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ABSTRACT

An increasing need to harness power from our surroundings has led researchers to delve into the concept of green
energy production from our environment. Textile and wearable triboelectric nanogenerators (t-TENGs or w-
TENGs) are a promising option in this regard. Textile and wearable triboelectric nanogenerators can convert
mechanical energy present in fabric movements into electrical power using modified textile materials or alter-
native base materials (such as polyester, PDMS, silicone, etc.). These devices are intended to be mounted on
garments or directly on the skin making them highly portable, but could also be installed in any other areas
where mechanical energy is present (shoes, floor, bag packs etc.). They have been proven to be capable of
generating sufficient energy to power some low power devices and sensors. A key present limitation for textile
TENGs is their low output compared to non-textile film based TENGs. In this review, we reflect on the task of
boosting textile TENG performance via interface modification. Specifically, the paper surveys the improvements
that have been possible via surface modification of textiles using different metals or metal oxides and plasma
processes. Finally, some key areas are highlighted from a tribology and contact mechanics perspective that may
have the potential to lead to further significant enhancements in performance; namely, designing fabric in-
terfaces to boost contact area.

1. Introduction

Ever since its creation in the early 17th century, society has become
even more reliant on electricity [1,2]. This phenomenon has caused our
global annual power utilization to increase and 2019 research recorded
an annual power utilization of up to an estimated 23,000 billion Watts
per hour (or 23,000 TW/Hour) and that value is expected to grow within
the coming years [3]. Various power generation options were created to
meet these increasing annual demands which can range from environ-
mentally friendly methods such as harnessing wind, solar or tidal power
[4], to more harmful methods such as consuming fossil fuels, biomass or
petroleum [5]. However, almost 64% of our overall global power is
produced by fossil fuels (about 63.3%), whereas the rest of our power is
produced using low carbon emission sources (nuclear, hydropower) and
renewable methods (wind, solar, tidal) [6]. The overall concept of power
consumption can be defined as the energy required to power large fac-
tories, cities, or even countries. This definition, known as mega energy,
usually measures power consumption in giga Watts or mega Watts [7].
On the other hand, the concept of micro energy refers to the energy

* Corresponding author.
E-mail address: Daniel. Mulvihill@glasgow.ac.uk (D.M. Mulvihill).

https://doi.org/10.1016/j.rineng.2022.100808

consumed by smaller devices such as small electronic devices, smart
devices and these only consume several milli-Watts to tens of Watts of
power [8]. Although these devices consume small amounts of power, the
number of individuals using those devices on a regular basis increases
daily (over 3 billion today use some form of smart device), and thus a
significant amount of total energy consumption is at play. Most smart
and electronic devices rely on either disposable or rechargeable batte-
ries. As devices improve and advance in functionality, their power
consumption inevitably increases further. Therefore, batteries would
need to consume and produce more power to meet the requirements of
these devices which would make those devices bulkier and more
inconvenient [8,9]. Furthermore, the increasing demand in power also
puts a strain on global energy production [7] and our natural resources
as most of our global power is produced by fossil fuels. The production,
use, and disposal of batteries (lithium) in smart devices further adds a
strain on both our global power production and environment [10]. This
therefore leads to the pressing need for finding an alternative route to
sustainable energy production [7]. Already existing energy harvesting
alternatives heavily rely on their surrounding environments. For
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Fig. 1. Major applications of triboelectric nanogenerators (TENGs) [12-21]. c-TENG: conventional TENG, t-TENG: textile TENG.

example, the performance of solar panels heavily relies on the amount of
light produced by the sun and can only function at their best efficiency
when favourable environmental conditions occur. On the other hand,
new energy harvesting technologies, such as triboelectric and piezo-
electric power generating methods could be seen as a viable option to
charge smart devices in real time, possibly replacing the need for bat-
teries [7,8]. Triboelectric energy harvesting technology is more prom-
ising as a power supply for self-powered electronic devices (Fig. 1), as
compared to piezoelectric energy harvesting technology. This is because
output power is significantly higher in the case of triboelectric energy
harvesting compared to piezoelectric technology. Therefore, triboelec-
tric energy harvesting technology is currently attracting more attention
for supplying power to electronic devices and sensors. Triboelectric
nanogenerators (TENGs) were first proposed in 2012 as an alternative to
portable power generation for smaller smart devices [7]. Most TENG
devices can convert mechanical energy from any medium (human
movement, wind, vibration, etc) into electrical output. This is mostly
made possible through the contact and separation of two oppositely
charged surfaces. The fundamental laws governing the behaviour of
these devices are the coupling effect of contact electrification and
electrostatic induction, both deriving from Maxwell’s equations [10,11].
However, conventional TENGs are often created using non-flexible
triboelectric materials. These devices, although producing a lot of cur-
rent, can be bulkier in both size and weight therefore restricting their
ease of use and portability.

To overcome these problems with the conventional TENGs, wearable
textile based triboelectric nanogenerators (t-TENGs) have been explored
particularly since 2014. t-TENGs function using the same principles as
conventional TENGs, but are constructed from textile materials. They
generally function by harvesting energy through biomechanical move-
ments like walking, jumping, running, etc., which occur continuously
during every day human motion [8]. Thus, unlike alternative power

generating methods (such as portable solar panels), no specific envi-
ronmental condition is needed to achieve maximum efficiency and
desired power output. Furthermore, it has been documented that an
individual can produce up to 70 Watts of kinetic power [22]. Only a
small amount of that kinetic power is enough to produce sufficient
current to run to self-powered system for portable wearable devices [8].
In addition to generating power, these devices are lightweight, small in
size and can also be used as self-powered sensors, offering precise re-
cordings on surrounding mechanical and chemical changes. However,
t-TENG output currently lags significantly behind that of conventional
non-textile devices. In this review paper, we reflect on the challenge of
boosting output via various surface modifications. We focus first on
using different metals or metal oxides and plasma processes and explore
their impact on electrical output performance. Finally, we highlight
some key aspects that could be critical to making further advances;
namely, that of designing t-TENG surfaces to increase contact area and
thereby boost electrical output. Any significant improvements in per-
formance would hugely expand the range of viable applications for
t-TENGs. Fig. 1 illustrates some of the key application areas of textile
TENGs. Before exploring the optimisation of the textile TENG, we first
briefly recap the basic fundamentals of TENGs.

2. Triboelectric nanogenerators (TENGs) — how do they work?

As stated in the introduction, there is a freely available source of
energy in the form of everyday human motions. The challenging part is
how to harness this power. As mentioned already, t-TENG output is
governed by the movements of the wearer and does not require any
specific environmental conditions. These conditions make t-TENGs both
an abundant form of continuous power production and supply as well as
an eco-friendlier approach to power generation [23,24]. Furthermore,
t-TENGs are efficient at low frequencies and can output sufficient
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current at the low frequencies characteristic of normal human move-
ment [25,26].

TENGs function through the combined effects of contact electrifica-
tion and electrostatic induction. These are the main underlying phe-
nomena enabling t-TENGs to convert mechanical energy into electrical
energy [8,23,24]. t-TENGs are capable of converting mechanical energy
into electrical current through the contact and separation (or indeed
sliding) of two textile-based surfaces of dissimilar triboelectric polarity
[27,28]. The triboelectric effect occurs during an induced electrifica-
tion. This phenomenon is caused by the contact of a material (or textile
surface) to another, which electrically charges both materials through
contact or friction. Induced electrification occurs in all TENG devices
when two dissimilar surfaces come into contact, forming a chemical
bond between parts of the two surfaces (adhesion), leading to a charge
transfer between both surfaces. Thus, electrons and ions will travel from
the more negatively charged surface to the more positively charged
surface to obtain an electrochemical equilibrium where both surfaces
are equally charged and creating a neutral system. When separated, the
charges from one of the surfaces are transferred to the other causing an
unbalanced charged system. The opposite effect occurs when the sur-
faces re-enter into contact. The contact and separation induced tribo-
electric charges transferred from one surface to the other can generate a
potential difference sufficient to create an AC current.

The underlying physics behind energy harvesting by the triboelectric
effect was explained by Wang et al. [11]. This article explains, in detail,
the relationship between TENG output and Maxwell’s displacement
current. According to Maxwell, the electric displacement vector is:

D=¢,E+P 1)

where, E is the electric field and P is the polarization vector. But in
TENGs, where the displacement current is the crucial parameter influ-
encing their output, a new term is introduced, and the displacement
vector can be denoted as;

D=¢,E+P+P, )

This is because, unlike in classic electromagnetic generators, the
surface charges in nanogenerators are not induced by an external elec-
tric field. Therefore, the displacement current density of a TENG can be
expressed as

_en en,
T ot ot

In TENGsS, the determination of the current density depends mostly
upon the surface charge density (o7) and dielectric constants (e, €2) of
the triboelectrification layers. Therefore, the current density at short
circuit can be expressed as

JD

3
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The equation for output current from a TENG with an area A can be
derived from Eq. (4) as

dH R
1 ~Aor— =

dt (dig,  doey :

(Z*E*Q

For a clearer understanding, Eq. (5) can be viewed as three separate
parts. The first part, P1 denotes surface tribo-charge density (o) which
depends on the material properties of the contact pair. Whereas the
second part P2 (dH/dt) is attributed to the mode of operation of the
TENG of interest. The third part P3 explains the electrostatic induction
aspect and illustrates how the charges induced on the back electrodes by
the tribo-charges are governed by the permittivity of the material and
the thicknesses of the layers [29].

(5)
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From this equation, the effectiveness of a given TENG structure can
be estimated.

A wide spectrum of materials display triboelectric properties, mak-
ing several possible candidates for TENG applications. Additionally, the
polarity, being either negative or positive, and charge density of the
triboelectric materials are the key elements capable of dictating their
ability to gain and/or lose electrons and can offer information on their
interactions with different materials. The first triboelectric series was
proposed and published in 1757 and was drafted by John Carl Wilcke
[27,30]. The triboelectric series is a chart that classifies triboelectric
materials based on their polarities and charge densities. Any materials

Fig. 2. Triboelectric series of materials [31].
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that are listed further away from the middle of the chart are either more
positively or negatively charged. The list below (Fig. 2) highlights some
of the materials possessing triboelectric capabilities. A large number of
pairings are possible, but in general, output is optimised by choosing
materials with maximum separation on the triboelectric series.

There are four modes of operation of TENGs. Those modes were set
out by the creator of the first set of devices, Wang et al. [32] who first
proposed the four basic functioning modes in 2012. The schematic
below (Fig. 3) offers an insight on how these devices function. Moreover,
Fig. 3, offers information on how the concept of the triboelectric effect
applies to various types of TENGs [7,33]. The four TENG functioning
modes are described below:

(a) Vertical contact separation mode

This layout is probably the most commonly studied mode. Although
simple, the underlying physics (i.e. triboelectrification and electrostatic
induction) is clear. This mode involves the contact and separation of two
dissimilar materials (Fig. 3a) in the normal direction only (i.e. without
any sliding). As explained previously, the contact and separation of the
surfaces leads to a charge transfer during contact and the repeated
motion of these two dissimilar plates generates an AC current [8].

(b) Lateral sliding mode

This setup follows the same general principle as the vertical contact
separation mode, but the movement is now lateral and gross sliding
occurs between the surfaces. In this setup, the sliding movement of the
two dissimilar dielectrics promotes current flow (Fig. 3b). In fact, the
lateral sliding mode is capable of generating current through the crea-
tion of dissimilarly charged regions on both contacting surfaces of the
device. As the two surfaces slide relative to one another, a potential
build-up is caused in the non-overlapping parts on the electrode leading
to a potential difference. An electron flow will therefore occur between
the two electrodes. As the surfaces realign, the system reverts to a
balanced state and regains its equilibrium. The sliding motion (in both
directions) of the two plates can create an AC current flow [27,33].

(c) Single electrode mode

This device was created with the idea that one of the TENG layers
would be capable of moving independently. As seen in Fig. 3c, the freely
moving layer is not connected to an electrode. This layout is also known
as the single electrode mode which is a dielectric to electrode
(conductor) interaction. In this situation, the electrode acts as both the
conductor of current and source of electrons [27].

(d) Freestanding triboelectric layer mode

This TENG uses two similarly laid out electrodes underneath a
dielectric layer covering both electrodes. Fig. 3d highlights that the
sliding motion of a top layer on the dielectric would create a current flow
through the load resistance connected to the bottom electrodes.

3. Surface modification of textiles to enhance t-TENG
performance

As mentioned in the introduction, various publications have strongly
stressed the necessity to modify the surface of the textiles used to create
t-TENG devices. Making the textile surfaces more tribopositive or tri-
bonegative is one key aim and increasing the contact area between the
devices is another [7]. Surface modification of the textile substrate can
be done by different approaches such as chemical modification (mainly
fluorinated or aminated based chemicals), 2D metals or metal oxide
modification (Au, Ag, ZnO, TiOy, CuO, etc), and plasma treatment
(modification of the textile surface in the presence of argon, oxygen and
fluoro based gases). This section is organised into two sub-sections;
namely, surface modification via metals or metal oxides (Section 3.1)
and modification of textiles using plasma processes (Section 3.2).

3.1. Surface modification of textiles via metals or metal oxides

This section will focus on wearable TENGs created using modified
metals or metal oxides. The studies reviewed highlight devices created
using a variety of metals paired with other polymers and materials (not
solely metal oxides). Metal oxides are highly electropositive (see Fig. 2)
and therefore, pairing them with nonferrous electronegative polymers
offers the promise of increased output. This section also investigates the
use of different structures which would alter the behaviours and appli-
cations of the devices.
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In recent years, much research work on metals or metal oxide
modified textiles for TENG devices have been reported. One such
example, Bayan and colleagues [34] reported a textile based TENG
composed of silver nanoparticles decorated with a graphitic carbon
nitride (g-C3N4)/nylon layer on a conductive carbon cloth and com-
mercial PTFE film. It was found that the silver-gCN/nylon based TENG
exhibited better electrical performance (output voltage of ~200 V for
silver-gCN/nylon while ~52 V for the CN modified TENG). This is
because there is no charge migration between base carbon cloth and
silver-gCN/nylon layer unlike base carbon cloth and CN layer. Also, the
fabricated TENG could generate a maximum output current and power
density of ~1.1 pA and ~3.1 pW/cm? respectively. A study by

Salauddin et al. [35] have reported a laser carbonized M-Xene/ziolitic
imidazolate 67 modified textile based TENG. Here, the developed TENG
showed an output voltage of ~1340 V and power density of ~65 W/m?,
respectively. Yang and colleagues [36] reported a textile based TENG
where graphene oxide (GO) incorporated PDMS modified conductive
PET fabric was used as a negative tribo-layer and human skin as the
positive tribo-layer. They found that, the fabricated TENG could
generate an output voltage, current and power density of ~140.4 V,
~2.57 pA, and ~37.29 mW/m?, respectively.

The next paper we look at by Seung et al. [37], delved into the
development of a wearable TENG device capable of providing enough
output to power small wearable devices such as keyless car remote
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controls and LED arrays as well as small LCD screens. Due to their
availability, commercial metal-coated textile materials have been
considered as forming a promising substate for a wide range of wearable
electronic devices and open up numerous applications due to their
excellent mechanical strength, light weight, flexibility, and stretch-
ability. Therefore, this research demonstrates a new type of fully flex-
ible, foldable nanopatterned wearable TENG with a high
power-generating performance and mechanical robustness. The de-
vices created possessed a bottom layer comprised of an Ag-coated textile
substrate with a PDMS nanopatterned ZnO nano-rod array template
(Fig. 4A). The metal oxide nanorods were grafted onto the layers of the
device through a hydrothermal process (which allows an evenly uniform
coating of metal oxide nanorods on the surface of the textile) and
measured between 100 nm and 1 pm. PDMS was applied to the textile
surface through a dip-coating process. The top layer of the device only
contained the Ag-coated textile substrate. It has been judged that the use
of the PDMS and ZnO nanorods on the bottom layer would create a
potential difference between the materials of the top layer, therefore
creating current flow during contact and separation. Additionally, the
charge transfer between the PDMS and Ag strongly depends on their
position in the triboelectric series. In fact, due to their opposing charges
on the triboelectric series (Ag being positively charged and PDMS
negatively) the charges are capable of flowing from one surface to the
other thus creating an alternative current flow. The research further
highlighted the influence of nanopatterned PDMS in the device by
comparing two devices: one device containing the nanopatterned PDMS
and the other containing a smooth layer of PDMS. By testing both de-
vices under identical conditions (same frequency and compressive force
of 10 kgf) the output of the non-patterned PDMS was recorded to reach
maximum output of 30 V and 20 pA whereas the nanopatterned PDMS
was capable of outputting 120 V and 65 pA (Fig. 4B). Furthermore, this
research showed the capability of creating a multi-layered vertical
stacking which boosted the output of the device. A maximum output
voltage of 170 V and a current of 120 pA were recorded. These output
values equated to around 1.1 mW of power with a resistance of 1 MQ.
Even though multilayering led to a bulkier device, the power outputs on
offer open up promising applications allowing it to be mounted in areas
of the body with more room (such as under the soles of a shoe). This
research was then further developed, and the device created was then
implemented as the power source in a smart jacket containing an LED
setup, an LCD screen and a keyless remote for a car (Fig. 4C).

In 2015, Kim et al. [38] explored the possibilities of using an alter-
native structure to create t-TENGs. This research focused on the use of a
coaxial structure in which two dissimilar materials come into contact
but separate from each other within the structure. Similar concepts have
already been used in energy harvesting and storage devices in the form
of other fibres such as solar panels, supercapacitors, and lithium-ion
batteries. This structure offers a higher stability under bending and
stretching to small movements. The device created as seen in Fig. 5a,
consists of Al wires with vertically aligned nanowires and PDMS tubes
with nanotextured surfaces (Fig. 5a). In this application, the Al wires
would be used as a core while the PDMS tube is used as a shell (to
completely seal the device). The Al wires contained ZnO nanoparticles
grown through hydrothermal methods. Furthermore, an Au film was
deposited on the inner surface of the tube to function as an electrode.
This metal-based device measuring 5 cm in length and 6 mm in diam-
eter, could then be implemented in various locations with enough space
for a coaxial type of device. For example, such a structure could be
implemented in shoes as they are capable of withstanding deformations
and producing power under an alternating compressive load. It has been
recorded that such devices can generate power outputs of 40 V and 10
pA with a 50 N load and 10 Hz excitation frequency [35].

Following the concept of using coaxial structures to create TENG
devices, a paper by Sim et al. [39] focuses on a similar concept. In fact,
they develop a fibre-based t-TENG with a coaxial structure possessing a
wrinkle structure to increase its stretchability and power output.

Results in Engineering 17 (2023) 100808

Furthermore, this device can be applied to the body to utilise increased
movements at fingers, elbows, and knee joints. As seen in Fig. 5b, the
device is created using polyurethane (PU) fibres wrapped in nylon 66,
yarns coated in silver (Ag) at 30 pm in diameter. The device also pos-
sesses a layer of polyvinylidene fluoride-co-trifluoro ethylene
(PVDF-TrFE) — a highly tribo-negative material. The sample created has
an average diameter of 440 pm, a resistance of 10.4 Q in the initial state,
and a length of 10 mm. As illustrated in Fig. 5b, the PU fibre acts as the
core of the device while the overlapping layers generate electricity. In
fact, the silver layer possesses a positive triboelectric charge whereas the
PVDF-TrFE acts as a highly tribo-negative material. The vertical sliding
and contact separation of both layers would promote flow of electrons
between both layers. Finally, a layer of CNTs was applied on the outer
part of the device to act as an electrode. It has been shown that using a
wrinkle structure would better improve current outputs from the device.
The authors confirm this by stating that the wrinkle structure is capable
of being more stretchable and therefore can promote more contact be-
tween the surfaces of the device.

A paper by Lee et al. [40] focused on increasing the triboelectric
output of devices using nanostructures on the surface of the device’s
contacting layers. The device was created using Al nanostructures and
nanostructured PDMS as triboelectric materials with super flexible
Au-coated fabrics. It has been recorded that paring metal and metal
oxide layers with polymers can increase the number of charges being
transferred from layer to layer as these materials are widely separated on
the triboelectric series. Fig. 5¢ indicates how the device was created. As
seen in the figure, the top textile yarns were coated with Al NP
(aluminium nanoparticles) through thermal evaporation at room tem-
perature with a deposition rate of 0.2 A™!, a deposition thickness of 4 nm
and pressure of 10—7 Torr. The bottom textile yarns were covered with a
PDMS layer through spin-coating at a rate of 200 rpm for 60 s and were
then cured at 60 °C for 4 h. The nanostructured patterns (all uniformly
distributed over the surface each possessing a diameter of 150 nm and
2.5 pm in height) were then achieved through a RIE plasma process in
which a radio wave frequency of 100 W was applied for 20 min in a
chamber filled with a mixed gas with 13 sccm of O, and 37 sccm of CFy.
The obtained nanostructured configurations with a diameter of about
150 nm and a length of 2.5 pm were uniformly distributed onto the
surface of the PDMS. Both layers created were then laid facing each
other for voltage and current tests. These tests involved performing
contact and separation of both layers at different pressure and frequency
values. The nanostructured surfaces were also compared with flat sur-
faces created using the same materials and process. It was noted that the
electrical surface potential of the nanostructured surface was around 1.8
times higher than that of the flat surface. The result highlighted that the
nanostructured surface had an electrical surface potential of 383 V.
Further theoretical calculation confirmed that increasing the roughness
of the surface could indeed increase the electrical potential of the device,
thus increasing power output. To demonstrate the capabilities of the
device, a signal analyser was used to measure both voltage and current
outputs. The device measured 7 x 7 cm? The device was repetitively
compressed and released at bending length of 3 cm and speed of 20 mm
s~ while Vo and I, for the devices were measured at a resistance of 10°
Q. The fabric with nanostructured Al NPs generated a maximum output
voltage of 259 V and output current of 78 pA. The devices output power
density has been recorded as 33.6 mW/cm?2.

To summarise, the papers studied above highlight the capabilities of
using metal sheets and metal oxide depositions to further promote t-
TENG power outputs. The research also highlights the importance of
paring metals and metal oxides with tribo-negative polymers and
various composites to obtain a better transfer of electrons from surface
to surface thus facilitating better output performance.

3.2. Modification of textiles using plasma processes

We have seen that selection of TENG tribo-materials that are widely
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Fig. 6. (a) Textile TENG based on plasma treated PDMS-Ni-Cu textile [42], (b) Textile TENG based on plasma treated PDMS-nylon fabric [36], and (c) process
flowchart for a textile TENG based on plasma and NHCOO-PFOT treated silk woven fabric [43].

spaced on the triboelectric series is an obvious starting point in TENG
design (e.g. metal oxides and polymers). However, boosting contact area
and modifying the chemical characteristics of triboelectric materials are
also routes that can be used to enhance TENG performance. In this re-
gard, plasma treatment is one of the promising strategies to enhance
output response of textile based TENGs. Textile samples can be modified
by the plasma process with various chemical environments such as
argon (Ar), oxygen (O3) and fluorocarbon (CF,) based gases, etc [41].

A number of interesting recent contributions have been made in the
area of plasma treated textile based TENGs. For example, Lee and col-
leagues [42] reported a textile TENG based on chemical surface engi-
neered PDMS by plasma treatment (Fig. 6a). For preparation of the
chemically surface engineered PDMS layer, first a Ni-Cu textile was
dipped in a PDMS solution made from 10:1 ratio of the PDMS polymer
and its curing agent followed by curing at 90 °C for 2 h. Thereafter,
PDMS coated Ni-Cu textile was processed by a two-step plasma process.
In the first step, the PDMS modified textile was treated by Ar gas plasma
at 20 W radio frequency for 10 min at the gas pressure of 10 mTorr.
Then, in the next step, the Ar treated PDMS layer was treated against CF4
and O3 plasma, respectively at a flow rate of 30 sccm and 10 sccm. After
completing this plasma process, triboelectric performances were
measured against an Al metal layer and it was found that the developed
textile TENG device could generate output voltage and current of 110 V
and 11.5 pA, respectively. The t-TENG device was able to generate a
maximum power density of 13.3 W/m? with plasma exposure time of 2
min. The output response of the two-step plasma treated PDMS based
device is higher compared to 1-step plasma treated PDMS (2.5 V output
voltage and 0.25 pA current) and also higher than the reference case
without plasma treated PDMS (output voltage of 62.5 V and output
current of 6.31 pA). The 1-step Ar plasma treated PDMS based device
showed lower output response even as compared to the reference un-
treated PDMS based TENG device - this may be because the oxidation of
the PDMS layer causes lower affinity to attract or donate electrons to the
Al layer.

Similarly, a textile based TENG was developed via SFg plasma treated
PDMS layer (Fig. 6b) by Yang et al. [36]. In this study, the authors
prepared different types of PDMS layers such as flat PDMS, rough PDMS,
porous PDMS, and GO incorporated porous PDMS, to observe their effect
in triboelectric response against human skin. Interestingly, it was found

that the GO with porous PDMS layer based TENG showed higher output
voltage, current and power of 79.47 V, 2.43 pA, and 130.5 pW at the
frequency of 4 Hz and 4 N applied force, respectively, compared to the
other PDMS layer based TENGs. According to the authors, one expla-
nation is that the porous PDMS layer has higher surface roughness
compared to flat PDMS and may generate increased contact area be-
tween human skin and the PDMS layer under applied pressure. Besides
the porous structure, GO also has different effective functional groups
like C-O, C=0, C=C-C, which can make hydrogen bonds in the pres-
ence of an aqueous medium and therefore, the PDMS porous surface gets
modified by GO. In addition, the GO modified porous PDMS layer
showed higher surface electronegativity which causes higher triboelec-
tric responses as compared to other PDMS layers. Therefore, it can be
concluded from the above two studies that an additional metal oxide
filler based PDMS layer along with plasma treatment against Ar, Oy or
any fluorine-based gases could be a good choice to develop more opti-
mised textile based TENGs.

Likewise, in another study, Feng and co-workers [44] developed a
textile fabric based TENG, where plasma and chemically treated poly-
ester velvet fabric and PTFE were used as the positive and negative
triboelectric layers, respectively. The polyester velvet fabric was first
treated with Oy plasma and then the plasma treated fabric was immersed
into the acylated CNTs solution followed by ultrasonication for 20 min
at 50 °C. Thereafter, the CNT treated fabric was immersed into a 0.2 wt%
poly (ethylenimine) (PEI) solution at 40 °C for 20 min. Finally, the
developed fabric was characterized by different techniques, and it was
found that the textile TENG device made from CNT/PEI treated velvet
fabric and PTFE, can generate output voltage and current of 56.4 V and
6.51 pA, respectively. The same research group has also developed a
wearable, machine washable and self-cleanable textile fabric based
triboelectric energy harvester (Fig. 6¢) [43]. Herein, urethane per-
fluorooctyl silane (NHCOO-PFOT) modified silk woven fabric and spin
coated polyamide 11 (nylon 11) were used as the triboelectric layers.
Before modification of the silk fabric, oxygen plasma was carried out to
break —~OH groups in silk fabric so that NHCOO-PFOT can form covalent
bonds with the silk fabric. The developed textile based TENG (fluorine
modified silk and nylon 11) has shown 465.63 V output voltage and
26.04 pA current, respectively at 6 N applied load and 5 Hz frequency,
which is higher as compared to the bare silk fabric and nylon 11 fabric
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Fig. 7. (a) Photograph of fibre-based woven textile cloth, (b) Magnified view of figure a, (c) Optical image of the textile surface, (d) 3D drawing of the two textile
substrates, (e) Inset illustrating the small contact area developed at textile-textile interfaces with yarn or fibre contact idealised as the contact between two cylinders
of radius Ry and Ry. P is the applied load (at a single contact spot), 2a and 2b define the dimensions of the tiny contact ellipse and E and v represent Young’s modulus

and Poisson’s ratio.

based TENG (185.41 V and 9.55 pA). The reason for the improvement is
the raised electron affinity of the silk fabric in the presence of
NHCOO-PFOT compared to pristine silk fabric. The developed t-TENG
gave a maximum power density of 2.08 W/m? at an external load of 10
MQ. Therefore, it can be concluded from these studies that florin-based
treatment is more suitable to obtain better triboelectric effect from
textile based TENGs compared to amine or other treatments.

4. Limitations and opportunities in the tribology and contact of
textiles

In general, as we have seen above, much of the research carried out
has been in the direction of employing surface modification or chemical
treatments at a global scale over the whole fabric surface. However, a
crucial interfacial aspect governing the output of textile TENGs has
received very little attention: that of the contact area produced in textile
TENGs and its governing contact mechanics at different length scales. A
recent work by Min et al. [45] showed how electrical output is highly
sensitive to real contact area. This makes sense, because electrons rely
on true contact in order to transfer from one surface to another — thus,
higher contact area produces greater electrical output. In turn, as is well
accepted in the tribology literature, contact area grows as the force
pressing the surfaces together increases. The work by Min et al. was on
conventional non-textile TENGs, but the key link between contact area
and electrical output will also apply to textile TENGs. In fact, low levels
of contact between textile fabrics may be the reason why textile TENG
output lags significantly behind that of non-textile film-based TENGs.
Indeed, contact area is likely to be particularly small at low contact
pressures — exactly the case pertaining in the case of wearable textiles! If
one looks at textile contact at the local scale, the contact formation
between two yarns (and between two fibres) can be simplified essen-
tially as that of contact between two cylinders (Fig. 7). The contact
formed between two contacting bodies is mutually determined by both
materials’ mechanical properties, shape, chemical characteristics, and
surface roughness. Knowing the Young’s moduli (E; and E»), Poisson’s
ratio’s (v; and vy) and geometric parameters (radius and length), one can
estimate the contact size assuming a simple Hertz calculation. Given that
the diameters of textile fibres are of the order of tens of microns, the
contact area developed between the cylinders will be tiny as illustrated
in Fig. 7. A textile-textile interface will clearly consist of several discrete
fibre contacts, but even so, the resulting total area will still be a small
fraction of the nominal area. With recent advancements in in-situ real
contact visualization techniques, it has become possible to precisely

record the distribution of real contact regions during contact formation
for solid-solid interfaces [46-48]. However, considering the ultra-small
length scale of the contact patches and high complexity of the textile
system, the exact measurement of real contact area and localized contact
stresses appears a challenging task. Moreover, localized interactions
between yarns take place at sub-microscopic scale, therefore this would
require a dedicated high-resolution tool for real contact area charac-
terisation. One of the key aspects limiting textile TENG output is likely to
be this low contact area and boosting it is a task worthy of considerable
attention. Advancements in characterising the contact area could assist
us in modifying existing weaving techniques to develop
multi-directional textiles at multi-dimensional levels. Development of
specific shaped nano-scale structures on two interacting woven fabrics
(working as two tribo-layers at the local scale) could increase the
effective real contact area. Likewise, fabric structures that minimise the
gaps between fibres (i.e. via branching nano fibres) are also likely to
boost contact area; thereby, boosting textile TENG output. Some prog-
ress has already been made in this direction by using electrospinning to
create a greater density of fibre contacts [49-59]. A comprehensive re-
view of electrospun nanofibre based TENGs for wearable applications is
given in Babu et al. [59]. This kind of work is vastly under-developed,
and much progress remains to be made.

5. Conclusions

With the advancement of electronic technology, demand for wear-
able and portable electronic gadgets is gradually increasing in the global
market. Therefore, provision of a sustainable source of power for these
devices has become an important topic. In the wearables industry, bat-
tery packs are still widely used due to the importance of guaranteeing a
reliable power supply and also owing to the underdeveloped state of
play with wearable energy harvester technology. One of the most
promising energy harvesting solutions for wearables is the textile
triboelectric nanogenerator. However, textile TENG output remains
considerably lower than that of non-textile conventional TENGs. There
are likely to be two main reasons for this: (1) surface modification is
more difficult and less advanced on textiles and (2), the contact area
developed at textile-textile interfaces is small. In this review, we re-
flected on some of the approaches that can be deployed to boost wear-
able TENG output particularly with regard to the interface. Specifically,
we showed how surface modification of textiles either by chemicals or
plasma treatment has shown promise. Surface modification by different
means such as metal or metal oxides and plasma treatment have been
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Fig. 8. Road map indicating future trends in the development of textile-based TENG technology [60].

found to produce modest improvements in output. However, consider-
able further improvement is required before textile TENGs are in a po-
sition to match the performance of conventional film based TENGs. By
reflecting on the underpinning tribology and mechanics of textile con-
tact, we have highlighted one important challenge that has the potential
to produce significant further gains: that of boosting contact area in
textile TENGs by introduction of novel fibre structures perhaps at
smaller and smaller scales to reduce the occurrence of gaps that prevent
charge transfer. If significant gains can be made in output performance,
the application potential for textile TENGs in the wearable electronics
sector is enormous. The textile based TENG is best utilized for small-
scale electronics which require very small amounts of power. Low
power wearable sensors and devices are prime examples. TENG poten-
tial is much less clear for larger scale power requirements. A road map
indicating future trends in textile based TENG technology is shown in
Fig. 8 [60].
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