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Abstract

Triboelectric nanogenerators (TENG) are one of the most promising candidates for powering
wearable and portable devices. Example TENGs have demonstrated flexibility, light weight,
biocompatibility, versatility and good performance. Textiles are a potential substrate onto, or
into, which wearable technology is increasingly being incorporated but supplying power
remains an enduring challenge. TENGs are a potential textile based mechanical energy
harvesting power supply and there has been an increasing effort to combine TENGs with
fabrics. A significant challenge exists in the integration without losing the performance of the
TENG or the original properties (appearance, breathability, washability, and durability) and
feel of the textile. Various approaches towards the realisation of textile-based TENGs (T-
TENGSs) have been demonstrated. Depending on its structure, T-TENGs can be divided into
two main types, fabric-based TENG and fibre-based TENG. The fabric-based TENG is
composed of conventional and/or modified fabrics, which serve as a substrate and/or a
triboelectric material. The fibre-based TENG is fabricated as a single fibre or a collection of
interlaced fibres. This paper provides an up to date review of the progress in the research of T-
TENGs. The paper covers the basic operating principles, possible operation modes, textile
manufacturing methods, material selections, T-TENG fabrication process, surface
modification and structural designs. Issues, such as standardised measurement parameters, the

challenges and limitations of T-TENG are discussed.

KEYWORDS: Triboelectric nanogenerator, Textile, Fabric, Fiber


mailto:wp1y15@soton.ac.uk
file://///soton.ac.uk/resource/PhD%20students/Boyd%20Paosangthong/papers/Nano%20Energy%20paper/rnt@ecs.soton.ac.uk
mailto:spb@ecs.soton.ac.uk

1. Introduction

Thanks to the substantial progress in e-textile development, electronic components, such
as power storage systems, power management systems, wireless communication systems and
transducers, can be embedded in textiles in the form of fibres, yarns and/or fabrics using cost-
effective and well-established textile fabrication processes. The rapid growth in the wearable
and portable devices market in recent decades has attracted a substantial amount of interest in
micro- and nanoenergy research to solve the problem of powering these systems. Since such
devices are typically battery powered, they normally operate on an economical energy budget
and the recharging/replacement of the batteries is inevitable. The reliance on a battery power
supply hinders the realisation of truly integrated wearable electronic systems. An effective
solution investigated by many researchers is the implementation of a self-powered system
utilising energy harvesting to convert energy from the surrounding environment, such as light,
thermal and kinetic energy into electrical energy. The human body is an effective power source
for wearable electronics. Activities of daily living, such as footstep or arm movement of a 68-
kg adult can deliver approximately 67 W and 60 W of kinetic power, respectively [1]. A small
portion of this power will be sufficient to drive many kinds of portable devices. Photovoltaic
textiles [2—4], textile-based thermoelectric [5—7] and piezoelectric generators [8—10] have been
proposed as wearable harvesters. However, they are not robust and often impractical in real
applications. For instance, piezoelectric generators rely on strain, whereas textiles are
conformal materials, therefore strain transferred to the load is minimal and thus their power
outputs are low.

An alternative transduction technique for converting kinetic energy into electrical energy
was proposed by Z. L. Wang’s research group in 2012. They demonstrated a flexible
triboelectric nanogenerator (TENG) based on the contact electrification and electrostatic

induction effect [11]. Subsequently, TENGs have been intensively investigated and developed



both in their performance and applications. A TENG can be used to harvest energy on a large-
scale, such as harvesting energy from wind [12—14] or water waves [15,16] or on a small-scale,
such as from human motion [17-19]. This approach is well suited to textiles and provides a
potentially more efficient way to scavenge the energy from human motion because it relies on
relative motion, compressive forces or stretching rather than coupling strain to an active
material as in the case of piezoelectric generators. The first textile-based TENGs (T-TENGs)
was introduced by Zhong et al. in 2014 [20]. It comprised two modified cotton yarns twisted
together, which can convert biomechanical motions/vibration energy into electricity and power
mobile medical systems. Other examples of first generation T-TENGs include the research of
Jung et al. [21], Zhou et al. [22] and Pu et al. [23]. T-TENGs have been produced in the form
of fibres, threads and fabrics, which provide a convenient approach for their integration with
wearable e-textile electronics. In addition to harvesting energy from the human body via
clothing, there is a possibility to utilise T-TENGs in many other applications. Textiles are found
in many areas, including home interiors (carpeting, bedding, furnishing), leisure (bags,
backpacks, tents, nets, flags), transportation (car/train interiors), engineering (ground
reinforcement and marine textiles) and medicine (bandages and medical implants). As
examples, a bedding and flag-type T-TENG were demonstrated by Lin et al. and Zhao et al.,
respectively [24,25].

This article reviews the recent development and novel technique applied in T-TENGs.
Whereas most review papers broadly describe flexible TENGs, this paper will focus on textile
applications only. Firstly, the operating modes of T-TENG and their working principles are
described. Next, basic textile manufacturing methods are introduced since this influences the
choice of materials and assembly methods for T-TENGs. The surface modification used to
enhance the performance of T-TENG is described and examples of various types of T-TENG

categorised according to their structural and material design are covered in detail. Finally, their



performance, measurement of performance and the practicalities in real applications scenarios
of T-TENGs are summarised.

2. Fundamental operation modes
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Fig. 1 Four fundamental operation modes of TENG: a) Vertical contact-separation mode (CS-mode), b) lateral
sliding mode (LS-mode), ¢) single-electrode mode (SE-mode) and d) freestanding triboelectric-layer mode (FT-

mode)

TENGs can be used to transform kinetic energy occurring during frictional contact between
two materials with different electron affinities into electricity based on the triboelectric effect
and electrostatic induction, which are coupled together [26]. The triboelectric effect is a type
of contact electrification, in which electrical charges are separated and transferred from one
material to the other material when they are brought into a frictional contact. The surface of
the material with the higher electron affinity will become negatively charged, while the other
surface will become positively charged. The external kinetic energy will periodically drive the
charged surfaces resulting in a relative displacement between the surfaces and electrodes and
thus leading to a periodic change in an induced potential difference between the electrodes.
When the electrodes are connected through an electrical load, free electrons will continuously
flow back and forth between the electrodes to reduce the induced potential difference and to
maintain the electrostatic equilibrium between them. With this principle, an AC power output

is extracted at the load. Depending on different configurations of the triboelectric materials and



the electrodes, and their relative movement, the fundamental operation modes of TENG can be
categorised into the four following modes [27,28].

2.1. Vertical contact-separation mode (CS-mode)

As shown in Fig. 1(a), a TENG operating in the CS-mode consists normally of two
dissimilar triboelectric materials facing to each other with an electrode deposited on the reverse
side forming a stacked configuration. To be able to contain the charge on the surface, at least
one of the triboelectric materials has to be a dielectric. A frictional contact between the
triboelectric materials will lead to a charge transfer and thus two oppositely charged surfaces.
As the two materials are separated, the potential difference between the two electrodes
increases. The electric potential of the electrode deposited close to the positive surface is higher
than that of the electrode deposited close to the negative surface. To balance the potential, the
electrons flow from the electrode with lower potential to the one with higher potential until the
potential difference disappears. When the gap is reduced, the potential difference is built up
again because the number of the electrons in the electrode exceeds the surface charges and thus
these excess electrons have to flow back.

Most examples of T-TENGs are operated in this mode because of the nature of human
movement and the simplicity of the fabrication. For example, they can be built inside shoe
insoles to harvest energy from human walking [29] or embedded inside a fabric to generate
power from pressing or stretching the fabric. Such motions lead to a contact-separation
movement between the triboelectric materials. The structure of this type of TENG has been
designed in various forms, such as multi-stacked fabrics [30-35] or yarns [20,36—42].

2.2. Lateral sliding mode (L.S-mode)

The operation of the LS-mode is shown in Fig. 1(b). Similar to the contact mode, it
comprises two triboelectric materials with two back electrodes. When the top and the bottom

triboelectric materials are fully aligned, the positive and negative surface charges are



compensated, thus there is no potential difference between the electrodes. In contrast, when the
materials are misaligned, there is a potential building up in the non-overlapping parts of the
electrodes and a resultant potential difference occurs. As a result, electrons flow between the
electrodes. Once the substrates move back to the initial aligned position, the electrons have to
flow back to balance the potential. The AC output is obtained from the periodic sliding between
the materials [26]. Compared to the CS-mode, the in-plane movements enable a TENG to
harvest energy from planar motion [43], disc rotations [44] or cylindrical rotations [45].
Additionally, a larger frictional contact occurring during sliding enhances the charge separation
and thus improves the performance of TENG. However, the higher friction can lead to greater
material abrasion and, due to the lateral movement of the assembly, at least twice as much area
is required as the CS-mode equivalent.

To improve the performance of this mode, most T-TENGs are fabricated with a linear-
grating structure [21], since this reduces the required sliding distance to operate the device with
the same surface area and such a design dramatically increases the frequency and the amplitude
of the short-circuit current (Isc) proportional to the size and the number of grating strips.
However, the open-circuit voltage (Voc) drops due to a growth in the capacitance of the
electrodes [46]. An early example of the LS-mode T-TENGs was demonstrated by Jung et al.
in 2014 [21]. They fabricated a grated TENG comprising alternating strips of polyimide (PI)
and polyurethane (PU) mounted on a sleeve and alternating strips of polydimethylsiloxane
(PDMS) and aluminium (Al) attached to the torso. Carbon fabrics were used as both electrodes.
The friction generated between the sleeve and the torso produced a power density of 1.8
mW/m? at a frequency of 1.5 Hz. Another example, Cui et al. developed a wearable TENG
with grating-structured nylon and Dacron cloth, illustrated in Fig. 2(a) [47]. The SEM image
of the textile surface is shown in Fig. 2(b). A photograph of one part of the TENG is shown in

Fig. 2(c) illustrating the grating structure comprising the nylon and Dacron materials. A second



identical grating is arranged on top of this to form the overall T-TENG as shown in Fig. 2(d).
The gratings were fabricated on top of cotton fabric substrates with the nylon and Dacron strips
being attached to the substrates with an intermediate copper (Cu) electrode. Relative sliding
between the substrates, for example, when attached to the arm and body, causes that an
alternating current flows between the nylon and Dacron back electrodes. With this

arrangement, the Isc and the Voc reached a value of 0.2 mA and 2 kV, respectively.
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Fig. 2 (a) Schematic diagram of cloth-based TENG with a linear-grating structure, (b) SEM image of the
microstructure of nylon cloth’s surface, (c) photograph of one part of the TENG and (d) fabrication process of the

TENG. Reprinted with permission from Ref. [47]. Copyright 2015 American Chemical Society.

2.3. Single-electrode mode (SE-mode)

The SE-mode TENG overcomes a limitation of the CS- and LS-modes that requires the
moving triboelectric materials to be attached to electrodes which need to be connected to an
external electrical load. The SE-mode offers the advantage of requiring only one electrode and
therefore one electrical connect. The operation of the SE-mode is shown in Fig. 1(c) in which

the TENG comprises only one dielectric material and one electrode. However, it should be



noted that in practical applications, a reference electrode is often connected to the primary
electrode to serve as a source of electrons. The periodic vertical contact-separation movement
of the dielectric causes electrons to flow between the primary electrode and the ground (or
reference electrode) due to a change in the induced potential at the primary electrode. Because
the potential change takes place mainly at one electrode, the output performance of this mode
is lower compared to the other modes. Moreover, the primary electrode can shield the electric
field between the reference electrode and the dielectric material when the electrodes are too
close to each other, which results in a further decrease in the output due to a drop in the
capacitance between the reference electrode and the dielectric material [48].

This mode is one of the most common operating modes for T-TENGs since the freely
moving dielectric does not require an electrical connection or electrode. Consequently, it
enables alternative materials to be used as a dielectric, such as conventional fabrics [49-52] or
human skin [53,54]. An example of this mode was published by Lai et al. who fabricated a
single-thread based wearable TENG sewn in serpentine shape on a textile as shown in Fig. 3(a)
[54]. The thread was made of a stainless-steel (SS) conductive core coated with a silicone
rubber (SR) shell. Via contact to and separation from the skin, the device delivered an Isc of
200 pA, a Voc of 200 V and a power density of 953 mW/m? at 1 MQ load resistance. This
power was shown to be sufficient to drive different applications, including a smartwatch,

motion sensor system and wireless wearable keyboard, shown in Fig. 3(b)-(d), respectively.
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Fig. 3 (a) Schematic diagram for fabrication process of single-thread based wearable TENG in serpentine shape
sewed on a textile and its applications, including (b) smartwatch, (c) motion sensor system and (d) wireless

wearable keyboard. Reprinted from Ref. [54]. Copyright 2016, with permission from John Wiley & Sons, Inc.

2.4. Freestanding triboelectric-layer mode (FT-mode)

The operation of the FT-mode is illustrated in Fig. 1(d), which consists of two electrodes,
aligned vertically or horizontally, and a triboelectric material. Similar to the SE-mode, the
triboelectric material can move freely without electrode or electrical connection. When the
triboelectric material (e.g. positive charged) is closer to one electrode, electrons will be
attracted to that electrode due to a rise in the electric potential. When the triboelectric material
1s moved closer the second electrode, the electrons will flow from the first electrode to the
second. Relative movement backwards and forwards between the electrodes results in an AC
output through the external load. Compared to the SE-mode, this mode benefits from the
potential change at both electrodes and there is no shielding effect [48], and therefore the
performance is better. The triboelectric material can either be in contact or not with the
electrodes during the operation due to the fact that the surface charge on some materials can

remain for hours. For this reason, this operation mode suffers less from material abrasion and



heat generation [26]. For example, Pu et al. proposed a T-TENG consisting of a stator and a
slider fabric [55]. Two interdigitated electrodes were fabricated on the stator fabric by
electroless plating of nickel (Ni) and then fully covered by a parylene layer serving as a
triboelectric material. The slider fabric has grating-structured segments of Ni serving as the
freestanding-layer. The T-TENG with 1 mm wide segment can generate a maximum power
density of 3.2 W/m? at a speed of 0.75 m/s. Another example of T-TENG operating in this
mode was demonstrated by Yu et al. [56]. Here, a polyester (PE) textile was used as the
freestanding-layer and PU/SS textiles were used as the electrodes. The T-TENG operating in
this mode exhibits an Isc and a Voc of 1 pA and 56 V, respectively.

Most of the T-TENGs found in this mode are operated in combination with the CS-mode,
this being known as the freestanding triboelectric-layer CS-mode (FCS-mode) [22,23,57,58].
The device structures comprise three triboelectric materials with the first two materials being
arranged in strips with electrodes on the back or in the core. The strips (which can be fabric)
are woven together forming a textile substrate. The third material, which acts as a freestanding
triboelectric-layer and typically has an electron affinity between the first two materials, moves
vertically in contact to and separation from the woven substrate. Based on contact
electrification, positive and negative charges are generated at the surface of the first and the
second materials. The periodic movement of the third material results in a potential difference
between the electrodes and thus an electric power is produced. Tian et al. proposed this type of
TENG using Ni-coated PE (conductive textile) and the SR-coated conductive textile as the
woven substrate (shown in Fig. 4 (a)) [58]. The power generation mechanism, as described
previously, is represented in Fig.4 (b). In this example, palm skin was used as the freestanding
triboelectric-layer and the Isc and Voc of the single-layer and double-layer TENG were 60 pA
and 140 pA, and 500 V and 540 V, respectively. In addition to skin, the energy harvested using

terylene, cotton, rubber, fur, silk and nylon as the freestanding triboelectric-layer is shown in



Fig. 4. (c)-(h), respectively. The Isc for all materials exceeded 100 pA and cotton and fur
achieved over 150 pA. In Fig. 5(a), the maximum peak power of the double-layer TENG
reaches 22.3 mW at a load resistance of 10 MQ, corresponding to a power density of 8,920
mW/m?. Fig. 5(b) shows that the output of the double-layer TENG at a frequency of 3 Hz and
a contact force of 300 N can charge up a 22-pF, 10-uF, 4.7-uF and 1-pF capacitor to a voltage

of 10 V in 8, 28, 54 and 120 seconds respectively.
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Fig. 4 T-TENG operating in freestanding triboelectric-layer contact-separation mode (FCS-mode): (a) schematic
illustration and (b) power generation mechanism of the T-TENG contacted with palm skin. Photographs and the
corresponding Isc of the T-TENG using different materials, including (c) terylene, (d) cotton, (e) rubber, (f) fur,
(g) silk and (h) nylon as the freestanding triboelectric-layer. Reprinted from Ref. [58]. Copyright 2017, with

permission from Elsevier.
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capacitor voltage of the different capacitors charged by the double-layer TENG. Reprinted from Ref. [58].
Copyright 2017, with permission from Elsevier.
3. Textile manufacturing

Textiles are a basic type of material that are essential for human protection and comfort.
Evidence has been found indicating the existence of textiles goes back more than 20,000 years
[59]. Since the Industrial Revolution, textile manufacturing has developed in all aspects,
including technique, cost, quality and throughput. With regard to T-TENGs, textile production
techniques and its structure can have a considerable impact on its performance. Therefore, it
is important to pay attention to the basic fundamental of fabric manufacturing.

Fabrics are made from yarns that are typically composed of spun fibres. Two essential
dimensional features of fibres are their fineness and length. Flexibility stems from fineness and
length provides coherence. Fineness is often expressed by linear density using an SI unit called
tex (g’km). The linear density of fibres typically varies between 0.1 and 2 tex [60]. The length
of fibres can be only a few centimetres (staple fibres) or several kilometres (filament fibres)
and it is typically several hundred times the diameter. The diameter of fibres typically ranges
from ten to several hundred micrometres. Fibres can be classified into two main categories:
natural and man-made. Natural fibres stem from animals (wool, silk, hair), plants (cotton, linen,
hemp) and minerals (asbestos, glass fibre). Animal and plant fibres are typically soft,

breathable, absorbent and biodegradable, however, they can shrink in hot water, wrinkle easily



and some of them can irritate the skin. Man-made fibres can be divided into two groups, namely
cellulosic and noncellulosic. Cellulosic fibres are regenerated fibres made from natural
materials, which are chemically processed, for instance, rayon and acetate. Noncellulosic fibres
are synthetic polymer fibres made by refining crude oil or coal e.g. nylon, PE and acrylic. Man-
made fibres are typically durable, lightweight, inexpensive and quick drying but can have
reduced breathability and biodegradability. Yarns are long continuous strands produced by
spinning the fibres together. When two or more yarns are twisted together, they are known as
ply yarns. Different fibres require different preparation processes before they can be spun into
yarns. In case of cotton, the world’s most important natural fibre, its standard processes are
opening, cleaning, blending, carding, combing, drafting, twisting and winding [61].
(a) (b) (c)
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Fig. 6 Three basic weaves: (a) plain weave (b) twill weave and (c) satin weave.

Textiles are formed by interlocking yarns together by, most commonly, weaving using a
hand or power loom and knitting using knitting needle, crochet hook or knitting machine.
Woven fabrics are made by interlacing warp yarns (vertical yarns) and weft yarns (horizontal
yarns). Different weaving techniques can achieve a diverse range of fabric structures. Three
basic weaves are used for the majority of two-dimensional (2D) fabrics, these being plain, satin
and twill as shown in Fig. 6(a)-(c). Other weaving structures include basket, pile, crepe

jacquard, ribbed, braided and triaxial woven [61,62].



(a)

Fig. 7 Two basic knitted structures (a) weft knitting and (b) warp knitting. Reprinted from Ref. [4]. Copyright

2017 with permission from the authors, MDPI.

Knitted fabrics are produced by forming interlocking loops of yarn. The horizontal row and
each vertical row of loops are known as the course and wale, respectively. There are various
ways of looping, which generate two main types of knitted fabric known as weft and warp
knitting. Fig. 7(a) represents weft knitting with one continuous yarn forming courses across the
fabric and Fig. 7(b) shows warp knitting with series of yarns forming wales in the vertical
direction [63]. Other knitting processes include Raschel, crochet, Milanese, fleece, and terry
knit [61]. There is also a class of fabrics known as non-woven that have a web like structure
made up of short fibres that are held together by various techniques, including needling,
knitting, stitching, thermal and chemical bonding. Examples of the common non-woven fabrics
are felted fabrics that are produced by pressing wool or fur under a certain pressure, moisture
and heat and bonded fabrics that are produced by bonding fibres together using methods such
as stitching or adhesion. The electrospinning method can also be utilized to make nanofibre-
based non-woven fabrics. An electric field is used to draw charged threads towards a grounded
collector from polymer solutions or melts thereby forming fine fibres with diameters ranging
from 2 nm to several micrometres. The properties of non-woven fabrics produced by this
technique can be adjusted (e.g. porosity) and can achieve a much denser structure with a higher
surface-to-volume ratio compared to conventional techniques [64,65].

Three-dimensional (3D) fabrics can also be manufactured by weaving, knitting, braiding,

stitching and non-woven methods. The simplest form of 3D fabric is made up of 2D fabrics



that are stacked on top of each other and bound together in the thickness direction using the
techniques, such as stitching, needle-punching, chemical bonding or lamination. 3D woven
structures can be realised using multiple yarns sets including a z-yarn aligned through the
thickness of the fabric. The weaving process is performed both in-plane and out-of-plane
directions. Although through-the-thickness fibre reinforcement improves out-of-plane
properties of 3D woven composites, in-plane mechanical properties are generally low. 3D
knitted fabrics are produced by the 3D spatial formation of 2D warp or weft knitted fabrics.
Due to their characteristic looped architecture and low fibre volume fraction, the mechanical
properties are reduced. The 3D fabrics are often utilised as reinforcement materials in various

fields, such as civil engineering and military industry [62].
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Fig. 8 T-TENG with three different knitted structures: (a) Schematic illustration of the T-TENG, (b) plain-knitted
structure, (c) double-knitted structure, and (d) rib-knitted structure with insets of the magnified photos. Reprinted
with permission from Ref. [66]. Copyright 2017 American Chemical Society.

The effect of fabric structure on the performance of T-TENG was demonstrated by Kwak
et al. [66]. As shown in Fig. 8(a), polytetrafluoroethylene (PTFE) yarns and silver (Ag) yarns

were knitted together forming stacks of two PTFE triboelectric layers, one Ag inner electrode



and two Ag outer electrodes. This work investigated the performance of plain-, double-, and
rib-structure weft-knitted fabrics (illustrated in Fig. 8(b)-(d)). Under a cyclical compressive
force, an alternating current between the Ag inner electrode and outer electrodes was obtained.
The study showed that the TENG with rib-knitted structure exhibited the maximum effective
contact area and stretchability. As a consequence, it produced a Voc of 23.50 V, which is more

than ten times and almost two times greater than the double- and plain-structures, respectively.
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Fig. 9 (a) Schematic illustration of T-TENG with plain weaving structure, (b) photograph of the textile weaving
process and (c¢) dependence of the electrical output on the different woven structures. Reprinted with permission

from Ref. [67]. Copyright 2016 Nature Energy.

Chen et al. have confirmed the importance of the textile structure [67]. They demonstrated
a hybrid harvester comprising photovoltaic textile and T-TENG. The electrical output of the
T-TENG woven from PTFE strips and Cu fibres varies depending upon the variation in the
effective contact area relating to the string-packing density in the different woven structures.
Fig. 9(a) shows a schematic illustration of the T-TENG with a plain weaving structure. The
photograph in Fig. 9(b) reveals the textile weaving process and Fig. 9(c) shows the dependence
of the electrical output generated via hand clapping on the different woven structures. From
the three basic woven structures, the T-TENG with plain weave produces the highest power,
followed by satin and twill weave, while the output of the TENGs with mixed woven structures

lies between the corresponding basic structures.



4. Materials

There is a limited range of materials that possess the mechanical and electrical properties
necessary to be used in a T-TENG. The desirable properties are, for example, flexible,
stretchable, biocompatible, light, durable, washable and breathable. The materials can be sorted
into two following major groups.

4.1. Triboelectric materials

Triboelectric materials are the materials on whose surface the triboelectric effect takes
place when they are brought into contact with each other. The choice of triboelectric material
plays a fundamental role in the output performance of the T-TENG. The individual properties
of materials, such as the electron affinity and the work function, can determine the polarity and
the charge density of materials. A guideline for material selection is the triboelectric series
[68], which is a list of various materials sorted by their tendency to lose or gain electrons. For
example, a material at the top of the list will lose electrons and be positively charged when
rubbed against a material at the bottom of the list that will receive electrons and become
negatively charged. The further apart in the list the two materials are, the greater the tendency
for electron transfer. For this reason, a TENG should consist of at least two materials, which
are separated as far as possible on the list. Theoretically, each material can become either
positively or negatively charged depending on the triboelectric property of the material it makes
contact with. However, there are certain choices of materials for T-TENG, which are typically
selected as the positive or negative triboelectric materials. Metal, including Al, Cu, Ni, and
silver (Ag), are often used as the positive triboelectric materials because they are at the top of
the triboelectric series and can also be used as an electrode as the same time. Most textiles,
such as nylon, cotton and silk also tend to become positively charged and PU is the most
positive material in the triboelectric series. Typical negative materials are PDMS, parylene,

polyvinylidene fluoride (PVDF), silicone rubber, PTFE and fluorinated ethylene propylene



(FEP). These materials are often coated on fibres or textiles to improve the triboelectric
properties of T-TENGs [69,70].
4.2. Electrode materials
Electrodes are essential parts of T-TENG. They are electrical conductors where the
electrostatic induction takes place. Poor electrical properties, such as low carrier mobility, and
low free carrier density can lead to a considerable energy loss in the materials and thus a
reduction in the efficiency of the TENG. In this section, different techniques to achieve
conductive and flexible electrodes suitable for T-TENGs will be discussed.
4.2.1. Metal-based electrode
The simplest metal-based electrode is made of metal foil [31,47]. It can be attached to
the triboelectric textile materials with adhesive or double-sided adhesive tape. This type of
electrode benefits from high electrical conductivity but the assembly is prone to failure after
cyclical bending and they are not stretchable or breathable. Furthermore, the additional
thickness arising from the adhesive layer causes a drop in the potential difference and a
corresponding reduction in performance of the TENG [71,72]. The more popular approach is
to utilise metal-based conductive fabrics (CF). A metallic thin film can be deposited on fabric
using standard microfabrication processes, such as sputtering [49] or evaporation [52]. The
disadvantages of these methods include incompatibility with large-scale textile manufacturing
processes, high cost of production, unsuitability for complex surface topologies and porous
fibres and lack of mechanical durability [73]. Alternatively, the metal layer can be deposited
using electroless plating. For instance, a Ni-coated PE fabric has been prepared by immersing
PE cloth into NiSO4 aqueous solution [57]. Another technique is to introduce metallic
nanoparticles (NPs) or nanowires (NWs) on textiles. For example, Lee et al. demonstrated
polymer/Kevlar coated with silver nanoparticles (AgNPs). It exhibited a good mechanical

stability after 3000 bending and a low resistivity of 0.15 Q/cm [74]. Besides, Guo et al.



successfully fabricated conductive fabric by dip-coating nylon cloth with a solution of silver
nanowires (AgNWs). Their T-TENG with AgNWs electrode was used as a personal energy
management device for wearable applications [31]. Nevertheless, the resistance of these
examples is likely to increase with stretching and conductive particles can be removed during
washing reducing conductivity and potentially polluting the environment [75]. Resistance to
the effects of stretching can be improved by, for instance, covering a stretched substrate surface
with NWs to create buckled conductive layer after release [41,76,77] or adding a supplemental
material such as graphene [35] or 3-aminipropyltriethoxysilane (APTES) [78] to the NWs
layer. Most recently, Yang et al. has demonstrated a liquid-metal-based TENG by injecting
Galinstan into SR fibres, which enables Galinstan electrodes to remain conductive even when
stretched. The TENG successfully demonstrated its suitability for powering wearable devices,
such as pedometer, minicalculator and electronic watch [79]. For fibre-based TENGs, metal
fibres are often used as electrodes. They can simply be spun into yarns and/or woven with other
commercial yarns using standard industrial processes. This technique provides the opportunity
for the mass production and commercialisation of T-TENGs [56,67].

4.2.2. Carbon-based electrode

Carbonaceous materials such as carbon nanotubes (CNTs), carbon nanoparticles,
carbon fibres and graphene are promising for the use as electrodes in T-TENG. According to
Zeng et al., they possess high intrinsic carrier mobility (10 cm?V™! S71), high electrical
conductivities (10* S/cm), excellent mechanical properties (elastic modulus in the order of 1
TPa) and environmental stability [80]. CNTs are the most widely used carbon-based materials
for T-TENG due to the simple fabrication process and low fabrication cost [73]. The common
technique used is called “dipping and drying” by which fabric [51] or yarn [81] is immersed in
a conductive ink solution containing single-wall or multi-wall CNTs (MWCNTs). Graphene is

a form of carbon comprising a single layer of carbon atoms arranged in a hexagonal lattice.



Recently, Chu et al. published research on a graphene-based TENG where the electrode was
formed from ultrathin double-layer graphene with a thickness less than 1 nm grown by thermal
CVD. Its potential application as a self-powered conformal touch sensor was also illustrated
[82]. Another graphene-based T-TENG was demonstrated by Zhu et al. with one of the
electrodes fabricated from nylon fabric coated with graphene ink [83]. Despite the advantages,
carbon-based T-TENGs still have not been commercialised yet because of difficulties in scale-
up and the high cost of the materials [23].
4.2.3. Polymer-based electrode

Conductive polymers are a promising material for wearable electronics due to their inherent
flexibility and environmental stability. However, the major drawback is the low conductivity.
Shirakawa et al [84] introduced the first conductive polymer by exposing polyacetylene (PA)
polymer to iodine vapour and achieved a conductivity of 30 S/cm. Nowadays, the most
intensively explored conductive polymers are polypyrrole (PPy) and poly-(3,4-ethylene
dioxythiophene) (PEDOT). PPy is commonly synthesized by electrochemical polymerisation
[85,86]. The conductivity of PPy stems from the coupling between the electron transfer along
the conjugated m-molecular orbital backbone and the motion of charge carriers. However, due
to its poor insolubility, large-scale fabrication is limited [87]. PEDOT is a conductive polymer
with high conductivity resulting from its unique structure, which comprises dioxyalkylene
bridging groups at positions 3 and 4 of its heterocycle ring [73]. Conductivity can be regulated
from 10 to 10° S/cm [88]. Sutka et al. demonstrated that PEDOT can be used as both a
triboelectric and an electrode material for TENG, which produced ~3 times more power density
than TENG with indium tin oxide (ITO) electrodes [89]. Similar to PPy, PEDOT is insolvable
but when doped with polystyrene sulfonate (PSS), PEDOT:PSS becomes highly soluble in

water. This opens up new processing possibilities such as dipping and drying, and vacuum



filtration. The latter is exemplified in the work of membrane-based flexible T-TENG
undertaken by Das et al [34].
5. Surface modification

5.1. Topographic modification

Another factor that strongly determines the performance of a TENG is its nano/microscopic
surface roughness. Various methods have been applied to form different micro or
nanostructures on the surface, for example, pyramids [30,90], NWs [33,39] and NPs [91-93].
These structures can be formed by standard microfabrication processes such as etching or
thermal deposition. In the case of standard TENGs, several investigations have been reported.
For example, Fan et al. investigated the effect of different surface patterns on the performance
of a TENG by introducing arrays of lines, cubes and pyramids on PDMS films using a silicon
mould [94]. The PDMS film was attached to a polyethylene terephthalate (PET)/ITO substrate
to form a CS-mode TENG. They found that the maximum output performance was obtained
from the TENG with the array of pyramids, followed by cubes, lines and no array, respectively.
The results revealed an almost four times improvement in the performance of the pyramids-
structured TENG compared to the TENG with no arrays. Similarly, Jeong et al. studied the
effect of nanodots, nanogrates and nanomeshes patterned silica surfaces on the performance of
a PTFE/Silica TENG [95]. The results showed that the power output of the nanomesh patterned
TENG was 6.3 times higher than that of the plain TENG. Zhang et al. reported that the
combination of micro/nano dual scale patterns on the PDMS film enhanced the current and
voltage output of the TENG by 157% and 100%, respectively [96]. Focusing on T-TENGs,
Lee et al. used textiles as the top and the bottom substrate with the top textile coated with
AINPs using thermal evaporation, and the bottom textile with spin-coated PDMS [92]. The
PDMS was then etched using RIE to form NWs on the surface. With this approach, a very high

instantaneous power density of 336 W/m? was obtained at an external load of 20 Q. Ko et al.



investigated the effect of different nanostructures on the performance of T-TENG [97]. The
device comprised nano-structured conductive bundle yarns (CBYs) serving as positive
triboelectric material and PDMS serving as the negative triboelectric material. They found out
that the growth of zinc oxide (ZnO) NWs coated with ZnO NPs on the CBY surface increased
the power density of the T-TENG by approximately 45 times and 8 times compared to plain
CBYs and CBYs with only ZnO NWs, respectively.

5.2. Chemical modification

In contrast to the topographic modification, which usually involves additional physical
fabrication processes, the chemical modification process is simpler and can be performed
without new substrate design. In this case, the substrate will be commonly covered with an
ultrathin layer of molecules containing fluorine. The fluorine atom has a very high ionisation
energy, and therefore the electron binding energy of the substrate increases and the treated
surface will tend to gain electrons rather than to lose them. Zhang et al. demonstrated that the
fluorocarbon plasma treatment of the surface of PDMS enhanced the output power of a TENG
by 278% [98]. Song et al. engineered molecularly surface of PDMS in TENG by self-
assembled monolayers (SAMs) [52]. First, the PDMS surface was exposed to an oxygen
plasma to form hydroxyl groups. Subsequently, SAMs containing different end-functional
atoms were deposited on the PDMS surface by either liquid—phase or vapor-phase deposition
method. The results showed that the TENG with SAM containing end-fluorine atoms exhibited
the best output performance with an Isc of 27 pA, a Voc of 105 V and a power density of 1.8
W/m?, which is more than 60 times higher than that of an unmodified TENG. T-TENGs
fabricated from fabrics such as silk, cotton, and PET (Dacron) with surface modification by
SAMs were also represented in their research. The modified fabrics were brought into contact
with a PET/ITO film. While the Voc of the T-TENG with Dacron increased from 25.7 V to 42

V, the values for the silk and the cotton decreased from 54.7 V and 35.7 V to 23.1 V and 20.6



V, respectively, due to a decline in the triboelectric charge gap between the fabrics and the

PET/ITO film in the triboelectric series.

6. Material and structural design

There are numerous example T-TENGs in the literature and the following review has
been categorised into two main groups, fabric-based T-TENG and fibre-based T-TENG.

6.1. Fabric-based T-TENG

Fabric-based T-TENGs are the most common type of T-TENG due to its relatively
straightforward fabrication process and high electrical output. It is composed of conventional
fabric, which can either be directly used as a triboelectric material and/or just serves as a
substrate.

6.1.1. Fabric-based T-TENG using the fabric as triboelectric layer
In this case, fabric is used as one or both of the triboelectric materials. It can be a fixed

part of T-TENG or can only serve as the freestanding-layer in FT-mode, FCS-mode and SE-
mode. For example, Chu et al. demonstrated a conformal ultrathin T-TENG operating in the
SE-mode [82]. Fig. 10(a) illustrates its structure, which is composed of a thin PET layer (<0.9
um), graphene (<1 nm) and PDMS (<1.5 um) serving as the substrate, the electrode and a
triboelectric material, respectively. The PDMS surface was nanostructured by Oz plasma
etching and chemically modified by SF6 plasma and these treatments increased the output
current and voltage by a factor of more than 10. Due to its thickness and flexibility, the device
could be applied to human skin and used to generate power when the PDMS comes into contact
with the cloth. Different types of fabric, including nylon, silk, cotton and latex were tested as
triboelectric materials. It was found out that the effective contact area, which varied from 21%
to 98% of the total contact area, was related to the woven structure of the fabrics and the Voc

and Isc ranged from 16.3 V to 30.9 V and 1.9 pA to 3.9 pA respectively, as illustrated in Fig.



10(b). By dint of a hand tapping with a nitrile glove, the device generated a maximum Voc, Isc

and power density of 47.1 V, 7 pA and 144 mW/m?, respectively.
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Fig. 10 (a) Schematic illustration of conformal ultrathin T-TENG and (b) Isc and Voc of the conformal T-TENGs
for different types of fabric tested as triboelectric materials. Reprinted from Ref. [82]. Copyright 2016, with
permission from Elsevier.

One simple way to fabricate this type of T-TENG is to use the fabric as a triboelectric layer
and coat one surface of the fabric with a conductive material to collect the induced charges.
With this concept, Zhu et al. designed a 3D spacer fabric-based T-TENG consisting of three
layers: two outer nylon weft-knitted fabric layers and a PE spacer layer [83]. The upper surface
of the nylon layer was coated with a graphene ink to form the electrode and the lower nylon
fabric layer was coated with PTFE. When the TENG was periodically pressed and released,
charge separation occurred at the surface of the nylon fabric and PTFE coated nylon fabric
leading to charge induction at the electrodes. A power density of 53.3 mW/m? was obtained at
a frequency of 1 Hz and an external load of 0.6 MQ.

A good example of T-TENG, which can operate in a lateral stretching and release mode
was reported by Choi et al. They designed a T-TENG with a corrugated structure, shown in
Fig. 11(a) [99]. The top layer was produced by backstitching silk with a woven conductive
fabric (Sn/Cu/Ag-plated nylon). The bottom layer was made of a knitted conductive fabric (Ag-
plated nylon) coated with silicone rubber. Then, the corrugated top layer was sewn on the

bottom layer. As shown in Fig. 11(b), the triboelectric effect arose from the contact-separation



between the silk and the silicon rubber during stretching and release. A maximum Voc, Isc and

power density of 28.13 V, 2.71 pA and 166 mW/m? could be reached, respectively.
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Fig. 11 (a) Schematic illustration of T-TENG with a corrugated structure and (b) power generation mechanism

via stretching and releasing. Reprinted from Ref. [99]. Copyright 2017 with permission from the authors, Nature.

6.1.2. Fabric-based T-TENG using fabric as substrate

In many example T-TENGs, the fabric only serves as one or both substrates i.e. they
provide mechanical support and another material with better triboelectric properties is attached
to the textile. Because of this, the material choice and the performance of the T-TENG can be
significantly increased. A simple method to fabricate this type of T-TENG was demonstrated
by Pu et al. [23]. The T-TENG was fabricated by plain-weaving stripes of Ni-coated PE fabric
(Ni-cloth) and parylene-coated Ni-fabric (P-Ni-cloth) as shown in Fig. 12(a). The conductive
Ni-cloths, which serve as both electrodes, were produced by electroless plating of Ni on the PE
cloths, whereas the P-Ni-cloths were coated by CVD deposited parylene. The power generation
mechanism is demonstrated in Fig. 12(b). The contact-separation between two TENG cloths

under repeated force lead to a charge separation between the Ni-cloths and the P-Ni-cloths and



an alternating current flow between their electrodes. The resultant T-TENG fabric largely
maintained the flexibility, the washability and comfort of the PE cloth. In CS-mode, the power
cloth could produce a power density of up to 393.7 mW/m? at a frequency of 0.7 Hz and a load

resistance of 70 MQ.
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Fig. 12 (a) Schematic illustration of T-TENG fabricated by plain-weaving stripes of Ni-cloth and P-Ni-cloth, and
(b) power generation mechanism via a repeated compressive force. Reprinted from Ref. [23]. Copyright 2015,

with permission from John Wiley & Sons, Inc.

A more complex T-TENG structure was proposed by Liu et al. [30] who used a 3D spacer
PET fabric with a three-dimensional structure. One surface of the fabric was coated with PDMS
forming a pyramid-structured surface combined with a CNT sheet electrode and the other
surface was coated with Ag to act as an electrode. By mean of a contact-separation movement
through a repeated compressive force, opposite charges were generated on PET and PDMS
surfaces causing a current flow between the Ag and CNT electrode. This T-TENG produced
Voc, Isc and power density of 500 V, 20 pA and 153.8 mW/m?, respectively. It was also shown
that there is no significant change in the performance after 3000 cycles of pressing and

releasing.
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Fig. 13 (a) Schematic diagram of the fabrication process of the fabric-based TENG proposed by Guo et al.. Load
resistance dependence of (b) peak output voltage and current, and (c¢) corresponding instantaneous power of the

TENG. Reprinted with permission from Ref. [31]. Copyright 2016 American Chemical Society.

A high-performance T-TENG was demonstrated by Guo et al. in 2016 [31] who used a
nylon cloth as the substrate dip-coated with AgNWs, PDMS, and fluoroalkyl silane (FAS) in
sequence. The fabrication process is presented in Fig. 13(a). The AgNWs, PDMS, and FAS
layer functioned as an electrode, a triboelectric material and the chemically modified surface,
respectively. The other electrode was composed of a commercial PET cloth, double sided tape
and Al foil electrode. The addition of the FAS layer resulted in increased Voc and Isc from 53.2
V to 575 V and 1.1 pA to 12.1 pA compared to the device without the FAS layer. The load
resistance dependence of the electrical outputs is shown in Fig. 13(b) and the electrical power
output is given in Fig. 13(c), which shows a clear peak of 2.77 W/m? at a load resistance of 100
MQ. Furthermore, this T-TENG showed an increase in thermal insulation by 8% and good

durability after 12000 test cycles.



6.2. Fibre-based T-TENG

Fibre-based T-TENG consist of one single or multiple fibres, which can partly or fully
function as TENG and can be later woven or knitted into fabric. Based on its structure and
energy harvesting capability, fibre-based T-TENGs can be divided into three groups, namely
single-thread semi-integrated T-TENG, single-thread fully-integrated T-TENG and multiple-
thread fully-integrated T-TENG.

6.2.1. Single-thread semi-integrated T-TENG

Single-thread semi-integrated T-TENG is a TENG which is in the form of a thread. It is
typically composed of a conductive core and a dielectric shell. The stand-alone thread cannot
produce electricity by itself but requires contact with an external triboelectric material. To
increase the electrical output from a textile, several threads can be interlocked and their
electrodes can be connected together. Dong et al. published their work about all-yarn-based T-
TENG [100]. They fabricated a fabric from threads made of semi-integrated T-TENG using
the weft-knitting technique. Each thread comprised a three-ply spun SS/PE fibre blended yarn
in the core and silicon rubber in the shell. By contacting with an acrylic plate in the SE-mode
at a frequency of 3 Hz, a load resistance of 100 MQ and a contact force of 11 N, the T-TENG
generated a power density of 85 mW/m?. Furthermore, it showed no considerable degradation
in the performance after 50,000 contact-separation cycles and 15 washing cycles.

A commercially viable T-TENG was represented by Yu et al. [56] who developed a T-
TENG fabrication process, which is compatible with the standard industrial processes for mass
production of textiles. As shown in Fig. 14(a) and (b), a commercial machine was used to twist
natural or man-made fibres around conductive fibres resulting in core-shell yarns. Afterwards,
the yarns could be woven or knitted into fabric by ordinary textile manufacturing. The resultant
fabric exhibited very similar physical properties to conventional fabric being flexible,

comfortable, washable and durable. The operations of the T-TENG in the SE-mode, CS-mode,



and FT-mode are illustrated in Fig. 14(c). The maximum power of 60 mW/m? was achieved in
the SE-mode when SS, PU and PE were used as the core fibres, the spun man-made fibres and
the external triboelectric material, respectively. Note, only the T-TENG operating in SE-mode
belongs to single-thread semi-integrated T-TENG, whilst the T-TENG operating in CS- and
FT-mode are classified into multiple-thread fully-integrated T-TENG, which will be discussed

in detail later.
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Fig. 14 (a) Schematic illustration of core-shell yarns, (b) industrialised Spandex/SS core—shell yarns with different
colours and (c) three possible operation modes of the T-TENGs: i. SE-mode, ii. CS-mode and iii. FT-mode.

Reprinted with permission from Ref. [56]. Copyright 2017 American Chemical Society.

As shown in Fig. 15, a fibre-based hybrid nanogenerator combining a SE-mode semi-
integrated TENG and piezoelectric nanogenerator (PENG) was realised by Li et al [101]. The

PENG in the core was made from carbon fibre and ZnO NWs wrapped by a nylon film, which



was coated with Ti/Cu on both sides. The inner Ti/Cu layer acted as an electrode for the PENG.
The fibre was finally dip-coated with PDMS. The PDMS and the outer Ti/Cu layer served as
the triboelectric layer and the electrode. A nylon fibre was chosen as the external material for
contacting the T-TENG and pressing the PENG at the same time. The power density of the T-
TENG and the PENG reached 42.6 and 10.2 mW/m?, respectively. In addition, five fibres of
the generator were woven with cotton thread to form a power suit to harvest energy under arm

motion. However, they generated very low current output of only 70 and 4 nA for the T-TENG
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Fig. 15 Schematic illustration of fibre-based hybrid nanogenerator combining a semi-integrated TENG (Output

and the PENG, respectively.
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1) and PENG (Output 2). The power is generated via a contact with an external material (Nylon fibre). Reprinted

with permission from Ref. [101]. Copyright 2014 American Chemical Society.

6.2.2. Single-thread fully-integrated T-TENG

Single-thread fully-integrated T-TENG is a stand-alone thread, which is complete with all
necessary components of the TENG and can generate electrical power by itself without
interaction with any external material. It is typically fabricated in a core-shell structure with
one electrode at the core and the other electrode in the shell. The power is produced by relative
movement between the core and the shell based on CS-mode and/or LS-mode. As an example,
Kim et al. developed a T-TENG from woven fibres. Each fibre comprised a Ag-yarn acting as
the core electrode and a flexible tube acting as the shell substrate, as shown in Fig. 16(a) [78].
The outer surface of the tube was coated with AgNWs and a mixture of PDMS and EcoFlex,

which served as the other electrode and the insulating layer respectively. The inner surface of



the tube was coated with 1H, 1H, 2H, 2H-perfluorrooctyltrichlorosilane (FOTS) to chemically
modify the surface by adding fluorine end-functional atoms. This layer increased the output
voltage by a factor of 12. The operation principle of the TENG is shown in Fig. 16(b). The
contact-separation between the Ag yarn and the FOTS layer under repeated force lead to an
alternating current flow between the AgNWs layer and Ag yarn. A 5x5 array of the threads
exhibited a power density of 480 mW/m? under a compressive force of 10 N at 3 Hz. Although
the size of the thread is fairly large, which is inappropriate for implementing in textiles, it

provides a good concept for fibre-based TENG.
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Fig. 16 (a) Schematic illustration of single-thread fully-integrated TENG and (b) its operation principle in CS-

mode. Reprinted from Ref. [78]. Copyright 2017 with permission from the authors, MDPI.

Cheng et al. designed a stretchable fibre-based T-TENG also with a core-shell structure
[41]. The core fibre comprised a pre-stretched PU fibre coated with AgNWs and PTFE layer.
The shell was made from a pre-stretched PDMS film coated with AgNWs. The device could
harvest energy from various mechanical energy forms, such as stretching, bending, twisting
and pressing. The maximum power of 22.5 uW/m? was obtained when the fibre was twisted at
a frequency of 1 Hz with a twisting angle of 135° and a load of 50 MQ. Moreover, the device
was demonstrated as a wearable self-powered healthcare monitoring sensors capable of

detecting finger bending, walking, breathing, pulse and phonation.
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Fig. 17 Schematic diagrams of the fabrication process for the fibre-based TENG revealed by Kim et al. Reprinted

with permission from Ref. [39]. Copyright 2015 American Chemical Society.

A surface modified fibre-based T-TENG was revealed by Kim et al. [39] which used
nanostructure structures on both the outer surface of the core and the inner surface of the shell
(Fig. 17). First, the ZnO NWs were grown on Al wires by a hydrothermal process. Then, it was
deposited with thin gold (Au) film using e-beam evaporation. The shell was made from PDMS
tube, whose inner wall was etched using RIE forming NWs on the surface. The core was then
manually inserted into the PDMS tube and the whole fibre was wrapped in Al foil. Finally,
three fibres were assembled together to form weft and warp yarns, which were later woven
together to produce a plain fabric. Under a periodic compressive force of 50 N, the T-TENG
obtained an instantaneous power density of 204 mW/m?, even in a high humidity environment
of ~95% RH.

6.2.3. Multiple-thread fully-integrated T-TENG

Multiple-thread fully-integrated fibre-based T-TENGs require an interaction between at
least two fibres to be able to harvest energy. Generally, each fibre will comprise an electrode
and the T-TENG will operate in CS-mode, LS-mode or FT-mode. Because of the relative
movement between the fibres, the electric potential is built up between the electrodes, as shown
in Fig. 18(a). In 2014, the first fibre-based TENG was explored by Zhong et al [20]. It was

composed of two modified cotton yarns twisted together. One was a carbon nanotube (CNT)



coated cotton thread (CCT), and the other was a PTFE and CNT coated cotton thread (PCCT).
The fabrication process is illustrated in Fig. 18(b). A dipping and drying process was used to
produce both the CCTs, where the cotton threads were coated with a MWCNT ink and the
PCCTs, where the CCTs were coated with PTFE. Lastly, the CCT and PCCT were entangled
together to double-spiral structure and then woven into a fabric. It was employed to harvest
energy from finger bending and delivered an average power density of around 1 mW/m?. After
90,000 operation cycles, only a minimal decrease in output current was observed, indicating a

highly reliable power generator.

Fig. 18 (a) Power generation mechanism via contact-separation of multiple-thread fully-integrated TENG and (b)
schematic illustration of the fabrication process. Reprinted with permission from Ref. [20]. Copyright 2014

American Chemical Society.

Another example of a multiple-thread fully-integrated TENG was presented by Zhao et al.,
in which all fibres interacted with each other [38]. As shown in Fig. 19 (a), the TENG was
constructed by plain-weaving 2-ply Cu-coated PET (Cu-PET) warp yarns and Pl-coated Cu-
PET (PI-Cu-PET) weft yarns together using an industrial weaving loom. Firstly, 1-ply Cu-PET

yarns were prepared by depositing PET yarns using a polymer-assisted metal deposition



method. To decrease the resistance to 0.17 Q/cm, the 1-ply Cu-PET yarns were spun into the
2-ply Cu-PET yarns. To produce the PI-Cu-PET yarns, the Cu-PET yarns were coated with PI
precursor via the dipping and drying method. The properties of the resultant yarns are quite
similar to conventional industrial yarns and under cycled deformation, the contact area between
weft and warp yarns changed leading to a varying charge distribution at yarn crisscross
intersections, shown in Fig. 19(b). The maximum power densities of 23.86 under bending and
33.16 mW/m? under compression were observed. Furthermore, this design exhibited good

durability and output power stability even after 1000 tapping cycles and 20 washing cycles.
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Fig. 19 (a) Schematic illustration of the fabrication process and structure of the T-TENG proposed by Zhao et al.
and (b) the working principle of the T-TENG. Reprinted from Ref. [38]. Copyright 2016, with permission from

John Wiley & Sons, Inc.

To increase the power output of fibre-based T-TENG, a 3D orthogonal woven TENG was
invented by Dong et al [40]. As shown in Fig. 20(a), the generator comprised three stacks of

yarns. The middle stack was created from conductive 3-ply-twisted SS/PE fibre blended yarns



(weft yarns). The top and the bottom stacks were made from 3-ply-twisted SS/PE fibre blended
yarns (warp yarns) coated with PDMS. The weft and warp yarns were not interlaced, but they
were arranged perpendicularly to each other and bound by non-conductive Z-yarns. Under
periodic tapping, an AC output was generated between the outer electrodes (top and bottom)
and the middle electrodes. Fig. 20(b) and (c) illustrate the frequency dependence of the Voc
and Isc, respectively. The Voc rises slightly at low frequency, then remains constant as the
frequency increases, whereas the Isc increases considerably with increasing frequency. At a
tapping frequency of 3 Hz, a power of 263.36 mW/m? was generated. Moreover, there was no

significant decline in the performance after 10 washing cycles and 1500 tapping cycles.
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Fig. 20 (a) Schematic illustration of the structure of 3D orthogonal woven TENG. Frequency dependence of (b)
Voc and (c) Isc of the TENG. Reprinted from Ref. [40]. Copyright 2017, with permission from John Wiley &

Sons, Inc.
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Fig. 21 (a) Power generation mechanism of the T-TENG proposed by Chen et al., (b) Schematic illustration of
the woven structure (left side) and photograph (right side) of the T-TENG (scale bar: 2.5 cm), (¢) dependence of
the Voc and the transferred charges on the PTFE diameter and (d) dependence of the Voc and the transferred
charges on the interval distance of the carbon wires. The insets show the photographs of the corresponding T-

TENGs. Reprinted from Ref. [102]. Copyright 2018, with permission from Elsevier.

Another T-TENG was demonstrated by Chen et al. who developed a T-TENG by weaving
cotton, carbon and PTFE wires on a traditional shuttle-flying weaving machine [102]. In the
CS-mode, an alternating current is generated between the carbon wires due to the surface
charge caused by the contact between the PTFE wires and the carbon wires, as shown in Fig.
21(a). Furthermore, they have found out that the dimensional features affecting the yarn-
packing density, such as the PTFE diameter (d) and the interval distance (/) of the carbon wires

(Fig. 21(b)) influence the electrical output of the T-TENG. The results in Fig. 21(c) and (d)



reveal that the Voc and the transferred charge decline with increasing d and 4, since an increase
in the PTFE diameter results in a reduction in the effective contact area and in the induction
effect due to a thicker triboelectric layer. An increase in the interval distance of the carbon
wires leads to a decrease in the induced charges. At a frequency of 5 Hz, the T-TENG with 3x3

cm? area delivers a Voc of around 175 V and an Isc of around 8 pA.

7. Discussion

Numerous T-TENGs have been demonstrated and are discussed in this review and it is
clear triboelectric energy harvesting is well suited to textile-based energy harvesting
applications. The various T-TENGs are summarised in Tables 1 and 2, however, it is clear there
is a lack of standardisation in the methods and presentation of performance data. In 2015, Zi et
al. proposed a structural figure-of-merit, which depends on the operation mode, and a material
figure-of-merit, which is the square of the surface charge density [103]. This approach is not
widely used because it is difficult to precisely measure the surface charge density. Instead of
this, most papers give the electrical outputs of TENG, such as Isc, Voc and quote an area power
density. Typically, the values quoted are peak instantaneous values and the duration of the
energy generating output is not discussed. There are several examples where TENGs have been
used to blink LEDs. In this case, peak outputs are of interest. However, in most cases, the
energy harvester output is conditioned and stored for use when the energy is required by the
load electronics, which generally require continuous DC power.

Furthermore, these parameters are influenced by various factors, including the humidity,
the thickness, the operation frequency, and the contact force, and this detail is often not
provided in the literature. For example, the output performance of TENGs is significantly
degraded under high humidity condition [39,104,105]. Secondly, TENGs with a larger

thickness (e.g. more stacks) deliver a higher area power density [32,33]. Thirdly, a higher



operation frequency leads to a higher power output since Isc increased with frequency, whilst
Voc remained constant [40,81,83,100]. Lastly, the output power increases with increasing
contact force until it saturates at a certain force, at which point the effective contact area cannot
be further increased [33,54,82]. Fig. 22 shows the contact force dependence of the output
voltage and current of a T-TENG operating in CS-mode [33]. The output can be divided into
three regions: R(i) steep increase region, R(ii) linear increase region and R(iii) saturation
region. Another important parameter missing from most papers is the energy conversion
efficiency. As mentioned above, it is obvious that with increasing frequency and force, the
output power of the TENG rises, since the input power to the system increases. Because of this,
it is more expedient to look at the ratio between the input and the output power through the
system using Root Mean Square (RMS) values over a given period of time instead of only the
instantaneous peak power output. As can be seen in Tables 1 and 2, the papers with a complete
set of these parameters can be rarely found. To be able to accurately compare the output
performance of TENGs, these parameters have to be considered when performing the
experiment and explicitly expressed in the papers.

When comparing the performance of the various T-TENGs given the data available, the
peak power density of the fibre-based and the fabric-based devices range from 22.5 nW/m? to
953 mW/m? and from 1.25 to 8,920 mW/m? respectively. The reason why the most fibre-based
TENGs tend to produce lower power density compared to the fabric-based TENG could be due
to the complexity of the fabrication process. The fabrication of the fabric-based TENGs is less
complex and do not require high precision, thus it is easier to perform additional processes,
which help improve their output performance. Compared to bulk TENGs with a record power
density of 500 W/m? [106], the outputs of T-TENGs are relatively low. One of the main reasons
could be a reduction in effective contact area caused by the uneven surface of the textile related

to the manufacturing technique used for interlacing the weft and warp yarns. It should be noted



that the previous evaluation excludes a paper that claimed an unusually high power density of
336 W/m? [92] at an external load resistance of 20 Q, which is very low compared to other
papers with a typical load value in an order of MQ. Also, the claimed current density used to
calculate the power density is not in good agreement with the output currents, which are only

about 78 pA.
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Fig. 22 Contact force dependence of the output voltage and current of the T-TENG operating in CS-mode

proposed by Seung et al. Reprinted with permission from Ref. [33]. Copyright 2015 American Chemical Society.

TENGsS typically generate a relatively high voltage, which can reach several hundred volts,
but very low current in a level of pA. Moreover, the claimed maximum power densities were
obtained at the external load resistance in an order of MQ. However, in the real application of
TENGs, the load resistance of the circuit is much lower and the desired operating voltage is in
the range of a few volts. This disparity requires the use of a power conditioning circuit, typically
combined with some form of storage. Recently, Xi et al. has proposed a universal power
management strategy and achieved an energy conversion efficiency of 85% using a DC buck
converter and a power management module [107]. Another power conditioning circuit
demonstrated the use of Bennet’s doubler circuit, which claims to exponentially boost the
output energy of TENGs compared to standard diode bridge circuits [108]. Another approach
to reduce this problem is to integrate many small TENGs together to increase the current

instead of using a single large size TENG. Concerning the energy storage for T-TENGs, many



research groups have developed textile-based supercapacitor, which can successfully be
integrated with the T-TENG [57,100,109] and solve the problem of alternate and unstable
power output in the real operation [110]. Given the requirements of practical applications,
another method for presenting performance data should be the time taken to charge up a
suitable capacitor given a specified mechanical input. This would provide a more complete
picture of the energy harvesting potential of a given TENG design and factor in losses at the
power conditioning stage. For example, in the case of the TENG shown in Fig. 4 and 5, if the
power of the TENG is calculated from the 1-uF capacitor voltage (Fig. 5(b)), the average power
in the capacitor at a saturation voltage of 22.5 V and given a charging time of 170 s is 1.49
pW. This is significantly lower than the maximum peak power of 22.3 mW at a load resistance
of 10 MQ (Fig. 5(a)).

Due to a wide range of material choices, operating modes and structural designs, T-TENGs
have been found in many applications. Most power generation applications involve driving
LEDs for lighting, decoration or signalling, such as a wearable night-time warning indicator
for pedestrians [49]. T-TENGs have been used to charge a battery [47] or capacitor [100] and
power various wearable and portable devices, such as a cell phone [67], calculator, digital
watch [79] and wireless systems [51]. For sensing applications, several types of self-powered
sensors have been demonstrated, typically in force and strain sensing to monitor motion [40],
pressure [101] and personal health [41]. In addition to wearable, there is a clear potential to
utilise T-TENGs in other applications that use textiles. For example, to harvest energy from
foot traffic using a triboelectric carpet or for self-powered sensing of seat occupancy in car
interiors.

Towards a practical implementation of T-TENGs, it is important that the properties of
textile remain the same after implementing the T-TENG. Since T-TENGs can be realised using

functional yarns, these can be woven or knitted into standard textile structures and have



minimal impact on fabric properties. In the case of fabric-based T-TENGs, thin layers of
flexible materials can be used to realize the TENG without affecting the mechanical properties
of the textile [111]. Thanks to the nature of textile structures, most T-TENGs are therefore
inherently flexible and some of them are stretchable [41,81,99]. One challenge of T-TENGs is
that their appearance is often not aesthetically pleasing since the applied coatings will alter the
appearance of the fabric. Coatings could potentially reduce breathability depending upon the
coating thickness and area affected. Durability and washability are also crucial for T-TENG,
since normal clothes should be able to withstand detergents, washing, drying and ironing.
Fibre-based T-TENGs have been demonstrated that they can withstand 20 standardised washes
[38] or even 120 washes if protected by placing in a laundry bag [56]. However, most papers
do not consider washability properly as can be seen in Tables 1 and 2. Additional washing
issues include untwisting of yarns, materials abrasion and pilling, shrinkage, wrinkling and
drying capability. Given that TENGs operate on frictional contact between two materials, the
abrasion of the textile cannot be neglected and standard textile abrasion tests should be
performed to quantify device lifetimes. Another approach to avoid abrasion is to design the T-
TENGs to operate in the FT-mode, which experience less friction compared to other modes.
Finally, the ability to tailor a fabric is highly desirable for the end production of garments, since
industrial fabrics are produced in a long roll or material. Yu et al. demonstrated a T-TENG that
can be cut in half with each piece retaining almost half of the original output. After sewing
them together, the T-TENG returns to nearly full output [56]. This demonstrated T-TENG
textiles can in principle be tailored but the electrodes will have to be manually reconnected and
that will require extra time and work.

The majority of published work focus on enhancing the performance of T-TENGs and
complex and sophisticated fabrication techniques have been demonstrated that are often not

suitable for scaling-up and mass production. Many examples of surface modification require



expensive equipment, the size of samples are limited and process are incompatible with roll-
to-roll fabrication processes typically associated with textiles. More recently, research has
tended to focus on fibre-based TENGs, which can be fabricated in a manner compatible with
standard textile manufacturing processes and maintain the properties of a standard yarn.
However, this type of T-TENGs exhibit fairly low power outputs. The next-generation of fibre-
based T-TENGs will be fully-integrated in the textile and exhibit improved electrical and
mechanical properties compared with the current state of the art. Furthermore, the nascent work
on T-TENGs co-located in a fabric alongside energy storage devices such as supercapacitor

yarns shows great promise for realising textile power modules for multiple applications.

8. Conclusions

This paper has provided a review of Textile-based TENGs (T-TENGs) and has identified
that with respect to the structure, T-TENGs can be classified into two main groups, namely
fabric-based TENG and fibre-based TENG. Fabrics can be used directly as a triboelectric
material but more often they only serve as substrates for other materials that possess better
triboelectric properties. The fibre-based TENGs are made of interlacing fibres, which are
typically fabricated in a core-shell structure. Most examples of T-TENGs are operated in the
vertical contact separate mode (CS-mode) because of the high power output, the simplicity of
the fabrication and the nature of human motion, such as footsteps, hand tapping and joint
movements that can be coupled to the T-TENG through compressing, stretching or twisting.
Concerning the performance of T-TENGs, their power densities are relatively low compared
to bulk TENG because of a decrease in their effective contact area relating to their structure.
Due to the complexity of the fabrication process, most fibre-based TENGs tend to exhibit lower
power density compared to the fabric-based TENGs. The peak power density of the fibre-based

and the fabric-based devices vary from 22.5 nW/m? to 953 mW/m? and from 1.25 to 8,920



mW/m?, respectively.  Apart from performance, the main challenge relating to the
implementation of the T-TENG is maintaining the properties of the conventional textile and
the use of processes compatible with standard large-scale textile manufacturing. Some
processes have been demonstrated that are familiar to the textile industry such as the use of a
commercial machine to twist dielectric fibres around conductive fibres resulting in core-shell
yarns, which could be afterwards woven or knitted into a fabric. Whilst many novel and
interesting textile implementations have been demonstrated with significant peak power
outputs, judging the practical power output is not straightforward. This would be aided by the
use of RMS values and a discussion around the practical factors that can affect the power
output, such as the humidity. Other important parameters are often missing from the literature
such as thickness, test frequency and the contact force. The durability of some devices also
appears promising with tens of thousands of operating cycles having been demonstrated. Given
suitable rigorous characterisation of performance and lifetime, T-TENGs may well offer a

practical approach for energy harvesting for textile-based applications.



Table 1 Summary of important parameters of fabric-based TENGs

Triboelectric

Surface

Area

Frequency

Force

Voltage

Current

Power density

Durability

Washability

Mode material Electrode | Substrate | | pisication | (cm?) (Hz) ™) ) (1A) (mW/m?) | Test (cycles) | Test (times) | R°™

FCS Nylon, PE Ag . - 1254 | - - 95 2.5 . - - [22]
and acrylic
Nylon and MWCNT,

cs P¥FE PEDOT:PSS | - - 17.35 | - - 109.6 0.35 8 - - [34]

And CF

LS gzi‘r’gnand Cu foil Cotton - 588 | 43(Grating) | 30 2000 200 - 5,400 Washable [47]

SE ?gg’“ and Ag Nylon - 16 5 - 22 2 46.5 24,000 Washable [49]
Fabrics and

SE PDOMS CNT Cotton - 16 8 - 200 0.6 375 170,000 - [51]
Al, fabrics

SE ipMs | Al - FOTS-SAM | 6 1.25 3 105 27 1,800 20,000 - [52]

NWs and
SE EDMS and | Graphene PET Plasma 9 ; 72 47.1 7 144 - - [82]
abrics
treatments

Nylon and

CS PTFE Graphene Nylon - 3 1 - 3.5 0.28 533 - - [83]

s Nylonand =, PET Cu NPs 16 |- 60 | 470 26 7500 3000 - [93]
elastomer

cs gﬁk and Sn/Cu/Ag Nylon - 15 4 2 28.13 2.71 166 - - [99]
PU/AL and .

LS, CS PI/PDMS Carbon Fabric - 45 1.5 2 33 0.25 1.8 - - [21]
Ni and .

CS, FCS,LS Ni PE - 25 0.7 - 50 4 393.7 - Washable [23]
parylene
CF and . Nano-

CS PVDE CF Fabric R 30 1.8 - 210 45 700 - - [29]
PET and Agand .

cs PDMS oNT PET Pyramids 25 1 400 | 500 20 153.8 3,000 - [30]
PET and Al foil and

cs FAS ASNW Nylon - 9 1.8 - 575 12.1 2,770 12,000 - [31]
Ni and .

cs PDMS Ni PET - 625 |05 35-40 | 23.39 0.39 1.25 - - [32]
Agand .

cs PEMS Ag Fabric ZnO NWs - - 100 | 170 120 - 12,000 - [33]

FT Ni/Parylene | Ni PE - 22 500(Grating) | - 105 55 3200 1200 Washable [55]

FCS I;l;a“d Ni PE - 25 3 300 | 540 140 8,920 100,000 - [58]

cs Silk and CF Fabric | Nanofibre | 8 2 25.7 | 500 12 3100 10000 - [65]

PVDF




CF and

PU and . 1468 254 356.6
CS PDMS Ic;egbon-based Fabric - 133 1.6 760 RMS(566) | RMS(5.9) | RMS(135.1) - - [70]
SE ?11311:1/128 and 1\ 1Nps Fabric NPs, NWs 49 12 - 250 78 336,000 - - [92]
SE (PEIT\IFTE and | oNT Cotton | - 20 |7 ; 100 2 121 10,000 5 [109]
Table 2 Summary of important parameters of fibre-based TENGs
Triboelectric Surface Area | Frequency | Force Voltage Current | Power density Durability Washability
Mode material Electrode Substrate modification | (cm?) (Hz) (N) V) (pA) (mW/m?) Test (cycles) | Test (times) Refs
Ag and
cs PUDETIFE | A2 PU - - 10 - 0.024 - - 10,000 - [36]
SE g;‘“ and SS fabric ; 1467 | - ; 200 200 953 - - [54]
SE, CS, FT ig and SS - - 36 - - 75 1.2 60 5h, 8 cm/s 120 [56]
ZnO and NWs and
cs PDMS SS - NPs 252 |- - 140.4 21.54 1.2 1,000 - [97]
SE ‘g‘lg"yhc and | g . ; 16 3 11 150 0.96 85 50,000 15 [100]
Nylon and Carbon
SE POMS Cu o - 1.08 |2 - 23 0.3 42.6 - - [101]
Au and Al wire and
cs PDMS Lol - NWs 196 | 10 50 40 210 204 - - [39]
AgNWs and PDMS
cs PIEE AgNW dpy | AZNWs - 1 0.05 | 0.66 0.02 0.0225 4,000 - [41]
cs I;I{"m and Metal wire PDMS - - 0.5 - 4 0.08 13 1,600 - [42]
CS I;I‘{a“d Niand CNTs | SR - 18.85 | 3 300 | 380 11 869 21600 - [69]
cs Agand AgNWsand | _ FOTS 36 3 10 37 36 480 8,000 - [78]
SR Ag yarn
Cu and Cu and
cs SR ONT - - - 2 - 142.8 7.38 15 10,800 - [81]
CNT and
cs PTFE CNT Cotton - - 5 - - 0.01122 1 90,000 - [20]
cs gf and Cu PET - 24 10 cm/s - 4.98 37.2 33.16 1,000 20 [38]
SS and
cs PDMS SS PE - 18 3 - 45 9.9 263.36 1,500 10 [40]
cs ’;{%Fagd Ag - - 100 |33 - RMS(23.5) | RMS(1.05) | RMS(6) - - [66]
Cu and
cs PILE Cu - - 16 - - 18 0.9 - - - [67]
CS, FT Carbonand 1 (41 Cotton - 9 5 - 175 8 . 36000 - [102]

PTFE
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