZnO NWs were achieved 
because of electrospinning, which led to the formation of highly polar 
crystalline β-phase of PVDF and δ’ phase of nylon 11. It was found that 
the maximum power density reached 3.0 W/m2 under an external load 
of 10–20 MΩ. Furthermore, the TENG exhibited output performance 
capable of directly lighting more than 100 LEDs. Additionally, the 
incorporation of ZnO NWs enhanced both thermal stability and me
chanical properties, such as tensile strength and elastic modulus of PVDF 
and nylon 11 fibrous membranes. So, this work can be considered as a 
potent and sustainable power source for portable electronic devices. On 
the other hand, ceramic doped-polymeric structures as organic and 
inorganic hybrid structures create a new field in terms of advanced 
materials for flexible along with stretchable sensors and actuators. 
Herein, another recent study explored the use of a uniform 
ceramic-based polymer composite made up of BaTiO3 and PVDF using 
solution casting to enhance the pressure sensitivity (Fig. 13d) [158]. The 
incorporation of BaTiO3 nanoparticles into the PVDF structure has been 
shown to enhance piezoelectricity and pressure sensitivity. Moreover, 
the research group presented a novel flexible and stretchable 
multi-layered pressure sensor composed of electrospun nanocomposite 
fibers, which exhibited a high electrical sensitivity of approximately 
6 mV N-1. In comparison, the solution-cast PVDF sensors mentioned 
earlier demonstrated an electrical sensitivity of 1.88 mV N-1 when 
subjected to cyclic loads at a frequency of 2.5 Hz and a constant load of 
0.5 N. This work presents a promising approach for the fabrication of 
nanostructures for pressure sensors in various wearable devices and 
technologies. Similarly, another study utilized PVDF/BaTiO3 to create 
hybrid nanogenerators through the process of electrospinning [159]. 
The charge density of the hybrid tribo and piezoelectric nanogenerator 
was recorded as 2.1 times higher than that of the sum value of the pure 
electrospun hybrid nanogenerators, which can reach up to 105.6 μC 
m− 2. Improved performance of the hybrid nanogenerator was due to the 
enhanced synergistic coupling for triple effects of pore dipole, tribo
electricity and piezoelectricity. This work showed novelty due to the fact 
that the researchers here have developed a hybrid nanogenerator, which 
is able to harvest biomechanical energies generated from various action 
related to our daily life. Another novel work developed the technique of 
preparing a book-shaped TENG made up of electrospun PVDF and poly 
(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) nanofibres to effec
tively harvest mechanical energy (Fig. 13e). In addition, they have 
dispersed graphene oxide (GO) in the PVDF nanofibres, which act as 
charge trapping sites, thereby increasing the interface for charge storage 
as well as the output performance of the TENG. Also, this modified TENG 
was used as a direct power source to drive small electronics such as LED 
bulbs. This kind of study demonstrates the possibility of improving the 
performance of TENGs using composite materials [160]. Similarly, in 
another work, the use of electrospun PVDF functionalized with MXene 
(Ti3C2Tx) composite nanofiber was proposed as a promising negative 
triboelectric layer for enhancing the performance of TENGs (Fig. 13f) 
[161]. 

The fillers were dispersed into the PVDF matrix by the process of 
electrospinning to enhance the dielectric property and surface charge 
density of the nanogenerators. It was found that the dielectric modula
tion by inclusion of such conductive nanosheets significantly enhanced 
the dielectric constant and the surface charge density of by 270% and 
80%, respectively. Therefore, it was found that the TENG made up of 
PVDF/MXene along with Nylon 6/6 nanofibre can deliver a peak power 
of 4.6 mW (having a power density of 11.2 Wm− 2) at a load of 2 MΩ, 

which was found to be 1.58 times higher than that of pure PVDF elec
trospun nanofibre. In addition, the fabricated TENG shows excellent 
performance under low-frequency impact motions with high durability 
up to more than 60k cycles of output signals, quick charge storage ca
pacity, and can easily illuminate around 100 commercial LEDs. Finally, 
this work successfully demonstrated a self-powered TENG used in 
sensing foot motion capable of controlling automatically the step lights 
based on the human foot motion over the stairs. Another study by Rana 
et al. [162] employed the same material, namely PVDF-TrFE/MXene 
nanocomposite (Fig. 14a). The prepared material exhibited an excep
tional dielectric constant and a high surface charge density. The fabri
cated NEW-TENG achieved a maximum power density of 4.02 W/m2 at 
an external load resistance of 4 MΩ. Furthermore, the nanocomposite 
demonstrated an enhanced output performance that was four times 
greater than that of pure PVDF-based TENGs. It was found that the 
fabricated nanocomposite could successfully be used to power an elec
tronic stopwatch and thermohygrometer by using harvested energy 
released by human finger tapping. Furthermore, the device was used in 
smart home applications as a self-powered switch for controlling elec
trical home appliances, including fire alarms, fans, and smart doors. So, 
this study presents an effective and new approach toward self-powered 
systems, human-machine interface and smart home applications. 
Another new kind of TENG based on electrospun PVDF and nylon 
nanowires was reported in literature by Zheng et al. [163] (Fig. 14b). It 
was found that the nanogenerator exhibited easy fabrication, low cost 
and high output. The TENG showed open-circuit voltage of around 
1163 V and short-circuit current density up to 11.5 µA/cm2 at a fre
quency and amplitude of 5 Hz and 20 mm, respectively. In addition, the 
nanogenerator released power density of around 26.6 Wm− 2. The novel 
feature of this work was that the as fabricated TENG could directly 
power a direct current (DC) motor without using any energy storage 
system. Therefore, such a TENG could be used as a fully self-powered 
ultraviolet radiation detection device without using any additional 
components. In this context, another research work aiming to harvest 
mechanical energy using a green technology for applications in 
self-powered portable electronics, wireless sensing, implanted devices, 
and security systems was reported by Haung et al. [164]. The same 
group of researchers have previously explored a NEW-TENG fabricated 
using PVDF nanofibres. This prepared device exhibited an output 
voltage of around 210 V. Therefore, to obtain a device showing more 
output voltage, these researchers doped PVDF nanofibres with silica 
(SiO2) nanoparticles, which enhanced the output electrical generation of 
the resultant TENGs (Fig. 14c). It was found that the peak voltage was 
increased to 370 V as the weight % of SiO2 nanoparticles increased to 
0.6 with further increase in the nanoparticle content showing a deteri
oration in electrical properties. The researchers further stated that, when 
such hydrophobic nanoparticles were modified by an octanol treatment 
(mSiO2), this drastically improved the output performance of the pre
pared TENGs. It was stated that an output peak voltage of around 430 V 
was obtained with 0.8 wt% of mSiO2 demonstrating an increase of about 
48% when compared with the output value represented by a PVDF/SiO2 
nanofibrous TENG. This TENG was used in a self-powered digital ther
mometer for temperature measurement without the use of a battery. 
Similarly, in another study [165] TENGs based on PVDF having a high 
degree of crystallinity were reported (Fig. 14d). The electrospinning 
process was used to grow PVDF nanofibres. Commercially obtained 
printer ink (PI) nano-fillers were incorporated in a PVDF electrospun 
nanofibrous structure to further enhance the degree of crystallinity to 
obtain a high output voltage TENG. Crystallinity of around 88%, as 
quantified using FTIR spectroscopy, was obtained for PVDF-PI nano
fibers grown over a period of five hours. Furthermore, the nano
generator showed output power of 22 W/m2, more than double that of 
PVDF nanofibres, which, at the time, was considered the highest 
recorded value for PVDF nanofibre based TENGs. The reason for such 
outstanding performance is due to ferroelectric domain alignment, 
surface charge density, and nanofibre medium properties. Also, as it is 
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known that printer ink contains magnetic materials, the relation of 
magnetic properties to the β phase and the power output as a function of 
growth time have been discussed. Such nanogenerators can be used as 
humidity sensors, easily integrated into flexible electrical and opto
electronic systems. Another work in this context [166] reported the 
fabrication of a 20 × 20 mm2 TENG device made up of PVDF/Graphene 
nanofibers along with films made up of polyamide-6 (PA6). The 
resulting TENG displayed enhanced triboelectric performance with an 
output voltage of around 1511 V, a short-circuit current density of about 
189 mA m− 2, and a maximum peak power density of approximately 
130.2 Wm− 2, which is nearly eight times higher than that of the pure 
PVDF-PA6 TENGs (Fig. 14e). Additionally, the modified nanocomposite 
TENG can harvest energy of about 74.13 μJ/cycle, with an output power 
density of about 926.65 mW/m2. This work therefore provides an 
effective strategy of simultaneously optimizing the chemical composi
tion and surface microstructure of triboelectric materials to significantly 
improve the output performance of TENGs. Min et al. [167] developed 
high-performance ferroelectric-assisted TENGs using electrospun 
fibrous surfaces based on PVDF-TrFE incorporated with a conductive 

filler i.e. BaTiO3 in either cubic or tetragonal form. Three types of TENG 
were tested i.e. pristine PVDF-TrFE), PVDF-TrFE)/cubic BaTiO3 and 
PVDF-TrFE)/tetragonal BaTiO3. When tested in contact with poly
ethylene terephthalate, the results showed increases in output electrical 
output from pristine (0.75 W/m2) to cubic BaTiO3 (2 W/m2) and to 
tetragonal BaTiO3 (2.75 W/m2). Furthermore, electrospinning increases 
the maximum output voltage to 315 V for TENGs when compared with 
the spin-coated PVDF-TrFE)/ BaTiO3. The reason is attributed to the 
increase in alignment of the dipoles due to the application of high 
voltages, which helps in the formation of a highly oriented crystalline 
β-phase via uniaxial stretching. Essentially, transfer of triboelectric 
charge is enhanced because of increased surface potential owing to 
enhanced ferroelectric polarization. It was further stated by the re
searchers that higher output voltage is produced by PVDF-TrFE)/ 
tetragonal BaTiO3 compared to PVDFTrFE)/ cubic BaTiO3 even 
though permittivity is almost the same. Finally, the TENG was inte
grated with a graphene based flexible electrode supercapacitor and 
produced 1.25 V in a very short duration of about 5 min. These results 
demonstrate that this technology is helpful in wearable applications 

Fig. 14. (a) The PVDF/MXene electrospun nanocomposite fibre based TENG (schematic diagram of the TENG along with its applications flowchart, dielectric 
constant of the nanocomposite fibre with respect to MXene volume fraction, and the charge density vs volume fraction of the MXene [162]; (b) (i) A schematic 
illustration of the PVDF/Nylon electrospun nanocomposite fibre based TENG [163], (ii) morphology of the PVDF nanofibres [163], and (iii) morphology of the nylon 
nanofibres [163]; (c) The PVDF/mSiO2 electrospun nanocomposite fibre based TENG (a schematic diagram of the TENG and its applications) [164]; (d) A TENG 
based on PVDF/PI electrospun nanocomposite fibre (schematic illustration of the TENG, PVDF and PVDF/PI nanofibres and electrospinning setup [170]; (e) (i) A 
schematic diagram of the PVDF/graphene electrospun nanocomposite fibre based TENG [42], (ii) digital image of the TENG [42], (iii) output signals vs graphene 
concentration and external load resistance [42]. All essential copyrights and permissions received. 
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where higher power output, more efficient charging and flexibility is of 
utmost importance. In this context, another flexible and lightweight 
TENG was fabricated using MoS2/carbon nanotube (MC)-doped PVDF as 
the friction substrate using the electrospinning technique for harvesting 
energy from human body motions under various mechanical de
formations. It was found that the charge density of PVDF nanofibers 
increased significantly with the introduction of an electron acceptor of 
the MC composite, and nylon as a clothing material, acting as a friction 
layer that simplifies the device structure. The authors stated that by 
optimising electrospinning parameters, an output voltage of more than 
300 V can be reached and can generate power up to 0.484 mW. Also, the 
device was found to remain durable up to 3000 cycles and has the 
capability for charging a capacitor. Finally, it can be concluded from the 

results that this flexible device can easily convert mechanical energy to 
electrical energy and can be applied in the field of power supply for 
portable electronic devices [168]. Another novel work related to PVDF 
based TENGs was demonstrated by Fatma et al. [169]. They stated that 
by incorporating maghemite (γ-Fe2O3) fillers in PVDF with polyethylene 
terephthalate by the process of electrospinning, the output electrical 
performance of the TENGs can be enhanced significantly and are 
applicable in powering wearable electronic devices. Results showed that 
addition of nanofillers in the PVDF matrix produced an open circuit 
voltage of around 250 V and short circuit current of 5 μA, which is 
substantially higher than that of pristine-PVDF-based TENG. Further
more, it was found that the device can induce a maximum power output 
of 0.17 mW with a power density of 0.117 W/m2 by the application of 

Fig. 15. A. Schematic illustration of the PAN/LM based NEW-TENG [171]; B. NEW-TENG based on graphene nanoplates (GNPs) and tetraethyl orthosilicate (TEOS) 
incorporated polyvinyl butyral (PVB) electrospun nanocomposite [172]; C. Silk fibroin (SF) fibrous layer and a polycaprolactone (PCL)/graphene oxide (GO) based 
flexible TENG (i) schematic illustration of different triboelectric layers [173], (ii) & (iii) an output voltage and current for the different PCL/GO based TENGs [173]; 
D. PCL/GO electrospun nanocomposite fibres based TENG (i) different layers structures of the developed TENG [174], (ii) &(iii) an output voltage and current of the 
TENGs [174]; E. PA66/MWCNTs NF and PVDF NF based TENGs (i) structure of the as developed TENG [175], (ii) output voltage of the TENGs [175], and (iii) short 
circuit current of the TENGs [175]. All essential copyrights and permissions received. 
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manual force. Also, the device is extremely robust with excellent 
long-term stability for approximately 3000 s. The novel outcome for this 
work was that the device could harvest biomechanical motion in the 
form of slow and fast foot movement by attaching it to the footwear sole. 
Besides, the device could continuously supply power to light up to 108 
series-connected LEDs, without the use of a capacitor and has potential 
applications in self-powered wearable and portable electronics obvi
ating the use of batteries. Moreover, this device could harvest energy 
from a rotary pump to charge a 1 μF capacitor to a value of around 30 V 
in a very short duration of time i.e. 90 s. Finally, a thick magnetic 
γ-Fe2O3/PVDF based nanocomposite film was also successfully investi
gated as a magneto-triboelectric nanogenerator (M-TENG) in noncon
tact mode showing potential for harvesting of the stray magnetic field. 

In addition to PVDF polymer, studies have also explored the use of 
polyacrylonitrile (PAN) polymer incorporated with conductive fillers for 
fabricating nanowire-based triboelectric nanogenerators (NEW-TENGs). 
In the NEW-TENG, PAN nanofibrous web incorporated with LM serves as 
the positive triboelectric material, while a thin film of PTFE serves as the 
negative triboelectric material (Fig. 15a) [171]. The NEW-TENG 
demonstrated its maximum electrical performance when the PAN 
nanofibrous web with a 1.5% incorporation of LM was used. It was 
observed that the electrical performance improved with higher LM 
concentration. This improvement can be attributed to the higher 
dielectric constant of PAN polymer in the presence of LM and the charge 
trapping ability of LM. The PAN/ML-PTFE-based NEW-TENG exhibited 
an output voltage of approximately 375 V and a current density of 
approximately 35 mA/m2, while the PAN-PTFE-based NEW-TENG 
showed an output voltage of around 190 V and a current density of 
about 20 mA/m2 when subjected to an applied force of 30 N at a fre
quency of 3 Hz [172]. In this case, the electrospun PAN acted as the 
negative triboelectric layer, while the electrospun nanocomposite PVB 
served as the positive triboelectric layer (Fig. 14b). The resulting 
NEW-TENG generated an output voltage of 810 V, an output current of 
263 µA, and a power density of 20 W/m2. Notably, the power density of 
the NEW-TENG was approximately six times higher than that of the 
pristine PVB-based TENG. This improvement can be attributed to the 
higher surface roughness and surface area achieved with the nano
composite GNPs/TEOS/PVB electrospun web compared to the pristine 
PVB electrospun web. 

Parandeh et al. [173], in 2019, published a work on a hybrid tribo
electric nanogenerator based on graphene oxide (GO) incorporated 
polycaprolactone (PCL) and cellulose paper. Here GO incorporated PCL 
electrospun nanocomposite web and cellulose paper were used as the 
triboelectric negative and positive layer, respectively. The PCL/GO 
electrospun nanocomposite was developed by using different concen
tration of GO. The electrical performance of the NEW-TENG is increased 
with increasing GO concentration up to 4%. However, further increasing 
the GO content (8%) results in lower electrical performance: this may be 
due to the aggregation of the GO or increasing of the fibre diameter with 
higher concentration of GO. It was found that the output voltage, output 
current, and power were increased from 0.473 V to 22.73 V, 4–165 nA, 
and 0.473 nW to 938 nW, respectively, at 8 N applied load and 2 Hz 
frequency, as shown in Fig. 15c. In another study, authors have also 
reported a NEW-TENG using PCL/GO triboelectric material too [174]. 
The NEW-TENG was fabricated by PCL/GO electrospun web as the 
negative tribo layer and nanofibrous silk fibroin as the positive tribo 
layer. The NEW-TENG has also followed the same electrical performance 
as the previous work. The output voltage of the NEW-TENG is increased 
from 23 V (0% GO) to 100 V (6% GO) and the output current is 
increased from 0.16 µA (0% GO) to 2.52 µA (6% GO), respectively, 
under constant force and frequency of 13 N and 3 Hz. (Fig. 15d). 
However, the electrical performance of the NEW-TENG is decreased 
with further increasing the GO concentration in PCL polymer. At lower 
concentration of GO, lower electrostatic induction takes place due to 
lower conductivity; whereas, at higher concentration, aggregation takes 
place which results in lower electrical performance of the NEW-TENG. 

Sun et al. [175], in 2021, reported a waterproof, breathable, and 
washable nanocomposite electrospun web based triboelectric nano
generator (NEW-TENG), for wearable applications (Fig. 15e). The 
NEW-TENG is composed of electrospun PA66/MWCNTs (positive tribo 
layer) and the electrospun PVDF nanofibrous web (negative tribo layer), 
respectively. MWCNTs is one of the good conductive materials and 
therefore, in this study MWCNTs are used to enhance the conductivity of 
the PA66 nanofibrous web. The conductive characteristic of the PA66 
web could facilitiate electrostatic induction during the triboelectric 
performance between PA66/MWCNTs and PVDF electrospun layers. For 
evidence, it was found that the output signals are increased with 
increasing the MWCNTs concentration up to 0.5%. However, further 
increasing of MWCNTs caused lower electrical performance due to 
higher conductivity. At high electrical conductivity, the tribo layers will 
lose more electrons. The NEW-TENG showed an output voltage of 142 V, 
an output current of 15.5 µA, and a power density of 1.30 W/m2 at an 
applied force and frequency of 15 N and 5 Hz, respectively. 

Similar to nanocomposite fibre/yarn or nanocomposite fabric based 
TENGs, nanocomposite electrospun web based triboelectric nano
generators are summarized in Table 6. The electrospun nanocomposite 
based TENGs are developed by different approaches (various materials 
aspect, various TENGs design aspect, etc.). Throughout the above 
studies on the nanocomposite electrospun web based TENGs, it can be 
found that the as developed TENGs have shown very good triboelectric 
outputs. But triboelectric performance of the nanocomposite electro
spun TENGs is difficult to distinguish due to varied loading conditions 
and environmental factors. Although electrospun TENGs show better 
triboelectric properties than the fibre or fabric based TENGs, the elec
trospun fibre has lower durability and stability. In addition, a compar
ison of different techniques or methods for the preparation of textile 
based piezoelectric and triboelectric nanogenerators is shown in Table 7. 
Table 7 provides an in-depth insight for the research community 
regarding different methods or techniques for preparation of the textile 
based nanogenerators. 

6. Challenges and prospects 

The nanocomposite-based textile-PENGs and TENGs have the ability 
to generate higher output than traditional PENGs and TENGs for wear
able smart sensing and device applications. However, these devices 
possess ongoing challenges like low electrical output performance, low 
contact surface area, washability, breathability, device adaptability to 
fabrics, charge extractions and energy storing, and commercialization. 

6.1. Low electrical output performance 

While nanocomposite textile-based (PENGs) and triboelectric nano
generators (TENGs) exhibit superior electrical performance compared to 
conventional textile-based PENGs and TENGs, further enhancements are 
still required for real-time applications. These nanocomposite textile- 
based devices are ideal candidates for wearable electronic applications 
due to their enhanced flexibility and wearability. However, it is 
important to note that they generate lower energy levels compared to 
traditional solid-state material-based nanogenerators (NGs). Neverthe
less, these nanocomposite textiles based NGs offer improved output 
performance and other relevant properties due to the synergistic char
acteristics of the nanocomposite materials and textiles in wearable 
conditions. For instance, Xiong et al. [43] demonstrated enhanced 
output performance (Voc of approximately 1860 V) by incorporating 
combinations of BP/HCOENPs/PET nanocomposites, surpassing that of 
traditional TENGs. Nonetheless, further research is still needed to 
enhance the stable and continuous electrical output of nanocomposite 
textile based NGs. To enhance the electrical output performance of 
T-TENGs, optimizing the electrode design within the yarns or textile is 
fundamental. Employing conductive materials with high electrical 
conductivity, coupled with an efficient electrode geometry, is essential 
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for maximizing charge collection and transfer. Recent advancements 
have shown promise in the development of multi-layered textile struc
tures, each serving a distinct function. For instance, one layer can be 
dedicated to energy harvesting, another for energy storage (utilizing 

components like supercapacitors), and a third layer designed to enhance 
user comfort. The inclusion of capacitors, supercapacitors, or 
energy-efficient power management circuits can significantly improve 
the storage and utilization of harvested energy. Efficient power con
version electronics are equally critical in converting and conditioning 
the low-voltage, low-current output of the NGs into a more practical 
form suitable for charging devices or powering low-energy electronics. 
The integration of self-charge extraction and circuits, employing charge 
trapping and self-excitation methods, is emerging as a key component of 
power management electronics within nanocomposite NGs. Further
more, facilitating the effective transfer of charge from nanocomposite 
NGs to practical wearable applications demands further research, pri
marily due to the impedance mismatch between the power source and 
the load. Enhancing the electrical output of low-output textile TENGs 
and PENGs necessitates a comprehensive, multidisciplinary approach 
encompassing materials science, textile engineering, and electronics. 
Experimentation and rigorous testing remain crucial for refining the 
design, tailoring it to specific applications, be it wearable technology, 
smart textiles, or energy-efficient clothing. 

6.2. Non-uniform filler distribution in the polymer matrix 

Nanocomposite textiles, which incorporate triboelectric or piezo
electric materials, offer the potential for higher permittivity or dielectric 
constant. This is primarily due to their increased ability to trap charges 
compared to conventional pure textile materials. Consequently, nano
generators (NGs) constructed using these nanocomposite textiles are 
expected to outperform their counterparts in terms of electrical perfor
mance. In nanocomposite textiles, the inclusion of inorganic fillers and 
organic polymers can create a substantial interface between materials, 
further enhancing charge trapping capacity. However, achieving a 
consistent and continuous distribution of nanofillers within nano
composite textiles presents a challenge, as nanomaterials tend to 
agglomerate. Such agglomeration can lead to unstable performance in 
nanocomposite piezoelectric and triboelectric nanogenerators (PENGs 
and TENGs). To tackle this issue effectively, it is more suitable to 
develop stable layers that consist of composite nanostructures (such as 
nanorods, nanofibers, or nanowires) made of metal oxide/polymers (e. 
g., ZnO, PVDF) on pure textile materials. To advance uniform filler 
distribution, it is essential to explore various techniques, including 

Table 6 
Summary and comparison of the different electrospun nanocomposite fibre based TENGs.  

(þ) layer (-) layer Area 
(cm2) 

Pressure 
(p) 
(kPa) 

Freq. 
(Hz) 

VOC 

(V) 
ISC 

(µA) 
Js (µA/ 
cm2) 

Pd
max 

(mW/ 
m2) 

Load 
(MΩ) 

Pd
max 

/p 
(mW/N) 

Ref. 

TPU film PVDF-HFP/LM nanofiber 4 250 5  1680 12.8 3.2 24000 150 0.096 [176] 
Al tape PVDF-HFP/5%AgNWs/5%Mn- 

BNT-BT 
4 250 4  2172 30 7.5 47.3 70 0.00018 [155] 

Nylon/ZnO NWs PVDF/ZnO NWs 10 100 3.2  330 10 1.0 3.0 10 0.00003 [157] 
PVDF/GO nanocomposite 

electrospun fibre 
Poly(3-hydroxybutyrate-co-3- 
hydroxyvalerate) (PHBV) 
nanofibers 

20 - 1.8  200 50 2.5 2.3 8 - [160] 

Nylon 66 nanofibre PVDF/MXene nanocomposite fibre 4 125 8  710 162 40.5 11.213 2 0.00008 [161] 
Nylon 11 nanofibre PVDF-TrFE)/MXene 

nanocomposite fibre 
- 7 N force 6  190 35 - 4.02 4 - [162] 

PVDF/mSiO2 

nanocomposite 
electrospun fibre 

Poly(3-hydroxybutyrate-co-3- 
hydroxyvalerate) (PHBV) 
nanofibers 

20 - -  430 85 - - - - [164] 

PVDF nanofibre PVDF/printer ink (PI) 
nanocomposite fibre 

9 0.45 2–3  1600 130 14.44 22 500 0.0489 [170] 

PA 66 film PVDF/graphene nanocomposite 
fibre 

4 125 5  1511 75.5 18.9 130.2 200 0.00104 [42] 

PET film P(VDF-TrFE)/ BaTiO3 

nanocomposite fibre 
6.25 12.8 4  315 42 6.7 2.75 100–500 0.00021 [177] 

Nylon cloth PVDF-MoS2/CNTs nanocomposite 
fibre 

36 13.88 1.6  300 11.5 0.319 0.134 100 0.000009 [168] 

PAN/LM nanocomposite 
fibre 

PTFE thin film 4 75 3  375 - 3.5 - - - [171]  

Table 7 
Comparison between the different methods for preparation of textile based 
PENGs and TENGs.  

Methods Merits Demerits 

Textile fibre/yarn based 
NGs (PENGs and 
TENGs) 

Easy to incorporate into the 
cloth since they are flexible 
in nature 

Low electrical outputs 
due to the small resulting 
contact area 

Nanocomposite fibre/ 
yarn based NGs 
(PENGs and TENGs)  

✓ High electrical outputs 
compared to 
conventional fibre/yarn 
based NGs (PENGs and 
TENGs)  

✓ High mechanical 
strength and stability 

Difficult to maintain 
uniform distribution of 
the piezoelectric fillers in 
polymer matrix 

Electrospun fibre based 
NGs (PENGs and 
TENGs) 

High electrical outputs 
compared to other methods 
( due to in-situ poling and 
high mechanical stretching 
for the PENGs and higher 
surface area for the TENGs) 

Low durability and 
stability 

Nanocomposite 
electrospun fibre 
based NGs (PENGs 
and TENGs) 

Comparatively high 
electrical outputs compared 
to conventional electrospun 
fibre based NGs ( due to the 
additional piezoelectric 
effect of the inorganic fillers 
for the PENGs and 
additional dielectric 
characteristics of the fillers 
for the TENGs) 

Low durability and 
stability, non-uniform 
distribution of the fillers 

Textile fabric based NGs 
(PENGs and TENGs) 

High dimensional stability, 
high electrical outputs 
compared to fibre/yarn 
based NGs (PENGs and 
TENGs) 

High complexity in the 
preparation method 

Nanocomposite textile 
fabric based NGs 
(PENGs and TENGs) 

Comparatively high 
electrical outputs compared 
to conventional textile 
fabric based NGs 

Complex method, 
tendency of non-uniform 
distribution of the 
nanofillers  
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preparation methods like solution mixing, in situ polymerization, and 
mechanical mixing, surface modification such as surface treatment and 
the use of coupling agents, controlled processing involving temperature 
control and shear forces, optimized mixing time and speed, the incor
poration of nanofillers, the masterbatch approach, additive 
manufacturing, and others. By implementing these strategies, you can 
significantly enhance the uniform distribution of fillers within the 
polymer matrix of textile based PENGs and TENGs. This improvement 
leads to enhanced device performance and greater energy harvesting 
capabilities while preserving the washability and comfort properties of 
the textiles. 

6.3. Washability 

A key practical requirement of wearable textile NGs is washability. 
The washability of wearable nanocomposite textile-based piezoelectric 
and triboelectric nanogenerators (NGs) presents additional challenges 
due to the need to maintain the device’s functionality and performance 
after washing. Wearable textiles need to be repeatedly washed either by 
machine or any other traditional method by using water (H2O), soap, 
and other chemical detergents. The nanocomposite textile NGs are 
aimed at producing a sustainable energy generator and this device is a 
complete component of the wearable textile or maybe a part of the 
textile. Therefore, they should be washable like normal clothes with a 
removal electronics device to protect the electronic circuits Hence, de
vice components, including the nanocomposite materials, electrodes, 
and interconnects, need to be water-resistant to prevent water pene
tration and potential damage to the device. Water ingress can lead to 
degradation of the materials, loss of electrical connectivity, or changes 
in the device’s electrical properties. In order to test this ability, many 
papers report that they are evaluated in such a way that multiple ma
chine washing and drying processes are being performed with respect to 
time. However, due to the interfering reaction of chemical detergents 
with nanocomposites at the outer surface, NGs erode the capability of 
nanocomposites due to multiple washes. The washing process involves 
mechanical agitation, such as spinning and tumbling, which subjects the 
NGs to mechanical stress. The device therefore should be mechanically 
robust enough to withstand the rigours of washing without undergoing 
significant deformation, delamination, or structural damage. Maintain
ing the integrity of the nanocomposite textile and the interfaces between 
different components is crucial for long-term device performance. 
Washability is a significant challenge in exposing the nanocomposite 
and electrode material layer to soap or chemical detergents. Some de
tergents contain chemicals that can interact with the device materials, 
leading to material degradation or altered electrical properties. Ensuring 
the compatibility of the nanocomposite textiles and other device com
ponents with detergents is essential for maintaining the NG’s perfor
mance after washing. The exposure to water and detergents may also 
cause changes in the conductivity of the electrodes, alter the piezo
electric or triboelectric properties of the nanocomposite materials, or 
induce changes in the device’s electrical connectivity. It is crucial to 
ensure that the NG retain their electrical stability and performance even 
after multiple washing cycles. Frequent washing and exposure to harsh 
conditions can accelerate material degradation, fatigue, or wear and 
tear. The device should be designed to withstand repeated washing cy
cles while maintaining its functionality and performance over an 
extended period. The development of an entire fabric from nano
composite PENG and TENG is still a big challenge due to the composite 
material properties (toxicity level, biocompatible, biodegradability etc.) 
and its stability for long term use (washing, drying and etc.) of the 
fabrics. Addressing the washability challenge requires careful selection 
of materials that are water-resistant and chemically stable, optimization 
of device architectures to enhance mechanical robustness, and devel
opment of fabrication techniques that ensure long-term durability. 
Additionally, implementing protective coatings or encapsulation 
methods can help enhance the washability and longevity of wearable 

NGs by providing a barrier against water and chemicals. 

6.4. Durability and stability 

The reliable and stable electrical output of NGs is an essential 
requirement to operate real-time wearable sensing devices. Even though 
NGs are proven to be sustainable green energy alternatives, they still 
struggle to achieve reliable and stable outputs for long term use. The 
materials used in these devices should possess sufficient mechanical 
strength, flexibility, and resilience to ensure long-term durability. 
However, nanocomposite textiles can experience fatigue and mechani
cal failure over time, especially when subjected to extensive bending, 
stretching, or twisting. Another essential factor is nanocomposite textile 
material degradation with respect to multiple washing and extreme 
environmental conditions including temperature, humidity, and chem
ical exposure. These factors can deteriorate the performance and sta
bility of the device over time. For example, moisture absorption in the 
nanocomposite textiles can lead to dimensional changes and can alter 
the device output performance and hence its stability. Similarly, expo
sure to chemicals or UV radiation can cause degradation of the mate
rials, reducing the device’s efficiency and lifespan. However, the NGs 
typically involve interfaces between the nanocomposite textiles with 
electrodes and interconnects. Ensuring stable and reliable interfaces is 
crucial for long-term device performance. Weak interfaces can lead to 
delamination, increased resistance, or loss of electrical connectivity, 
affecting the overall durability and functionality of the NGs. The output 
performance of nanocomposite TENGs tends to decrease with respect to 
time due to composite material degradation within the fabrics. This is 
due to the repeated mechanical stress, that leads to cracks, fractures, or 
degradation of the nanocomposite textile, resulting in reduced piezo
electric or triboelectric conversion efficiency. The electrical output of 
the device should remain consistent and predictable over time. How
ever, factors like material aging, degradation, or wear can affect the 
stability of the NGs, resulting in a decline in their energy conversion 
efficiency. Therefore, the integration of standard power management 
circuits with machine learning predictive systems is imperative, adapt
ing to changes occurring within the composite layers. Additionally, 
adopting a comprehensive strategy is vital. This includes the selection of 
robust and wear-resistant textile materials fortified with fibers to with
stand mechanical stress, the application of protective coatings to both 
the textile surface and NG components to shield against moisture and 
contaminants, and the optimization of electrode design with corrosion- 
resistant materials and secure adhesion. 

6.5. Energy conversion efficiency 

Achieving high energy conversion efficiency is a crucial challenge for 
wearable nanocomposite textile-based piezoelectric and triboelectric 
nanogenerators (NGs). The choice of materials used in nanocomposite 
textiles plays a significant role in determining the energy conversion 
efficiency. Finding materials with high piezoelectric or triboelectric 
coefficients is essential to maximize the conversion of mechanical into 
electrical energy. However, identifying and developing materials that 
simultaneously exhibit desirable mechanical, electrical, and piezoelec
tric or triboelectric properties is challenging. Further the interfaces be
tween the nanocomposite textile and the device components (power 
management circuits, storage, charge extractor and etc), can signifi
cantly impact the energy conversion efficiency. Interface engineering 
techniques, such as surface modifications, interfacial layers, or electrode 
optimization, are necessary to enhance charge generation, collection, 
and transport, thus improving energy conversion efficiency. Apart from 
materials properties and circuits, the design and architecture such as 
electrode configuration, device geometry, interconnectivity, and struc
tural parameters can also affect the distribution of stress or charge 
density within the device - directly impacting the energy conversion 
process. Optimizing device design to maximize the utilization of 
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mechanical energy and minimize energy losses is a challenge that re
quires careful consideration. Ultimately, suitable power management 
and energy storage systems are essential to harness and utilize the 
generated electrical energy effectively. Wearable NGs often produce 
intermittent and variable electrical outputs, requiring appropriate 
power conditioning, regulation, and storage (flexible supercapacitors), 
and solving these challenges requires advances in material science, de
vice engineering, and system integration. 

6.6. Commercialization and industrialization 

Considerable progress would be required to enable textile nano
composite NGs to be practical for real-time wearable energy harvesting 
applications. Issues such as low output power, washability, reliability, 
stability, and comfort etc. would have to be addressed. Researchers are 
trying to develop core spun yarn based NGs, which consist of bundles of 
nano or microfibers and current fabrication technology is often focused 
on high voltage-electrospinning. The major challenge is the complexity 
of the fabrication process, high-power consumption, and low production 
rate and so considerable progress would be required to produce nano
fibers on a large scale to enable industrialization. New advanced mate
rial combinations and structures and more efficient nanocomposite 
textile NGs are very often complex and sometimes toxic in nature having 
multiple chemical and yarn-making processing steps; it should be 
remembered that this reduces the cost efficiency and sustainability of 
some nanocomposite Textile NGs. Biocompatible and degradable ma
terials selection will play an important role in the fabrication of stable 
and eco-friendly energy devices. A lot of work is required for assessing 
the lifetime response of nanocomposite textile NGs in real time envi
ronments to make them commercialized products. Another major issue 
is the industrialization of the fabrication process in connection with 
commercialization. The adaptability of nanocomposite textile NGs into 
complete fabrics is very limited, and primarily researchers have only 
integrated the materials at joints in the body where clear displacement 
of layers can occur. On the other hand, nanocomposite-based core spun 
yarn-based woven or knitted NGs offer good adaptability throughout the 
fabrics, and they have the simplest route to scale-up its output perfor
mance in terms of output power, washability and reliability. These will 
also create facilitate conduction with wearable smart sensors. However, 
they have currently the lowest output performance and it is very difficult 
to produce core-spun yarns by using existing technology. Researchers 
need to concentrate on these issues to scale up the small-scale devel
opment of nanocomposite textile NGs to large-scale industrial 
production. 

Nanocomposite-based textile Piezoelectric Nanogenerators (PENGs) 
and Triboelectric Nanogenerators (TENGs) exhibit promising capabil
ities for generating substantial power in wearable smart sensing and 
device applications. However, they encounter several challenges, 
including low electrical output performance, non-uniform filler distri
bution within the polymer matrix, washability, durability, stability, and 
energy conversion efficiency. Ensuring a consistent and reliable elec
trical output over time is a pressing concern, necessitating strategies 
such as optimizing electrode design, integrating efficient power man
agement circuits, and addressing material degradation. The issue of 
washability presents another hurdle, as these devices must maintain 
functionality after washing, demanding water-resistant materials and 
compatibility with detergents. Furthermore, enhancing energy conver
sion efficiency and progressing toward industrial-scale production are 
critical prospects. In summary, effectively tackling these challenges is 
essential for harnessing the potential of nanocomposite textile based 
NGs in the realm of wearable energy harvesting applications. Fig. 16 
describes the current challenges and prospects for nanocomposite textile 
based piezoelectric nanogenerators (PENGs) and triboelectric nano
generators (TENGs). 

7. Prospects 

In this review, we explored the potential of wearable nanocomposite 
textile-based piezoelectric and triboelectric nanogenerators for me
chanical energy harvesting and smart sensing applications. We discussed 
the latest advancements in piezoelectric and triboelectric materials that 
enable the development of wearable nanocomposite textile NGs. We 
then presented a comprehensive overview of nanocomposite textiles 
used in piezoelectric nanogenerators (single fibers or yarns/fabrics/ 
electrospun webs) and triboelectric nanogenerators (single fibers or 
yarns/fabrics/electrospun webs). Additionally, we covered textile-based 
PENG and TENG sensing and electronic applications for smart sensing 
purposes. Consequently, we next identify some exciting future oppor
tunities and potential applications for nanocomposite textile NGs in 
wearable sensing and monitoring. 

7.1. Progress in the development of nanostructured composite-nanofiber 
materials 

The development of nanostructured composite-nanofiber materials 
holds great prospects across various fields due to nanostructured 
composite-nanofiber materials offering improved mechanical properties 
compared to traditional materials. By incorporating nanofibers into 
composite matrices, it is possible to enhance strength, stiffness, tough
ness, and fatigue resistance. This makes them attractive for applications 
in structural engineering, aerospace, automotive, and sports equipment, 
where lightweight materials with high mechanical performance are 
desired. For example, by incorporating nanoparticles or nanowires into 
nanofibers, it is possible to create materials with unique properties, such 
as enhanced conductivity, optical properties, or catalytic activity. These 
functional nanocomposite-nanofiber materials have applications in 
electronics, energy storage, sensors, and catalysis. PVDF exhibits 
exceptional piezoelectric activity, making it a preferred material for the 
electrospinning process of nanofibers. Additionally, materials like nylon 
and PTFE possess favorable triboelectric properties, leading to their 
extensive use in nanofiber materials. However, there is a need to go 
beyond the selection of single-contact materials and focus on developing 
biocompatible metal oxide/polymer nanocomposite-based fibers with 
uniform nanostructure orientation throughout the fibers. Moreover, 
there is a strong demand for the production of core electrospun com
posite fibers that possess not only triboelectric and piezoelectric 

Fig. 16. Schematic illustration of current challenges and prospects for nano
composite textile based piezoelectric nanogenerators (PENGs) and triboelectric 
nanogenerators (TENGs). 
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properties but also properties such as mechanical flexibility, biocom
patibility, durability, and washability. In the context of textile nano
generators (NGs), a key objective is to develop core electrodes with 
porosity and conductivity in order to enhance charge extraction and 
electron carrying capacity. By modifying the surface chemistry or 
topography of nanofibers, it is possible to achieve desired functionalities 
such as hydrophobicity, anti-fouling properties, or bioactive surfaces. 
This opens up opportunities in areas like filtration, tissue engineering, 
drug delivery, and biosensors. To fully realize the prospects of nano
structured composite-nanofiber materials, ongoing research focuses on 
advancing fabrication techniques, optimizing material properties, and 
exploring novel applications. This includes advancements in electro
spinning, self-assembly, nanocomposite synthesis, and scalable 
manufacturing methods. 

7.2. Smart sensing capability of nanocomposite textile based NGs 

The field of Smart Sensing Nanotextiles (SSN) is an emerging area 
that requires support to enhance wearable human healthcare moni
toring systems, addressing the health challenges faced by the growing 
global population [178]. Wearable sensing devices play a crucial role in 

tracking health and treating illnesses by enabling real-time monitoring 
of vital body parameters. Nanocomposite textile based NGs can be in
tegrated into wearable garments or medical textiles to monitor vital 
signs and physiological parameters. The NGs can sense and convert 
mechanical motions, such as body movements or muscle contractions, 
into electrical energy, enabling continuous health monitoring. This 
technology has the potential to revolutionize personalized healthcare by 
providing real-time data on ECG, heart rate, respiration rate, body 
posture, and muscle activity. The effectiveness of real-time health 
monitoring relies on wearable sensors and electronics, which provide 
reliable data for healthcare data analytics platforms. Nanocomposite 
textile based NGs can be employed for environmental sensing applica
tions. By incorporating sensors that respond to specific environmental 
factors like temperature, humidity, pressure, or chemical exposure, 
these NGs can provide real-time data on the surrounding environment. 
This can be valuable for applications such as pollution monitoring, 
workplace safety, and smart buildings. By embedding sensors into tex
tiles, NGs can detect touch, pressure, or gestures, allowing for intuitive 
and natural interaction with electronic devices or virtual interfaces. This 
can have applications in virtual reality, augmented reality, gaming, and 
human-computer interfaces. Further, by integrating NGs into textiles 

Fig. 17. Principle of the self-charge excitation triboelectric nanogenerator. (a) The fundamental scheme of the self-charge excitation triboelectric nanogenerator 
(SCE-TENG), the auto-switch can change capacitors from parallel to serial connection during the operation cycle. (b) The systematic electric circuit scheme of the 
SCE-TENG. (c) The input/output node and scheme of self-voltage-multiplying circuit (SVMC). (d) The charge distribution of SCE-TENG in initial state. (e–g) Charge 
excitation process during period contact-separation cycle. (h, i) Air breakdown caused by high charge density and discharge protection circuit, respectively [179]. All 
essential copyrights and permissions received. 
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used in structural components, it is possible to detect and monitor me
chanical stresses, vibrations, or deformations in real-time. This can 
contribute to early damage detection, predictive maintenance, and 
ensuring the structural integrity of critical systems. Nanocomposite 
textile based NGs can monitor and analyze human performance in 
sports, fitness, and rehabilitation applications. By sensing and analyzing 
body movements, NGs can provide data on biomechanics, gait analysis, 
posture, and muscle activity. This information can be utilized for per
formance optimization, injury prevention, and rehabilitation programs. 
To realize the full potential of smart sensing capabilities in nano
composite textile based NGs, ongoing research focuses on improving the 
sensitivity, selectivity, and reliability of the embedded sensors, devel
oping flexible and stretchable electronics, optimizing integration tech
niques, and enhancing data processing algorithms. 

7.3. Design and development charge feedback and pumping mechanisms 

Reliable and stable energy output from NGs are essential re
quirements for the wearable device in real time scenarios. In order to 
generate a reliable output, there should be frequent mechanical trac
tions or force in between the contact layers. 

However, continuous mechanical friction is less in wearable fabrics, 
and this will reduce NG output performance; thereby, limiting real-time 
wearable applications. In order to enhance the flow of continuous 
charge density, much research has been focused on materials selection, 
surface modification, contact improvement, and charge storage system, 
which can increase the charge density up to some extent. However, very 
recently a self and external charge pump method has been reported for 
thin film based TENGs, referring to electromagnetic generators and op 
amp-based feedback amplifier principles which is promising [179] 
(Fig. 17). In this comprehensive review, we have thoroughly examined 
the charge feedback mechanism as a means of achieving self-excitation 
in nanocomposite textile based NGs. This approach holds great promise 
for achieving both higher and more stable electrical output by seam
lessly integrating electronic components into the textile structure. 
Addressing critical challenges like lower electrical output performance, 
this technique amplifies the output signal, ultimately enhancing its 
stability for wearable devices. 

7.4. Integration of ML assisted IoT system with nanocomposite Textile 
based NGs 

The building blocks of textiles are fibers and yarns; their outstanding 
chemical, electric, and mechanical properties enable these textiles to be 
used for sensing and NGs for wearable, self-driving electronics, and 
wireless sensor system applications. Whilst self-powered smart textile 
devices are attractive; they also come with challenges such as perfor
mance degradation with time. In this regard, machine learning-based 
predictive systems can be attractive as they can reveal the hidden 
relationship between the body parameters and the sensing signals 
through data transformations, normalization, elimination of baseline 
drifts, and compression. Additionally, they can cut down sensor opti
mization costs and time, provide unexpected insights into the experi
mental data, and predict the outcome by deciphering non-linear 
analytical input signals without mathematical fitting, readily integrated 
into an IoT setting. ML algorithms also facilitate adaptive energy man
agement in IoT systems powered by nanocomposite textile based NGs. 
These algorithms can dynamically allocate and prioritize the available 
energy to different IoT devices based on their energy requirements, 
usage patterns, and priority levels. This ensures efficient utilization of 
the harvested energy and extends the operational lifetime of the IoT 
system. By analysing patterns and trends in the sensor data, ML models 
can identify early signs of wear, degradation, or potential failures in the 
NGs. This enables proactive maintenance actions, minimizing downtime 
and ensuring continuous operation of the IoT system. Hence ML systems 
enabled with context-aware applications by utilizing data from 

nanocomposite textile-based NGs and other sensors within the IoT sys
tem will be desirable. By analyzing the sensor data in real-time, ML 
models can understand the context of the user or the environment, 
enabling personalized and adaptive functionalities. For example, ML 
algorithms can interpret body movement patterns captured by NGs to 
provide context-aware activity tracking or gesture recognition. Thus, it 
will lead to enhanced user experiences. This allows for personalized 
recommendations, intelligent automation, and tailored feedback, 
improving the overall usability and satisfaction of the IoT system. To 
leverage the benefits of integrating ML-assisted IoT systems with 
nanocomposite textile-based NGs, it is crucial to address challenges such 
as data privacy and security, computational constraints in resource- 
limited devices, and the need for robust and scalable ML models. 

In this section, we investigated the potential of wearable nano
composite textile-based piezoelectric and triboelectric nanogenerators 
(PENGs and TENGs) for mechanical energy harvesting and smart 
sensing. We discusseed advancements in materials, such as incorpo
rating nanofibers into composites to improve mechanical properties and 
create materials with unique attributes like enhanced conductivity. The 
potential applications span various fields, including structural engi
neering, aerospace, environmental sensing, and healthcare monitoring. 
Smart Sensing Nanotextiles (SSN) were introduced as a promising area 
for real-time health monitoring and environmental sensing. Addition
ally, the text highlighted the importance of addressing challenges in 
achieving reliable energy output, such as developing charge feedback 
mechanisms. Furthermore, the integration of Machine Learning (ML) 
with IoT systems powered by nanocomposite textile based NGs was 
discussed, emphasizing its potential for personalized recommendations, 
adaptive energy management, and proactive maintenance. Challenges 
like data privacy and computational constraints were noted as areas 
requiring attention to fully leverage ML in these applications. 

8. Conclusion 

With the advancement and miniaturization of technology, demand 
for self-powered wearable and portable electronics has risen dramati
cally in recent years. Although batteries are one of the most promising 
power sources for those applications in terms of power supply, the 
limited life span, bulkiness, and environmental concerns make them less 
than ideal. Therefore, in recent years, wearable textile based nano
generators (piezoelectric and triboelectric) have been proposed as a 
good solution to directly harness the energy available in daily human 
motions and remove the need for batteries. However, pure textile based 
triboelectric nanogenerators still generate relatively small output signals 
due to the small active contact area at textile interfaces. In contrast, 
wearable nanocomposite textile based triboelectric nanogenerators 
could be a great option for supplying power for wearable electronic 
goods. Nanocomposite textiles can have higher dielectric constants and 
higher active contact area, and this can boost output for nanocomposite 
textile based TENGs. Nanocomposite composition of fibres has also been 
shown to increase the strength and durability of fibres. However, there 
still remains many challenges and these include comparatively low 
stability, low durability, low electrical output and lack of standards. 
Commercialization and power management are also issues that need to 
be addressed for nanocomposite TENG designs. The present review 
started by exploring the basics of textile materials as well as the concept 
and operation of piezoelectric and triboelectric nanogenerators. It then 
explored the many recent advances that have been made in nano
composite textiles (fibre, yarn, fabric and electrospun web based) for 
piezoelectric and triboelectric nanogenerators. Finally, present chal
lenges and their future outlook have also been identified. It is almost ten 
years since the publication of the first paper proposing the textile TENG 
in 2014 [180]. In this time, output has improved but still lags signifi
cantly behind that of solid film based TENGs. In summary, low power 
and current output and challenges like durability, wearability and 
washability remain major obstacles to widespread or commercial usage. 
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Nanocomposite fibres have shown promise in mitigating some of these 
issues and more development is expected in the next 10 years. 
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