ABSTRACT

CHEN, YU. Fiber/YarnBasedTriboelectricNanogenerator and ispplications inSmart Textile
(Under the directiof Dr. Rong Yin).

For centuries, textiles have played an indispensable role in people's lives, sanong
functions such as protection, regulating body temperature, and enhancing aesthetic appeal. Now,
in an era marked by advancements in materials, electronics, and information technology, textiles
have evolved to encompass new functionafitigé/ing rise to smart textiles. Smart textiles refer
to fabrics capable of responding to external environmental stifitdditional textiles, as the
foundation, can now integrate with a range of electronic components, enabling functions such as
sensing, actuation, and hurmamachine interaction. The central challenge in designing smart
textiles is to harness these electronic capabilities while preserving the intrinsic qualities of
textiles.

With the demand of a sustainable, wearable, environmentally friendly energy source,
triboelectric nanogenerators (TENGs) were developed. TENG is a prordesungeto convert
mechanical energy from motion into electrical energy. The combination of textile and TENG
successfully enables wearable, skiving electronics and sensor systems. As the primary unit
of textiles, fiber and yarn become the focus of researdtesigningtextile-TENGSs. Textile-

TENGs generally fall into two main structural categori€be first one is twalimensional
fabriccbased TENGS, typically composed of a conductive fabric and a triboelectric coating or
nonwoven film. While this structure is relatively easy to prepare, its multilayered nature often
results in reduced flexibility, limited air permeability, and weak adhesion, potentially affecting
textile comfort. The second structure is a -dimeensional fiber/yanibased TENGs, often
achieved through a coshell design that wraps triboelectric material around a conductive yarn.

Triboelectric yarns can be seamlessly integrated into textile products through various techniques



such as weaving, knitting, embroidery, and mdieis structure offers high flexibility, retains
traditional textile properties, and enables intricate structural designs, making it a prominent area
of research interest.

This thesis focuses on the preparation of fiberAmased Triboelectric Nanogenerators
(TENG), including material selection, processing methods, and intelligent system design. It also
delves into the design and application of-gelivered textile sensors, offering innovative

insights for the development of smart textile systems and devices.
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CHAPTER 1. Introduction

Background and motivation

In the past decade, we've witnessed rapid developments in emerging technologies like the

Internet of Things, artificial intelligence, and big data. These technologies have revolutionized

the way we live and communicate. Simultaneously, as electronic components have shrunk in size

and grown in functionality, there's a growing interest in integrating more electronic accessories
into our daily lives, including wearable devices. The field of wearables is advancing at a
remarkable pace. One fascinating subset is smart textiles, also known as electronic textiles or E
textiles. These textiles redefine our traditional understanding of fabrics. Smart textiles imbue
ordinary fabrics with new capabilities, enabling them to respond to environrobatajes,
monitorvital signs, and facilitate humanachine interactions

In 2021, the market share for wearable technology was $116 lilfiowhile that of
smart textiles stood at just $2 billig2]. This stark contrast underscores the immense untapped
potential within the smart textiles market.

The primary challenge when designing smart textiles lies in effectively integrating
electronic capabilities without compromising the innate qualities of textiles. Furthermore,
conventional electronic devices often strugglegamlessly meld with textiles. Therefore, the
production of smart textiles necessitates the adoption of innovative techniques.

A pivotal innovation in this field is the Triboelectric Nanogenerator (TENG), a device
capable of converting mechanical energy into electrical energy. TENGs hold vast applications in
energy harvesting and sensor technologies. By ingeniously combining textiles with TTE&IGS,
self-powered wearable electronics and sens@s successfully achievedowever, the

fabrication of Textilebased TENGs presents substantial hurdles, including intricate



manufacturing processes, limited production speed, elevated costs, suboptimal electromechanical
properties, and restricted design versatility.

Textile-based TENGs typically fall into two primary structural categories. The first
category encompasses taamensional fabridbased TENGs, typically constituted by a
conductive fabric and a triboelectric coating or nonwoven film. While this structure is relatively
straightforward to manufacture, its multilayered nature often results in reduced flexibility,
compromised air permeability, and weakened adhesion, potentially impeding textile comfort.
The second category comprises-aliraensional fiber/yartbased TENGs, often realized through
a coreshell design that envelops triboelectric material around a conductive yarn. Triboelectric
yarns can be seamlessly integrated into textile products through various techniques such as
weaving, knitting, embroidery, and more. This structural approach offers remarkable flexibility,
preserves traditional textile characteristics, and allows for intricate design possibilities, rendering
it a focal point of research interest.
Main contributions

This thesis focuses on the preparation of fiberAmased Triboelectric Nanogenerators
(TENG), including material selection, processing methods, and intelligent system design. It also
delves into the design and application of-gelfvered textile sensors, offering innovative
insights for the development of smart textile systems and devices.

Chapter 1 provides a concise overview of our research objectives and the strategies we
employ to address these issues.

Chapter 2 offers an extensive review of the preparation, structure, and design strategies
for onedimensional triboelectric materials, specifically fiber/yaased TENG. This review

categorizes triboelectric yarns based on their structures and operational methods, introducing the



materials, preparation techniques, fabrication processes, and applications of fideasedn
TENG. Furthermore, it discusses the challenges and prospects of triboelectric fibers/yarns in
energy harvesting and sensor applications.

In Chapter3, we prepag a flexible, durable, and washable triboelectric yarn for
embroidery. This yarn, based on ulthin enameled copper wire, exhibitigh triboelectric
properties and flexibility, achieved through plasma treatment and twisting. We employ this yarn
in the creation of triboelectric embroidery samples, showcasing its potential in biomechanical
energy harvesting, setfowered sensor applications, and humecthine interaction.

Chapter4 introduces an aidriven system for the scalable production of rarorofiber
sheaths on conductive core yarns. This system comprises two kkivair components: a
commercial airbrushing system for solution blow spinning of PMEPIFE nanemicrofibers and
a vortex tube for imparting false twists to core conductive yarns usingshagd aijets. We
demonstrate the applications of these yarns as triboelectric nanogenerators, offering energy
harvesting and seffowered sensing capabilities. This method is a scalable and efficient
alternative to electrospinning, enabling the production of ymaicoofiberwrapped yarns with
diverse functional properties.

In Chaptels, we utilize two yarns with different triboelectric properties obtained in
previous chapters to create a highly sensitive;m@ifered textilebased pressure sensor using a
specialized embroidery process. We introduce spacers in the embroidery to address the contact
separation distance required by TENG. To mitigate the instability of triboelectric signals, we
incorporate machine learning for enhanced signal recognition, achieving recognition of over six

pressure interactions on a singleannekensor and more than 17 touch interaction recognitions



on a duakchannel sensor. This embroidery sensor finds applications in complex ‘miachme
interactions, such as password setting, game control, and software manipulation.

Chapter6 offers a brief conclusion for this thesis and outlines potential future research
directions for scholars in related fields
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CHAPTER 2. Literature Review

2.1. Introduction

In the past decade, emerging technologies such as the Internet of Things, artificial
intelligence, and big data have developed rafdithg]. These technologies continue to change
the way humans live and communicptes]. At the same time, with the decrease in the size of
electronic components and the increase in functionality, people are eager to use more electronic
accessories in daily life or wear them directly on the @eB]. Research in wearables is in full
swing. However, the center of the operation of an electronic system is the power $0@}
The bulky size of traditional batteries, low comfort, and environmental issues limited its
application in wearable devicgs4,15] Therefore, many energy harvesting technologies and
selfpowered systems are studied. Among them, Wang et al. first proposed the triboelectric
nanogenerator (TENG) concept in 2Q18]. It can collect mechanical energy and convert it into
electrical energy through a coupled effect of contact electrification and electrostatic induction
[17]. Mechanical energy exists in a large amount in our life, and all motion can generate
mechanical energy. However, it is also the most overlooked source of energy. The human body
is an essential source of mechanical energy, and the human body is also the terminal for the
operation of electronic componeiftg-19]. Therefore, integrating the TENG into a wearable
system can solve the problems brought by the inconvenience of conventional power[20{irces
In addition, the principle of TENG enables it to be used not only as an energy source but also as
a selfpowered sensor for sports, health and physical monitoring, signal transmission, and
humancomputer interactiofiL3,21,22] Presently, the miniaturization and milinctionalities
of electronic devices are the research tr¢6ds3,23] TENG has shown promising application

prospects as a multifunctional sdlfiving system in the wearable figl24-26].



2.1.1. Fundamentals of TENGs

Triboelectric electrification is a phenomenon that has existed for thousands of years
without being well studiefR27-29]. According to several studies, each contdettrified
component acquires a net charge during contact with either a positive or negative polarity rather
than a uniform charge distributi¢80]. Each surface contains a random "mosaic"” of nanoscopic
sized, diametrically opposed regions. They postulated that contact electrification is-stepulti
process comprising at least bond cleavage, chemical alterations, and material transfer occurring
in discrete patches of nanoscopic dimens|[80% The model of the triboelectric principle is
summarized by Daniel et f81]. Based on this research WeGnuik et al. considered that the
charge transfer mechanisms could be categorized into three possible species which are
responsible for triboelectricity: electrons, ions, and cleaved bulk material2 (Fag[27]. In the
electron transfer model, as two materials come into contact, charges are transferred according to
the different charge affinities of the materigd2,33] Despite the lack of conclusive
experimental evidence, this assumption is widely accepted. Moreover, some research proved that
transferred electrons are the primary species in contact electrification. The ion transfer model is
normally applied in ionic polymers. In this model, mobile ions could transfer from one material
to another when the materials are in confa4t35] The third model is material Transfer Model
[36]. Through Kelvin probe force microscopy, CRS, and XPS analysis, Baytekin et al. found that
the contact between the polymers is charged to produce a nano mosaic charge pattern, which is
generated by the corresponding material transfer. The nanomaterial fragments transfer the

electric charge, creating a triboelectric phenomgB6h



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

It is well known that TENG has four different working modes: corsaparation mode
(CS), Lateral sliding mode, singtdectrode mode (SE), and freestanding mode @Fidp) [37].
Dielectric materials generate triboelectric charges by contacting each other. Based on the
generation of triboelectric charges, an induced potential is generated on the conductor through
the relative displacement between dielectric materials, thereby generating eld82iGity38]
During the cycle of contact and separation, an alternative current (AC) can be produced. Among
them, the lateral sliding mode can be designed to generate direct current (DC). Due to the
characteristics of textiles, the vast majority of fiber/ybased TENGs were designed based on
CS and SE modes. The working principles of these two modes are similar. As showrRihlrig.
the SE mode includes an electrode and triboelectric material attached. When another triboelectric
material with different electron fafiity contacts and separates with it, electrons will flow in or
out of the electrodes to create an electric current. CS mode has two electrodes that are connected.
Each electrode carries a triboelectric matg8a]. When the two electrodes come into contact
and separate, electrons flow from one electrode to another. Compared with CS mode, SE mode is
more straightforward in structure and more flexible in design, so it is widely used in Textile
TENG. CS mode has better power output and stability. Both modes are suitable for working in

environments with frequent external forces (such as carpets, insoles, and joint movg@ents)



i(a)[

Qe

© @ < s iy Ihhse
@ @ FEEEEE Ahbies

© ® o) e A A
= <

© @ o | E LOAD

: Elect Al
® :Blsctron )z A\njon ) : Transferred materials{

___________________________________________________________ L e e e e e e e i i e i i m i m

Figure 2.1. (a) Model of electron transfer, ion transfer and material transfer between two
insulators. Copyright 2021, American Chemical Sod2#}. (b) Schematic of four basic TENG
working mode: Contaeteparation mode, Latersaliding mode, Singlelectrode mode and
Freestanding mod&7]. Copyright 2020, Wiley.

2.1.2. Textile TENG

Traditional textiles are often used for shade, protection, warmth, and aesthetics. With the
development of textile technology, textiles have begun to be given more meaning, and functional
textiles have been valu¢89-41]. Common functional textiles have the functions of water and
oil repellency, fire prevention, and UV protecti@i2]. Nevertheless, these functions are
developed based on traditional textiles, and there is no real innovation. With the development of
information technology and wearable appliances, a whole new class of functional textiles was
born: smart textilef43-45]. As a new type of weaable system, smart textiles can achieve
functions such as energy harvesting, electrical energy generation,Jsomanter interaction,
wearable sensors, and signal output while maintaining the comfort of traditional t§bgjks|

Portability is one of the issues in developing smart fabrics. Conventional chemical
batteries, the most common kind of energy storage, have drawbacks such as size, portability,
lifespan, and environmental impd48,49] Additionally, standard electrical components have

inflexible and rather bulky structures that fall short of meeting wearer demands for comfort

[50,51] In addition, temperature, humidity, sweating, cleaning, friction, and other conditions can



have an impact on how well traditional electronic components {8@jk Consequently, these
issues have become major challenges in the design of smart textiles.

The daily motion of the human body produces a significant quantity of mechanical
energy, which can be captured and transformed into electrical energy via TENG. As an integral
part of daily life, textiles are very suitable as carriers for TEB&;54] Textile TENG is a vital
part of a selicharging smart textile system that utilizes the triboelectric effect to continuously
power the electronic components in the systeih In addition, TENG can be designed as
wearable electronic components, such as goesifered system for sensing or a huraachine
interface integrated into smart textile systdbg].

There are two main design strategies for TextiENG. One is to add triboelectric
materials to existing textiles, such as integrating triboelectric materials on conductive fabrics by
electrospinning, solution blow spinning or coat[b@,58] However, conductive or triboelectric
materials introduced in this way can affect the properties of the original textile. Thdayeiti
structure also makes the whole system bulk, stiff, and not easy tq5%60] The second way
is to design from ondimensional structures, prepare triboelectric fibers or yarns, and then
process them into twdimensional or thredimensional structures by weavif@i]. The design
method from 1D to 2D gives textfEENG the freedom of design, which greatly improves the
flexibility of the finished product. The textiEENG designed and woven byTENG exhibits
good breathability, biocompatibility and deformabilj62]. This approach is considered to be
the optimal solution for fabricating textlBENG. At the same time, by investigating the textile
TENG's arrangement, enhancing triboelectric performance, and taking into account the
washability and comfort of devices, the triboelectric design based edimeasional structure

has been realized.
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Textile-TENG can be divided into three categories:

1. FiberTENG. Fiber is the basic textile unit, a flexible material with a large length ratio
to diameter. It can be designed as single fibers or yarns, or it can benodssed for further
fabrication. Due to its unique working principle, triboelectric fiber/yarn can be considered unique
conductive yarn. Compared with ordinary conductive yarn, triboelectric yarn usually has an
additional layer of friction material. The majority of fieEENG are now constructed as coaxial
structures based on insulating synthetic polymer fibers or programmablediangeter
conductive wire$24].

FiberTENG usually consists of two parts: conductive material and friction maaijal
The carrier, triboelectric components, and encapsulation layers for triboelectric devices can be
made of nonconductive polymer fibg¢63]. The electrodes can be made of straight or coiled
conductive wires, such as fibers or synthetic conductive f[6dr65] As a result, the majority
of fiber TENGs are created as coaxial structures using conductive wires that have been wrapped
in insulating material. This kind of fiber TENG Usually has a larger diameter and better ductility.
Some of them are designed to have rHalter or multicore structures to generate
triboelectricity through their deformation without further fabrication. Due to the particularity of
the structure of fiber TENGs, SE and CS modes are often the primary design strategies. The
combination of conductive yarn and triboelectric material can be considered a kindrafdeE
TENG [66]. The triboelectric effect is generated and accompanied by an induced current when
outer materials approach and come into corj@dt When two different triboelectric materials
are combined with conductive yarns, and an external circuit connects the conductive yarns, it is
CS modg68]. Electrons will flow in the external circuit when there is a contact and separation

between the two conductive fibd&9].
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2. YarnTENG. Yarnbased TENGs are also very common. Such TENGs are usually
based on yarn structures, or triboelectricity is generated by structural design after being woven
into textiles[25]. Traditional textile materials such as nylon, PET, PU, and silk are also suitable
triboelectric materials. Compared to fiBEENG, yaraATENG is closer to traditional textile yarns,
based on the contaseparation of two or more fiber components.

3. Some other textd@ ENGs are mainly based on existing textiles, adding conductive or
friction materials to form a muHayer structure.

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

2.2. Material used in fiber/yarn based triboelectric nanogenerator

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

triboelectric propertief37].
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The triboelectric series shows that silicone resin has good triboelectric negativity, easily
attracting electrons and being negatively chaf@éfl Most worn materials, such as textile
fabrics and human skin, are more likely to be positively charged during contact friction. The
excellent elastic and mechanical properties of PDMS make iswigdéld to be combined with
flexible textiles[71]. Therefore, it has become the most commonly used material for preparing
triboelectric yarns by a coating method. PDMS has good processability. It is usually formed by
the reaction of two components:ddmponent and omponent silicone. The tw@bmponent
silicone resin is liquid prior to the reaction, making it easy to deposit on other materials.
Polymers that contain fluorine, such as polytetrafluoroethylene (PTFE), fluorinated ethylene
propylene (FEP), and polyvinylidene fluoride (PVDF), have been usetkatromegative part
of the TENGSs owing to the strongest electron attractive ability of fluorine element and the low
surface energf72]. Some common textile materials (such as nylon, polyamide, and polyester)
have comparable triboelectric propertié8]. As mature, masproducible materials, they
possess mechanical properties better suited to existing processing and weaving. In addition, it
also has properties such as breathability, fashion, and wearability. Compared with the above
materials, such materials usually have triboelectricity. Expecting triboelectric charge, the
mechanical properties also should be considered carefully. Fluoropolymers have good strength
and wear resistance, which are commonly used as insulating layer materials. Fluoropaolymers a
not stretchable. In addition, it has very strong water repellency, resulting in poor wearing
comfort. PDMS has excellent stretchability, good biocompatibility, and no irritation to the skin.
However, poor moisture absorption and breathability are challenges in wearable applications.

Both relatively good mechanical properties and processability of traditional textile materials

13



make them promising candidates for wearable applications. However, compared with other

materials, its triboelectric performance is poor.
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2.3. Fabrication strategy and structure design
2.3.1. SE mode ofiber/yarn-TENG

There are mainly two working modes of fibBBENG: SE mode and CS mofi&l]. The
difference between the two modes is the number of electrodes in TENG. SE mode has only one
electrode and one friction materj@b]. This mode of operation requires external friction
materials to provide triboelectric chard@s]. CS mode can be understood as two different SE
TENGSs are connected, and by rubbing each other, the charge flows from one SE TENG to the
other SE TENG. The whole system is CS TENG.

According to the structure, there are two main forms of SE-filsNG. One is a simple
but stable structure that works through contact separation with outer friction material. It usually
consists of an inner conductive core and outer triboelectric material. This form of TENG has
become the most widely used strategy for HBENG due to its simple structure, diverse
preparation methods, and good performance. The commonly used preparation method is coating
or wrapping to introduce higperformance triboeledt materials into the electrode. The coating
is a common method in textiles, mainly used for giméshing to coat materials with special
functions on textiles. The coating is also the most common method for producing-Pa3e®
fiber/yarn TENG. Lai et al. directly coated stainksssel fibers with Ecoflex (Fi2.3a)[77].
The resulting triboelectric fiber can be further seed into an elastic textile fabric. The silicone
rubber served as the triboelectric material, and the staistieskfiber served as the electrodes. A
single TENG fiber can output 15 V, and 7 gA
twisted conductive fiber strands as conductive yarn, and then coated PDMS on the outside of the
conductive yarn as a triboelectric material (R2@b)[78]. As the number of inner conductive

strands increases, the electrical conductivity increases and the triboelectric output increases. In
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addition, the increase in the number of conductive yarns will increase the surface area of the yarn,
thus increasing the contact area during friction, and improving the triboelectric performance. For
instance, the PDM$oated triboelectric yarn with a 2 mm diameter araki@l yarn electrodes
can reach the maximal value of 150 Wat an external stress of 2 G when the applied
frequency is 3 Hz.

Compared with the films formed by coating, nanofibers, as-filteMG friction materials,
have a larger specific surface area, better air permeability, better comfort, and significant
wearability advantages. Electrospinning is a commonly used method for obtaining nanofibers. It
can pull polymers from solution into nanofibers and spin them out through an electrostatic field,
widely used in textiles, biology, and medicine. Busolo et al. used electrospinning to wrap PVDF
nanofibers on carbon nanotube (CNT) yarns (E8d) [79]. It adopts a rotating collection
device so that the PVDF nanofibers are wrapped on the CNT yarn to formshetrstructure.
The yarn demonstrated a high wear resistance, withstanding over 1200 rubbing cycles. The
washing test showed no damage on the coating, and no decrease of triboelectric performance,
proving its high washability and durability. Ma et al. use conductive sliver fiber as core and
polyvinylidene fluoride (PVDF) and polyacrylonitrile (PAN) hybrid nanofibers as the shell to
make ultralight nananicro fiber hybrid singleslectrode triboelectric yarns (SETY) (FR3e)
[80]. During the electrospinning process, the authors used two electrospinning devices to spin the
nanofiber simultaneously. The conductive yarn was passed through the middle of the metal
receiving disc. During the spinning process, the metal disc rotates to pull and orient the hybrid
nanofibers to entangle them in conductive silver yarns. This method not only obtains a more

stable yarn structure, but also can be designed for scalable production.
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Spinning is another way to warp triboelectric material on conductive yarns. Yu et al.
proposed a strategy for TENG textiles by using conductive fibers as the core yarn and traditional
textile fibers (cotton, silk, nylon etc.) as the shell (Ri§c)[81]. This technique produces soft,
flexible, and wearable Triboelectric yarn. Their manufacturing procedures are appropriate for
industry. At the same time, different textile materials have different triboelectric properties and

electronic affinity and have a certain flexibility in material selection.
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Figure 2.3. SE mode of flber/yaFﬁ"ENG (a) FibeiTENG based on silicone coated
stainlesssteel yarn$77]. Copyright 2017, Wiley. (b) Structural design of PDid&ated energy
yarn[78]. Copyright 2020, The Authors, Published by Springer Nature. (c) Stoedyarn
based triboelectric nanogenerator by Spinning of PU fiber with staisieskfiberd81].

Copyright 2017, American Chemical Society. (d) Electrospinning of PVDF nanofiber on carbon
nanotube yarifi79]. Copyright 2021, American Chemical Society. (e) Continuous manufacture of
yarnTENG by Electrospinning of PVDF nanicro fiber on stainlessteel yar80].

Copyright 2020, American Chemical Society.
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2.3.2. Stretchable fiber/yarn TENG

As a wearable device for energy harvesting and sensing during exercise, the flexibility
and stretchability of FibeFENG are critical. There are many options for stretchable triboelectric
materials. However, the difficulty of stretchable flexible fHI&NG is that traditional
conductive materials such as metals, graphene, and conductive polymers are not stretchable,
limiting the stretching of triboelectric materials. There are three commonly used solutions. The
first method is to use "prstretch”. This strategy can be used to produce Conductive fibers with
ultra-high stretchability. Liu et al. reports this preparation method for the first timeBay.
[82]. Coating by using CNT after stretching the rubber fiber core, followed by a releasing
process. When stress is applied to stretch, the length efastmer becomes more prolonged,
and the diameter decreases. The elastomer returns to its original size when the stress is removed.
Driving by the resilience, the CNT layer was pushed back and generated wrinkles. This structure
retains electrical conductivity while maintaining extremely high tensile properties, with little
change in resistance during subsequent tensile tests.

Similarly, Ning et al. used a threstep method to fabricate fib@ENGs with high
elasticity and ultrdine wire diameters (Fig2.4b)[83]. First, nanosilver particles were attached
to prestretched spandex core yarn. Carbon nanotube coating was introduced to improve the
conductivity. PDMS subsequently encapsulates the composite fiber to form the coaxial structure.
This fiberTENG is ultrafine with 0.63mm in diameter and stains up to 140%. It can be folded
into different shapes, as shown in Rigib.

The second solution is to use stretchable electrodes and stretchable triboelectric materials.
Commonly used stretchable electrodes include liquid metals and conductive gels. The

introduction of deformable flexible electrodes can maximize the stretchability of PDMS. Yang et
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al. reported a higistretchable liquid metddased TENG (Fig2.4d) [84]. This fiberTENG used
liquid metal Galinstan as the stretchable electrode and PDMS as the outer material. First, a
twisted iron wire on which the releasing agent had been evenly sprinkled was covered with the
silicone rubber mixture. Peeling off the silicone rubber from the wire after naturally solidified,
cured fibershaped silicone rubber with a hollow structure was obtained. The two ends of the
device were then sealed after acquiring the hollow silicone rubber in the form of a fiber, and the
liquid metal was then injected into the hollow area. Due to its superior
mechanicaperformancend liquid metal electrodes, this TENG demonstrated a high strain as
PDMS (300%). The ¥, lsc, Qs and average power density of the 6x3EM-TENG are 354.5
V, 15.6 eA, 123.%espeCivelyand 8. 43 mW/ m

In addition to liquid metal, conductive gel is another option for a stretchable electrode.
Jing et al. demonstrated a fibBENG with organogel as electrode (F&¥4c)[85]. The 4
acryloylmorpholine (ACMO) monomer, propylene carbonate solvent, ancupeel liquid were
photocrosslinked to create the gel electrode in a clear, thin silicone hollow fiber. The tensile test
revealed that even after being stretched to almost 200% of its original length, the inner electrode
core of the GSiber kept its conductivity while the core/shell structure of the fiber was still
preserved. Dong et al. reported a stretchable-fitliEMG based on conductive hydrogels (Fig.
2.4e)[86]. This strong stretchable gelectrodebased triboelectric fiber (GETF) can withstand
tensile forces over 1.2mpa and maintain conductivity at 600% deformation. The salting effect of
NaCl in water leads to a strong interaction between PVA and glycerin, which can significantly

improve the gel's mechanical properties, enabling it to wotRG& without freezing.

19



//-(:;)nductlng wlr/e' .~ Pump
A - A
[ Peel off silicone rubber | [ Seal the two ends | [1nject liquid metal |

ren solution
Hydrogen bond
Silicon hollow tube Gel-clectrode based Gel-electrode based
triboelectric fiber triboelectric textile
7 - Silicone
' A ’ hollow tube
' Liquid injection Freezing Knitting
’ - .
P — < - i ’ W Gel electrode |
i

___________________________________________________________________________________________

Figure 2.4. Strategy of stretchable fiber/yalfENG. (a) Prestretching for production of
superplastic sheaitore fiber[82]. (b) Superplastic fibeFENG by coating of AQNWSs, CNT and
PDMS on spandex fibg83]. Copyright 2021, Wiley. (c) Gel electrothased fibeiTENG by
injection of polymer solution into hollow fibg85]. Copyright 2021, Royal Society of Chemistry
(d) Stretchable fibeTENG with liquid metal as electrod®84]. Copyright 2018, American

Chemical Society. (e) High strength fiBBENG based on conductive hydrod@®]. Copyright
2022, Springer.
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The third method introduces a coil structure to rendersti@ichable conductive material
a certain stretchability, like a spring. Park et al. demonstrated a stretchable triboelectric fiber
using a sandwich structure with silicoonductive yarnsilicon (Fig.2.5a)[87]. The conductive
yarns were introduced by convolving around silicon rubber fiber. Then another silicon rubber
was coated on it as a shell for contacting. Gong et al. reported a continuous and scalable method
for superstretchable triboelectric yafB88]. As shown in Fig2.5b, stainlessteel yarn served as
the conductive material. PDMS was melted and introduced with frozen compressed gas.
Pretension was applied to the pulleys. Due to the difference in the rotational speed of the
compaction roll and the takep roll, the prestretched PDMS is released, driving the inner
stainlesssteel yarn into a helix structure. When the obtained yarn is stretched, the contact surface
between the core yarn and the outer layer material decreases while the surfacthareatef
layer material increases, thereby creating a potential difference. Alternating current can be
produced via repeatedly stretching and releasing the SETEY.
2.3.3. Selitrigger fiber/lyarn -TENG

However, outer friction materials significantly limit TENGs with this type of structure,
and the output performance and signal are unstable. For example, when the outcome triboelectric
material has a similar electron affinity with the TENG fiber, it will weaken the output
performance. Therefore, a strategy for "setfjger" SE fibefTENG was investigated. This type
of SE TENG has more than one triboelectric material. By introducing " gap" between internal
triboelectric materials, the TENG can achieve teileatric effect through contact of each
triboelectric material under deformation or pressure, without considering the influence of
external materials. Gao et al. reported aicgpan coating yarn with hierarchical structure that

utilize nylon and PDMS as triboelectric materials (Réc) [89]. First, cotton fiber was
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convolved on silveplated nylon as core fiber, followed by nylon coating. The obtained fiber
was braided into flexible thread and coated with PVA. The exact process was applied with
PDMS coating replaced by nylon coating. Then, the PEdd&ed yarn was braided on nyon
coated yarn with PVA, forming a sandwich structure. Finally, the PVA was dissolved and
generated a "gap" between PDMS and nylon. Under deformation, a triboelectric effect occurs on
PDMS and nylon yarns. Rsdretching is another way to achieve a "gap" between materials. An
abrasiorresistant and waterproof stretchable fersmtatbased energy yarns (FSBEY) was
reported (Fig2.5d) [90]. Spandex yarn was used as an elastic core arstrptehed with

braided conductive yarns. Then, this thread was furthestpegéched and warped with nano
PVDFTrFE fibers. During stress release, the nanofiber layer springs back and forms wrinkles,
resulting in a small gap between conductive fibers and RVIHE nanofibers. In this case,
conductive fiber served as both electrode and friction material. By stretching, this FSBEY can

generate 5V as ).
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Figure 2.5. (a) Elastic fibest TENG prepared by coating of PDMS on copper wire Wlnded
silicone rubber corf87]. Copyright 2017, Royal Society of Chemistry. (b) A scalable,
stretchable fibeMENG fabrication method via external tension to form a coil structure of
conductive fibef88]. Copyright 2019, The Authors, Published by Springer Nature. (¢) Self
trigger fiber TENG designed by gap formation via soluble PN38]. Copyright 2021, Elsevier.

(d) Preparation strategy of stretchable fersptalbased energy yaf80]. Copyright 2021,
Wiley.
2.3.4. CS mode fiber/yarnTENG

Although SE fibefTENG has many advantages in design, it has problems such as small
output and unstable signal. On this basis, CE{ii&KG was introduced. Generally, there are
two different forms of CS mode fiber/yarn TENG. The first one can be obtained by combining
two different SE fibefTENG. Ye et al. reported ultrastable and hpgrformance silk energy
harvesting textiles (EHT) using CS mode TENG (Ri¢a)[91]. This EHT contains two
triboelectric yarns: Silk fiber warped stainless steel yarn and PTFE fiber warped stainless steel

yarn. After the fabrication, two fabrics are connected and generate triboelectric output by

contactseparation of each other. Generally, CS mode TENGs are realized by the contact
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separation of two different TENGs without the need for outer materials. Interestingly, Guan et al.
used another approach to achieve CS mode 2Hh) [92]. In their design, electrospun nylon
and PVDFTrFE nanofibers were wrapped around stainrtgssl| threads. Subsequently, these
two TENG yarns were woven together as warp and weft. When there are external materials in
contact, there is no contact separation process between the two yarns due to the tight woven
structure. Since these two materials have strong but different triboelectric properties, outer
materials with any type of electron affinity can induce a triboelectric effect, causing electrons to
flow from one pole to the other.

The second method integrates multiple triboelectric materials and electrodes on a single
fiber. This type of CE fibeMENG has a coaxial or coshell structure. A gap is introduced
between two different triboelectric materials to form contact to generate triboelectric charges,
then connect the outer electrode to the inner electrode to form a circuit. Yu et al. demonstrated a
complex coaxial triboelectric nanogenerator fiber (CTNF) with high perforn{@8¢eAs shown
in Fig. 2.6¢c, CTNF has a total of seven layers. First, PDMS fiber was applied as core fiber. Then
the CNT was coated on PDMS fiber as an inner conductive layer. PMMA microspheres and
PDMS were deposited as triboelectric material. Sucrose particles were coated on PMMA as a
sacrificial layer which will dissolve to generate an air gap between PMMA and PDMS layers.
Another layer of CNT was coated on PDMS as an outer electrode. Finally, PDMS was deposited
on top for protection of the conductive layAH materials were coated on pstretched PDMS
core fiber to obtain stretch properties. The dissolved sucrose created a ~10um space for
contacting and separating the PDMS and PMMA layer, generating ~2 ¥ and/200 nA ass{
when the length of CTNF is 2.5 cm, and the pressing force is 10 N. He et al. utilized copper wire

convolved with silicone rubber to produce highly stretchableTERG. Conductive ink made of
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CNT and polymer was coated on silicone rubber as an inner electrode, followed by another
coating layer of silicone rubber. Copper microwire was convolved on the fiber as the outer
electrode as well as the outer friction material. The copper coil will contact and separate with

silicone rubber during stretching.
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Flgure 26. Strategy of CSnode flber/yarnTENG (a) CSmode of yarnTENG by
silk/PTFE wrapped on stainlesgeel fiberd91]. Copyright 2020, Springer. (b) @8ode yarn

TENG by electrospinning of PVDFrFE and PA66 on warped on stainlstsel fiberd92].

Copyright 2021, Elsevier. (C) G@aode fiberTENG prepared by coating of CNT/PMMA/PDMS

on silicone rubber t ub 93] Guepytight 20471 Royab3oeetympfar t i c |
Chemistry.

2.3.5. Scalable production of fiber/yar"rTENG

Due to the limitation of contact area, single fff@&NG is challenging to realize the
purpose of TENG as an energy source. Fabrication of TiB&G can not only improve the
surface area and triboelectric performance, but also maintain good wearability. However, the
large-scale production of triboelectric yarns is the core issue. The complex structure, various
materials, and different processing of triboelectric yarn are the main problem when considering
large-scale production. A few strategies for scadatolboelectric yarns are listed. As mentioned
above, spinning has been proven as a robust method for scalable production of fij&tly&n

Traditional textile materials have excellent properties and are easy to apply. At the same time,
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fiber/yarn TENG produced by spinning can be better used for subsequent fabrication. They can
be directly used in existing textile machines, such as weaving, knitting, sewing, and other
equipment. Braiding is a good candidate for the fabrication of fiber/yaMG. It allowed
triboelectric fiber to be directly warped on a conductive thread to makelgMG. As

mentioned in the last section, the production or coating of a hollow silicone tube with the
injection of conductive material can also be designed as scalable production. A modified
electrospinning method was reported for scalable production of nanofibrous yarn for wearable
smart textile (Fig2.7) [94]. It is a onestep method based on electrospinning which involves a

pair of positive and negative power supplies. The prepared polymer solution was put in different
nozzles connected to the positive and negative power supplies. Under the action of electrostatic
force, nanofibers are spun out and form a spinning triangle above the drum. The collector was

rotated, and the spun fibers were twisted in the spinning triangle around the metal core.
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Figure 2.7. Scalale prodU(; ENG by onestep
electrospinning techniqyé4]. Copyright 2021, American Chemical Society.
2.4. Fabrication of fiber/yarn TENG

Weaving is the most common method of textile weaving. Weaving fabric with simple
structure, stability, and excellent performance is also prevalent in preparing TENGs. In addition
to FiberTENG, some films and strip TENGs are also woven in this way. The structure of warp
and weft in weaving has significant advantages in fabricatind EX$G with dual electrodes.
The most direct method is to weave flJ&NG as cloth. However, the contact material
properties affect the performance of thisi®ade TENG. A betteway is by two or more
triboelectric yarns weaved together and working inri&le. For example, a texHlEENG
made of nylon and polyester fabric strips with silver fiber fabric can be weaved together and
generateastu p t 0o 1 ocabdut % N dia fidestanding mode (Fi2.8a)[88]. The

weaving fabric consists of singidectrode triboelectric yarn (SETEY) (weft yarn) and MRAN
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stainless steel yarn (warp yarn) is demonstrated in2E8g. This fabric is highly stretchable and
can generate ) of 10 V to 35 V, depending on circuit connection patterns. As shown in the
figure, the weficonnection singlelectrode pattern and wavgeft-connection singlelectrode
pattern were considered optimal output circuits.

Knitting is another common way of weaving. Compared with woven fabrics, knitted
fabrics are softer and have good elasticity and extensibility. It is also better in breathability and
comfort than other fabrication strategies, which are more suitable as a smart textile. At the same
time, the flexible coil structure design of knitting gives TexTiENG a larger design space.
Benefiting from the interaction between the coils, some knitted TENGs can achieve the effects of
energy harvesting and signal outpubtigh stretching and deformation without external material
contact. Chen et al. reported a 3D double faced interlock fabric TENG (3HENIG) for
motion energy harvesting and sptiwered wearable sensor (F&8d) [95]. 3-ply cotton yarn
and PA composited yarn with silver and silicone coating were used a3 &A@ for knitting of
interlock fabric. Two working modes were achieved. The first one is the SE mode that is
triggered with external triboelectric material. The second one is the contact and separation
between cotton yarn and PA composite yarn during the stretching or deformation of the fabric.
This novel structure renders it high sensitivity and gives it potential as a pressure sensor and
tactile sensor. Inspirdaly the overlapping structure of organisms, Niu et al. fabric for outdoor
rescue and human protection (R2g8c) [96]. They utilized three types of yarn: PTFE yarn,
nylon yarn, and Agplated nylon yarn. BSKTENG has a threlayer structure and is woven by a
high-speed Vbed flat knitting machine at one time. The upper layer is made of PTFE yarn to
form a scaldike dielectric layer. The middle and bottom layers are plain weave structures

woven with nylon and conductive yarns used as friction materials and electrodes, respectively.
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BSK-TENG has no vertical spacer layers, retaining the flexibility and wearability of knitting
fabric. Simply pressing BSRENG, this seHpowered sensor sends wireless signals to the App
in the smartphone via Bluetooth lesmergy (BLE).

Besides fabric, other textile methodologies such as sewing, embroidery, and braiding can
also be used for textttENG. Dong et al. demonstrated a featiep rectangular braiding process
was used to create a thréienensional fivedirectional braided (3DB) structure combining
energy yarn coated with PDMS as the braided yarn and-&xgitwinding yarn as the axial yarn.
(Fig. 2.8e)[78]. The connecting line from the middle of the yarn carriers will be the braided yarn
trace in the crossection. After dour-step braiding cycle, the axial yarn carrier only passes in

the X direction before returning to the initial pattern.
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Figure 2.8. Fabrication of fiber/yanTENG into textileTENG. (a) Stretchable weaving
fabric made of singkelectrode triboelectric yarn as weft yarn and stairsssl/MPAN plied
yarn as warp yar[88]. Copyright 2019, The Authors, Published by Springer Nature. (b) Textile
TENG by weaving of nylon/silver conductive strip and polyester/silver conductivd3@iip
Copyright 2014, American Chemical Society. (c) A bionic scale knitting TENG made of PTFE,
nylon and Agplated nylon monofilamen{86]. Copyright 2022, Elsevier. (d) 3D braided
triboelectric nanogenerators made of PA composite yaijsCopyright 2020, Elsevier. (e)

Textile-TENG based on four step rectangle braiding techrig@le Copyright 2020, The
Authors, Published by Springer Nature.

25. Application

25.1. Energy harvesting

Many studies have shown that TENG is a promising energy harvesting solution. The

output of some fiber/yarn based TENGs are summarized in Table 1. Simply by flapping, it can
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quickly obtain an output voltage of up to several hundred volts and can be directly used for LED
lighting (Fig.2.9¢) [95]. When connected with a rectifier circuit, textf&NG can power

capacitors or other small electronics such as a pedometer, mini calculator, and electronic watch
(Fig. 2.9a)[84]. Some research transmitted the energy from flowing water (rain) to triboelectric
output, which can be used to power LED screens g3d) [90]. However, it is difficult to use

it directly to power electronic components due to its unstable performance and usually AC output.
A better solution is to combine TENGs with batteries or capacitors to forrohsaifing systems.
Dong et al. demonstrated a fibBBENG that combines setfharging and energy storage systems
(Supercapacitor) on the same yarn (Ri§d) [99]. This fiber uses EPQi/poly(vinyl alcohol)

(PVA) electrolyte as the inner core and supercapacitor, and carbon nanotubes as electrodes
connected to theupercapacitor. PDMS provides strength and flexibility to the yarn while acting
as a triboelectric material. In addition, PDMS also separates SC and TENG, avoiding mutual

interference. The performance of fabricated TENGs@0¥42.9 V, @ of 15.1 nC, maximumsd

of 0.51 €A, and maxi mum out put power of 1.12
Table 2.1. Output of fiber/yarn based TENG

Refs Work mode Power density Triboelectric material

[79] CS 26 W m® PDMS/Ag-coated yarn

[81] SE 336.2 €W m PAN/PVDF nanofibers/Acrylic

[82] SE 60 mW m? Spandex/Polyester

[85] SE 8.43 mWi/nt Skin/PDMS

[89] CS 12.5¢ W/ m Polyacrylonitrile/PDMS

[91] SE 1.25 Wint Nylon/PVDF

[92] CS 3.5 W m Silk/PTFE

[93] CS 93 mw/nt PA66/PVDFTrFE/Rubber

[98] SE 245 ¢ W/  m PU/PTFE
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Figure 2.9. Fiber/yararTENG as energy source. (a) Demonstration of TENG as an energy
source to drive small electronic devi¢84]. Copyright 2018, American Chemical Society. (b)
fiber/textile TENG driven by mechanical extrusion or water flow, lighting up LED sci@@n
Copyright 2021, Wiley. (c) Textld@ENG as power source directly light up LE[9%5].

Copyright 2020, Elsevier. (d) A fibefENG that combining selfharging systems and energy
storage systems (Supercapacitor). Copyright 2017, American Chemical Society.
25.2. Sensors

Unlike traditional sensors, TENG can output signals without an external power supply,
rendering its high potential as a spiwer sensor. The signal output of TENG is affected by
force, frequency, deformation, and environmental factors and can be used for healthcare
monitoring, human motion detection, and hummaachine interaction. Both fib&fENG and
fabric TENG can be used in sensing system design. The properties of SE mode TENG
influenced by foreign materials make it worthwhile for material identificati-or example, the
triboelectric affinity of different textiles is different, so TextI&€NG can "recognize” it. As
shown in Fig2.10a, when contact with different fabrics such as cotton, silk, polyester, and nylon,

the open circuit voltage produced by Text@lENG is significantly differenf80]. The high

sensitivity of applying force renders it great potential as a stress sensor. As show:2 it0big.
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a weighting cushion sensor was demonstrated, with high accuracy for measuring the occupant's
weight[95]. In addition, a fully textile stress sensor successfully detects the weight of liquid in
the bottom (Fig2.10c)[95]. By connecting each yafFENG individually, a sensing fabric was
prepared. It can track or record the action of the finger or external force at each point of the

fabric (Fig.2.10d)[80].

i
i (@) e seTY for Fabric ! 2 : 4 £ $
| Components identification l'l . . £a8
; Different Fabrics
- oo Viscose PETPU Cotton PET  Nylon  Silk
1
1 ‘5‘éy+iﬁ!ﬂiil

u

i

5 = £ g » Avenage Vec .

1 il r 1

o N [ p .
o : i

W PR 1

G - .

g p |

0 2 !

50 55 60 65 70 75 8 !

A » " ’ i
Time (s) "rime () Weight (Kg) !

i

|

i

i T

i a

i —Empy ! | o s !

. ——Half | = 1 s w !

! 3 —Frul T 4 ‘ | t ﬁ H
' = { B =1 pe |

! 2 : 18\ ‘ 1 . it - L

| ; R R Bt !

! ! ‘ ‘ o o

| 1 e L A

; | = T = 1 i

; § | —= | iyl i

1 + + ol o N
: 4 rE = = I
; I I R W i Ry

Figure 2.10. Textile-TENG as sensor. (a) The single electrode TENG yarn for fabrlc
components identificatiof80]. Copyright 2020, American Chemical Society. (b) A weighting
cushion sensor made of thrdenensional fivedirectional braided textil @ ENG [95]. Copyright
2020, Elsevier. (c) Stress sensor made of thmeensional fivedirectional braided textite
TENG [95]. Copyright 2020, Elsevier. (d) Smart fabric for biomechanical sefi8djg
Copyright 2020, American Chemical Society.

Gesture detection is the most common application of-fillE&MG. By sewing with gloves,
the fiberTENG deforms according to the finger's movement, generating the triboelectric signal
(Fig. 2.11a)[100]. Different gestures are distinguished based on signal strength, frequency, and
pattern. Humaitomputer interaction is also a prominent application of TENG. A simple, self
powered, fully textile keyboard/controller is designed (Big1b)[100]. No power supply is

required, and this interactive device can be directly controlled by a mobile phone or laptop, for

music control or phone call.
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The realtime monitoring of human health has attracted much attention. It has high
requirements for wearing comfort, power limitation, and signal transmission, which are the
advantages of TextH€ENG. Zhao et al. integrated biological enzymes on filieNG to obtain
a biosensor for redime sweat and motion analysis (F&11e)[101]. Glucose, creatinine, and
lactate acid in sweat can be detected by the coupling effect of triboelectric and enzymatic
reaction (surfaceriboelectric coupling effect). The coil structure of varnished wires with
polyaniline (PANI) stretchable conductive yarns generates triboelectric signals during motion. A
wireless, selpowered health monitoring system was reported by Meng et al 2(Eigd)[102].

A flower shape of textiFENG composed of polyestemnetal hybrid yarns and Agoated fabric

was placed on the wrist. The deformation induced by blood pressure generating electricity is
attributed to a conjunction of triboelectrification and electrostatic induction. The signal can be
transferred to a cell phone for continuous monitoring for human obstructive sleep apnea
hypopnea syndrome diagnosis with filtering and amplification. Pulse wave and respiratory wave
measurements were achieved through a sensor array based on-d Ex@eavith high

sensitivity for subtle pressure detection (FAd.1¢)[103]. This textileTENG was knitted with
fiber-TENG and nylon yarns in a cardigan stitch. Two sensor arrays placed in the abdomen and
wrist can obtain up to 7.84 mV/pa for sensitivity and 20 ms as response time. A wireless mobile

system was designed to transmit a signal from the sensor array to the App in the cell phone.
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finger motion detection via fibeFENG [100]. Copyright 2021, Wiley. (b) Seffowered fully
textile based smart controller/keyboard via fili&NG [100]. Copyright 2021, Wiley. (c) A
smart tshirt with sensor array based on a texfiEeNG for subtle pressure detectid®3].
Copyright 2020, The authors, Published by American Association for the Advancement of
Science (d) A fully textile wristband for heart rate and sleep quality monitd@j. Copyright
2019, Elsevier. (e) Wearable and biocompatible fileENG for realtime sweat analysis and
body motion capturinffl01]. Copyright 2022, Elsevier.

2.6. Challenges and Summary

For fiber/lyarn TENG, simple and reliable structure, flexible design, and size selection are
its most significant advantages. According to the triboelectric series, the material selection is
relatively fixed, mainly PDMS, PTFE, nylon, and other materials. These materials have their
own advantages and disadvantages. For example, PDMS and fluoropolymers are extremely
triboelectric, but poor in terms of mechanical properties and comfort. Textile materials such as
nylon are excellent in comfort and processapilitut most of them are tribpositive materials
with poor triboelectric performance. Therefore, there are often-ttisién the selection of
materials. The application of new technologies such as electrospinning of fluoropolymers, which
are produced in the form of nanofibers and applied in fiber/yarn TENG. These methods greatly

improve the wearing comfort of polymers. The addition of conductive fillers can further improve
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the triboelectric properties of these materigdg]. For wearable applications, there are fewer
choices of existing materials. The synthesis and application of new polymers are expected.

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

Thanks to the convenient fabrication method, fiberAf/EHENG can be directly processed
into textile TENG, demonstrating great potential in smart wearable, wearable sensor, self
powered system, health monitor and human machine interface, which greatly expands
applications of fiber/yarn TENG. In addition, textT&NG significantly improves the complex

multi-layer structure and poor wearing comfort of traditional composite TENG.
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Overall, textileTENG still faces some challenges: First, mass manufacturing is still
tricky. Several studies have achieved lasgale production of triboelectric yarns and textile
TENGs. However, most of these are still lab scales, which greatly limit production efficiency.
Second, the function is single. At present, texTilEENG is mainly used as an energy harvesting
and sensor. As a functional conductive textile, it has more potential applications, such as water
repellency, fire protection, and thermal regulation. Third, the internal resistance of T&ti@
as an electrical energy source is too large, and the actual electrical output is smaller than the
output voltage. As a sensor, its performance is affected by many factors, and its stability is poor.
Triboelectric sensors still require much research in terms of precision and accuracy before they
can be put into practical use. As a qadfvered sensor, it has broad application prospects in the

wearable field.
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CHAPTER 3. Flexible, durable, and washable triboelectric yarn and embroidery for self
powered sensing and humamachine interaction
We fabricated triboelectric conductive yarns that can be used for sewirgréondidery
by twisting ultrafine enameled copper wires. The outer layer of the yarn is Polyurethane coating,
which obtains good triboelectric properties after plasma treatment. In this chapter, we show the

preparation process, performance characterization and application scenarios of this yarn

This chapter has been published as a manuscript in the jdlamaEnergy
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Abstract

The novel combination of textiles atrtboelectric nanogenerators (TENGs) successfully
achieves selpowered wearable electronics and sensors. However, the fabrication of-Textile
based TENGs remains a great challenge due to complex fabrication processes, low production
speed, high cost, poor electromechanical properties, and limited design capacities. Here, we
reported a new route to develop Textigsed TENGs with a facile, lewost, and scalable
embroidery technique-ply ultrathin enameled copper wires, kmest commercial materials,
were utilized as embroidery materials with dual functions of triboelectric layers and electrodes in
the Textilebased TENGs. A single enameled copper wire with a diameter of 0.1 mm and a
length of 30 cm can produce over 60 V of opacuit voltage and 0.45 pA of short circuit
current when in contact with polytetrafluoroethylene (PTFE) fabric at the frequency of 1.2 Hz
and the peak value of contact force of 70 N. Moreover, the triboelectric performance of
enameled copper wire after plasma treatment can be better than that without plasma treatment,
such as the maximum instantaneous power densi
much as the untreated wire. These novel embroidery TENGs possess outstanding triboelectric
performance and super design capacities. A 556 cm2 embroidery sample can generate an open
circuit voltage of 300 V and a short <circuit
wearable triboelectric embroidery can be employed in different parts of the wear-pdwelfed,
fully fabric-based numeric keypad was designed based on triboelectric embroidery to serve as a
humanmachine interface, showing good energy harvesting and signal collection capabilities.
Therefore, this study opens a new generic design paradigm for-teesibel TENGs that are

applicable for nexgeneration smart wearable devices.
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3.1. Introduction

Wearable electronics as neggneration electronics are growing and developing rapidly
and will continue to for the next few decad&p[2] [3] [4] [5] [6]. Owing to their excellent
convenience of application, wearable and flexible electronics are widely used in flexible circuits
[7] [8], biomedical monitoring9] [10], humanmachine interfacgl1] [12] [13], internet of
things[14], functional sensord 5] [16], motion trackind17], etc. Meanwhile, there are several
key challenges to applying conventional electronics to wearable devices. First, chemical batteries
as the mostised energy source have the disadvantages of large size, poor portability; limited
service life, and noenvironmental friendlineqg4.8]. Second, the structure of traditional
electronic components is rigid and relatively large, which cannot well satisfy people's demand
for wearing comforf19]. Third, the performance of traditional electronic components is
susceptibly affected by temperature, humidity, sweating, washing, friction, and other factors. To
address these challenges, various portable power supplies apdveeted systems have been
actively explored20]. Among them, triboelectric nanogenerators (TENGS) attracted a lot of
attention and experienced a successful development due to the advantage of lightweight, low cost,
high energyconversion efficiency, flexible structure design, and environmental friend[R&ks
[22]. TENGS [2][23] are based on the coupling of the triboelectric effect of materials with
different electronic affinitie§23] [24] and electrostatic induction, which have been proved to be
a promising candidate for effectively harvesting biomechanical energy such as human2hotion
[25] [26].

The combination of textile and TENGs as texbkesed triboelectric nanogenerators (T
TENGS) has the comfort of textiles and the capacity for biomechanical energy harvesting,

showing strong application prospects in the intelligencé2&id27] [28]. Yarns and fabric are
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the common bases forTENGs. Compared to nonwoven fabbased TTENGs with multt

layer structures, yarhased TTENGs have clear advantages in functionality, simplicity,
comfortability and ease of desiffil] [29]. In terms of the fabrication of triboelectric yarns, they
are usually prepared by dgoating or by wrapping nanofibers on conductive y§80%

However, these methods are relatively tricky for lasgale production. And the produced
triboelectric yarns also have poor compatibility with existing textile equipment and processes,
making it challenging to achieve feasibility toward scalable and practical technology.

From triboelectric yarns to triboelectric textiles, there are several methods including non
woven, weaving, knitting, and brandif#fL][32]. Weaving machines usually require high
mechanical properties of yarns, which significantly limit the selection and application of
triboelectric material§33]. The weaving process involves many steps, including sizing, warping,
weaving, etc, and the tension during processing may damage or break the triboelectric yarn,
resulting in the loss of triboelectric performarj@d] [35]. Moreover, woven structures have
limited pattern designability. Although jacquard can be used for pattern design, the process is
complicated, and the cost is high. Knitted structures are more prone to deformation and are more
comfortable to wear due to their flexible construction and stretchable properties, receiving
extensive research attentif6] [22]. The flexibility of the knitted structure enables the T
TENG to be designed into a variety of power generation modes not limited to esepacation
cycles[36] [18]. Chaoyu et al. introduced a 3D doufdeed interlock fabric triboelectric
nanogenerator (SDFFENG) which can generate electricity by bending and stretching itself.
However, the lower cover factor of the knitted structure results in a lower triboelectric charge

density, which in turn affects the triboelectric perform@®6k In addition, knitted fabrics are
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usually difficult to restore their original dimensions after stretching and washing and have poor
morphological stability37] [39].

To address these challenges, we propose to use embroidery as a new method to fabricate
T-TENGs. The embroidery yarns are commercial,-tmst, and ultrdine enameled copper
wires which have been widely used in fields of electromagnetic alternators, circuit coils and
building blocks. Benefitting from the ultthin coating layer, the enameled copper wire (0.1 mm
in diameter) before plasma treatment also exhibits excellent triboelectric performance, with an
opencircuit voltage of ~62Vandasharti r cuit current of ~ 0.45 ¢A
PTFE fabric. And then, we successfully modified the surface rsicuture of the enameled
copper wire through plasma treatment. By reducing the surface energy, we significantly improve
the open circuit voltage, short circuit current and instantaneous output power density. Moreover,
the doublesided nature of the embroidery makes it appropriate for the design of triboelectric
structures. Plied structures also have been employed to improve the electromechanical
performance of the yarn and provide enough strength and flexibility for sewing and embroidery.
By using traditional cotton yarn as the top yarn to sew the surface pattern and the triboelectric
yarn as the bottom yarn to sew the pattern on the inside, we retain the textile feel and appearance
and achieve a good quality triboelectric output. A 5> embroiderycan generate more than
300 V and 8 ¢ A a scirduihveltage and thesshestrfcuit tulrent, o p e n
respectively, as well as showing excellent dimensional stability in rubbing, washing, and cycling
tests. Finally, we demonstrated its potential in biomechanical energy harvestipgpveeiéd

sensor applications, and huragiachine interaction.
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3.2. Experimental section
3.2.1.Materials
Theenameleatopper wirs with 0.05mm and 0.Inmin diameters were purchased from
Remington Industries USALhe enameledopper wirg with 0.02mmin diameter vere
purchased from Lerentong, China. PTiakric was purchased from AIYUNNI.
Plasma treatmenPlasma treatment was processed using a machinedrbond.
Oxygenand Argonwere used as reactive gastelse working conditions of plasma were 50 W or
100 W of processing power, 500 mTorr of pressure and 5 mins for each treatment.
Embroidery All the embroidery samples were done by the PE5S50D embroidery machine,
Brother. The pattern design is done by[PESIGN 11. There are two types of embroidery for
enameleatopper wire. First, for a large pattern likbeart or star, the twisteehameledopper
wires were set as bobbyarnat the bottom to form the back of the embroidery coyammwas
set as the uppsrarnto form the front pattern. Second, fwnall patters like numbers or letters,
both embroidery sides were composed of cogpeat
Characterizations and measurements
The morphologies of thenameledopper wires were examined by scanning electron
mi croscopy (SEM) (Hitachi TM400011) operating
The mechanical tensile test was performed using a general mechanical testing machine
(Instron 5567).
The surface morphology test was performed using a Keience laser microscope. The
sample was observed with 50x magnification.
The Fourier Transform Infrared (FTIR) test was performed using Thermo Fisher FTIR

models iS50.
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Performance evaluation of triboelectric yarns and embroidery was set up, as shown in
Video 1.The electrical output performance (Voc and Isc) was recorded by an electrometer
(Keithley 6514). A linear mechanical motor (LinMot E1100) was usqutdeide contact and
separation between the friction material and triboelectric yarmamiol the influencing factors
when measuringfhe gap distance between the platform andnbegérial is 4cmThe signal was
transferred from the measuring system to the computardaya acquisition car@AQ card)

The abrasion resistance was evaluated according to ASTM D4966 using an SDL Atlas
Martindale abrasion tester. The cotton substrate's embroidery sample xX2%m) was cut as
a circle and installed into the tester holder. Fixed weights were loaded to apply 9kpa pressure on
each sample. The abrasion degree of the sample after the abrasion resistance test was evaluated
by the loss weight of the embroidery sample and cotton substrate, along with the SEM picture of
the sample before and after 10,000 abrasion cycles. The changé&/efdbeng the abrasion
testwas measured for each one thousand cycles.

For the washing testhe embroidery sample was washed for 15simra beaker
containing 1L of agueous detergent solution (1 mg/mL) and a magnetic (otadbor speed
500rpm) After that, the sample was washed by hand with soagnfather5 mins. Then the
sampl e was dr i e dhisiwashirgmprooesses was acpeat8dQup to 5 times.
3.3 Result and discussion
3.3.1.Enameled copper wire as triboelectric wire

As shown in FigB.1 a-c, the enameled wires have a eshear structure with an inner
high-conductivity copper core and an outside insulation layer. Common insulation materials
include polyurethane (PU), which contains a lot of amideé®NH) or alkoxy {OR) groups as

electrondonating groups and thus make them desirable as positive charged triboelectric material
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[38] [39]. In this work, we use enameled copper wires with three different thicknesses, which
have 0.02 mm, 0.05 mm, and 0.1 mm in diameters, respectively. The minimum diameter of the
enameled copper wire is close to the diameter of cotton fibers [24]. As shown 3ilBighe

diameter of these enameled copper wires is smaller than that of human h&idb-gare the

SEM images of 0.1 mm enameled copper wire. All three enameled copper wires have a PU
coating with the same thickness of about 10
technology and wide application, this type of wire has a very fine coating and dimensional
stability.

A series of experiments were carried out to explore the influence of contact materials, the
size of the enameled wires and loading conditions on the output performance of the triboelectric
units. Fig.3.1d-e shows different diameters of enameled copper wires in contact with the PTFE
fabric. The peak values ®%c andlscincrease with the increase of the diameter of enameled
copper wires since the contact surface area increases.

Besides the diameter, the length of the enameled copper wire also plays an essential role
in triboelectric performance. The peak valu&/gfincreases from ~ 36 V to ~ 62 V when the
length increases from 10 cm to 30 cm, respectively @&lg). And the peak value bf also
increases from 0.A3B. Longer copper Wiresdcdn havélargeFchamges in
contact area during the contasgtparation process so that more charges accumulate on the
triboelectric surfaces and more charge transfer between electrodes, showing better electric
outputs. Considering the size of the test platform and to make a fair comparison with other
triboelectric yarn$34], a length of 30 cm for enameled copper wire was selected for subsequent

experiments.
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As shown in Fig3.1f-g, enameled copper wires contact with cotton, latex, silk, PET and
PTFE, respectively. The given i mpact force 1is
about 1.2 Hz. The corr e.pnlgwererstgdied catefplly.t per f or
Among these contact materials, the PTFE fabric has the biggest electronegativity and shows the
best triboelectric performance with peak valuwu
respectively. And the fabric made from natural cellulose fiber of cotton shows the lowest value.
These results are well consistent with the previous research on textile triboelectric gef@ptors
and the triboelectric seri¢4l]. Thus, PTFE fabric and enameled copper wires of 0.1 mm in
diameter were chosen as the friction materials in the rest of the test unless otherwise noted.

The peak values &foc andlsc will increase when the contact force increases (ig-d).

Such as when the contact force increases from 7 Kpa to 28 Kpacthereases from ~ 40 V to
~62V,andthésci ncreases from 0.3 €A to O0AYbdthe, r espe
contact frequency increases from 1 to 5 Hz \thavas relatively stable, slightly increasing from

50 V to 60 V, and th&cwas dramatically increasing (from ~0.45 to ~3 pA). Because with

increasing the frequency, the velocity of the corsaqtaration process also increases, resulting

in the charge flow between electrodes incre§3els

As shown in Fig3.1h, the output current decreases with an increase in external load
resistances, while output voltage shows an opposite trend. The instantaneous output power can
be calculated using/ = UY/R, whereU is the output voltage across the external loadRiscthe
load resistance. The instantaneous power density increased initially and then decreased with
increasing |l oad resi st &digwhich means therelis ak gptimalo 1 00
external resi stance for the fabricated resist

a peak valuelup to 162 &W m
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The result of the durability test is shown in R3dlj. We used a keyboard testing machine

to conduct 50,000 continuous contaeparate cycles. The correspondiigwas measured

usi Kei

ng

t hi

ey

6514

Wi

t h

effectdi

vV e

resi

Sstance

values oiVoc remain relatively stable even after 10,000 cycles and only slightly decrease after

200,000 cycles, which demonstrates good durability.

(b)

0.1
i

g 005 f
=40
So0 mwmﬂm“uw
0
5 e 10

A
15

0 7% 1o 1

10
Resi sfqgpnce

o f

-0.2

PET

Lat e ‘:“k

()1s

0 5 10 15

Ti n®

20

PTFE

25

5154
2124
a

90
® 60
E
o 304
o

0

Py
[ 19 0

10

10

2000Q@900060000@BO

-l

t
IS
=3

000000}J

WL

0 10 0

2
Ti @

30

Resi sfqpnce

Figure 3.1. (a) Comparison of different diameters of enameled copper wire with human
hair. Scanning electron microscopic images for the surface (b) andsexsm (c) of 0.1 mm
enameled copper wire. (Y¥pcand (e)lsc of enameled copper wires with different diameters. (f)
Vocand (g)lscof 30 cm 0.1 mndiameter enameled copper wires with different friction
materials. (h) Output voltage and current of 0. kdiameter enameled copper wires with
external load resistances. (i) Dependence of the instantaneous power density ctiadratar
enameled copper wires on load resistances, where the loading frequency is about 4 Hz. (j)

Durability test of 0.1mnrdiameter enameled copper wires under 1000,000 continuous working
cycles.

4.3.2.Plasma treatmentof enameled copper wire

Enameled copper wires are produced with strict dimensional stability and coating
requirements. As can be seen from the SEM pictures3Hil), the copper wire has a fine and
smooth coating. However, this property may be a drawback in triboelectric applications due to

smooth surfaces and high surface energy, resulting in poor adsorption and interfacial
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incompatibility with polymeric triboelectric materials. Some studies have shown that surface
microstructures can increase the contact area and thus enhance the triboelectric perfdbjnance
[42]. In addition, nonwoven fabrics are widely used in other triboelectric yarn research due to
their unique surface structuf20]. Lim et al.[43] have proved that plasma treatment technology
can effectively increase polymer surface roughness and reduce surface potential energy. Thus, in
this work, we applied plasma treatment to achieve surface modification on enameled copper
wires. To compare with the previous experiments, we used enameled copper wire with a
diameter of 0.1 mm as the experimental object.

Fig. 3.2a is a schematic diagram of the reaction of the plasma with the polymer coating.
In this research, we use oxygen and argon to react with the coating polymer. Some authors
demonstrated that oxygen plasma treatment can significantly reduce the surface energy of PU,
resulting in increased hydrophilicif¢4]. As shown in Fig3.2b-c, &, treated PU can
significantly increase the Voc and Isc of triboelectric wire. However, the effect of 50w and 100w
oxygen plasma treatment is similar. However, 50W plasma treatment is slightly better than
100W treatment, probably due to surface damage by oxygen plasma at high power, which
negatively affects triboelectric performance (B@b and3.2c). Compare with the single action
of oxygen, some research shown that the synergistic treatment of oxygen and argon can better
increase the surface roughness and increase the surfa¢ésdr8mth oxygen and argon are
common plasma spices. The molecular weight of argon is large, and the particles produced after
ionization are relatively heavy. Under the action of an electric field, the kinetic energy of argon
ions is higher than that of other reactive gases, and its effect is more sigffidaihus, we
mix oxygen with argon (50:50) to achieve further surface modification. The treatment of this

prescription increased the Voc and Isc of the copper wire by 45% and 65% respectively. The

57



peak power of the treated sample increased ~51%ARi)g.TheQscincreased from 23 nC to
28nC (Fig.A3). The results show that after plasma treatment, the enameled copper wire obtained
comparable electrical output performance with other triboelectriclik@mevices (Table S1).
To better understand the effect of plasma treatment on PU coatings, we performed laser scanning
and fourier transform infrare@TIR) spectroscopy on the treated copper wires to analyze the
physical and chemical changes come frogfADplasma treatment. Taking 100W oxygen
treatment as an example, FBRd-e and FigA4 are the surface pictures of the enameled copper
wire before and after treatment, respectively. It is obvious to see treated samples are duller and
have etched traces on the surface. B.igf is the corresponding surface roughness changes. The
synergistic effect of oxygen and argon on the surface roughness of PU is far greater than the
single effect of oxygen. Compared to the relative flat curve of thee@ed sample, the
roughness curve of thex®r treated sample has more and larger variation. (Sharp changes in
roughness may be due to dust or impurities on the sample surface), which represent the extent of
plasma etching and demonstrate the capability.afr@d Ar plasma to produce nanoscale surface
etching on enameled copper wire.

The main goal of the FTIR measurements is to identify the changing of fundamental
groups in the polymer after exposure to different plasma gase8.Zjghows the IR spectra
before and after plasma treatment. From the figure there are six majoripéidkstretching
vibration peak (3333 chb), CH; stretching vibration peak (2925 and 2862 HC=0 (amide |
band, near 1727 ¢rf), i NH (amide Il band, 1534.68 ¢i), asymmetric stretching vibration
peak of the COi C and GN (near 1230 cht) and a symmetristretching peak of i C (near
1070 cm?), which are consistent with the infrared spectrum of typical polyurethane. Compared

to untreated samples, oxygen/argon plasmated samples showed multiple sets of peaks at
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3000- 2850 cmt, corresponding to the symmetric and asymmetric stretching vibrations of

methyl and methylene groups. A new peak appears at ~22%7@omesponding to the NCO

group. Splitting of peaks is observed at 1470 cwhich is especially evident on samples treated

with a mixture of oxygen and argon. Since the plasma treatment produces nanoscale changes, no
significant change in the FTIR curve is to be expected. Combined with the analysis of the surface
roughness structure, it can be obtained that the ptasated samples have a surface

modification in both physical and chemical structures.
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Figure 3.2. (&) Schematic diagram of plasma treatment. Comparis¥oafb) andisc (c)
of enameled copper wires before and after plasma treatment. Surface morphology of enameled
copper wires before (d) and aftes/8r treatment (e). (f) Surface roughness changing of original
enameled copper wire and plasineated enameled copper wires with different gases. (g) FTIR
spectroscopy of original enameled copper wire and plasgated enameled copper wires with
different gases.
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3.3.3.Structure, performance and working principle of the plied triboelectric yarn

Sewability requires both strength and flexibility of the yarn. As shown ind5gThe
tensile strength of copper wires increases significantly with the increasing didrhetéoility,
however, is the opposite. The strength of a single 0.05mm enameled copper wire is insufficient
for sewing while a single 0.1mm enameled copper wire has enough strength to adapt to sewing
and embroidery but lacks flexibility. Thus, to maintain the copper wire's flexibility while
achieving high strength, we combine five copper wires into one by plying3.Bay.
schematically illustrates the geometric structure of triboelectric yarns magay0®5 mm
enameled copper wires. The enameled copper wire is composed of a copper core and a coating,
and its main strength comes from the former. And the coating thickness of enameled copper
wires with different diameters is basically the same, so the influence of the coating part on the
strength can be ignored and it can be regarded as a whole. When bending 0.1 mm and 0.05 mm
enameled copper wires of the same length into the same arc, the force required by the 0.1 mm
enameled copper wire is 16 times that of the 0.05 mm enameled copper wire (Support
information section 1). Thus, if we disregard the sliding between the plied wires, the force
required to bend a-ply 0.05 mm enameled copper wire to a particular shape is only five
sixteenth of that required for a 0.1 mm single enameled copper wire, whlifed35 mm
enameled copper wire has higher breaking strethgtin single 0.1 mm enameled copper wire
(Fig. A5). The diameter of the triboelectric yarn plied by five 0.05-emameleecopperwire is
below 0.15 mm (Fig3.3a), and the diameter of the triboelectric yarns plied by five 0.02 mm
enameleecopperwire is below 0.07 mm. The-ply 0.05 mm enameled copper wires exhibit
good flexibility. It can be reverted to its original shape after being tied into very small knots (Fig.

AG6). This plying method is effective and can make continuous productiorB(&i).
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The plied structure will affect the diameter and contact area of the copper wire and
change the shape of the wire as well. Thus, it is necessary to explore the effect of plying on the
triboelectric properties of copper wires. The experiments were conducted using 0.05 mm
enameled copper wire. As shown in B3 ¢d, increasing/oco f 44 V, 48 V, and &
obtained as the pied number increase frepty]l 3-ply to 5-ply. Compared to Voc, Isc has a
more noticeable increase, with corresponding
respectively. Theply 0.05 mm enameled copper yarn has a similar diameter (~0.13 mm) to a
single 0.1 mm enameled copper wire. However, compared to the single 0.1 mm enameled copper
wire, 5ply 0.05 mm copper yarn has highésc(67 V),Isc( ~0. 55 € A, and singl e
has ~0. 4 ¢ AQsc(&ig A7).ZHs resull indicates that plied structures can improve
triboelectric performance.

The working principle of the triboelectric unit is shown in Bge. According to the
triboelectric sequence of materi@8]. This solderable PU coating serves as a positive
triboelectric material when in contact with stremggative triboelectric materials like PTFE.
Being forced to get in contact with each other, the contact surfaces will have opposite
triboelectric charges because of contact electrification. After enough contact, the surface charges
of the PU coating and the PTFE fabric will reach a saturation state. Meanwhile, the triboelectric
charges on the contact surfaces have negligible decay during the continuaosseparation
process. When the two triboelectric surfaces start to separate from each other, with increasing the
gap, there is a potential difference generated between the PU coating and the PTFE fabric due to
electrostatic induction. And then, a series of electrons inside the copper wires will transfer to the
electrode near the PTFE or the ground so that a new potential balance can be achieved. For

example, during the release process, the PTFE fabric separates from the PU coating with a max
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full contact, and the positive charge inside the copper wires increases until the gap reaches the
maximum distance. And during the compression process, the positive charge inside the copper
wires decreases until the PU coating and the PTFE fabric reach the max full contact. Meanwhile,
there are current flow and voltage generated when the positive charge inside the copper wires
changes.

To obtain a more unambiguous understanding of the operation mechanism of the plied
structure of enameled copper wire, finite element simulation using COMSOL was employed to
gualitative analyze the potential difference as well as the corresponding deformation and stress
distribution. Due to the similar configuration perpendicular to the €3esgon, a representative
2D model was employed for analysis. Equal amounts of positive and negative triboelectric
charges were generated on the triboelectric surfaegsectively. After enough contact, the
equally positive and negative charges were retained and reached a saturated stage on the surface
of the PU coating and the PTFE fabric. In addition, the demonstrated triboelectric unit is in the
opencircuit case which means no electrons transfer in the copper wires. To demonstrate the
potential difference and deformation clearly, 5 dodaler circles with a radius of 0.025 mm
are neatly arranged as enameled copper wire sections, and the PU coating is 0.005 mm. The
lower plate is fixed and constrained, and the upper plate moves downward to simulate the
extrusion of enameled copper wire. The upper plate, representing the PTFE fabric, has a surface
charge density of3.0¢ dcn?. As shown in Fig.3 f-g, the potential difference between the PU
coating and the PTFE fabric changes with the gap distance. And the real contact surface area will
increase with the increase of the deformation of the enameled wires. A sinusoidal motion was
applied with an amplitude of 4 mm and a frequency of 1 Hz. As shown in B@lrethe

corresponding shodircuit current, opestircuit voltage, intrinsic capacitance between top
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dielectric layer and the enameled copper wires change with gap distance between contact
surfaces. When the gap distance increases, theaoelit voltage increases and the intrinsic
capacitance decreases. The curves of voltage and current are well consistent with those of
experimental tests. Meanwhile, the simulation results also provide the intrinsic capacitance when
the device generates electricity, which can provide more useful information to guideline the

optimal structural design of TENG.
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Figure 3.3. (a) Schematic and enlarged view of twisted (plied) enameled copper wire. (b)
Plied enameled copper wire on hand and a bobbiNMdcand (d)Isc of 1ply, 3ply, and 5ply of
0.05mmdiameter enameled copper wires. (e) Schematic illustrations of the working mechanism.
() The potential distribution of enameled copper strands before and after extrusion with time. (g)
The stress distribution of enameled copper strands before and after extrusion with time. (h)
lllustrated curves of shedircuit current, opeittircuit voltage, the intrinsic capacitance between
the top dielectric layer and the enameled copper wires, and the gap distance between contact
surfaces.

Due to the low elasticity, high stiffness, and low flexibility, traditional conductive yarns
are hard to use in machine sewjAg]. Benefiting from the strength enhancement and high

flexibility brought by the plied structure, thepby 0.05 mm enameled copper yarn can be
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directly applied to sewing and embroidery machines @#g). The plied yarn exhibits good

sewability and triboelectric performance. The sheen and the thin diameter of enameled copper
yarns make it suitable for embroidery design. All embroidery samples are sewn on cotton fabric

as the substrate withly enameled copper yarns through an embroidery machine (PE550D).

Due to the small diameter, a 56 ésguare embroidery sample requires more than 40 m of yarn,
resulting in good triboelectric properties. F3gb-c shows th&/oc andlsc of square embroidery

with different areas. A5X6cAit an gener ate mor e Vocamisc 300 V and
respectively when in contact with PTFE fabric under low frequency ~ 1 Hz and force ~70 N.

The embroidery sample is made up of stitching of a needle yarn and a bobbin yarn.
Typically, the needle yarn is subject to more significant tension and pulling from the needle
compared to the bobbin yarn. Since the plied structure gives triboelectric yarn better mechanical
properties, it can serve as both bobbin yarn and needle yarn. For some applications, we use
cotton yarn as the needle yarn to achieve a better appearance and lighter weight, while hiding the
triboelectric working part inside the fabric. In Figi&:dd we demonstrated different embroidery
patterns. The triboelectric yarn was used as bobbin yarn in cloud and heart patterns, and as both
needle and bobbin yarns in letter embroidery. As we can see, factors such as the shape, structure,
and area of the embroidery sample can affect the performance of triboelectricity. The size, the
amount of yarn and embroidery structure that used for cloud and heart embroider pattern were
controlled in similar. The area and yarns tha
embroidery. All patterns shown good triboelectric performance A8y. Compared with flat
pattern embroidery, letter embroidery is satin structure. The loop is more raised and there is no
outer embroidery structure, which is conducive to contact with friction material and obtains

better triboelectric output.
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In addition, we performed a plasma treatment on a 2.5X2%eaonbroidery sample, as
shown in Fig.3.4ef. The results are similar to the plasma treatment of copper wired/of bk
the embroidery sample shows a slight increase from~75Vto~-BeVM,ncr eases from
~1. 3 icinaaasks from 29nC to 36nC (FAP). The power output on external
resistance for the embroidery sample can be expected to show a similar growth trend as the
enameled copper wires after the plasma embroidery process.

As a textile product, triboelectric embroidery samples are inevitably subjected to rubbing,
washing, etc. Therefore, it is necessary to carry out relevant tests. Due to the robust structure,
good chemical stability, and fine coating, the embroidery samples show excellent performance in
wash and abrasion resistance tests. As shown ir8Big,. embroidery samples show no change
or a slight increase ¥oc after hand washing and rinsing with detergent for 5 times followed by
drying in an oven. The enhanceibtrelectric performance may be due to surface impurities
being washed away. The washing method refers to other articles on triboelectric [@Xtiles
The size and shape of the embroidery samples were also unaffected by washing, which
demonstrates good washability. The same test was conducted on-prieated embroidery
samples. The surface of the sample is in an unstable state after plasma treatment and is affected
by water, temperature and synthetic detergent during the washing gibegdthough the
enhancement effect of plasma on triboelectricity was weakened after washiag sitill better
than untreated samples (FAL0). The results of abrasion test are shown inF#h. The
electrical output performance has not significantly changed even after 10,000 abrasion cycles.
The SEM pictures of the yarn in the embroidery sample beforeAEita) and after (FigA11b)
show no damage to the surface coating of the conductive yarn, indicating a good abrasion

resistance. We also measutkd weight loss during abrasion tests for every 1,000 cycles. The
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result shows about 2% total weight loss after 10,000 cycles which can be attributed to the
abrasion and weight loss of substrate fabric (cotton). Abrasion resistance testing of plasma
treated samples showed similar results. The effect of plasma treatment is less affected by friction,
with nearly no change at first 2000 cycles and slight decreasing after 10000 cycl8gHig.

The thinnest diameter of the enameled wires we tested is 0.02 mm. This copper wire's
strength is so low that even gbed yarn cannot be used directly for sewing or embroidery.
However, this yarn has the best triboelectric properties per unit area among all the samples we
tested, making it suitable for making triboelectric devices with a small are88Fieg). We
sewed the fply 0.02 mm enameled copper wires on cotton fabric by hand sewing. This sample
has an area of about 1&and can generaté,:~90 V andisc~1A, indicating a possibility of

application in small triboelectric sensors (FAd.2).
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Figure 3.4. (a) PE5S50D embroidery machine and stitching demonstratme(b) and
Isc (c) of the embroidery sample with different si2Zéec(d) Demonstration of different
embroidery patterns using triboelectric yavioc (e) andisc (f) of the embroidery sample before
and after plasma treatment. (g) Washability test of the embroidery sample (without plasma
treatment). (h) The change of mass percentage and electrical output performance of the
embroidery sample (with and without plasma treatment) after standard abrasion cycles (10,000
cycles).
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3.3.4. Application demonstration

The sewability of copper wire makes it ideal for direct application in existing textile
products. We used cotton yarn as the needle yarn and triboelectric yarn as the bobbin yarn to
embroider a 2.5x2.5 chsquare on a piece of denim fabric. A PTFE fabric was placed on the
second piece of denim fabric and the two pieces of denim were sewn together into a pouch
structure. The PTFE fabric and enameled copper yarns faced each other on the inside of the
pouch to achieve the embroidery triboelectricity (Fi@3). This sample was put on different
human body positions to test the possibility of harvesting energy from human motion.

Fig. 3.5a illustrated triboelectric embroidery as a wearable motion sensor and energy
harvesting device on the human body. We tested six locations where friction and contact are
most likely to occur when the human body is in mof@sl, on the palm (FigA14a), under the
arm (Fig.3.5b), at the elbow joint (Fig.5¢), on the knee joint (Fig. 5d), at the lateral elbow (Fig.
A14b), and inside of the knee (FR)5€e). As shown in Fig3.5 and FigA14, all these positions
demonstrated good triboelectric performance. In some positions with high friction frequency and
high contact force, such as under the arm, inside and outside the knee, thgayevoltage
can reach up to 20 V ~ 30 V (Figisb-e). Combined with the previous analysis of the
relationship between the embroidery area and the triboelectric performance, the increase in the
embroidery area will exponentially impre the triboelectric performance, confirming the
feasibility of this triboelectric embroidery sample for energy harvesting through human motion.
What 6s mor e, each triboelectri c -sepagtioraprocessan b e
demonstrating a promising potential in motion monitoring. The different electrical signal patterns
from body motion and the sensitivity of triboelectricity to pressure indicate good application

prospects in personal motion analysis and health monitoring. By gepiriy a 555 cr
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embroidery sample with PTFE fabric, it can easily light up more than 52 LEDs that are
connected in series (Fig.5a, Fig.A15a).

In addition, these triboelectric embroidery fabrics can be used to charge capacitors with
different capacitances when connected to a rectifier circuit fRifb). As shown in FigA15b,
by lightly flapping a 5 x5 crhembroidery sample with PTFE fabric, the potential difference of
3.3 OF, 10 OF and 33 OF capacitors can reach
which demonstrated promising potential for triboelectric embroidery fabric as power sources for
wearable electronics.

Furthermore, we put an embroidery fabric on an insole to demonstrate its potential as a
wearable pedometer (Fig.5a). The intensity and frequency of exercise vary greatly depending
on how the body moves. According to the previous analysis, the electrical signal output of the
triboelectric sample is susceptible to frequency and force, which makes it suitable for motion
sensing. As shown in Fi§.5f, theVocof walking, running, and jumping are ~ 100 V, ~130 V,
and ~240 V, respectively. The effect of the mode of motion on frictional electricity is reflected in
the change of the peak value of ofmértuit voltage and brings changes in frequency and signal
pattern. This variation can be easily distinguished, enabling the analysis of motion intensity and
motion patterns. For example, compared to walking, there is a larger impact force between the
foot and the insole when running, and the contact separation interval is shorter, resulting in high
frequency and high peak value of the electric signal. The longer contact separation cycles and the
larger forces between the foot and the insole during the jumping result in a more significant
voltage signal and a wider interval between each signal peak. In addition, generatHocg@pen
voltages of up to 240 V in an area of 2.5x2.5°aemonstrates its viability as an energy

harvester.
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The essence of triboelectric generation is the friction and contact between the copper yarn
and the internal PTFE fabric. Both conductive yarn and PTFE fabric are inside the denim fabric,
which provides a relatively stable environment for the generation of triboelectricity. Therefore,

this embroidery structure can be applied to a variety of textile products and environments.

Figure 3.5. (a) Schematic illustration of triboelectric embroidery as a wearable motion
sensor and energy harvesting devidec of the embroidery sample fixed at different positions of
the human body, (b) under the arm, (c) at the elbow joint, (d) outside of the knee joint, (e) inside
of the knee joint. (f) Voc of different motions (walk, run and jump) when embroidery samples
are placed on the insole.

To further investigate the application potential of triboelectric embroidery fabrics as a
selfpowered signal input device for humarachine interaction, we designed a fully fabric
based numeric keypad using triboelectric embroidery @&l®). We embroidered each of the
corresponding numbers and symbols on a 1.5x1. 5pate of cotton fabric, stitched them
together into a larger piece, and then sewed the larger piece onto another thicker cotton fabric as
a backing which has a piece of PTFE fabric on it. When a finger presses the corresponding
button, the copper yarn contacts the PTFE to generate a triboelectric signal for signal output (Fig.
3.6a). Triboelectric embroidery produces a negative voltage when pressed and a positive voltage

when released (Fi@.6b). In the demonstration, a user manipulates a calculator on a computer
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