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Abstract

With the development of the Internet of Things (loTs), wearable electronics which can
meet the requirements of flexibility and lightweight have attracted long-lasting
attentions. However, in order to power wearable electronics, conventional energy
storage units such as batteries and capacitors are typically employed, which have
limitations such as heavy weight, bulky volume, limited lifetime and requiring
recharging by the immobile power plants. The triboelectric nanogenerator (TENG) is
a newly developed energy harvesting technology that can effectively convert
biomechanical energy into electrical energy. By virtue of its low cost, simple structure
and environmental friendliness as well as easy fabrication, integration of TENG with
conventional textiles paves a new avenue for wearable electronics. Up to now, a variety
of textile-based triboelectric nanogenerators (t-TENGs) with numerous materials,
various structures and fabrication techniques have been developed. However, it is still
challenging to fabricate high-performance t-TENGs with good electrical properties,
wearability and functionality by continuous fabrication technologies. To address these
challenges, this thesis focuses on designing and developing flexible and wearable t-
TENGs based on the synergistic effect of fiber materials, structures and textile
engineering. Four types of t-TENGs, including one-dimensional (1D) PVDF yarn-
based textile triboelectric nanogenerator, 1D core-spun yarn structured triboelectric
nanogenerator based on chitosan/Tencel fibers, two-dimensional (2D) triboelectric
nanogenerator fabric and three-dimensional (3D) woven structured triboelectric

nanogenerator fabric, were developed.

Firstly, since 1D fiber/yarn-based t-TENGs are easily extensible, a 1D braiding-



structured triboelectric yarn (BYTENG) fabricated by a polyamide (PA) conductive
yarn and wet-spun poly (vinylidene fluoride) (PVDF) yarn has been designed and
developed by scalable wet spinning and braiding technologies for energy harvesting
and biomechanical sensing. Owing to unique material and structural configuration, the
BYTENG possesses the merits of mechanical robustness and flexibility. The BY TENG
exhibits good machine washability and sensing performance, with a wide working
range from 7 kPa to 127 kPa and a relatively high pressure sensitivity of 0.2V kPa™.
More importantly, compared with PVDF electrospun films, this structure has better
integration capability and can be used in sports products for real-time exercise detection.
Furthermore, knitted and woven triboelectric fabrics (FTENGS) fabricated by the as-
prepared BYTENG not only possess excellent air permeability but also can be applied
to the seat cushion, backrest or carpet for human motion monitoring. This work greatly
promotes the numerous applications of the t-TENGs and contributes to the further

development of wearable electronics.

In order to further improve the functionality, biodegradability and compatibility with
textile technology of 1D triboelectric yarn, an extremely durable and eco-friendly 1D
core-spun structured triboelectric yarn (CYTENG) as a composite yarn has been
developed by a scalable fancy spinning twister technology, which was made of PA
conductive yarn (core yarn) and Tencel-chitosan blended yarn (wrapping yarn). The as-
prepared CYTENG possesses the characteristics of high softness, small diameter, low
weight and cost, high scalability and productivity. A voltage with value of 14.2 V and
a current of 0.8 pA can be obtained from the CYTENG with the length of 45 cm under
impacting frequency of 3 HZ and force of 100 N. A smart glove with sewed CYTENGs

was fabricated, which can be used to monitor various gesture signals.



Subsequently, a novel 2D triboelectric fabric (FTENG) with woven structure was
fabricated based on continuously spun CYTENG by automatic weaving machine,
which overcame the problems of complicated manufacturing process, high cost, poor
comfort and small-scale production. A desirable open-circuit voltage of 31.3 V and a
short-circuit current of 1.8 pA as well as instantaneous power density of 15.8 mW/m?
under a load resistance of 70 MQ are realized by the prepared FTENG with the size of
5 x 5 cm?. Besides, the FTENG performs excellent wearability and comfort, such as
high flexibility, desirable breathability and good machine washability. Moreover, the
FTENG exhibits excellent antibacterial property, wherein the inhibition rates against
Staphylococcus aureus (S. aureus), Escherichia coli (E. coli) and Candida albicans
(C. albicans) can reach up to 99%. Furthermore, it can be used as a self-powered sensor,
wherein the developed FTENG can be attached under the arm and foot to demonstrate

the ability to detect different body movements.

At last, based on a rational design of material system and structure, a multifunctional
3D triboelectric nanogenerator fabric (3D SP-FTENG) was designed and developed,
which was composed of three layers, including the inner polypropylene (PP)-cotton
fabric layer close to skin for moisture transfer and absorption, the middle Ag-cotton
fabric layer for conducting electrode and antibacterial agent, and the outer PTFE-cotton
fabric layer for tribo-negative layer and repelling water, respectively. The 3D SP-
FTENG performs excellent electrical output (27.33 V, 1.76 pA and 61.6 mW/m?) and
wearability (directional water transport and breathability) as well as antibacterial
activity. The geometric models of the functional zones of the 3D FTENGs are proposed
to explain the electrical output and directional water transport performance. Moreover,
in contrast to the previously reported multilayer t-TENGs which were constructed by

directly stacking multilayer functional fabrics together, the fabric interface of this new
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structure is not easily delaminated through weaving the support area and the functional
area together. The 3D SP-FTENG demonstrates outstanding durability such as machine
washability and ultrahigh abrasion resistance. In addition, the SP-FTENG is able to
drive wearable electronics and be used as a self-powered sensor, such as constantly

monitoring the movement signals of human body.

In summary, this thesis carried out a systematic research on developing fully textile-
based TENGs including 1D yarn-based TENGs, 2D fabric-based TENG and 3D fabric-
based TENG by utilizing the synergistic effect of fiber materials, structures and textile
engineering. Various types of flexible t-TENGs have been successfully demonstrated.
Such t-TENGs exhibit satisfactory electrical output performance, excellent integration
ability and functionality as well as wearability. This study opens a new avenue to
combine economically available materials and current textile technologies for
fabricating t-TENGs with flexible yarn/fabric structures that are promising to promote
the commercialization of smart energy garments. Moreover, fabrication and integration
strategies reported in this thesis can not only achieve the desired electrical properties,
but also maintain the inherent advantages of the textile, which contribute to the further

development of t-TENGs for the self-powered sensor applications.
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and current of the BY TENG with increasing pressure from 7 kPa to 127 kPa. (d) Output
voltage and (e) current of the BYTENG at various frequencies. (f) Output voltage and
(9) current of the BYTENG with various friction materials. (h) The current and power
density of the BYTENG at a series of external loads. (i) Measured voltages of different
capacitors charged by the BYTENG. (j) Output voltage of the BYTENG before and
after three machine washes.

Figure 3.5 Digital photographs, flexibility, and air permeability of the BY TENG-based
knitted and woven FTENGSs. (a) Photographic images of the BY TENG-based knitted
FTENG. (b) Knitted FTENG under stretched and rolled state. (c) Digital photographs
of the BYTENG-based woven FTENG. (d) Woven FTENG under rolled and twisted
state. (e) Air permeability of knitted FTENG, woven FTENG and various commercial
fabrics.

Figure 3.6 Application of the BYTENG and FTENGs. (a) The photograph of the
BYTENG applied into household portable pedal puller. (b) Output current of the
BYTENG during the hand pull and foot pull. (c) Output current of the BY TENG during
hitting boxing reaction ball. Output current of knitted FTENG and woven FTENG
applied into (d) seat cushion, (e) backrest and (f) carpet.

Figure 4.1 (a) Schematic illustration of structure of the CYTENG. (b) Images showing
the morphologies of conductive yarn. (c¢) Images showing the morphologies of
Tencel/chitosan yarn. (d) Schematic illustration of the CYTENG fabrication processing.

(e) Photograph of fancy yarn machine.
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Figure 4.2 FTIR spectra of chitosan fiber, Tencel fiber and Tencel/Chitosan blended
yarn.

Figure 4.3 (a) Photograph of the fabricated CYTENG. (b) Visual fineness of the
CYTENG. (c) Tensile stress versus strain curve of the conductive yarn, Tencel/chitosan
blended yarn and the CYTENG. (d) Cross section of the CYTENG. (e-f) Optical
microscope images of the CYTENG. (g) Resistance variation of the CYTENG under
bending and straightening.

Figure 4.4 Working principle of the CYTENG, contacting (I), separating (I1), separated
(111) and approaching (1V).

Figure 4.5 The electrical performance of the CYTENG. (a) The output voltage and (b)
current of the CYTENG with various impacting forces (the frequency is fixed at 3 Hz).
(c) The relationship between voltage and impacting force. The lines correspond to the
linear fitting function. (d) The output voltage and (e) current of the CYTENG with
different impacting frequencies (the force is fixed at 100 N and testing length of the
CYTENG is 45 cm). (f) The output voltage and (g) current of the CYTENG with
different lengths (the impacting force and frequency are fixed at 100 N and 3 HZ,
respectively).

Figure 4.6 (a) Image of a smart glove sewn with the CYTENG. (b) Output voltage of
the smart glove during the motion of different fingers, index finger (1), middle finger
(1), ring finger (111) and making a fist (1V).

Figure 5.1 (a) Weave structure of the FTENG. (b) Schematic illustration of the FTENG.
(c) Photograph of the fabricated FTENG. (d) Cross section of the fabricated FTENG.
(e)Photographs of the FTENG under different deformations, such as kneaded (1),
scrolled (I1), and folded (I11).

Figure 5.2 Working principle of the FTENG.

Figure 5.3 Air permeability and water vapor permeability of the as-prepared FTENG
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and different fabrics.

Figure 5.4 (a) The output voltage and (b) current of the FTENG with various impacting
forces (the frequency is fixed at 3 Hz and area is 5 cm*5 cm). (c) The relationship
between voltage of the FTENG and pressure. (d) The relationship between current of
the FTENG and pressure. The lines correspond to the linear fitting function. (e)
Different deformation stages of the FTENG under different pressures.

Figure 5.5 (a) The output voltage and (b) current of the FTENG with different testing
areas (the force and frequency are fixed at 100N and 3HZ, respectively).

Figure 5.6 (a) The output voltage and (b) current of the FTENG with different
frequencies (the force and area are fixed at 100 N and 5 cm*5 cm, respectively).
Figure 5.7 (a) The output voltage of the FTENG before and after machine washing. (b)
The output voltage of the FTENG after suffering various deformations (100 cyclic
times of folding and twisting).

Figure 5.8 The current and peak power of the FTENG measured with various external
load resistances with frequency of 3 HZ and impacting force of 100 N.

Figure 5.9 (a) A series of LEDs powered by the FTENG. (b) The capacitor charging
ability of the FTENG with 5 cm*5 cm area under impacting frequency of 3 Hz and
impacting force of 100 N. (c) Circuit diagram for powering electronic watch.

Figure 5.10 (a) Output voltage of the FTENG fixed under the foot, slow motion of heel
(1), fast motion of heel (11), forefoot motion (111), heel motion wearing cotton sock (1V)
and forefoot motion wearing cotton sock (V). (b) Output voltage of the FTENG fixed
under the arm, slow motion of arm swinging (I), fast motion of arm swinging (I1), slow
motion of arm flapping (111) and fast motion of arm flapping (1V).

Figure 6.1 Structural design, schematic illustration and fabrication process of a 3D SP-
FTENG. (a) Design system and weave structure of functional zone of the 3D SP-

FTENG, outer layer (1), middle layer (Il), inner layer (I11), on-machine diagram (IV).
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(b) Schematic of weaving yarns. (¢) Schematic diagram of fabrication process of the
3D SP-FTENG. (d) Schematic illustration of the 3D SP-FTENG. (e) Schematic
diagram of the multifunctional zone structure of the 3D SP-FTENG. (f) Application
scenarios of the 3D SP-FTENG. (g) Schematic diagrams of different functional zones
of 3D FTENGsS: (1) SP-FTENG; (I1) LP-FTENG:; (111) ST-FTENG; (1V) SCP-FTENG.
(h) The photographs of functional zone of the 3D SP-FTENG, outer layer consisting of
PTFE yarn and cotton yarn (1), middle layer consisting of Ag yarn and cotton yarn (1),
inner layer consisting of PP yarn and cotton yarn (Il and 1V), SEM images of PTFE
yarn, cotton yarn, Ag yarn and PP yarn (V). (i) Photographic images of the fabricated
3D SP-FTENG (1) with different deformations, such as folded (Il and I11) and scrolled
(V).

Figure 6.2 Schematic illustration of the operation principle of the SP-FTENG.

Figure 6.3 (a) Description of different sides of the functional zones. Characterization
of geometry of functional zone in the SP-FTENG, outer layer (b), middle layer (c),
inner layer (15 side: (d), 16 side: (e)). Characterization of geometry of the ST-FTENG
outer layer (O1 side: (), O2 side: (g)). Characterization of geometry of the LP-FTENG
inner layer (15 side: (h), 16 side: (i)). (j) Yarn area percentage on different sides of
functional zone in various 3D FTENGs.

Figure 6.4 The output voltage of the 3D FTENGs with different structures and
materials.

Figure 6.5 Output voltage of the 3D SP-FTENG (a) and 3D ST-FTENG (b) at different
impact forces from 10 N to 200 N. The positive and negative voltage of the SP-FTENG
(c) and ST-FTENG (d) at different impact forces from 10 N to 200 N. (e) The linear fit
of the peak to peak voltages of the 3D FTENGs with increasing pressure from 4 kPa to
80 kPa.

Figure 6.6 Output voltage (a) and current (b) of the SP-FTENG at different frequencies
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from 1 to 3 Hz.

Figure 6.7 Output voltage (a) and current (b) of the SP-FTENG with various friction
materials.

Figure 6.8 (a) Digital photograph of martindale abrasion tester. (b) The electrical output
performance of the SP-FTENG after 5000 cycles of abrasion. (c) Stability test of the
SP-FTENG under ~8000 cycles at a frequency of 3.3 Hz and 200 N mechanical force.
Inset: the current waveform of the SP-FTENG at 1000 s and 2000 s, respectively. (d)
Output voltage of the SP-FTENG after standard machine wash tests. (e) Current and
power density curve of the SP-FTENG at various load resistances. The mechanical
force is about 200 N and the frequency is 3 Hz unless otherwise specified.

Figure 6.9 (a) Contact angles of different sides of the SP-FTENG. (b) Schematic
illustration explaining directional water transport mechanism of the SP-FTENG, water
(1) from skin and (I1) from environment. (c) Changes of water droplet behavior when
water is dropped on inner layer (1) and outer layer (11) of the SP-FTENG, respectively.
Figure 6.10 MMT results of the top and bottom surfaces of 3D FTENGs when the inner
and outer layer are facing up, respectively: (a-b) SP-FTENG, (c-d) LP-FTENG, (e-f)
ST-FTENG, (g-h) SCP-FTENG. (i) Contact angles of different 3D FTENGs. (j) Air
permeability of the as-prepared 3D FTENGs and different fabrics.

Figure 6.11 Application of the SP-FTENG. (a) Charging performance of the SP-
FTENG to different capacitors. (b) Photograph of the SP-FTENG lighting up 36 LEDs.
(c) The electrical circuit diagram of powering an electronic watch. (d) A SP-FTENG
attached under the arm to detect arm swinging and flapping. (e) Output voltage of the
SP-FTENG placed under the foot and cotton sock. (f) Monitoring arm bending by
mounting a SP-FTENG on the arm. (g) Detecting sitting behavior of people using a SP-

FTENG placed on a chair.
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CHAPTER 1

CHAPTER 1: Introduction

1.1 Background

With the fast progress of innovative electronics technology, an increasing number of
people are pursing portable sensors, actuators and transmitters which aim to improve
work efficiency and quality of life. Wearable electronics which can meet the
requirements of flexibility as well as lightweight have attracted long-lasting attentions.!
However, in order to power wearable electronics, conventional energy storage units
such as batteries and capacitors are typically employed, which have limitations such as
heavy weight, bulky volume, limited lifetime cycles, frequent replacement, potential
safety risks and even environmental hazards. >3 These drawbacks greatly hinder the
practical applications of the wearable electronics. Thus, the advancement of sustainable

power supply is of vital importance.

Among various methods, triboelectric nanogenerator (TENG), on the basis of
triboelectrification effect and electrostatic induction, is a newly developed energy-
harvesting technology which can convert almost all forms of mechanical energy in a
sustainable way. Considering its inherent characteristics such as low cost, extensive
material source, high efficiency and versatility, TENG has promising applications in
harvesting energy. As one of common and sustainable energy, human motion energy
can be harvested when the TENG is placed on the human body. In view of this, textiles
can be chosen as the ideal medium for TENG owing to its lightness, breathability and
flexibility, which can be integrated with electrical functions without additional burden

and aesthetic sacrifice. 4 Integration of TENG technology with traditional textiles paves
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a new way for wearable electronics.

Up to now, as next-generation wearable energy harvesters, a variety of textile-based
TENGs (t-TENGs) with numerous materials, various structures and fabrication
techniques have been reported. However, a gap between research and practical
commercialization still exists, and the research frontier in the field of energy harvesting
is mainly focused on improving electrical performance. Only a few studies have aimed

at the scalable processability, functionality, wearability and durability of t-TENGs.

In practical wearable scenarios, available planar or strip structured TENGs exhibit some
limitations, such as difficulty in adapting to irregular human motion in multiple
directions and complicated implementation. Therefore, the TENGs with 1D fiber/yarn
shape are highly promising with the merits of good shape-adaptability, breathability and
integration capability, which can be fabricated into smart textiles by mature textile
forming technology. >° Although 1D fiber/yarn shaped TENGs have been developed by
several methods, there are still some challenges with the current production method,
such as hand-based, lab-scale, centimeter-length fabrication, which greatly limit large-
scale production of t-TENGs. ’ Moreover, harmful conductive materials (such as carbon
fillers and harmful metals) and some chemicals are involved during the manufacturing
process of fiber/yarn shaped TENGs. 8° In addition, most existing 1D fiber/yarn-based
TENGS are either too hard or too soft to some extent, which are difficult to withstand
the pulling stress and beating force exerted on them during the process of textile
weaving. Therefore, in practical and efficient long-term applications, it is important to
explore easily extensible 1D fiber/yarn shaped TENG by simple, cost-effective and
scalable manufacturing method, which not only withstands mechanical deformations

but also exhibits high triboelectrification for desirable output performance.
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Most of tribomaterials utilized in TENGs were synthetic polymers or metallic materials,
which are generally non-renewable and non-biodegradable, thus limiting the potential
development of cost-effective and eco-friendly TENGs and causing severe electronic
waste. Despite some studies have realized the fabrication of biodegradable and
environmentally friendly TENG by using suitable natural materials, such as wood, 1°
paper, 1! feather, 12 etc., the preparation approaches are relatively complicated, time-
consuming and expensive. Also, the fabricated eco-friendly TENGs are usually planar
structured, which greatly restrict the wearability, comfort and compatibility with textile
technology. Therefore, there is a great need for fabricating eco-friendly 1D fiber/yarn-
based TENG with small diameter, good mechanical strength, excellent wearability

using green materials by an efficient and sustainable fabrication method.

For the purpose of enhancing the output and broadening applications, fabric-based
TENGs have been extensively reported. A majority of fabric-based TENGs were
fabricated by coating, electrospinning, electrospraying and other techniques, which
have the limitations of long fabrication time, complex equipment, high cost, or poor
replicability. Meanwhile, these methods attached some conductive and frictional
materials to the yarn and fabric. Due to the variable bending structure and uneven
surface characteristics of textiles, the coating on t-TENG was prone to
cracking/delamination, leading to low abrasion resistance and durability. A promising
strategy is to prepare FTENGs by various mature textile forming techniques, such as
braiding, weaving, knitting, etc. Among these structures, woven structure is attractive
owing to its stability of the structure. However, the majority of woven-structured t-
TENGs are fabricated by one kind of fiber system, which greatly limits the functionality
and comfort of t-TENGs. Therefore, it is significant to explore fabric-based TENGs

with optimized textile structures by the textile engineering strategy without involving
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the chemical processing.

To address the challenges that are mentioned above, this study focuses on developing
high performance t-TENGs with good flexibility, functionality and wearability based
on synergistic effect of fiber materials, structures and textile engineering. In terms of
structural characteristics, this work systematically studies various t-TENGs with 1D
braided yarn structure, 1D core-spun yarn structure, 2D woven fabric structure and 3D
woven fabric structure. From the perspective of fabrication techniques, textile
processing techniques such as wet spinning, braiding, fancy yarn spinning, weaving,

and knitting were used, which basically cover most textile processing techniques.

Firstly, a 1D PVDF-based triboelectric yarn (BYTENG) with braided core-shell
structure by scalable wet spinning and braiding technologies was developed. The
fabricated BYTEBG exhibits a mechanical robustness, flexibility, excellent pressure
sensing and machine washability, which has better integration capability and can be
fabricated into knitted and woven TENGs for real-time motion detection. Subsequently,
an extremely durable and sustainable 1D core-spun structured triboelectric yarn
(CYTENG) based on chitosan/Tencel fibers was prepared by a scalable and eco-
friendly fancy spinning twister technology, realizing the yarn shaped TENG with high
flexibility, small diameter and light weight, great scalability and productivity as well as
low cost. Moreover, an antibacterial, skin-attachable and eco-friendly 2D FTENG
based on woven structure was fabricated by the continuously spun CYTENG, which
overcomes the complex manufacturing process, high cost, poor comfort and small-scale
production of previous functional FTENGs. The fabricated FTENG exhibits excellent
wearability, functionality and comfort, such as high flexibility, desirable breathability,

good machine washability and excellent antibacterial property. Furthermore, a 3D
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triboelectric nanogenerator fabric (SP-FTENG) with support zone and functional zone
was designed, which was composed of three layers, including the inner polypropylene
(PP)-cotton fabric layer close to skin for moisture transfer and absorption, the middle
Ag-cotton fabric layer for conducting electrode and antibacterial agent, and the outer
PTFE-cotton fabric layer for tribo-negative layer and repelling water, respectively.
Benefiting from structural design and rational materials configuration,
multifunctionality of woven-structured t-TENG is realized, including excellent

electrical performance, wearability and antibacterial property.

1.2 Research Objectives

This study aims at developing t-TENGs with excellent performance, including good
electrical output and great wearability as well as multifunctionality based on synergistic
effect of fiber materials, structures and textile engineering in a facile and scalable

manner. The specific objectives in this study are listed as follow:

(1) To explore and prepare a 1D PVDF yarn-based triboelectric textile by scalable wet

spinning and braiding technologies with good integration capability and flexibility.

(2) To design and fabricate 1D sustainable and eco-friendly triboelectric yarn based on
chitosan/Tencel fibers by scalable fancy spinning twister technology which not only
has excellent electrical performance and wearability but also is compatible with

current automated textile technology.

(3) To develop 2D triboelectric fabric for energy harvesting and self-powered sensing

by a commercial weaving method which qualifies high power output, functionality
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and good wearability, including washability, breathability, and excellent

antibacterial property.

(4) To construct a multifunctional 3D FTENG based on synergistic effect of fiber
materials, structures and textile engineering with excellent electrical output,

wearability, and durability as well as antibacterial activity.

1.3 Methodology

To solve the above potential research issues, the study is investigated through using the

following methodologies:

M1. Design and fabrication of one-dimensional PVDF yarn-based textile
triboelectric nanogenerator assisted by wet spinning and braiding engineering for

diverse self-powered sensing applications

A 1D novel triboelectric yarn with braided core-shell structure (BYTENG) based on
wet-spun PVDF will be designed. Commercial silver-coated nylon yarn will be selected
as the core conductive electrode, due to its low cost and maturity in industrial
production. PVDF will be used as triboelectric material, which serves as shell layer
considering its high electron affinity, excellent stability and desirable flexibility. The
PVDF yarn will be prepared by wet spinning, which is facile for scaled-up and
continuous production. Then four PVDF yarns will be interwoven on the conductive
yarn by using the braiding machine to fabricate the BY TENG. The mechanical property
and electrical performance will be investigated. With the merits of mechanical

robustness, flexibility, good electrical output performance and integration ability, the

32



CHAPTER 1

as-prepared BYTENGSs will be fabricated into knitted and woven FTENGs. Also, the
BYTENG and FTENGs will be applied to sports products, seat cushion, backrest and

carpet to testify the ability of human motion detecting.

M2. Design and fabrication of one-dimensional core-spun yarn structured
triboelectric nanogenerator based on chitosan/Tencel fibers for improving the

scalability and functionality

The property of energy harvesting yarn depends on the conductive electrode, dielectric
materials and structure. Polyamide yarn is a common textile material in the market,
with high production and excellent properties, such as high breaking strength and
elongation as well as abrasion resistance. Due to its high conductivity and excellent
antibacterial property of Ag, polyamide (PA) yarn coated with Ag will be selected as
the conductive electrode for fabricating core-spun yarn structured triboelectric
nanogenerator. Moreover, eco-friendly Tencel/chitosan blended yarns will be selected
as dielectric materials due to its excellent antibacterial property, biocompatibility,
biodegradability and non-toxic. The use of natural fiber as the outer shell fiber is
conducive for improving the comfort of the human body. There is no chemical fiber
that directly contacts the skin which may cause discomfort. An extremely durable and
eco-friendly 1D core-spun triboelectric yarn (CYTENG) as a composite yarn will be
made of PA conductive yarn (core yarn) and Tencel-chitosan blended yarn (wrapping
yarn) by a scalable spinning fancy twister technology. The commercial machine will be
used to wind the shell fiber at high speed for producing this CYTENG, making the
preparation of the TENG simple and high production efficiency, and providing a strong
basis for industrial large-scale production line manufacturing. Also, the CYTENG

exhibits high softness, small diameter and low cost, which promotes the wide
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application of t-TENG. A smart glove with the CYTENG will be fabricated to detect

finger motion.

M3. Design and fabrication of two-dimensional triboelectric nanogenerator fabric

by integrating one-dimensional core-spun triboelectric yarn

Various textile manufacturing approaches have been suggested for integrating modified
yarns or wires into fabric. Compared with the method of embedding yarns in textiles,
weaving and knitting using one-dimensional functional yarn have the advantage of
manufacturing relatively diverse and sophisticated textile structures. With the merits of
its stable structure, woven structure is a good choice for fabricating triboelectric fabric.
By using available weaving technologies, the above obtained CYTENGs as weft yarns
and the cotton yarns as warp yarns will be introduced into the woven structure. Owing
to excellent air permeability and softness, a sateen structure will be utilized to fabricate
the FTENG. The contact area between two dielectric layers affects the number of
friction charges generated which contributes to a better electrical output for the FTENG.
To analyze the effects of contact area on the electrical output, FTENGs will be
fabricated with three sizes. Since different magnitudes of impact force and frequency
can be exerted to the FTENG in practical application scenarios, the impact of force and
frequency on the electrical performance of the FTENG will be studied. The machine
washability, breathability and antibacterial properties of the FTENG will be further
evaluated to demonstrate its excellent wearability. The FTENG with the desirable
performance will be utilized to investigate the energy-harvesting, charging and sensing

capabilities.
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M4. Design and fabrication of three-dimensional woven structured triboelectric

nanogenerator fabric with enhanced wearability and durability

A 3D triboelectric nanogenerator fabric (SP-FTENG) with support zone and functional
zone will be designed by traditional weaving technology, which is composed of three
layers, including the inner polypropylene (PP)-cotton fabric layer close to skin for
moisture transfer and absorption, the middle Ag-cotton fabric layer for conducting
electrode and antibacterial agent, and the outer polytetrafluoroethylene (PTFE)-cotton
fabric layer for tribo-negative layer and repelling water, respectively. Fabric geometric
models will be proposed to calculate the effective area of each yarn on each side for
investigating electrical output performance and wearability of various 3D FTENGs.
The effects of impacting force, frequency and materials on output performance of as-
prepared 3D FTENGs will be systematically studied. Meanwhile, the antibacterial
property and wearability, including durability, directional water transport and
breathability will be evaluated. Then, the applications of the 3D SP-FTENG in driving

wearable electronics and self-powered sensing will be demonstrated.

M5. Characterization of materials and yarn- and fabric-based triboelectric

nanogenerators

The surface morphologies, yarn blending ratio, molecular information and tensile
properties will be evaluated. The electrometer (Keithley 6514) and oscilloscope
(DS1054Z) can be used for measuring the electrical output performance, in which
Keyboard Life Tester (ZX-A03) can provide the compressing motions. In terms of
wearability, the air permeability, water vapor transmission and machine washability as

well as abrasion resistance will be investigated. For the functionality, the water contact
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angle, moisture management behavior and antibacterial activities will be characterized.

1.4 Research Significance

In the era of rapid advancement of Internet of Things (IoT), energy-autonomous
wearable electronics which can get rid of traditional batteries with limited lifetime
cycles, frequent replacement, potential safety risks and even environmental hazards are
particularly in demand. As an emerging mechanical energy harvesting technology,
triboelectric nanogenerator (TENG), which is based on the coupling effect of contact
electrification/triboelectrification and electrostatic induction, can convert ubiquitous
and irregular low-frequency mechanical energy into electricity for achieving the self-
sufficient characteristic of wearable electronics. With the virtues of low cost,
environmentally friendly, and easy availability, along with the wide range of material
options, TENG has huge application prospects, including wearable powering,
multifunctional self-powered sensing, personal healthcare monitoring and human-
machine interactions. However, the development of available TENGs with planar or
strip structures has limitations due to the difficulty of adapting to irregular human
motion in multiple directions, clothing aesthetics and implementation complexity in
real wearable scenarios. In comparison to other existing forms of carrying, attaching,
embedding, etc., textiles can be an ideal for seamlessly integrating with electrical
functions without additional burden and aesthetic sacrifice, thus providing a diverse
design carrier for TENGs. Therefore, a new type of smart textiles, namely textile-based
TENG (t-TENG) with mechanical energy harvesting ability and satisfactory wearing
comfort, are emerging rapidly, thus opening up a new research direction for the
development of TENGs. This thesis designs and fabricates new-type t-TENGs with

good electrical performance, multifunctionality and wearability by combining
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advanced material science, structure and textile engineering.

Firstly, the design strategy of t-TENG from 1D yarn to 2D fabric structure provides
great flexibility for the development of multifunctional t-TENGs. A 1D core-shell
braiding-structured triboelectric yarn with a wide working range from 7 kPa to 127 kPa
and a relatively high pressure sensitivity of 0.2V kPa* has been designed and fabricated
through scalable wet spinning and braiding technologies using conductive yarn as the
core and wet-spun PVDF yarn as the shell. The fabricated YTENG exhibits a
mechanical robustness, flexibility and good machine washability. Compared with
PVDF electrospun films, this 1D structure has better integration capability, which can
be fabricated into 2D FTENGs. The resultant triboelectric yarn and fabrics can be used

as multifunctional pressure sensors for diverse self-powered sensing applications.

Then, on the basis of the above design strategy, the advanced spinning technology has
been effectively applied to fabricate 1D core-spun-structured t-TENG with chitosan and
Tencel blended yarn as the wrapping and conductive yarn as the core electrode. The
fabricated 1D yarn TENG possesses good weavability, such as good mechanical
properties, unlimited length and small diameter. At the same time, it has the softness
and flexibility of textiles. The functionality, biodegradability, and textile technology

compatibility of 1D triboelectric yarn are greatly improved.

Subsequently, owing to the good weavability of 1D core-spun-structured
Tencel/chitosan/conductive yarn-assembled TENGs, a 2D sateen-architectured FTENG
with good antibacterial, skin-attachable, and eco-friendly properties has been
successfully developed through automatic weaving technique. The output, current and

power density of fabricated FTENG operating at a single-electrode mode can reach
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31.3V, 1.8 A, 15.8 mW/m? by applying a 3 Hz mechanical drive of 100 N with the
size of 5 x 5 cm?. The inhibition rates against S. aureus, E. coli, and C. albicans can
reach up to 99%. This facile and environmentally friendly technique also contributes to
the realization of large-scale production, facilitating the future low-cost and extensive

use of t-TENGsS.

Next, compared with 1D yarn and 2D fabric, 3D fabric structure has advantages in
improving wearability and multifunctionality of textile TENGs. To enhance the
wearability and durability, a 3D triboelectric nanogenerator fabric (3D SP-FTENG) has
been proposed, which performs excellent electrical output (27.33 V, 1.76 HA and 61.6
mW/m?) and wearability (directional water transport and breathability) as well as
antibacterial activity. The 3D SP-FTENG demonstrates outstanding machine
washability, durability and ultrahigh abrasion resistance. In addition, the SP-FTENG is
able to drive wearable electronics and be used as a self-powered sensor, such as

constantly monitoring the movement signals of human body.

Finally, due to the porous structure of the fabric with different structures and material
configurations, the different yarn configuration on each side determines the different
area percentage of the yarn on each side, which further affects the electrical output and
wearability of the FTENG. In this study, the fabric geometric models are put forward
to theoretically calculate the material area percentage, which is of significance to deeply

explain the electrical output and directional water transport performance.

t-TENGs show unique advantages and great potential as energy sources for wearable
electronics or sensors. This work has presented a series of novel fiber/fabric-based

TENGs by combining advanced material system, structures and textile processing
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technologies, which addresses issues of wearing comfort, multifunctionality and
scalable manufacturing of the t-TENG with low-cost and eco-friendly materials, while
providing new insights into human motion monitoring, resulting in a promising

research direction for sustainable and functional textiles.

1.5 Qutline of the Thesis

This thesis is organized as follows:

Chapter 1 briefly introduces the research background of wearable t-TENGs and the
current research issues towards this field. In light of the challenges, the research

objectives, methodologies and significance of this study are described in details.

Chapter 2 reviews the recent research progress of t-TENGs, including materials,
working mechanism, structures and fabrication methods, properties, applications of

textile-based triboelectric nanogenerators.

Chapter 3 exploits a 1D PVDF-based triboelectric yarn (BYTENG) with braided core-
shell structure by scalable wet spinning and braiding technologies. The BYTENG
exhibits good integration capability and can be used in sports products for real-time
exercise detection. The FTENGSs knitted/woven by the BYTENG have good softness
and breathability, which can be applied into seat cushions, backrest and carpet for

human motion monitoring.

Chapter 4 designs and fabricates a 1D core-spun yarn structured triboelectric

nanogenerator (CYTENG) based on chitosan/Tencel fibers by a scalable fancy spinning
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twister technology. The output performance of the CYTENG is systematically
evaluated. The CYTENG not only has excellent electrical performance but also is

compatible with current textile technology.

Chapter 5 develops a 2D triboelectric fabric based on woven structure which is
fabricated by the continuously spun CYTENG. The FTENG exhibits good electrical
output performance and wearability, including breathability, antibacterial property and

machine washability.

Chapter 6 proposes a novel 3D FTENG with support zone and functional zone via a
scalable weaving process. Based on structural design and rational materials
configuration, multifunctionality of 3D woven-structured t-TENG is realized, including

excellent electrical performance, wearability and antibacterial property.

Chapter 7 summarizes the whole research projects and states the existing limitations,

further discusses the future work of t-TENGs.
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CHAPTER 2: Literature Review

2.1 Textiles, E-textiles and Textile-Based Triboelectric Nanogenerators

Textiles are generally divided into three categories: fibers, yarns, and fabrics. Figure
2.1 shows fabric construction platform and hierarchy. Fibers with much shorter
diameter than its length are the first level of integration in textiles. Fiber materials can
be classified into natural fiber and synthetic fiber. Natural fibers are fibers existing in
nature, which can be directly obtained and divided into three types: plant fiber (cotton,
linen, ramie), animal fiber (silk, wool) and mineral fiber (asbestos). Synthetic fibers are
made of synthetic polymer compounds by means of chemical synthesis and mechanical
processing such as polyester, nylon, and acrylic. For the natural fibers, they are usually
breathable and soft as well as easily degradable, but their mechanical strength is not as
high as synthetic fibers. Synthetic fibers are generally durable, cheap and fast-drying,

but lack air permeability and degradability.

By means of twisting, twining, or blending, fibers can form threads or yarns which is
considered a secondary integration. Yarn is a strand made of fibers, filaments
(extremely long single fibers) or other natural or man-made materials, suitable for
constructing interwoven fabrics, such as woven or knitted fabric. Fiber is made into
yarn, which needs to go through the processes of opening and blowing, carding,

drawing, combing, roving, spinning and winding.

Fabrics are manufactured from yarns by weaving, knitting, stitching, braiding, and

felting techniques. They are characterized as hierarchically structured fibrous materials
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which are the third level of integration. Fabrics are generally classified into woven,
knitted and non-woven fabrics. Woven fabric is a fabric in which two system yarns of
warp and weft are interwoven perpendicularly to each other according to a certain rule.
Knitted fabric is constructed by forming loops of yarn with knitting needles, then
stringing the yarn loops into each other. Instead of spinning and weaving, non-woven
fabric is constructed by arranging short textile fibers or filaments to form a web
structure and then reinforced by some methods, such as mechanical, thermal bonding

or chemical methods.

Compared to conventional fabrics, a new type of fabric, called composite fabric, is

further evolved by adding extra oriented yarns. They are the fourth level .t

Figure 2.1 Fabric construction platform and hierarchy.t 2

E-textiles indicate textile materials and products which can perform advanced
electronic functions but still retain textile characteristics. With the advancement of the
Internet of Things (loT), people are focusing on the electronic textile field.® By
integrating various electronic components in yarns, fabrics, or garments, e-textiles can
perceive and respond to external stimuli. Meanwhile, this structure can endow the
electronic devices with good wearability and portability. Therefore, textiles can be the
ideal substrates and platforms to monitor, process information and interact with
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environment.

In order to perform electronic functions, e-textiles need energy supply devices that have
the advantages of flexibility, stability, wearability, and excellent energy and power
performance. The triboelectric nanogenerator (TENG) couples triboelectricity and
electrostatic induction together which can convert mechanical energy into electrical
energy, and collect electrical energy from surrounding mechanical movements to drive
electronic devices and realize self-powered wearable systems.* Consequently,
integrating TENGs into textiles by the employment of textile materials, structure and
manufacturing technology is a promising strategy for the above implement of E-
textiles.>® In particular, the utilization of traditional textile technology to construct
TENG provides a versatile solution for the portable, flexible and green energy supply
in wearable systems.® With the mature development of the textile technology, textile-
based TENG (t-TENG) will enable high design flexibility and mass production for

practical applications.%-18

2.2 Materials for Textile-Based Triboelectric Nanogenerators

The materials used in t-TENGs can be divided into two categories, namely triboelectric

materials and electrode materials.

2.2.1 Triboelectric materials

As we all know, from wood, polymer, metal to silk, almost all materials have
triboelectric effects. Consequently, the TENGs can be fabricated by using all kinds of

materials.’® However, it is not every pair of materials that can achieve high electrical
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output.?® The material choices are of great significance for the electrical output
performance of TENGs.?! It largely depends on the polarity difference of the material
pair.22 A guiding principle of material selection is the triboelectric series, which is a list
of various materials sorted according to their ability to lose or gain electrons. The
position of the material determines the efficiency of charge exchange. Table 2.1
summarizes the triboelectric sequence of a series of common materials. The arrow
pointing upward represents the stronger ability to lose electrons, such as polyamide, or
common metal materials such as aluminum and copper. The arrow pointing downward
denotes the stronger ability to gain electrons, such as polyvinyl chloride (PVC),
polydimethylsiloxane (PDMS), polytetrafluoroethylene (PTFE), etc. Ideally, in the
triboelectric sequence, the use of two materials with a large difference in gain and loss
of electron abilities can enhance the triboelectric effect and obtain a higher charge
transfer rate. Therefore, the selection of a suitable pair of triboelectric materials with
opposite triboelectric polarity is vital to enhance the electrical output performance of
the TENG. The triboelectrification between two materials is not only based on their
charge affinity, but also depends on other physical characteristics, such as elasticity,
friction, and surface structure.?! Most textile materials are ideal choices for generating
tribo-electrostatic charges. As shown in Table 2.1, nylon, silk, wool, leather, cellulose
and cotton tend to provide electrons to obtain a positive electrostatic surface charge
while other man-made fiber materials are likely to acquire electrons to achieve a
negative electrostatic surface charge, namely polyester, acrylic, and polyurethane fibers.
Liu et al. investigated the electron charge density of different textile fabrics fabricated
by polymeric fibers.2® The results show that PTFE fabric exhibits the highest negative
value of -2.75 nC/cm?, among these fabrics. Polylactic acid (PLA) fabric possesses the
highest positive charge density of +0.81 nC/cm?. The lowest value, about +0.01 nC/cm?,

is observed in fabrics fabricated from cotton fibers. Regardless of the material used, t-
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TENG should possess the properties of good electrical output, flexibility and high

mechanical strength as well as excellent breathability.

Table 2.1 Triboelectric series of some materials.?*
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2.2.2 Electrode materials

As important part of TENGs, electrodes are electrical conductors that undergo
electrostatic induction. Poor electrical properties may result in a large amount of energy
loss in the material, which decreases TENG efficiency.?® In this regard, various
electrode materials have been applied in TENGs such as metal and carbonaceous

materials, conductive polymers, indium-doped tin oxides (ITOs) and hydrogels.

Owing to high electrical conductivity, the widely used electrode in fabricating t-TENGs

is metal film, which can be attached to the textile material using adhesive or double-
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sided tape. However, metal thin films exhibit poor behavior because of their
inappropriate elastic behavior when they are used for non-conformal surfaces. Besides,
the coating or bonding process may affect the durability and service life of the device
due to poor bonding between the metal electrode and the soft polymer contact layer.?®
Some researchers also use metal-based conductive fabrics. Li et al. developed a cloth-
based power shirt which used magnetron sputtering method to deposit Ag onto fabric
substrate.?” Pu et al. adopted electroless deposition of Ni coating on polyester yarns.?
For fiber/yarn-based TENG, metal fibers are commonly employed as electrodes, such
as conductive silver filament, stainless steel/polyester fiber.?® They can be simply spun
or woven with other commercial yarns through using textile manufacturing
techniques.®® This technology brings opportunities for large scale production and

commercialization of t-TENGs.

Because of good electrical properties and excellent flexibility, carbonaceous materials
are considered as electrodes. Carbon nanoparticles, carbon nanotubes (CNT), carbon
fibers and graphene are expected to be used as electrodes of t-TENGs. Among these,
CNT is the most extensively used for t-TENGs owing to the simple manufacturing
process and low cost.3!32 Cao et al. investigated the electrode formed by printing CNT,
which showed great performance under severe mechanical deformation.® According to
Zhu et al., they selected graphene ink to coat the surface of nylon fabric.®® Although it
has advantages, carbon-based t-TENG has not yet been commercialized on a large scale

due to the difficulty of scaling up production and the high cost of materials.

Conductive polymers have aroused widespread scientific interest owing to their special
electrical, optical and mechanical properties.3* Poly(3,4-ethylenedioxythiophene)

polystyrene sulfonate (PEDOT: PSS), as a commercial conductive polymer, is
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commonly used as a coating or printable electrode with high conductivity and good
stability. Zhu et al. fabricated a self-powered and self-functional sock which utilized
PEDOT: PSS to coat TENG textile integrated lead zirconate titanate (PZT) piezoelectric

sensor.%®

2.3 Basic Working Mechanism and Modes of Textile-Based Triboelectric

Nanogenerators

The triboelectric effect is one of the common phenomena in nature, which is easy to see
in daily life and can be found in nearly all materials, for instance metals, ceramics and
polymers.®® However, the mechanism of frictional electrification is not yet clear. The
two main phenomena of TENG are contact electrification (triboelectrification) and
induced charge transfer.!® In metal-metal, metal-semiconductor and metal-insulator
contact friction, triboelectrification through electron transfer has been accepted. Some
researchers have also proposed ion transfer to explain the contact electrification. The
ions containing functional groups have an important effect on contact electrification.®”
38 Based on atomic or molecular orbital models, an electron cloud potential well model
was presented to clarify the contact electrification mechanism of all two interacting
material systems.®® A curvature dependent charge transfer model was developed to
illustrate the contact electrification between two identical materials.*® A variety of
structures and operating modes of TENGs have been developed to realize mechanical
energy collection under different conditions. According to circuit connection method
and load applied direction, the basic operating modes of TENGs include four types:
vertical contact-separation mode, lateral-sliding mode, single-electrode mode and
freestanding triboelectric-layer mode.** Figure 2.2 illustrates the four basic operation

modes of t-TENGs. The yellow fabrics represent conductive fabrics, while the gray,
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crimson, and blue fabrics represent dielectric fabrics.

Figure 2.2 Four basic working modes of t-TENGs. 4

2.3.1 Vertical contact mode

The operating mechanisms of t-TENGs under four working modes are all based on the
combination of electrification effect and electrostatic induction. Figure 2.3 shows the
working principle of the t-TENG under vertical contact-separation mode. The upper
and lower fabrics contain a conductive fabric and a dielectric fabric respectively. In the
beginning, no electrical charge is generated. Under the action of external force, when
upper and lower fabrics come into contact, electrification occurs on the interfaces of
the fabrics, creating the same amount of opposite charges. The upper fabric with strong
electron-acquiring ability will get electrons from the lower fabric with strong electron-
losing ability. As a result, the inner surface of the upper fabric is negatively charged and
the inner surface of the lower fabric is positively charged. When the external force is
removed, the upper and lower fabrics gradually separate. Due to the presence of

electrodes on the back of the fabric, positive and negative charges are induced at the

51



CHAPTER 2

top and bottom electrodes of the fabrics because of electrostatic induction effect. The
fabric electrode on the back forms a loop through an external wire, so that the generated
potential difference will drive the charge of the electrode to move in the external circuit,
and then generate an electrical signal. When the layers of two fabrics are fully separated,
the positive and negative charges are completely balanced by electrostatic induced
charges. In this case, there is no electrical signal between the two fabric layers, which
reflects the neutralization of the charge during this period. It is worth noting that the
accumulated charges will not be completely wiped out. Owing to the inherent
characteristics of insulators, the charges will be maintained for a certain period of time.
In the opposite case, if the two fabric layers are close to each other, the accumulated
induced electrical charge of fabric layer will flow back via the external load to
compensate for the potential differences. Therefore, instantaneous alternating potential

and current will be generated.

Most t-TENGs work under this mode owing to the characteristics of human movement
and easy fabrication. For instance, they could be designed on socks to collect energy
from human motion, or embedded in the fabric to generate energy by pressing or
stretching the fabric.*? This motion causes contact and separation motion. The t-TENG

can be fabricated in a variety of forms, such as yarns or multilayer fabrics.3® 434/
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Figure 2.3 Working principle of t-TENGs under contact-separation working mode.*®

2.3.2 Lateral sliding mode

Under the lateral sliding mode, the fundamental structure comprises two various
dielectric layers with two back electrodes, which is similar to that of the vertical contact
mode. However, the gap in the vertical direction does not exist. As there is an external
force exerted in the lateral direction, sequential contact is made on the surfaces of the
two dielectric materials. After triboelectric charging is generated on the surfaces of the
two different dielectric materials, an electric field is formed on the back electrode
during the continuous approach and separation. Then, an electron flow is generated
between the two electrodes to achieve the neutralization of potential difference. This

mode is often utilized in plane motion, or the rotation of disks or cylinders.

An example of t-TENGs under the lateral sliding mode was demonstrated by Dong et
al., as shown in Figure 2.4. They fabricated an energy-harvesting fabric by using the
energy-harvesting yarns, acrylic yarns and polyester yarns.*® The back-and-forth sliding

between the upper copper electrode and bottom fabric caused periodic changes in the

53



CHAPTER 2

potential difference, which drove the alternating flow of free electrons through the

electrodes.

Figure 2.4 The sliding mode of energy-harvesting fabric.*°

2.3.3 Single electrode mode

The TENG using single electrode mode consists of a dielectric material and an electrode.
The reference electrode is usually connected to the main electrode in practical
applications so that it can serve as an electron source. Continuous approach and
separation of the dielectric layers cause the flow of electron between the main electrode
and the ground because of the changes in the induced potential on the main electrode.
This working mode is widely employed in t-TENGs. In this working mode, external
materials can be utilized as dielectrics, for instance conventional fabrics or human skin,
because the electrical connection or electrode is not required for the freely moving
dielectric. This working mode is also suitable for vertical and lateral movement. The
dielectric layer under this mode can move easily, making it applicable in a variety of
situations. An example was reported by Xie et al. who designed a single electrode
stretchable and tailorable triboelectric nanogenerator with fiber structure (Figure 2.5).
The t-TENG was fabricated by coating silicone rubber onto a steel wire conductive core.
The results show that the device can generate the voltage of 59.7 V, charge of 23.7 nC

and current of 2.67 A as well as average power of 2.13 pW at under 2.5 Hz.>°
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Figure 2.5 Working mechanism of fiber-shaped triboelectric nanogenerator at

single-electrode mode.>°

2.3.4 Freestanding mode

The structure of the freestanding mode comprises of two electrodes underneath a
dielectric material and moving object. With approaching or moving away of object,
asymmetrical charge distribution will occur on each electrode. As a result, electrons
move across the external circuit that connects the two electrodes to achieve the balance.
Some t-TENGs operating in this mode have been designed.>**3 For instance, Chen et
al. developed the FTENG at free-standing mode by designing horizontal motion of
PTFE grating textile and interdigital carbon textile electrode, as shown in Figure 2.6. %!
The approach and departure between the dielectric textile and the electrodes created a

charge distribution, which led to the electrons flowing between the two electrodes.

Figure 2.6 Schematic illustration of fabric triboelectric nanogenerator under the free-
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standing mode.*!

2.4 Structures and Fabrication Methods of Textile-Based Triboelectric

Nanogenerators

Since the main component of t-TENG is two friction surfaces with distinct properties,
the basic idea behind t-TENG design is to properly assemble these two surfaces to the
textile. In this way, not only the function of the TENG can be achieved, but also the
characteristics of the textile such as flexibility, lightweight and wearability can be
maintained. In order to achieve this goal, some structures and fabrication methods have
been developed. The structures can be briefly classified into four categories. In this

section, these structures design and corresponding fabrication methods are introduced.

2.4.1 Fiber/Yarn-based TENGs

One structure of t-TENG adopts a fiber/yarn form. The remarkable merits of fiber/yarn-
based structure are that they have great design feasibility for integration, allowing the
energy harvesting fiber/yarn to be easily woven, knitted, stitched or embroidered into
any existing textile substrates. Typically, coaxial and core-shell architectures are used
to create fiber- and yarn-based TENGs. In terms of working modes, it is common
practice to use fiber/yarn-based TENGs in the single electrode and vertical contact

separation modes.

Fiber/yarn-based TENG in single electrode mode

Considering the benefits of simple structure, easy fabrication and good performance,
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the fiber/yarn-based TENGs operating in single electrode mode have been widely
reported. The fiber/yarn-based TENG under single electrode mode is composed of inner
fiber electrode and an outer dielectric layer. In this regard, different approaches have
been adopted to obtain this structure, such as yarn spinning technology,® %
electrospinning,®® " thermal drawing,*® 3D printing,> coating techniques,3? %053 etc.
Among them, wrapping dielectric materials around the core fiber electrodes is the
simplest configuration for fiber/yarn-based TENGs. As shown in Figure 2.7a, a flame-
retardant single-electrode triboelectric yarn (FRTY) was fabricated through wrapping
the polyimide yarn over the conductive core yarn using a scalable spinning fancy twister
technology.>* It exhibited high power density of 73.55 uW/ m. The obtained FRTY had
unlimited length and good flexibility, which could meet various mechanical
requirements and processing conditions of weaving. Besides, Chen et al. proposed a
soluble-core method to fabricate ultra-stretchable styrene-ethylene-butylene-styrene
(SEBS) hollow fibers, then the TENG fibers were developed through incorporating
liquid metal into the hollow SEBS fibers (Figure 2.7b).°® The eight TENG fibers could
be stretched to a strain of 1000% with an output of ~7.5 V. Moreover, a Direct-Ink-
Writing (DIW) 3D printing technology was used to develop PDMS based coaxial
stretchable fibers for self-powered tactile sensing. A 3D printed elastic fiber with
coaxial core-sheath structure was developed, which was composed of PDMS/graphene
as conductive core and PDMS/ PTFE as insulative sheath (Figure 2.7¢).%° As exhibited
in Figure 2.7d, a fermat-spiral based energy yarn (FSBEY) was constructed by twisting
poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) nanofibers on the
stretchable conductive yarn using conjugate electrospinning.®” With the merits of
outstanding structural dynamic stability, the FSBEY obtained excellent electrical output
(105 V, =1.2 pA at 2 Hz), ultrahigh abrasion resistance and stable reversible strain

(100%). Figure 2.7e presents a highly tribopositive elastic yarn, which was assembled
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using polyethyleneimine/multiwalled carbon nanotubes/phytic acid (PEI/MWCNTSs/PA)
nanomaterial as electrode and polyethylene oxide/waterborne polyurethane/alliin
(PEO/WPUT/alliin) composite as stretchable tribomaterial onto the yarn substrate.®* The
yarn TENG working in single-electrode mode could reach high voltage of 137 V and
power density of 2.25 mW/m. In addition, the most commonly used method for
fabricating single electrode TENG yarn is to coat PDMS or silicone rubber on the
conductive fiber surface. As presented in Figure 2.7f, a highly stretchable fiber-shaped
triboelectric nanogenerator was created through coating silver nanowires/carbon
nanotubes and PDMS onto the stretchable spandex fiber.5! Similarly, as shown in Figure
2.79g, a conductive fiber was constructed by coating an elastic fibre with MXene ink,
then growing Ag nanoparticles (AgNPs) on MXene nanosheets. PDMS was used to
coat the conductive fiber to form a single-electrode mode TENG yarn. The resulting
TENG yarn exhibited extraordinary output performance (a voltage of 7.7 V under the

testing length of 3cm).®°

Figure 2.7 Fiber/yarn-based TENGs under single electrode mode. (a) Schematic
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illustration of triboelectric yarn developed by a scalable spinning technology.>* (b)
Ultra-stretchable conductive TENG fiber by soluble-core thermal drawing.>® (c) 3D
printed elastic smart fiber with coaxial core-sheath structure realized by a DIW 3D
printing technology.®® (d) Fermat-spiral-based energy yarn fabricated by conjugate
electrospinning technique.®” (e) Tribopositive elastic yarn using interfacial assembly
technology.®* (f) Fiber-shaped triboelectric nanogenerator through a three step coating

method.%! (g) A multifunctional TENG yarn by dip coating method.®°

Fiber/yarn-based TENG in contact-separation mode

Compared to fiber/yarn-based TENG in single electrode mode, fiber/yarn-based TENG
under vertical contact-separation mode provides higher electrical output performance.
The TENG fiber/yarn in contact-separation mode is designed with a coaxial structure
in which a gap occurs between inner core and outer shell. The main principle of
tribomaterial selection is that the materials of the core layer and the shell layer possess
opposite triboelectric polarities. For example, a yarn-based TENG with core-sheath
structure was designed (Figure 2.8a).%° The internal core was constructed by winding a
conductive nylon yarn (inner electrode) onto a silicone rubber fiber (as a support).
Meanwhile, the external sheath tube was formed by twisting another conductive nylon
yarn (outer electrode) on a commercial elastic silicone rubber (framework), then
encapsulated by silicone rubber solution (encapsulating layer). The yarn-based TENG
was fabricated after inserting the internal core into the external sheath, which showed
an output voltage of 13.5 V under a strain of 100%. As shown in Figure 2.8b, a
stretchable triboelectric fiber (STEF) was fabricated with multilayered core-shell and
wrinkle structure by wrapping silver-coated nylon yarn, electrospun P(VDF-TrFE) mat

and CNT sheets around polyurethane (PU) fiber. The STEF could generate 24 mV under
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a strain of 50%.% Chen et al. reported a highly stretchable yarn-based triboelectric
nanogenerator, which was made of highly stretchable PU and ultra-flexible silicone
rubber with multi-gradient hierarchical structure (Figure 2.8c).** First, the conductive
electrode was wrapped around highly stretchable PU, then the first helical layer was
formed and served as the inner electrode. Ultra-flexible silicone rubber was
encapsulated on the first helical layer, which was used for electrification and generating
the charges. Finally, copper wires as the outer electrode and the other
triboelectrification layer were wound around the silicone rubber. The hierarchical
helical yarn demonstrated excellent flexibility which could work in the strain range of
60%-120%. By using a multiaxial fiber winding machine, a helical fiber strain sensor
was developed by winding nylon/Ag braided fibers and PTFE/Ag braided fibers
alternately, and the output voltage could reach 0.5 V even at a stretch strain of 1%
(Figure 2.80d).%° As exhibited in Figure 2.8e, a stretchable TENG-based sensor was
constructed with a core-sheath structure by utilizing a PU/CNTs/Dragon Skin
multilaminate fiber as the core and a silver nanowires (AgNWSs)-coated Reduced
Graphene Oxide (rGO)/PDMS film as the sheath, which exhibited the output voltage
and current of 10 V and 0.6 pA, respectively.®” Similarly, as presented in Figure 2.8f, a
stretchable triboelectric fiber with sheath-core structure was reported.®® Nylon fiber
wound conductive fiber was used as the core, and AgNWs coated bamboo fiber
sandwiched between silicon rubber tube and PDMS film was served as the shell. An
output voltage of 3.22 V under high working strain (100%) was obtained owing to
unique built-in wavy of the core fiber. As shown in Figure 2.8g, a TENG with fiber
shape was designed by using silicone rubber wrapped carbon nanotubes as the core and
convolved Cu wire as the shell, which could achieve high strains up to 70% with good

electrical output.*3
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Figure 2.8 Fiber/yarn-based TENGs in contact-separation mode. (a) A yarn-shaped
TENG with coaxial core-sheath structure.*® (b) A stretchable fiber with core-shell
structure.®® (c) A flexible hierarchical helical yarn.** (d) A fiber strain sensor with
helical structure.®® (e) A fibrous stretchable TENG-based sensor.®” (f) A triboelectric

fiber with core-sheath structure.®® (g) A highly stretchable fiber-like TENG.*3

2.4.2 Fabric-based and nanofiber-based TENGs

In order to enhance electrical performance, t-TENGs are typically fabricated in terms
of fabrics. Since the quantity of charge generated at the interface determines the output
of TENG, the fabric can provide more surface area for the electrification process,
leading to improved performance. Up till now, various types of FTENGs have been

proposed such as 2D FTENGs, modified FTENGs and nanofiber-based TENGs.

2D FTENGs

One kind of 2D FTENGsS structures is fabricated by the utilization of energy harvesting

fiber/yarn described above.* 3% % As shown in Figure 2.9a, Yu et al. reported a
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comfortable and flexible TENG textile by weaving or knitting from core-shell yarns,
which were made of conductive fiber as the core and common textile fiber as the
covering sheath.®® The fabricated TENG textiles demonstrated the advantages of
apparel fabrics: lightweight, flexible and universally applicable in fiber material
selection. Similarly, Figure 2.9b presents a stretchable TENG fabric, which was knitted
from energy-harvesting yarns (silicone rubber coated stainless steel/polyester fiber
blended yarn). An all-textile triboelectric sensor was designed by sewing the sensing

yarn into the glove, as shown in Figure 2.9¢.”®

Another type of 2D FTENGs is made by narrow thin film or strips of cloth.5? As
exhibited in Figure 2.9d, PA66 or P(VDF-TrFE) nanofiber strips were wrapped onto
stainless steel yarn (SSY), thus forming core-sheath yarns. A woven-structured TENG
was fabricated by weaving PA66-SSY as weft and P(VDF-TrFE)-SSY as warp with a
handloom.” A woven-TENG consisted of woven strips of PTFE coated fiberfill fabric
and nylon fabric, which constructed a checker-like pattern over the electrodes woven
by Ag coated PVC fabrics strips (Figure 2.9¢).% Moreover, a stretchable TENG textile
knitted by black wool threads and poly (methyl acrylate) (PMA) coated poly (NAGA-
co-AAm) (PNA) hydrogel fibers showed an output open-circuit voltage (Voc) of -36 V
(Figure 2.9f).”2 As shown in Figure 2.9g, a self-powered textile was knitted by fiber-
shaped coaxial tribo-sensor with silver (Ag) filaments as electrodes and PTFE yarn as
frictional layer, which delivered the output voltage and current of 8 VV and 90 nA,
respectively.” Furthermore, a weaved piezoresistive TENG was reported by using the
Ag NWs coated nylon thread as core electrode, CNTs/Parafilm as the sensing element
and PDMS/CNTSs coating as the triboelectric layer, as shown in Figure 2.9h.”* Besides,
a highly stretchable energy-harvesting textile was constructed by sewing the energy-

harvesting thread (silicone rubber coated stainless-steel thread) into a serpentine shape
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on an elastic textile (Figure 2.9i).”° By utilizing electrostatic breakdown phenomenon
of clothes, a direct current FTENG with plain structure was realized through using
polyamide (PA, nylon-66) nonconductive yarn as warp yarns, PA nonconductive yarns

and PA conductive yarns as weft yarns, as shown in Figure 2.9j.”

Figure 2.9 Typical 2D FTENGs. (a) Triboelectric nanogenerator textiles woven or
knitted by core-shell yarns.®® (b) A highly stretchable TENG fabric knitted from an
energy-harvesting yarn.”” (c) A smart glove sewn with all-textile triboelectric sensor.”
(d) A woven structured triboelectric nanogenerator by using electrospun nanofibers.”
(e) A textile-based triboelectric nanogenerator with woven strips of positive and
negative triboelectric material.>? (f) A TENG textile knitted from PNA/PMA fibers and
wool threads.”? (g) A shape-adaptive electronic textile knitted by fiber-shaped coaxial
tribo-sensor.”® (h) A weaved piezoresistive triboelectric nanogenerator.” (i) A highly
stretchable energy-harvesting textile sewn by energy-harvesting thread.” (j) A direct

current FTENG.’®
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Modified FTENGs

Fabric surface modification is considered to be another efficient methodology to
construct FTENGs.” Surface coating method has been widely used to develop t-
TENG.?> ™ As shown in Figure 2.10a, a large-scale and washable smart textile as self-
powered sleeping monitoring was obtained from conductive fibers and elastomeric
materials, which composed of three layers, including top and bottom fabrics laminated
by arrays of conductive fibers, and a wavy-shaped PET film sandwiched by the top and
bottom fabrics.® In order to improve incessant friction and washing ability of wearable
FTENGs, functionalized FTENGs were reported via using F-silk (urethane
perfluorooctyl silane (NHCOO-PFOTS) coated silk fabric) and nylon fabric as friction
pairs. The conductive fabric was served as the electrode, which was stuck on the F-silk
and nylon fabric, respectively (Figure 2.10b).8! In addition, laser-scribing masking and
electroless deposition (ELD) were proposed to fabricate the synthetic conductive
circuits/patterns on textiles. For example, an interdigitated grating-structured FTENG
was designed with slider and stator fabrics.*? The slider fabric was composed of
interdigitated metal electrodes. The stator fabric containing interdigitated Ni electrodes
was coated by parylene using chemical vapor deposition, which was served as an
electrification layer (Figure 2.10c). Omniphobic triboelectric nanogenerators (RF-
TENGS) with stretchability, breathability, waterproof and antibacterial properties were
fabricated through combining embroidery technology with the spray-based deposition
of fluoroalkylated organosilanes, AgNFs and PTFE (Figure 2.10d).%2 Taking advantage
of the feasibility of screen-printing technology, a tribo-sensor was assembled from three
layers, including silk fabric served as one frictional material (top layer), CNT electrode
array (middle layer) and nylon fabric (bottom layer). CNT ink served as electrode array

was printed on the nylon fabric, as shown in Figure 2.10e.
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Figure 2.10 Modified FTENGs. (a) ATENG based self-powered smart textile prepared
by wavy-structured PET films sandwiched in two conductive fabrics.®’ (b) A F-TENG
constructed by F-silk, nylon fabric and conductive fabric.8* (c) A grating-structured
TENG fabric.*? (d) An omniphobic (both hydrophobic and oleophobic) triboelectric

nanogenerator.®? () A washable electronic textile with screen printing.®

Nanofiber membrane structured TENGs

Alternatively, another way to construct TENG is to use nanofiber films. Due to its
unique characteristics, especially large surface area and high porosity as well as
inherent rough structure, electrospinning film is an ideal material for TENG.®® For
instance, as shown in Figure 2.11a, a nanofiber structured TENG was fabricated, which
consisted of PA66/MWCNTS (tribo-positive layer) and PVDF (tribo-negative layer)
nanofiber films for contact electrification, two conductive fabrics for electrode and
waterproof breathable cotton fabric for protecting, respectively.* Moreover, TENG-
based E-skin was constructed by electrospinning and spraying alternately using
multilayered structure (Figure 2.11b).28° The fabricated E-skin possessed excellent
pressure sensitivity and outstanding thermal-moisture comfort as well as remarkable
antibacterial activity. Similarly, Peng et al. developed an all-nanofiber electronic skin,

which was composed of AgNW nanofiber film, polylactic-coglycolic acid (PLGA)
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nanofiber film and polyvinyl alcohol (PVA) nanofiber film by a facile electrospinning
strategy (Figure 2.11¢).8 In order to enhance moisture evaporation rate and achieve
higher output performance, as shown in Figure 2.11d, a ferroelectric-enhanced
triboelectric evaporation textile was developed, which was composed of a TENG with
ferroelectric-enhancement and a fabric with directional moisture-wicking property.8” In
addition, an all-fiber triboferroelectric e-textile was fabricated by four functional layers,
namely, P(VDF-TrFE) and PA6 nanofiber nonwovens with opposite tribo-polarity,
nickel-copper (Ni-Cu) fabric electrode and the moisture-wicking fabric, which showed
excellent thermal-moisture comfortability (Figure 2.11¢).88 Additionally, nanofiber-
based TENGs could also be designed into other structures. As presented in Figure 2.11f,
a TENG with continuous arch structure was prepared via electrospinning and ultrasonic
welding method.®® Besides, a highly stretchable TENG was constructed by spraying
rGO and AgNWs conductive network on the TPU mats layer by layer, in which TPU
prepared by electrospinning was used as the triboelectric and protection layers (Figure

2.119).% These structures contributed to high stability of the TENG.

Figure 2.11 Nanofiber membrane structured TENGs. (a) A nanofiber film based

triboelectric nanogenerator with hierarchical structures.®* (b) A TENG-based E-skin.®
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(c) A self-powered electronic skin.® (d) A ferroelectric-enhanced triboelectric
evaporation textile.®” (e) A tribo-ferroelectric synergistic electronic.®® (f) A TENG with
continuous arch structures based on nanofibrous membrane.® (g) A stretchable TENG

based e-skin.°

2.4.3 3D structured FTENGSs

Currently, 2D textile structures have been widely used in developing FTENGs due to
its easy preparation and compatibility with textile technology. However, the power
output of 2D FTENG is relatively low. FTENGs with 3D structures have increasingly
been used to further improve the output performance.®* In terms of textile
manufacturing techniques, 3D fabric structures consist of 3D weaving, knitting and
braiding. In order to increase the stretchability, elasticity and spaces of contact and
separation, FTENGs with 3D knitted structures have been prepared. For instance, a 3D
double-faced interlocking fabric TENG (3DFIF-TENG) was knitted using two sets of
yarns including cotton and modified PA composite yarns, as shown in Figure 2.12a.%
By improving the 3D structure of TENG, the 3DFIF-TENG could be used as energy
harvesting devices and multifunctional sensors. Moreover, the 3D spacer knitting
structure have been widely employed to fabricate t-TENGs, which exhibited enough
internal spaces and high compression resilience to contact and separate. In order to
improve electrical output, comfort and scalability, a 3D spacer fabric TENG was
prepared by continuous coating and knitting technologies, as shown in Figure 2.12b.%
Two different core-spun yarns, namely TPU coated Ag-cotton and PDMS coated Ag-
cotton, were employed as triboelectric materials to knit the upper and lower surfaces.
Polyacrylonitrile (PAN) yarns were adopted to connect the two layers. Similarly, as

shown in Figure 2.12c, a 3D warp-knitted power fabric was designed and fabricated,
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which was composed of polyethylene (PE) braided layer (top layer), poly (ethylene
terephthalate) (PET) layer (spacer layer) and poly(tetrafluoroethylene) (PTFE) braided
layer (bottom layer).®* With the advantages of 3D warp-knitted power fabric TENG,
the enhanced power output and improved pressure sensitivity could be obtained. A 3D
weft-knitted fabric generally consists of three layers, namely two outer layers with the
opposite tribo-polarity and a spacer yarn layer. For example, as exhibited in Figure
2.12d, the nylon of the upper layer and PTFE coated nylon electrode of lower layer
were served as friction layers.®® The spacer yarn layer fabricated by the polyester
monofilament could provide the good resilience. The prepared TENG with 3D weft-
knitted structure possessed excellent force sensitivity. 3D woven FTENGs with the
benefits of mechanical robustness and stability have been widely reported. For example,
as shown in Figure 2.12e, a textile triboelectric generator with double-layer structure
was fabricated by weaving technique, using polyurethane (PU) nanofiber wrapped
copper core-spun yarn and SizNs-doped PVDF nanofiber wrapped copper core-spun
yarn.*® A nylon filament was used to bind the two plain fabrics produced by two
different nanofiber core-spun yarns. As presented in Figure 2.12f, a woven TENG with
3D orthogonal structure was designed, which was fabricated by three kinds of yarns,
namely, stainless steel/polyester fiber blended yarns used as warp yarns, PDMS-coated
energy-harvesting yarns served as weft yarns and nonconductive cotton yarns used as
the bonding Z-yarns.?® Particularly, the Z-binding yarns interconnecting warp and weft
yarns were used to solidify the fabric. In addition, a 3D angle-interlock FTENG was
prepared by using two system yarns including silicone rubber coated graphene oxide
(GO)/cotton composite yarns and z-binding yarns to improve output performance
(Figure 2.12g).%¢ 3D braided fabric is made of multiplied braided yarn interwoven with
each other in various directions. Due to excellent flexibility, mechanical stability and

structural integrity, TENG with 3D braided structure has been developed. For instance,
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a 3D braided TENG was fabricated by a four-step rectangular braiding technology, in
which PDMS-coated energy yarn and eight-axial winding yarn were used as the braided
yarn and the axial yarn, respectively (Figure 2.12h).°” The improved output
performance and high compression resilience could be obtained by the fabricated 3D

braided TENG.

Figure 2.12 3D structured FTENGsS. (a) A fabric TENG with 3D double-faced interlock
structure.®? (b) A textile TENG with 3D spacer fabric structure.®® (c) A 3D warp-knitted
spacer power fabric.** (d) A FTENG with 3D weft-knitted fabric structure.®® (e) A
textile triboelectric generator with double-layer structure.® (f) A 3D orthogonal woven
TENG.?® (g) A woven TENG with 3D angle-interlock structure.®® (h) A 3D braided

TENG.%

2.5 Desired Performance of Textile-Based Triboelectric Nanogenerators

2.5.1 Electrical output performance

Considering the continuous work of t-TENGs, a high and efficient power output is
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needed. To date, various approaches have been proposed to improve the output
performance of t-TENGsS, such as surface modifications,*®1% material optimization,-
111 device structure improvement,®: 112115 gircuit management,''® and environmental
improvement.!'” 118 Syrface/interface modification has been utilized to enhance the
effective contact area by introducing nanostructures, such as nanoparticles, nanorods,
nanowires and nanopatterns, which could increase the surface charge densities of the
interfaces. By using the hydrothermal method, Choi et al. constructed nanostructured
surface-assembled polydimethylsiloxane (SE-PDMS) by depositing ZnO nanowire
(NW) and nanoflake (NF) frames on bare fabrics (Figure 2.13a).1%° The output voltage
and current density of the TENGs with SE-PDMS on NM or NF were higher than those
with bare flat PDMS. Meanwhile, a slight enhancement could be observed in the
electrical output of the Al layer-coated top fabric compared with the bare Cu-Ni fabric.
This may be due to the relatively high electrical conductivity of the Al layer, which
resulted in nanoscale roughness. Some methods have been adopted to improve the
device structure by increasing the effective contact area, and thus increasing the
triboelectric surface charge. For example, as shown in Figure 2.13b, Tian et al.
developed a triboelectric textile (TET) composed of a Ni-coated polyester conductive
yarn as the warp and silicone rubber as the weft.**> The output voltage and current of
the single-layer TET (STET) reached 500 V and 60 pA, respectively. To boost the
output performance, a double-layer-stacked TET (DTET) was fabricated. A thin layer
of silicone rubber film was added between the two STETS, which could increase the
effective contact area, thereby improving the output performance of the DTET. The
results showed that the DTET delivered a higher electrical output (540 V and 140 pA)
than the STET. Although the triboelectric sequence of various materials has been
quantified to reveal the abilities of materials to gain or lose electrons, it was

demonstrated that the triboelectric charge density could be altered by introducing
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functional groups on the material surface. Feng et al. developed an efficient approach
by enriching hierarchical structures and tribo-positive amide bonds on the fabric by a
polyamidation reaction (Figure 2.13c).1% By introducing optimized concentrations of
CNTs and amide bonds on commercial velvet fabric, a more than 10-fold improvement
in output performance could be realized by the fabric-based TENG. This may be
because the roughness of the fibers could be increased and hierarchical structures were
introduced by the grafting of CNTs and poly(ethylenimine) (PEI) on the fiber surface,
resulting in an increase in the friction and electrification area. Jing et al. prepared a
parallel multifiber TENG (parallel-teng) using stretchable gel electrode-based fibers.
As shown in Figure 2.13d, the fabricated continuous triboelectric fiber was cut into
individual fibers of the same length, and then the individual triboelectric fibers were
arranged as warp fibers.''® A silicone hollow fiber was used as the weft to weave the
parallel-teng. Another type of TENG fabric (GS-teng) was knitted by a single long
continuous triboelectric fiber. The voltage generated by the parallel-teng was more than
twice that of the GS-teng. This improvement was due to the lower electrode resistance
of parallel-teng (megohms) compared with that of GS-teng (hundreds of megohm).
Huang et al. demonstrated that the output performance could be improved via the design
of the knit fabric texture. Five different fabric textures (types 1, 2, 3, 4 and 5) were
knitted, and their outputs were compared, as shown in Figure 2.13e.1'2 Owing to the
larger contact area, the voltage and current of the face sides (with more loop legs) of
types 1 and 2 were almost twice those of the back sides (with more loop sinkers).
Although type 3 had a face side structure similar to those of types 1 and 2, its output
performance was slightly lower than those of types 1 and 2. The reason could be
attributed to the difference in the stitch density. The results demonstrated that TENG
textiles with higher stitch density possessed great output performance due to the large

effective contact area.
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Figure 2.13 Improvement methods of the electrical output of t-TENGs. (a)
Modification of surface or interface.!® (b) Increase of triboelectric textile layer.!'® (c)
Surface functionalization.!® (d) Reduction of inner resistance of triboelectric

nanogenerator textiles.*® (e) Fabric structural design.!*?

2.5.2 Properties for wearable applications

Wearability

As t-TENGs are mainly used in wearable applications, they should possess various
comfort properties, including tactile comfort, stretchability, washability and

breathability.*

Since t-TENGs are frequently in contact with human skin in wearable applications,
tactile comfort, such as skin irritation, static electricity, and cold stimulation, is of great
significance. The materials utilized to fabricate t-TENGs must be nontoxic, safe, and
biocompatible in order to achieve tactile comfort. Therefore, the use of some hazardous

conductive materials should be minimized throughout the manufacturing procedure. In
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addition, the majority of fibrous conductive materials now in use are either too stiff or
too soft. For instance, some flexible polymers have a tendency to break when subjected
to high mechanical stresses. In contrast, metal wires are too stiff to be used in t-TENGs.
Due to the complicated mechanical deformations induced by human movement,
flexibility and mechanical strength requirements are necessary for t-TENGs. Some
ordinary fibers, are good choices, including artificial polymer fibers (e.g., polyurethane,
polyester, nylon, polytetrafluoroethylene) and natural fiber materials (e.g., cotton, silk,
wool), which can be used for the electrification layer of t-TENGs. Due to the excellent
conductivity and softness, commercial conductive yarn is selected as the electrode. For
example, some researchers constructed t-TENGs with core-shell yarns that were made
of commercial and conductive yarns and then integrated them into fabrics through
weaving, knitting and sewing technologies, which could provide greater tactile
comfort.3% 120 121 As shown in Figure 2.14a, Ye et al. developed an energy harvesting
textile (EHT) by weaving or embroidering a TENG yarn, which was fabricated by using
a stainless steel fiber (SSF) as the core layer and natural silk fiber and
polytetrafluoroethylene fiber (PTFEF) as the shell layers.!?? By taking advantage of
rational material screening and structural design, the overall performance of the EHT
could be improved, including the flexibility, wearability, triboelectric output and
mechanical strength. Similarly, Lou et al. described a woven TENG textile constructed
with core-shell yarns, which showed the advantages of apparel fabrics, such as
lightweight and flexible (Figure 2.14b).12! The core-shell yarn was made of stainless
steel yarn core and nylon filament or polytetrafluoroethylene filament sheath covering.
As shown in Figure 2.14c, Gong et al. developed an all-textile energy harvester (A-
TEH) with three sets of fibers (commercial silver-plated nylon, polyacrylonitrile fibers
and cotton fibers) by using a computerized knitting strategy.'?® The fabricated A-TEH

was ultrathin, lightweight and flexible for scrolling, folding and kneading. These
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examples indicate that constructing a t-TENG with commercial fibers and common
textile processing technology can endow the t-TENG with flexibility, softness and

tactile comfort.

Good stretchability is a basic requirement for wearable t-TENGs to ensure that the
deformation is consistent with the human body. To achieve the stretchability of t-
TENGS, various strategies have been employed. One means is to utilize a special
structure that can realize stretchability due to the structural design rather than the
elasticity of the constituent materials.*? 46 8. 124127 Thjs method can expand the scope
of inelastic materials with good triboelectric properties to be used for stretchable t-
TENGSs. Knitted structures seem to be ideal structures for this purpose. Because many
interdependent loops of knitted fabrics can be elongated in multiple directions by an
external force, it has higher stretchability than woven or nonwoven fabrics. As shown
in Figure 2.14d, Kwak et al. designed a stretchable knitted TENG with rib-knitted
structure by using PTFE and Ag yarns.*® The rib-knitted TENG exhibited superior
stretchability, which significantly improved the triboelectric performance. By
stretching the TENG with a rib structure up to 30%, the maximum voltage and current
(23.50 V and 1.05 pA) could be obtained. Similarly, Javid Rezaei et al. fabricated a
knitted t-TENG with double twisted thread by using a rib stitch technique (Figure
2.14¢).1%6 The maximum stretchability of the t-TENG was approximately 80%. An
alternative is to employ inherently stretchable materials. Recently, some common
elastomers, such as polyurethane (PU) substrates,** 4> 67 styrene-ethylene-butylene-
styrene (SEBS, a typical elastomer),%® 12 polydimethylsiloxane (PDMS),>® 19 silicone
rubber 4°:63.68, 77,130,131 and elastomeric poly(methyl acrylate) (PMA) have been widely
used to create stretchable energy devices. Cheng et al. introduced a stretchable fiber

nanogenerator (FNG) that could capture multiple mechanical energies, such as a strain
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of 0-50%, bending, twisting and pressing.* In this coaxial fiber configuration, the FNG
consisted of the core fiber with the PU-silver nanowire (AgNW)-
polytetrafluoroethylene (PTFE) layer and the sheath with the PDMS-AgNW layer
(Figure 2.14f). The as-prepared FNG was highly stretchable, making it able to conform

to arbitrarily curved surfaces.

In the true application scenario of t-TENGs, breathability is one of the key factors of
wearing comfort, and mainly includes air permeability, moisture permeability, and heat
permeability.132 It plays a great role in managing and adjusting the temperature and
humidity balance in the human microenvironment. To endow t-TENGs with good
breathability, the void between fibers serves as a flow channel between the human skin
and the external environment. A widely used method is to employ commercial yarns,
modified yarns or energy harvesting yarn to fabricate t-TENGs by using
weaving/knitting technology.>” ™ 133 134 For example, as shown in Figure 2.14g, an
energy harvesting yarn was fabricated by twisting P(VDF-TrFE) nanofibers around
stretchable conductive yarn, which was knitted into fabric by a hand-cranked flat
machine.®” The water vapor and heat produced could be effectively exchanged between
the skin and the environment through the fabric. The resultant knitted/woven e-textiles
exhibited a higher water vapor transmission rate (<0.024 g cm? h) than some
commercial nonwovens. Additionally, the knitted e-textile presented a higher air
permeability (ranging from 1035 to 1430 mm s* at a differential pressure of 100 Pa)
due to the larger pore size. Alternatively, another method to realize this is to use
electrospinning, which has some unique characteristics, including a large surface area
and high porosity, as well as an inherently rough structure.48 135 These notable
properties of high output and excellent breathability make electrospun films ideal

materials for t-TENGs. Figure 2.14h shows another similar electronic skin with a
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multilayered structure.®® The prepared electronic skin was fabricated with PVDF
nanofibers (NFs), conductive carbon NFs and highly elastic PU NFs, which were
selected as the triboelectric (sensing) layer, effective electrode and substrate layer,
respectively. The TENG exhibited excellent water vapor permeability, with a water
vapor transmittance rate of 10.26 kg m d. Although the value was lower than that of

the pure PU membrane, it remained at a high level.

Washability is one of the essential characteristics that determines the feasibility of using
t-TENGs in real-life practical applications. Recently, some t-TENGs have
demonstrated the ability to be washed directly.!® 52 81 136-138 7hag et al. fabricated
TENG-based textile pressure sensors composed of Cu-PAN and parylene-Cu-PAN
yarns.*¥” By using stitching, weaving, and knitting technologies, TENG-based textile
pressure sensors were fabricated (Figure 2.141). The washabilities of the textile pressure
sensors were investigated by AATCC Test Method 135, which includes washing,
rinsing and spinning processes. It also showed that the output signals of textile pressure
sensors with sewing and weaving structures presented some degradation, while the
signal of knitted fabric structures remained at a similar level. As shown in Figure 2.14j,
Busolo et al. prepared a triboelectric yarn using the electrospinning method, which was
made of CNT yarn coated with PVDF fibers.1*® After washing, the power output did

not significantly change.
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Figure 2.14 Wearability of t-TENGs. (a) Energy harvesting textile with silk, PTFE and
stainless steel fibers.??? (b) Highly wearable, breathable, and washable sensing textile
constructed with different core-shell yarns.?* (c) Truly wearable all-textile energy
harvester.!?3 (d) A knitted textile triboelectric nanogenerator with stretchablity.* (e) Rib
stitch knitted textile triboelectric nanogenerator with stretchability and washabiity.1%
(f) A coaxial core-sheath fiber based nanogenerator with stretchability.*® (g) Electronic
textile knitted with fermat-spiral-based energy yarns.>’ (h) An all-fiber structured
electronic skin with elasticity and breathability.'*® (i) Pressure sensors with machine-
washability and breathability based on TENG.!¥ (j) A durable and washable

triboelectric yarn.13®

Aesthetic

The aesthetic of the design is an important factor to promote the commercialization of
t-TENGs, however, it has not received enough attention thus far. Most t-TENGs work

by attaching to the human body or clothing through an additional process, resulting in
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a loss of continuous and unobtrusive aesthetics. Another challenge is that the coating
changes the appearance of the - TENGs. Some recent studies have focused on aesthetics
of t-TENGs.133 139141 A triboelectric all-textile sensor array (TATSA) was knitted in a
full cardigan stitch by using conductive yarns and nylon yarns as well as ordinary
threads (Figure 2.15a).1% TATSAs might be produced in a range of colors to satisfy the
demands of fashion and aesthetics thanks to the variety of commercial nylon yarns. The
developed TATSA could be integrated into different parts of clothing to achieve
aesthetics and then employed for the realization of pulse and respiratory detecting. As
shown in Figure 2.15b, Shin et al. introduced triboelectric wearable sensors with
programmable patterns, which were fabricated by using PVDF fibers via the sewing
method.*® In the fabrication process, PVDF thread as the bottom thread and PET thread
as the upper thread were used to achieve stable sewing and support the PVDF sewn on
the knitted conductive fabric, respectively. For the triboelectric sensor, PVDF and
conductive fabric were used as the main triboelectric material and conductive electrode,
respectively. Owing to the excellent mechanical properties of PVDF fibers, they could
be sewn into different textile patterns. The prepared triboelectric sensors could meet the
aesthetic and functional requirements. Zhang et al. developed a smart pattern for energy
harvesting, which was composed of carbon nanotubes (CNTs) @ silk fibroin (SF) core
sheath fiber.2% As shown in Figure 2.15c, by simultaneously injecting CNT ink and SF
ink into the inner spinneret and outer spinneret respectively, the CNTs@SF fiber with
core sheath structure was formed. By regulating the movement of the coaxial spinneret,
various core-sheath fiber designs created by customers could be printed into fabrics.
The as-prepared patterns, including Chinese characters of “PRINTING”, English letters
spelling “SILK” and a silhouette of a pigeon, were presented. The results demonstrated
that this method could be employed to create smart patterns to achieve aesthetic

requirements and integrate the TENG into the fabric. Additionally, the printed patterns
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presented excellent flexibility against twisting and folding.

Figure 2.15 t-TENGs with designed aesthetics. (a) Combination of triboelectric all-
textile sensor array and clothes.*®® (b) Self-powered triboelectric wearable sensors by
sewing PVDF stitch patterns.®® (c) An energy-management E-Textile with printable

smart pattern.140

Working stability

In the case of wearing, bending, stretching and shearing movements will often occur,
therefore, the flexibility of the t-TENG is very critical. Mechanical flexibility is
preserved for the majority of the t-TENGs mentioned above. Some t-TENGs have been
reported to stretch. In order to make textiles capable of generating electricity, physical,
chemical or even biological coatings are often used to add functional modifications to
traditional yarns and textiles. These yarns and fabrics are often constructed of organic,

chemically inert, and electrically insulating materials. Smart textiles are frequently
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damaged in daily wearing scenarios by a variety of ongoing mechanical forces, leading
to the cracking of the adhesive's conductive layer or even peeling off of textile substrate.
Consequently, in order to gain strong mechanical strength and durability, it is essential
to develop adequate adhesion between functional coatings and soft textile materials.
The interfacial adhesion between the fiber/fabric electrode and triboelectric material is
the key to achieve long-term mechanical durability. Suitable choice of conductive
materials and interface design is required to make sure that the TENG can withstand
the accompanying deformation. In most cases, the energy collected from the human
motion and its surroundings results in unpredictable electrical output variations. In
practical use, many factors such as temperature, humidity and PH have a great influence
on their stability. Therefore, it is essential to overcome the influence of instabilities
caused by environmental changes on the electrical output performance of t-TENG. As
shown in Figure 2.16a, a TENG fabric was knitted by triboelectric fibers with a gel
electrode as the core and silicone as the shell.*? The TENG fabric exhibited steady
output performance when it was folded, twisted and stretched to 200%. Meanwhile, it
possessed excellent robustness against hot and cold environments. Figure 2.16b shows
the wearable TENG woven by the liquid-metal/silicone rubber fibers with core/shell
structure.!*® The wearable TENG presented outstanding stability and reliability,
including the mechanical robustness, contaminative-resistant, chemical and high-
temperature stability. There was no obvious change in the output performance of the
TENG under harsh environments, for example soaking in acid solution, alkaline

solution and hot water.
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Figure 2.16 t-TENGs with working stability. (a) TENG textile and its steady output
performance under typical deformations and wide temperature span.}*? (b) The
fabrication process, contaminative-resistance and chemical stability of wearable

TENGs.!*

Large-scale industrialized production

Regarding the mass production of t-TENGs, there are still some challenges with the
current production methods, such as hand-based, lab-scale, centimeter-length
fabrication. Many t-TENGs are manually fabricated and restricted to small dimensions

due to their complexity. Various techniques have been proposed to realize large-scale

94, 144

fabrication of t-TENGs, such as spinning,> braiding, weaving,®" 1% knitting, 4%

147 150

sewing, thermal drawing process,'*® 149 wet-spinning,*® continuous coating

153 and electrospinning technology.®® 14 15 Weaving

technology, ! %2 melt-spinning
and knitting technologies are the basis of realizing the commercial production of t-
TENGs. To address the above-mentioned issues, researchers designed functional fibers
with small diameters and good mechanical strength, which are able to meet the

requirements of the modern textile industry. Then, the functional fiber woven into

fabric can provide a possible solution for mass production, which includes utilizing a
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modern machine. For instance, Wang et al. proposed a large-scale t-TENG fabricated
by liquid metal/polymer core/shell fibers (LCFs) (Figure 2.17a).1*> The liquid metal
electrode was pumped into polymer hollow fibers, such as PTFE hollow fibers. Hollow
commercial polymer fibers and the fluid properties of liquid metal made mass
manufacturing of LCFs possible. Taking advantage of the prepared LCFs, large pieces
of TENG textiles with various colors could be fabricated by weaving. A commercially
feasible t-TENG was introduced by Niu et al., who used industrial fully formed knitting
technology for industrial production of knitting triboelectric generators (Figure
2.17b).1¢ Based on the designed knitting structure, three types of commercial yarns,
including PTFE yarn, nylon yarn and Ag-plated nylon yarn, were employed to knit the
TENG. Another study described a method for large-scale fabrication by employing
electrospinning technology, which was a continuous and automated process. Ma et al.
proposed a single-electrode triboelectric yarn (SETY) with a core-shell structure, which
was composed of PVDF and PAN hybrid nanofibers, as well as conductive silver yarn
(Figure 2.17¢).%® The electrification nanofibers were wrapped around the silver yarn.
Ultralight (0.33 mg cm™), excellent flexibility, and fineness (350.66 um in diameter)
could be realized by the prepared SETY. As shown in Figure 2.17d, Feng et al.
developed a fiber-based triboelectric nanogenerator with a core-cladding structure by
employing the thermal drawing process.!*® Due to the small diameter (~350 pm) and
high drawing speed (up to 4 m/min), as well as the long length (~100 m) of the prepared
fiber-shaped triboelectric nanogenerator, the weaveability of the fiber-based
triboelectric nanogenerator was improved. Thin metal (tungsten) wire as the core and
polymer cladding as the outside were used as the electrode and triboelectric material,
respectively. By using such fibers, a variety of patterns could be woven manually or by

industrial looms.

82



CHAPTER 2

Figure 2.17 Large-scale industrialized production of t-TENGs. (a) Large-scale
industrialized production of textile-based triboelectric nanogenerator by a simple
pumping process and weaving technology.'*® (b) Industrial production of triboelectric
fabric by using knitting technology.}*® (c) Continuous and scalable fabrication of
triboelectric yarns.>® (d) FTENG production through the thermal drawing and industrial

weaving methods.'*8

Multifunctionality

To enhance the overall performance of t-TENGs, special functionalities such as
antibacterial ® 1°®  flame-retardant,'” > " UV-Protective,®® self-cleaning,

162 splf-luminescent,®® acid and

waterproof,°%-16! mechanical luminescence capability,
alkali-resistant 1%* and thermal management °° have been proposed in recent years. As
shown in Figure 2.18a, Ma et al. developed a triboelectric nanogenerator yarn (SETY)
with excellent acid and alkali resistance by using a fancy twisting machine to produce
a core-sheath yarn with a conductive yarn as the core yarn and PTFE as the sheath

yarn.!%4 The PTFE yarn was well wrapped around the conductive yarn, and the fabric

TENG was successfully woven. After being washed and immersed in acid and alkali
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solution, the sheath and core yarns were not damaged. The electrical output of the
SETY showed a slight decline after washing. However, an increase could be observed
in the output of the SETY after soaking in acid and alkali solutions. Similarly, Ma et al.
also proposed flame-retardant single-electrode triboelectric yarn (FRTY) with a core-
shell structure, which was fabricated by wrapping polyimide yarn (PI) around a
conductive core yarn (Figure 2.18b).%* It indicated that the T/C-32s (polyester/cotton
with a count of 32 s) TENG burned quickly, while the appearance of PI-60s FRTY (5-
20 yarns) remained unaffected after testing. The electrical output performance of the
TENG yarn decreased slightly after the flame retardancy testing. The 3D FTENG
woven from the FRTY exhibited excellent noise-reduction ability and flame retardancy.
Focusing on the special functions of t-TENGs, as shown in Figure 2.18c, Jiang et al.
developed an ultraviolet (UV)-protective, self-cleaning, antibacterial, and self-powered
all-nanofiber-based TENG by electrospinning.®® Another multifunctional TENG fabric
was fabricated by mix-weaving coaxial TENG yarns and other yarns.’®? The coaxial
TENG vyarns consisted of a coil spring and mechanoluminescent ZnS:Cu/PDMS
composite, which could be used as a self-powered body motion detector (Figure 2.18d).
The proposed TENG fabric was adaptable to the skin, reusable, and had mechanical

luminescence capability.
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Figure 2.18 Multifunctionality of t-TENGs. (a) Acid and alkali-resistant textile
triboelectric nanogenerator.*%* (b) Flame retardant triboelectric textile.>* (c) Nanofiber-
based triboelectric nanogenerator with UV-protective, self-cleaning, and antibacterial
properties.'®® (d) Flexible and stretchable coaxial triboelectric nanogenerator yarn with

force luminescence. 62

Integration

Structural and functional integration of t-TENGs is indispensable for further application
including the integration of TENG and cloth,*? 1% patteries,'* 167 supercapacitors,*3 168-
11 and back-end functional devices due to the alternating current pulse output
characteristic of TENG.'>17* The intarsia technique seems to be a promising strategy
for the integration of knitted t-TENGs. For example, as shown in Figure 2.19a, a

comfortable t-TENG fabricated by using PTFE wrapped Ag conductive yarns and PA66

wrapped Ag conductive yarns was developed by advanced knitting technology, which
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could be integrated into knitted pants seamlessly to realize energy harvesting.*? For
purpose of realizing continuous and stable electrical output, it is necessary to integrate
the t-TENG with battery. A 3D spacer fabric composed of separate upper and lower
layers is an ideal choice to fabricate TENG due to the special structure. As exhibited in
Figure 2.19b, a 3D spacer fabric was designed to embed the TENG and Zn-ion
battery.®” The TENG worked with the movement of the upper and lower layer, which
could convert mechanical energy into electrical energy. The flexible battery with three-
layer configuration was prepared by filling the gel electrolyte into the intermediate layer,
and further the electricity could be stored in flexible batteries to supply power for other
electronic devices. In order to achieve sustainable and continuous utilization in various
application scenarios, TENG and energy storage device as well as sensors are preferred
to be combined in one unit. For example, as shown in Figure 2.19c¢, an energy fiber with
coaxial geometry consisted of TENG for energy harvesting, supercapacitor (SC) for
energy storage, and pressure sensor for energy utilization.'®® Similarly, a flexible
coaxial fiber with a TENG outside and a SC inside was fabricated, which could harvest
mechanical energy and store energy (Figure 2.19d).1* As shown in Figure 2.19e, the
TENG-SC bio-motion harvesting/storage system was fabricated by stitching TENG
textile and asymmetric supercapacitor into the cloth, which could convert

biomechanical energy into electricity and store it.*%°
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Figure 2.19 Integration of t-TENGS. (a) A seamlessly integrated t-TENG.*? (b) A 3D
spacer structured fabric with integrated triboelectric nanogenerator and zinc-ion
battery.*®” (c) A multifunctional energy fiber with coaxial structure for energy collecting,
storage, and utilization.'®® (d) A triboelectric nanogenerator and supercapacitor fiber

with coaxial structure.r’* (e) A self-powered TENG-SC system.

2.6 Application

2.6.1 Harvesting energy

Due to the softness and flexibility of textiles, textile-based energy harvesters are
appropriate for wearing, which can be integrated into clothing for collecting mechanical
energy from movements.}” For example, as shown in Figure 2.20a, a waterproof and
breathable t-TENG which consisted of polyurethane-based bottom lining, PTFE
membrane as center layer and woven nylon fabric as an outer layer was fabricated.!’
It was demonstrated that the t-TENG could be attached to the cloth to collect

mechanical energy through the friction of human motion. On the basis of this structure,
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nanodot-patterned textile was applied as air flow driven flutter-membrane to harvest
renewable wind energy. In addition, t-TENG has also been shown to harvest clean,
renewable, widely distributed raindrop energy. Figure 2.20b presents an all-fabric
triboelectric nanogenerator with good air permeability, hydrophobicity, and self-
repairing performance, which consisted of a top electrode and three fabric layers (top
hydrophobic fabric, middle conductive fabric and bottom PET fabric).1’” This TENG
could be used as water droplet power generation with the output of 22 V. As shown in
Figure 2.20c, a waterproof dual-mode t-TENG has been designed for scavenging
multiple energies, including human motions, raindrops, and winds.}’® In order to
harvest energy from various sources, a fabric TENG was fabricated, which was
composed of silicone-coated fabric, silk conductive fabric, and Ag-coated nylon fabric.
The prepared fabric TENG could be applied for collecting energy from sound, wind
and human motion (Figure 2.20d).1”® Moreover, t-TENG has been applied to tires of
the vehicle to efficiently harvest mechanical energy by rolling the tire through the inner
space. As exhibited in Figure 2.20e, polydimethylsiloxane-coated silver textile and
woven nylon textile were served as the tire tread material and internal tire cord material,
respectively.'® By the dual friction of the road, the tire tread and tire cord, the power

was generated and harvested as the tire rotated.
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Figure 2.20 t-TENGs for harvesting energy. (a) Gore-Tex fabric with nanodot-pattern
for multiple energy harvesting.1’® (b) A hydrophobic power textile for water droplet
energy collecting.r’” (c) Energy harvesting of human motions, raindrops and winds by
a textile triboelectric nanogenerator.’® (d) Energy harvesting of sound, wind and human
motion by a full-textile triboelectric nanogenerator.1”® (e) Energy harvesting of tire

rotating by a textile-based triboelectric nanogenerator.'&

2.6.2 Self-powered sensing

In addition to energy harvesting, t-TENG can also be used as a sensor with the merits
of simple structure and common material, etc. On the basis of t-TENG technology, self-
powered sensing has been widely applied in different fields, for example, pressure
sensing,% 181182 cardiovascular monitoring,'® 184 motion monitoring,t3% 185192 gjtting

193 respiratory monitoring % and further extend to human-machine

posture monitoring,
interaction 2% 19198 and Internet of Things fields.!®® As shown in Figure 2.21a, smart

textile-based self-powered sensors were fabricated, which could be attached to different

89



CHAPTER 2

parts of human body to monitor human activities, such as standing up, walking, sudden
fall and sitting, ect.?® Recently, sitting disease caused by prolonged sedentary lifestyle
is becoming prevalent worldwide. Figure 2.21b shows a self-powered vest knitted by
conductive fiber and nylon yarn. The vest stitched into various parts of the clothing
could be used as sitting position monitoring to realize real-time posture recognition,
provide feedback and warn users 1. Moreover, a smart textiles shoe sensor based on
single electrode triboelectric mode was developed by common embroidery technique
(Figure 2.21c).?%! Specially, the self-powered shoe sensor could be applied for sensing
and detecting footsteps. A self-powered wearable keyboard was proposed by employing
an all-fabric-based TENG.!8 As illustrated in Figure 2.21d, when external touch was
applied to the wearable fabric keyboard composed of 12 units sensor cells, electrical
signals were generated and delivered to computer or phone. In addition, a 3D fancy
yarn TENG was designed for self-powered biomechanical sensing.!8® A smart fitness
system was constructed by integrating the yarn TENG into a smart belt, which could be
applied for real-time exercise detection, exercise frequency statistical analysis as well
as posture correction alarming (Figure 2.21e). Figure 2.21f presents a self-powered and
self-functional sock using PEDOT:PSS-coated cotton textile and lead zirconate titanate
(PZT) piezoelectric sensor.>® The sock demonstrated various functions such as walking
pattern recognition, gait sensing and motion tracking, which could contribute to sports

and healthcare monitoring.
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Figure 2.21 t-TENGs for self-powered sensing. (a) Human activity monitoring with t-
TENGs.?% (b) Self-powered sensing textile with knitted structure for sitting posture
detecting and correction.'®3 (c) Wearable triboelectric sensors for detecting footsteps.?%
(d) Self-powered wearable keyboard.® (e) 3D triboelectric yarn for smart fitness

system.*® (f) Self-powered sock for detecting healthcare and exercise.®®

2.7 Summary

In this chapter, materials, working mechanism and modes, structures and fabrication
methods of t-TENGs are introduced. Desired performance and applications are also
discussed. In conclusion, t-TENGs including fiber/yarn-based and fabric-based TENGs
have broad prospects as sustainable power sources and self-powered sensors. Various
types of t-TENGs have been proposed by combining different triboelectric materials
with electrode materials utilizing textile fabrication techniques. Although great
achievements have been realized in t-TENG development, the gap between research
and practical commercialization is still widening. Lots of researchers have reported

some wearable t-TENGs by using conventional materials such as PDMS, silicone
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polymer and PTFE sheets as triboelectric active surfaces. These materials and structures
could provide good electrical output, but they still have some limitations, such as
difficulty in adapting to irregular human motion in multiple directions, complicated
implementation, low breathability and washability. Despite integrating 1D fiber/yarn
shaped TENGs into fabric have been proposed, most 1D fiber/yarn shaped TENGs
exhibit large diameter, short length, low softness and mechanical strength, which are
not suitable for textile processing technology, such as not being able to withstand the
pulling and beating forces during the weaving. Besides, existing t-TENGs were usually
fabricated by employing various types of expensive or harmful materials and involved
complicated structure and processing conditions. Such production methods are not

optimal for mass-production.
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Chapter 3: One-Dimensional PVDF Yarn-Based Textile
Triboelectric Nanogenerator Assisted by Wet Spinning and

Braiding Engineering

3.1 Introduction

Textile-based TENGs with the advantages of inherent flexibility, lightweight and
portability show promising applications in energy harvesting and self-powered sensing.
To date, a wide range of textile-based TENGs have been proposed, including fiber-
based TENGs,® fabric-based TENGs, " and nanofiber-based TENGs.1%*2 Among
them, fiber/yarn shaped TENG is considered as an effective method to improve freedom
of movement, designability and comfort, especially the compatibility of textiles. The
One-dimensional fiber/yarn structures can not only be directly integrated into two-
dimensional textiles through textile techniques, but also suitable for the production of

miniaturized and integrated electronics.

Poly (vinylidene fluoride) (PVDF) as one of the most promising for wearable TENGs
has drawn great interest due to its strong electro-negativity in the triboelectric series,*®
high resistance to chemicals and flexibility.** > For example, Li et al. developed an
electronic skin with excellent elasticity and breathability based on TENG by the
electrospinning technology, which was fabricated with PVDF nanofibers (NFs), carbon
NFs, and polyurethane (PU) NFs.® Sun et al. proposed a nanofiber-based triboelectric
nanogenerator with polyamide 66 (PA66)/multi-walled carbon nanotubes (MWCNTS),
PVDF nanofiber film, conductive fabric and the waterproof and breathable fabric,

which exhibited good waterproof, breathable and washable properties.!” Yin et al. used
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electrospinning and ultrasonic welding technologies to prepare a continuous arch
structured TENG with good stretchability, which consisted of PVDF supported by
conducting fabric and thermoplastic polyurethanes (TPU) supported by Ag elastic
fabric.® In these works, the majority of research are based on either the form of PVDF
films or electro-spun mats (nanofiber), which have great limitations in their practical
use as smart textiles due to weak mechanical properties and poor ability to integrate
seamlessly with textiles. In contrast, triboelectric yarn provides better opportunities for
textile integration.!®-22 Yarn-based TENG operating in the single-electrode mode offers
one of the soundest solutions owing to its excellent wearability, lightweight and good
flexibility as well as easy deployment.?® Busolo et al. designed a triboelectric yarn with
a core-shell structure of conducting carbon nanotube coated electrospun PVDF fibers
by a customized electrospinning process.?* Although the triboelectric yarn exhibits
good durability and washability, its fabrication is restricted to laboratory scale, resulting
in short-length that is not compatible with diverse applications. Meanwhile, the
designability of the yarn TENG made by this method is relatively simple. Therefore,
yarns with good triboelectric effect and strong mechanical property by a scalable
method are required to provide new potential for functional yarns and next-generation

t-TENGs.

In this chapter, a 1D braided core-shell structured single-electrode triboelectric yarn
(BYTENG) fabricated by a polyamide (PA) conductive yarn and wet-spun PVDF yarn
has been developed by scalable wet spinning and braiding technologies. Different from
the previous reported PVDF-based t-TENG devices, the wet-spun PVDF yarn was
fabricated into the BYTENG, which endowed it with highly negative
triboelectrification and good integration capability, further broadening its application

scenarios. The BYTENG can deliver a voltage of 35 V, current of 0.35 pA and excellent
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pressure sensing. The feasibility of applying the BYTENG into sports products for
exercise detection has been demonstrated, such as household portable pedal puller and
boxing reaction ball. With the merits of mechanical robustness, flexibility and
washability, the BYTENG can be integrated into fabric by weaving and knitting
technologies. The developed knitted and woven triboelectric fabrics possess good air
permeability and can be applied into textile products for human motion signals
monitoring, such as seat cushion, backrest and carpet, demonstrating a variety of

potential applications.

3.2 Experimental Section

3.2.1 Materials

PVDF (Mw ~ 900000) powder was purchased from Piezotech (Piezotech S.A.S,
France). N,N-dimethylformamide (DMF, =99.8%, ACS reagent) was purchased from
DIECKMANN. Conductive Ag yarns (70D and 360D) were bought from Suzhou TEK

Silver Fiber Technology Co., Ltd., China.

3.2.2 Fabrication of the BYTENG

A novel BYTENG was designed with braided core-shell structure. A commercial
silver-coated nylon yarn was selected as the core conductive electrode, due to its low
cost and maturity in industrial production. PVDF was used as triboelectric material,
which was served as shell layer considering its high electron affinity, excellent stability
and desirable flexibility. Figure 3.1 schematically depicts the fabrication process of the

BYTENG. The PVDF yarn was prepared by wet spinning, which was facile for scaled-
120



CHAPTER 3

up and continuous production. As shown in Figure 3.1, continuous spinning of PVDF
yarn was conducted through using a customer-made wet spinning setup. A uniform
spinning solution of 14 wt% PVDF in DMF was prepared by stirring in water bath for
8 hat 60 °C, and then transferred to a 10 mL syringe equipped with a metal needle. Wet
spinning was conducted using custom-designed fiber spinning unit. The solution was
spun, and then introduced to a DI water for coagulation. The as-spun yarns were taken
up with a roller. The prepared yarns were kept immersed in DI water at room
temperature for a day to remove the residual DMF in the yarn. In order to better wrap
the core conductive electrode with PVDF yarns and improve the mechanical properties,
a braiding machine was adopted. As illustrated in Figure 3.1, four PVDF yarns together
with the Ag yarn were drawn from the bobbins and interwoven with each other. In the
process of braiding, the core yarn was straightened under a certain tension control, then
PVDF yarns were tightly and uniformly wrapped on the core yarn. Taking advantage
of the take-up device, the fabricated BYTENG without length limitations could be
continuously wound on the reel. Notably, combining wet spinning and braiding

technology provides a facile, efficient, and scalable method to fabricate functional yarns.

Figure 3.1 Schematic illustration of the fabrication process of the BYTENG.
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3.2.3 Fabrication of the woven and knitted FTENGs

The woven and knitted FTENGs were fabricated by using a sample loom (SL8900, CCI

TECH INC.) and hand flat knitting machine, respectively.

3.2.4 Characterization and evaluation

The surface morphologies of the BYTENG were characterized by Leica M165C (DFC
290HD, Leica Microsystems Ltd.) and SEM (Hitachi TM-3000). The tensile properties
of as-spun PVDF yarns, Ag yarn and BY TENG were determined by using Instron 5566
with a 10 N load cell according to ASTM standard D2256. The BYTENG was washed
by a commercial laundering machine (3XWTW5905SWO0, Whirlpool) following
AATCC Test Method 135. Air permeability measurements of knitted and woven
FTENGs were conducted by air permeability tester (KES-F8-API, Kato Tech Co., Ltd).
A keyboard life tester (ZX-A03) was used to control the contact and separate motion
for the BYTENG. The output voltage and current were measured by a programmable

electrometer (Keithley 6514).

3.3 Results and Discussion

3.3.1 Characterization of the PVDF yarn and BYTENG

During the process of wet spinning, the take-up speed has a great influence on the
diameter and mechanical properties of the spun PVDF yarn. In order to select the
suitable diameter, the PVDF yarns were spun by using different take-up speeds (The

take-up speeds were 0.53, 0.85, 1.06 cm s™%, respectively). The corresponding diameters
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of as-prepared PVDF yarns are 0.835 mm, 0.647 mm and 0.613 mm, respectively.
When the take-up speed increases, the yarn diameter decreased due to the decreased
cross-sectional area. Figure 3.2a shows the stress-strain of PVDF yarns with various
take-up speeds. As exhibited in Figure 3.2a, the PVDF yarn using the take-up speed of
0.85 cm s possesses higher stress and strain, which was chosen as the wrapping yarn.
Regarding braiding, the number of PVDF yarn and fineness of conductive electrode
have a great influence on the wrapping effect. When the conductive electrode was
braided with eight PVDF yarns, the resulting triboelectric yarns were too thick and stiff
to be compatible with common textile weaving/knitting techniques. Figure 3.2b
presents the wrapping effects of four PVDF yarns wrapping 70D conductive yarn and
four PVDF yarns wrapping 360D conductive yarn. It can be clearly observed that the
conductive yarns of 360D cannot be fully covered by four PVDF yarns, which may lead
to leakage of partial charge. After a comprehensive trade-off of wrapping effect and
thickness, the four PVDF yarns wrapping 70D conductive yarn were selected to
fabricate the BYTENG. In addition, the tensile properties of the PVDF yarn, conductive
yarn and BYTENG were measured and evaluated. As exhibited in Figure 3.2c, the
BYTENG has showed an enhanced strength compared with the PVDF and conductive
yarn. Figure 3.2d shows the fabricated BYTENG without length limitation, which
indicates the large-scale production potential. As demonstrated in Figure 3.2e and f, the
four PVDF yarns were closely wrapped along the conductive yarn with a total diameter
of 1.469 mm. Figure 3.2g shows the fabricated BY TENG, which can withstand multiple
mechanical deformations such as knotting, twisting and winding. Also, Table 3.1 shows
the price of raw materials. The material cost of the BYTENG is only 1.38 RMB/m.
High softness, great scalability, productivity, and low cost will contribute to the
widespread application of the BYTENG. Meanwhile, it could be woven/knitted into

breathable triboelectric fabrics (FTENGS). As indicated in Figure 3.2h, the BYTENG
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and FTENGs show great application potential in sports and human motion energy

harvesting and monitoring due to their good integration capabilities.
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Figure 3.2 Mechanical property, photographs and potential application scenarios of
the BYTENG. (a) Strain-stress curves of wet-spun PVDF yarns using different take-
up speeds. (b) Optical microscope images of the wrapping effects of four PVDF yarns
wrapping 70D conductive yarn and four PVDF yarns wrapping 360D conductive
yarn. (c) Strain-tension curves of the conductive yarn, PVDF yarn and BYTENG. (d)
Photograph of the BYTENG. (e) Surface morphology of the BYTENG. (f) SEM
image of the cross section of the BYTENG. (g) Photographs of the BYTENG in
various deformable states including knotting, twisting and winding. (h) Schematic
diagram of application scenarios of triboelectric yarn/fabrics for daily motion

sensing.

Table 3.1 The price of the raw materials of the BYTENG.

Item Price
PA conductive yarn (70D) 710 RMB/500g
PVDF 140 RMB/100g
DMF 390 HKD/4L
BYTENG 1.38 RMB/m

Note: D: Grams per 9,000 metres of yarn.

3.3.2 Working mechanism

Taking nylon fabric as external fabric, when the BY TENG is contact with nylon fabric,
in the original stage, there is no electrical potential on the surface of the PVDF and
nylon. Through pressing nylon fabric onto the BYTENG, the same amount of opposite
charges are generated on the surfaces of the PVDF yarn and nylon fabric (Figure 3.31).
The BYTENG is negatively charged due to the ability of the PVDF to attract more
electrons than the nylon. As they move away from each other, negative charges of the

PVDF will induce positive charge of conductive yarn, yielding electrons that flow from
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the electrode to the ground (Figure 3.311). When the nylon and the BYTENG are
completely separated, a new electrical equilibrium is achieved. Therefore, the electrons
stop transferring (Figure 3.3111). When the nylon approaches the BYTENG again,
electrons flow inversely from the ground to electrode to realize the balanced state
(Figure 3.31V). As the nylon has intimate contact with the BYTENG, the charge
neutralization occurs again. Thus, repeated contact-separation of the nylon and the

BYTENG can continuously bring alternating electricity.

Figure 3.3 Schematic diagram of the BY TENG working mechanism.

3.3.3 Electrical output performance of the BYTENG

To study the electrical properties of the BYTENG under different forces, frequencies
and friction materials, the BYTENG of 15 cm? was wound on cardboard, which was
contacted and separated with nylon fabric. The mechanical force was about 130 N and
the frequency was 3 Hz unless otherwise specified. As depicted in Figure 3.4a and b,
when the force is increased from 10 N to 190 N, the output voltage and current go up
from 10 V and 0.08 pA to 35 V and 0.35 pA. This increase is due to the fact that greater
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force results in a larger contact area, and subsequently, stronger triboelectric
electrification. Meanwhile, good linear correlations can be observed in the linear fit of
voltage and current with pressure from 7 kPa to 127 kPa (Figure 3.4c). The
corresponding fitting equations are shown as follows:

V = 0.2195P + 7.936 (1)

I =0.0022P + 0.068 2)
where V', I and P represent the voltage, current and pressure, respectively.
Consequently, it could be employed as a pressure or weight sensor in a wide

pressure/weight range.

The frequency response of the BY TENG was further analyzed. As presented in Figure
3.4d, the output of voltage is approximately stable, showing that equal triboelectric
charges are transferred by the BYTENG and the same static charges are created on both
ends of the electrode. Therefore, the equal potential difference is maintained between
the two electrodes. While the current exhibits an increasing trend from 0.08 to 0.27 pA
as the increasing frequency from 1 to 3 Hz (Figure 3.4e). Based on the formula,
I=NXeXsXv (3)

where [ is the current, N is the quantity of transferred electrons, e is electron charge, s
is electron transport area, v is the rate of electron transport. When the frequency
increases, electron transfer rate will also increase accordingly, which leads to the rising

trend of current.

Since one of the principal goals of this study is to fabricate self-powered sensor suitable
for various types of textile material, further studies were carried out on nylon fabric,
cotton fabric, polyester fabric, acetate fabric, acrylic fabric, rubber film as shown in

Figure 3.4f and g. All five common and available fabrics with various structures
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(knitted or woven) and compositions were used as the external contact material. The
results of electrical output show that the six materials are found to be effective for
generating triboelectric as contacting with the BY TENG. It suggests that our BYTENG
can be applied to different versatile clothes. Meanwhile, compared with other materials,
polyester fabric exhibits the largest output voltage (34 V) and current (0.3 pA) under
the impacting force of 130 N and frequency of 3 Hz. However, this trend is inconsistent
with the triboelectric sequence, which may be attributed to different effective contact

areas due to differences in fabric density, thickness and structure.

Figure 3.4h presents the output power of the BYTENG with various external resistances.
The current and power density were measured by connecting with external resistances
from 1 kQ to 1 GQ. It shows that output current decreases with the increase of load
resistance. At a load resistance of 400 MQ, the power density can reach 6.478 mW/ m?,
The electricity produced by the BYTENG could be further stored in commercial
capacitors. The charging capacity of the BYTENG for various capacitors was studied
(1, 3.3, 4.7, 10 and 22 pF), as shown in Figure 3.4i. The charge rate decreases as the
capacitance increases. With reference to standard AATCC 135, the machine
washability of the BYTENG was evaluated. The BYTENG and 1.8 kg ballast together
with sixty-six grams AATCC standard reference detergent were put into the laundering
machine. The quick washing mode was performed. The entire washing procedure
included soaking, rinsing and spinning stages, which was lasted for 40 min per wash
cycle. After finishing the whole washing process, the BYTENG and ballast were taken
out and dried by using an automatic tumble dryer. Then, the dried BYTENG was used
for evaluation. As illustrated in Figure 3.4}, the BYTENG can maintain its output

voltage after machine washing for three times.
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Figure 3.4 The electrical performance of the BYTENG. (a) Output voltage and (b)
current of the BYTENG under various impacting forces. (¢) The linear fit of the
voltage and current of the BYTENG with increasing pressure from 7 kPa to 127 kPa.
(d) Output voltage and (e) current of the BYTENG at various frequencies. (f) Output
voltage and (g) current of the BYTENG with various friction materials. (h) The
current and power density of the BYTENG at a series of external loads. (i) Measured
voltages of different capacitors charged by the BYTENG. (j) Output voltage of the
BYTENG before and after three machine washes.

3.3.4 Integration diversity of the BYTENG
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Compared with methods of directly attaching the BYTENG into commercial textiles,
weaving and knitting of one-dimensional functional fibers have the merits of fabricating
relatively diverse structures. Based on the obtained BYTENG, it could be further woven
and knitted into the FTENGSs. The photos of the as-prepared knitted FTENG and woven
FTENG are demonstrated in Figure 3.5a-d. As shown in Figure 3.5a, the knitted
FTENG was fabricated by the common yarns and BYTENGs. Meanwhile, the woven
FTENG was produced by using cotton yarns as warp yarn, common yarns and the
BYTENGs as weft yarns (Figure 3.5¢). Figure 3.5b and d demonstrate the flexibility of
two FTENGsS, such as being twisted, rolled, and bended. Compared with the woven
FTENG, the knitted FTENG exhibits better stretchability. The air permeability of the
knitted FTENG and woven FTENG was tested by using a KES-F8-API air permeability
tester. Different commercial fabrics with various materials, thickness, structures were
also measured for comparison. In the test, the tested fabric was mounted a plate, and
airflow was pumped through the fabric sample. The air resistance value (kPa-s/m) was
obtained by measuring and converting the pressure drop caused by the resistance of the
fabric sample. As shown in Figure 3.5e, the woven FTENG and knitted FTENG exhibit
very low air resistance values (0.03 kPa-s/m and 0.06 kPa-s/m) compared to those of

commercial fabrics (0.26-1.21 kPa-s/m), demonstrating excellent breathability.
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Figure 3.5 Digital photographs, flexibility, and air permeability of the BY TENG-
based knitted and woven FTENGs. (a) Photographic images of the BY TENG-based
knitted FTENG. (b) Knitted FTENG under stretched and rolled state. (c) Digital
photographs of the BY TENG-based woven FTENG. (d) Woven FTENG under rolled
and twisted state. (e) Air permeability of knitted FTENG, woven FTENG and various

commercial fabrics.

3.3.5 Application as self-powered wearable sensors

Real-time detection and monitoring of the human motion is an upcoming research area.
Textile-based wearable sensors have received particular attention recently because they
can be woven into clothing to monitor movement and physiological signals in real time.
With the merits of good electrical output and softness, the BYTENG can be used for
harvesting mechanical energy as well as self-powered pressing sensor in the fields of
sports, such as smart household portable pedal puller for multifunctional exercise. As
shown in Figure 3.6a, the BYTENG can be wrapped around pedals for exercise
frequency statistical analysis and real-time exercise detection. Figure 3.6b illustrates
the output current of the BYTENG when the pedal puller is stretched by hand and foot,
respectively. Every stretching of the pedal puller by hand leads to a friction between
the foot and the BYTENG, therefore an electrical signal is generated. The magnitude

of the stretching amplitude by hand has an effect on the contact force between the foot
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and the BYTENG, which will further influence the output current. Also, the difference
of the hand stretching speed will lead to the different output current curves of the
BYTENG as shown by the grey line (time interval of 2.833s) and red line (time interval
of 1.696 s) in Figure 3.6b. Similarly, when the pedal puller is stretched by foot, the
output current of the BY TENG depends on the contact force between the foot and the
BYTENG. As the force exerted by the foot decreases, the output also decreases, as
demonstrated by the blue line and green line in the Figure 3.6b. Meanwhile, the number
of stretching can be obtained by calculating the electrical signal peaks, since every
exercise motion produces an electrical signal. In addition, to demonstrate diverse
applicability of the BYTENG, the BYTENG was wrapped to a boxing reaction ball, as
shown in Figure 3.6¢c. When a person uses boxing gloves to hit the BYTENG of the
boxing reaction ball, the BYTENG can generate current output due to the contact-
separation between the box glove and BYTENG. The results show that the BY TENG
can produce different output current curves when the reaction ball is hit with medium
(grey line), high (red line) and low speeds (blue line) respectively. Therefore, it can be
observed that compared with bulky and rigid TENG sensors, the BYTENG as a self-
powered sensor to detect exercise has natural advantages, such as light weight, softness,

low cost and strong adaptability to different home sports products.

A sedentary lifestyle is prevalent around the world, which brings some health risks and
increases the risk of various diseases, such as cardiovascular disease, diabetes, obesity
etc. Portable and convenient woven and knitted FTENGs with self-powered function
could be applied into seat cushions for tracking sitting posture. When people are sitting
for a long time, such as sitting for a long time at work or playing games, this sensor will
sense and issue a warning. As shown in Figure 3.6d, when the monitored person stands

up from the chair, a positive current is generated because of the separation of the cloth
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and the FTENG. Then, as the person sits down, a negative current signal is detected.
Sitting times of ~6 and ~13 s are observed by the interval between two opposite current
peaks generated by knitted FTENG, respectively. Similarly, for the woven FTENG,
sitting times of ~9 and ~14 s are observed. Besides, the application of knitted and woven
FTENGS on the backrest is demonstrated, as indicated in the Figure 3.6e. It can be seen
clearly that a positive current signal is produced when a person moves away from the
backrest. On the contrary, as the person leans back, a negative current is generated.
Correspondingly, the backrest time (8s, 7s, 11s) can be obtained by the knitted FTENG.
With regards to woven FTENG, the backrest time of 7s, 7s, 15s is measured.
Consequently, the fabricated knitted FTENG and woven FTENG could be employed
for detecting sitting state according to the variation of the output current signal. Further,
with the advantages of its soft, comfortable and washable as well as easy-to-trigger
properties, the knitted and woven FTENGs can also be applied into carpet (Figure 3.6f).
For demonstration, they were placed on the carpet for human motion detection. When
a person steps on the carpet, the sock contacts and separates from the FTENG to
generate an electrical output signal. In the two states of walking and jumping, the
knitted TENG can reach peak-to-peak currents of ~0.06 pA and ~0.18 PA, respectively.
At the same time, the woven TENG can obtain peak-to-peak currents of ~0.1 pA and ~
0.63 YA, respectively. The above results demonstrate that the FTENGs woven/knitted

by the BYTENGS can be used as sensing fabrics for real-time motion monitoring.
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Figure 3.6 Application of the BYTENG and FTENGs. (a) The photograph of the
BYTENG applied into household portable pedal puller. (b) Output current of the
BYTENG during the hand pull and foot pull. (c) Output current of the BYTENG
during hitting boxing reaction ball. Output current of knitted FTENG and woven
FTENG applied into (d) seat cushion, (e) backrest and (f) carpet.

3.4 Conclusion

In summary, we developed a 1D braided core-shell structured single-electrode
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triboelectric yarn with PVDF triboelectric material and PA conductive yarn by using
simple, continuous wet spinning and braiding technologies. The obtained BYTENG
exhibits good flexibility, electrical output and machine washability. Owing to the good
adaptability and pressure sensitivity of the BYTENG, it can be employed as self-
powered multifunctional sensor for real-time exercise detection, such as household
portable pedal puller, boxing reaction ball and other sports products. As a
demonstration of good integration capability, the BYTENG can be further fabricated
into knitted FTENG and woven FTENG through the different weaving methods of
textiles. The as-prepared FTENGs have good softness and breathability, which can be
applied into seat cushions, backrest and carpet for human motion monitoring.
Furthermore, the fabrication process (from wet spinning, braiding to knitting and
weaving) of the FTENG presented in this work possesses promising potential in highly
integrated and continuous manufacturing triboelectric yarns and fabrics, which will

advance the field of smart textiles.
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Chapter 4: One-Dimensional Core-Spun Yarn Structured
Triboelectric Nanogenerator Based on Chitosan/Tencel

Fibers for Improving the Scalability and Functionality

4.1 Introduction

With the growing global energy consumption and environmental problems, sustainable
energy harvesting technologies have received extensive attention. Due to the
advantages of high output performance and diverse material selection as well as easy
fabrication, triboelectric nanogenerator (TENG) as biomechanical energy harvester and
self-powered sensor have been widely investigated. TENG is based on the
triboelectrification effect of materials with different electron affinities and electrostatic
induction. Consequently, the tribomaterials selection and structure design of TENGs
are crucial. However, a majority of tribomaterials utilized in TENGs are synthetic
polymers or metallic materials, which are generally non-renewable and non-
biodegradable, thus limiting the potential development of cost-effective and eco-
friendly TENGs and causing severe electronic waste.! Despite some studies have
realized the fabrication of biodegradable and environmentally friendly TENG by using
suitable natural materials, such as wood, 23 paper, *° feather, ® etc., the preparation
approaches are relatively complicated, time-consuming and expensive. In addition, the
fabricated eco-friendly TENGs are usually planar structured, which greatly restrict the
wearability, comfort and compatibility with textile technology. In comparison with
other forms of wearable TENGs, the advantage of fiber/yarn based TENG is its small
size, which can be arbitrarily incorporated into textiles. Therefore, an eco-friendly

fiber/yarn-based TENG is highly desirable.
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Nonetheless, the development of fiber/yarn based TENG still faces some big challenges.
First, the large-scale production technology of fiber/yarn based TENGs is not yet
mature because the widely used processing methods are restricted by complicated
process, low speed and limited fiber length as well as small yield.” Existing fiber/yarn
based TENGs usually have large diameters and uneven fineness, which greatly affect
the weavability.®1° Besides, the softness is sacrificed in some fiber/yarn based TENGs
due to the utilization of rigid metal strands, which has great impact on the mechanical
and tactile properties.'* It directly influences the durability, wearability, comfort of the
clothing. Apart from these issues, many t-TENGs improve the contact area by
introducing nanomaterials, which are easily damaged after long-term wearing and
washing, leading to unstable output. In this regard, there is still a great need to fabricate
eco-friendly fiber/yarn based TENG with small diameter, good mechanical strength,
excellent wearability using green materials by simple, cost-effective and sustainable

manufacturing methods.

In this chapter, we have designed and developed an extremely durable and eco-friendly
single-electrode triboelectric yarn (CYTENG) as a composite yarn which was made of
polyamide (PA) conductive yarn (core yarn) and Tencel-chitosan blended yarn
(wrapping yarn) by a scalable fancy spinning twister technology. Owing to small
diameter, large scalability and high production, the weaveability of the CYTENG has
been significantly improved. Under the working principle of single-electrode mode, a
voltage with value of 14.2 V and a current of 0.8 pLA can be obtained from the CYTENG
with the length of 45 cm under impacting frequency of 3 HZ and force of 100 N. Also,
the as-prepared CYTENG possesses high sensitivity to impact force, which
demonstrates their potential application as self-powered wearable sensor to monitor

human motion.
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4.2 Experimental Section

4.2.1 Materials

Tencel fiber and chitosan fiber with a length of about 38 mm and a fineness of about
1.5 dtex were bought from Tianjin Zhongsheng Biological Engineering Co. Ltd., China.
The degree of deacetylation of chitosan fiber is 88%. Ag-plated nylon6 multifilament
(yarn number is 70D) was purchased from Suzhou TEk Silver Fiber Technology Co.

Ltd., China.

4.2.2 Fabrication of the CYTENG

First, the 24 Ne Tencel/chitosan (85/15) blended yarns were developed by opening and
blowing, carding, drawing, combing, roving, spinning, and winding. Second, the
blended yarns obtained were transferred to the two hollow bobbins from the large
bobbin. Third, the core yarn and two hollow bobbins were placed in corresponding
positions of the machine (SFM32-04, Multifunctional fancy twisting machine, Kunshan
Shunfeng Textile Co., Ltd.). The CYTENG was continuously fabricated after setting

reasonable parameters.

4.2.3 Characterization and evaluation

The surface morphologies of the conductive yarn, Tencel/chitosan blended yarn and
CYTENG were characterized by Leica M165C (DFC 290HD, Leica Microsystems
Ltd.). The yarn blending ratio test was conducted according to GB/T 35257-2017

standard. The molecular information of chitosan fiber, Tencel fiber and Tencel/chitosan
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blended yarn was investigated by Fourier-transform infrared spectrometer (FTIR,
PerkinElmer, USA). The tensile tests of conductive yarn, Tencel/chitosan blended yarn
and CYTENG were implemented with an INSTRON tensile tester (INSTRON 5566)
equipped with a 10 N load cell according to ASTM D2256. The gauge length and tensile
rate used were 25 cm and 300 mm/min, respectively. An electrometer (Keithley 6514)
and oscilloscope (DS1000Z) were used to measure the electrical output of the
CYTENG. The compressing motions were applied via a Keyboard Life Tester (ZX-

A03).

4.3 Results and Discussion

4.3.1 Design and fabrication of the CYTENG

A new-type CYTENG was designed, as schematically illustrated in Figure 4.1a. This
CYTENG is characterized by a core-shell structure, where the polyamide (PA) yarn
coated with Ag was selected as the core yarn and conductive electrode, and a
Tencel/chitosan blended yarn was chosen as the wrapping yarn. The outer dielectric
layer tightly twines around the core conductive fiber as a building block. Figure 4.1b
shows the morphologies of the conductive yarn. The PA conductive yarn showed a very
low resistance of 12 Q/cm, which demonstrated good electrical conductivity. As
presented in Figure 4.1c, Tencel fiber as an environmentally friendly green fiber is
obtained from sustainably grown wood. In the production process of Tencel fiber, no
derivatives and chemical action will be generated, which reduces the impact of
production on the environment. According to the triboelectric series, Tencel, which
belongs to cellulose, sits at the slightly positive position. The previous study indicated

the lyocell fabric exhibited higher values of positive charge density compared with the
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tribo-charge densities of fabrics made from natural fibers like cotton, ramie and wool.*2
Therefore, the Tencel fiber adopted in the CYTENG can guarantee its comfortability
and good electrical output. Chitosan is a widely used biopolymer material which can
be extracted from the exoskeleton of crustaceans in nature, namely crabs and shrimps,
indicated in Figure 4.1c. Due to its non-toxicity, biodegradability and non-allergenicity,
it has received more and more attention. The excellent antibacterial effect can be
achieved by blending a small proportion of chitosan fiber into Tencel fiber. The material
also opens up new material engineering directions for the development of TENG using
eco-friendly and recyclable materials. To achieve the above structure, the fabrication
process selected should be properly designed. Figure 4.1d schematically depicts the
details of the fabrication process. A fancy yarn machine was employed, as displayed in

Figure 4.1e.
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Figure 4.1 (a) Schematic illustration of structure of the CYTENG. (b) Images
showing the morphologies of conductive yarn. (c) Images showing the morphologies
of Tencel/chitosan yarn. (d) Schematic illustration of the CYTENG fabrication

processing. (e) Photograph of fancy yarn machine.

4.3.2 Morphology, structure and mechanical property of the CYTENG

The chitosan in the blended yarn can also be verified by the Fourier transform infrared
spectroscopy (FTIR) result. As shown in Figure 4.2, it can be seen that the absorption
peaks of chitosan include 1646 cm™ (C=0 in amide groups which is amide | band) and
1593 cm (NH: bending vibration in amino group). The results support the presence of
chitosan fibers in the blended yarn.**!* In order to examine the actual blending ratio,
the blending ratio test was conducted according to GB/T 35257-2017 standard. The
result shows that the actual blended ratio (84.2/15.8) of the Tencel/Chitosan yarn is
close to the design ratio (85/15). The use of green fiber as the outer shell fiber is
conducive to improving the comfort of the human body. Because there is no chemical

fiber that directly contacts the skin causing discomfort.
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Figure 4.2 FTIR spectra of chitosan fiber, Tencel fiber and Tencel/Chitosan blended

yarn.

The photograph of as-fabricated CYTENG with unlimited length and good flexibility
is shown in Figure 4.3a, which can meet the requirements of continuous yarn production.
The image (Figure 4.3b) presents that the CYTENG has a small diameter, which is
comparable to the yarns commonly employed on industrial looms. The weight per unit
length of the CYTENG is only 0.08 g/m. Figure 4.3c further presents the mechanical
properties of conductive yarn, Tencel/chitosan blended yarn and as-made CYTENG.
The CYTENG exhibits tensile strength of 10.98 cN/tex at a strain of 25.4%, showing
the excellent mechanical properties. It guarantees that CYTENG can endure various,
complex, and durable deformations. The inner conductive yarn along with outer
Tencel/chitosan yarn constructed the CYTENG with a core-shell structure as confirmed
by Figure 4.3d and e. Tencel/chitosan blended yarns are tightly twined around
conductive yarns, which is further observed in Figure 4.3f. The resistance variation of
the CYTENG under bending and straightening is presented in Figure 4.3g. As observed,
the CYTENG can maintain its conductivity in the bending and straightening state. The
price of raw material is illustrated in Table 4.1. For 100 meters of the CYTENG, the

material cost is only RMB 2.31. The production cost is greatly reduced which
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contributes to the widespread application of t-TENG. High flexibility, small diameter
and light weight, great scalability as well as productivity promote the excellent

weaveability of the CYTENG, which is compatible with existing textile technology.

Figure 4.3 (a) Photograph of the fabricated CYTENG. (b) Visual fineness of the
CYTENG. (c) Tensile stress versus strain curve of the conductive vyarn,
Tencel/chitosan blended yarn and the CYTENG. (d) Cross section of the CYTENG.
(e-f) Optical microscope images of the CYTENG. (g) Resistance variation of the
CYTENG under bending and straightening.

Table 4.1 The price of raw materials.

Item Price
PA conductive yarn (70D) 1.11 RMB/100m
Chitosan/Tencel blended yarn (25tex) 0.6 RMB/100m
CYTENG 2.31 RMB/100m
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4.3.3 Working mechanism

Taking Polydimethylsiloxane (PDMS) as external contact material, the mechanism of
the CYTENG working in the single electrode mode is schematically illustrated in
Figure 4.4. When the Tencel/chitosan blended yarn is contacted with PDMS under an
external mechanical force, contact electrification occurs at the material interface owing
to their different electron affinities (Figure 4.41). Because the surface electron affinity
of the Tencel/chitosan blended yarn is lower than PDMS, negative triboelectric charges
will be transferred from the Tencel/chitosan blended yarn to PDMS. Once relative
separation occurs, the positive charges from the exterior of the Tencel/chitosan blended
yarn induce negative charges, leading to the flow of instantaneous electrons from
ground to the electrode (Figure 4.411). When the external material and the CYTENG
are completely separated, the electron in the CYTENG is in a balanced state, so that
there is no electrical signal output (Figure 4.4111). When the PDMS approaches the
CYTENG again, the opposite electron flow occurs from the electrode to ground till
PDMS has intimate contact with the CYTENG again (Figure 4.41V). Therefore, the
generator continuously produces alternating output through the entire cycle of the

contact and separation process.
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Figure 4.4 Working principle of the CYTENG, contacting (1), separating (1),
separated (111) and approaching (1V).

4.3.4 Electrical output performance of the CYTENG

In practical life, various impact forces are often applied to human body. Therefore, it is
necessary to investigate the effects of forces on the output performance of the CYTENG.
To study the relationship between electrical output and impact force, the output voltage
and current of the CYTENG were measured with different vertical contact forces.
Figure 4.5a and b show the output voltage and current of the CYTENG (45 cm) with
various impacting forces at the fixed mechanical impacting frequency of 3 Hz. The
results present that the output voltage and current of the CYTENG continue to rise
under increased applied force from 0 to 20 N. Besides, with the rise of applied force
from 20 N to 100 N, the increasing of the output voltage and current can still be
observed, but the rise rate is slower than that from 0 to 20 N, which indicates that the
CYTENG has different response behaviors towards various forces. Values of 14.2 V

and 0.8 pA are acquired at a force of 100 N. The enhancement of the output voltage and
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current of the CYTENG can be explained by the more intimate contact between PDMS
film and the CYTENG. However, when the applied force is greater than 20 N, the
output voltage and current of the CYTENG basically increase slightly. This might be
due to the fact that the PDMS film and CYTENG are in full contact, resulting in a slight
increase in the output voltage and current. In order to accurately explore the
performance of the CYTENG as a self-powered sensor, the voltage towards different
impacting forces is plotted as shown in Figure 4.5c. Distinct stages simulations are seen
clearly via the linear simulations. In terms of voltage output towards various impact
forces, linearities of 0.95 and 0.93 are displayed in 0 N-20 N (black fitting line) and 20
N-100 N (red fitting line), respectively. The fabricated CYTENG shows the sensitivity
of 0.47 V-N1 and 0.06 V-N in a wide pressure range of 0 to 20 N and 20 to 100 N,

respectively.

In real life, the frequency of the impacting force applied to the TENG will vary
depending on the environment. Therefore, the output performance of the CYTENG (45
cm) at different frequencies under a fixed force of 100 N is discussed. As shown in
Figure 4.5d and e, the output voltage and current of the CYTENG increase with the
increasing of the impact frequency from 1 to 3 Hz, and the output voltage (~14.2 V)
and current (~0.8 pA) are obtained at a frequency of 3 Hz. At higher frequencies, the
rate of charge transfer increases, resulting in a reduced duration of current peaks and

higher current output.

In order to further examine the effect of the CYTENG length on the electrical
performance, the output voltage and current of the CYTENG with different lengths
under same condition were measured. Figure 4.5f and g display the output voltage and

current towards different CYTENG lengths. As the length of the CYTENG increases
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from 5 cm to 45 cm, the output voltage and current of obtained CYTENG increase. The

reason is that the larger contact area can generate more charge, leading to higher output.
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Figure 4.5 The electrical performance of the CYTENG. (a) The output voltage and
(b) current of the CYTENG with various impacting forces (the frequency is fixed at
3 Hz). (¢) The relationship between voltage and impacting force. The lines
correspond to the linear fitting function. (d) The output voltage and (e) current of the
CYTENG with different impacting frequencies (the force is fixed at 100 N and testing
length of the CYTENG is 45 c¢cm). (f) The output voltage and (g) current of the
CYTENG with different lengths (the impacting force and frequency are fixed at 100
N and 3 HZ, respectively).

4.3.5 Self-powered wearable sensors based on the CYTENG

To demonstrate the capability of the CYTENG in sensing finger motions, three
CYTENGs with a length of 35 cm were sewn into index finger, middle finger and ring
finger knuckle area inside a textile glove respectively, as shown in Figure 4.6a. Figure
4.6b shows that this smart glove can detect and distinguish various gesture signals.
When the movements between the two materials by hand gestures were repeated, the
smart glove generated a triboelectric output voltage, which could distinguish different
gesture signals. This result shows that the smart glove with the CYTENG’s triboelectric
sensor can distinguish specific gestures in real time. When the output voltage of this
self-powered sensor is 2.9 V (1), 1.7 V (I1) and 0.9 V (l1I), the finger gesture can be
recognized as index finger, middle finger and ring finger, as shown in Figure 4.6b. In

addition, the output voltage of 4.8 V (1V) is detected as making a fist.

153



CHAPTER 4

Figure 4.6 (a) Image of a smart glove sewn with the CYTENG. (b) Output voltage
of the smart glove during the motion of different fingers, index finger (1), middle

finger (11), ring finger (111) and making a fist (1V).

4.4 Conclusion

In this chapter, a new triboelectric yarn was successfully prepared by a scalable fancy
yarn spinning technology using Tencel and chitosan fibers, which exhibits high
flexibility, small diameter, low weight, high scalability, and productivity as well as low
cost. It is well demonstrated that the impact force, frequency, and CYTENG length have
a great influence on electrical output. Specifically, under a working principle of single-
electrode mode, a voltage with value of 14.2 V and a current of 0.8 pA can be obtained
from the CYTENG with the length of 45 cm under an impacting frequency of 3 HZ and
force of 100 N. In addition, the CYTENG possesses high sensitivity to impact and can
be used as a high-performance self-powered sensor. With the merits of good shape-
adaptability, easy deployment, low cost, and eco-friendliness, the CYTENG shows
promising potential in wearable use, which can be further woven into breathable fabric
t-TENG or integrated with cloth. This continuously scalable manufacturing technology
contributes to the commercial production of eco-friendly fiber/yarn based t-TENGs and

also provides guidance for the fabrication of functional yarn.
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CHAPTER 5

Chapter 5: Two-Dimensional Fabric  Triboelectric
Nanogenerator by Integrating One-Dimensional Core-Spun

Triboelectric Yarn

5.1 Introduction

To improve electrical output performance and broaden its application, flexible TENGs
with fabric forms were highly desired, which promote the development of fabric-based
TENG (FTENG) as energy-harvesting device and self-powered sensor. Consequently,
a variety of fabric-structured TENGs have been developed.!> One approach is to weave
modified yarns or wires into TENG fibers/yarns for fabricating FTENG.®* For the
electrodes of TENGs, carbonaceous material coating, metal wires, yarn or fabric with
conductive metal, and conductive polymers have been commonly used.*>?* Moreover,
dielectric polymer films such as polydimethylsiloxane (PDMS) and silicone rubber
have been typically coated on conductive yarn or metal wires as triboelectrification
layers.?233 Another method of fabric-structured TENGsS is to utilize conductive and
dielectric coating on fabrics.>*3® In addition to these techniques, screen-printing,
electrospinning and electrospray method, reactive ion etching and metal-mask plasma

etching have also been explored."42

Although these developed FTENGs have demonstrated the effectiveness of power
supply, there are still some challenges ahead that need to address. A majority of
FTENGs are fabricated by using the fabric as the substrate and then attaching functional
materials with good triboelectric properties to the substrate, which greatly affects the

comfort.*® In addition, t-TENGs as wearable self-powered sensors are in constant
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contact, bacteria are also easy to multiply, which will pose a huge threat to human health.
In this case, antibacterial property is an important performance optimization for the
tactile sensor to prevent bacterial infections. Furthermore, in terms of the extension of
their applications, most t-TENGs are incompatible with current textile manufacturing
process.** The methods that have been reported are complex, time-consuming and

expensive.

In this chapter, to address the above-mentioned challenges, a novel FTENG based on
woven structure was successfully fabricated by using the CYTENG developed in
chapter 4, which overcomes the complex manufacturing process, high cost, poor
comfort and small-scale production. The prepared FTENG with the size of 5 x 5 cm?
presents a desirable open-circuit voltage of 31.3 V, a short-circuit current of 1.8 pA and
instantaneous power density of 15.8 mW/m? under a load resistance of 70 MQ. In
addition, the FTENG exhibits excellent wearability and comfort, such as high flexibility,
desirable breathability and good machine washability. The FTENG performs excellent
antibacterial property. The inhibition rates against Staphylococcus aureus (S. aureus),
Escherichia coli (E. coli) and Candida albicans (C. albicans) can reach up to 99%.
Furthermore, it can work as a self-powered sensor, wherein the developed FTENG can
be attached under the arm and foot to demonstrate the ability to detect different body
movements. Therefore, the FTENG showed in this work can be integrated into
multifunctional textiles and clothing. This platform will pave a way for the widespread

application of the Internet of Things.

5.2 Experimental Section

5.2.1 Materials
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Cotton yarn as warp yarn was provided from the lab. The CYTENGSs prepared in

chapter 4 were used as weft yarns.

5.2.2 Fabrication of the FTENG

An automatic rapier sample loom (SL8900, CCI TECH INC.) was employed to weave
an FTENG. Cotton yarns were prepared as warp yarns, and as-prepared CYTENGS in
chapter 4 were employed as weft yarns. After entering the fabric structure details and

appropriate weft density in the loom machine, the weaving process started.

5.2.3 Characterizations

The air permeability of the FTENG was evaluated by air Permeability Tester (SDL
International MO021S) according to standard (ASTM D737). The water vapor
transmission (WVT) rate (g/m?day) of the obtained FTENG was characterized
according to the standard (GB/T 12704.1-2009). An electrometer (Keithley 6514) and
oscilloscope (DS1000Z) were used to measure the electrical output of the FTENG. The
compressing motions were applied via a Keyboard Life Tester (ZX-A03). The machine
washability of the as-made FTENG was tested according to the standard (AATCC 135),
and the antibacterial property of the FTENG was measured following GB/T 20944.3

(Shake flake method).

5.3 Results and Discussion

5.3.1 Design and fabrication of the FTENG
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Figure 5.1a shows the weave structure of the FTENG. The blank represents the weft
yarn (CYTENG) exposed on the surface, and the black dot represents the warp yarn
(cotton) presented on the surface. A woven structured FTENG is illustrated, as
displayed in Figure 5.1b. All the electrodes of weft yarns of the FTENG are connected
in parallel, which are connected to a ground via an external load. Figure 5.1c shows the
fabrication process of the FTENG. Industrial sample weaving loom was used for
automatic weaving. The optical image of the FTENG is shown in Figure 5.1c,
presenting surface morphology of the FTENG. The FTENG has a larger weft float
length, and almost all surface of the fabric is covered by the CYTENG as the weft yarns.
Compared with plain weave and twill weave, the interlacing points in sateen structure
are the least, so the hand feel is softer. Figure 5.1d shows a typical cross section of the
FTENG where the weft and warp yarns interweave up and down with each another. In
one unit, seven weft yarns (CYTENGS) are above the warp yarns (cotton), and one weft
yarn is below the warp yarns. Like common cotton fabrics, Figure 5.1e proves the
FTENG being kneaded (1), scrolled (I) and folded (I11), obviously displaying the

flexibility feature of the FTENG.
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Figure 5.1 (a) Weave structure of the FTENG. (b) Schematic illustration of the
FTENG. (c) Photograph of the fabricated FTENG. (d) Cross section of the fabricated
FTENG. (e)Photographs of the FTENG under different deformations, such as
kneaded (1), scrolled (I1), and folded (I11).

5.3.2 Working mechanism

Figure 5.2 illustrates the working mechanism of the FTENG, which is similar with that

of the CYTENG.
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Figure 5.2 Working principle of the FTENG.

5.3.3 Breathability

Breathability is a significant factor for the FTENG with cloth/skin for wearable
applications. The air permeability of the FTENG can reach 49 ml/s/cm?, which is the
rate of air flow passing perpendicularly via the fabric. The higher rate indicates better
air permeability. For comparison, three types of chitosan blended woven fabrics were
also tested which were fabricated with polyester/cotton/chitosan, cotton/chitosan and
Tencel/ polyester /chitosan yarns, respectively. As illustrated in Figure 5.3, the results
show that the FTENG is comparable to three chitosan blended woven fabrics, which
can meet the requirements of human skin for air permeability. Additionally, benefiting
from the material and structure of the FTENG, it exhibits good permeability of water
vapor. As shown in Figure 5.3, the water vapor transmission (WVT) of obtained
FTENG is 656.12 g/m? - 24 h. The comparison with three other woven fabrics confirms

its excellent breathability.
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Figure 5.3 Air permeability and water vapor permeability of the as-prepared FTENG

and different fabrics.

5.3.4 Electrical output performance of the FTENG

The electrical output performance of the FTENG was quantitatively tested. A PDMS
film was driven by a Keyboard Life Tester to apply forces on the FTENG cyclically.
Detailed study of the factors affecting the output performance of the FTENG were also

investigated, including the impact force, test area and frequency.

In practical life, various impact forces are often applied to human body. Therefore, it is
necessary to investigate the effect of force on the output performance of the FTENG.
Figure 5.4a and b show the voltage and current of the FTENG (5 cm*5 cm) with
different impact forces ranging from 0 to 200 N at the fixed mechanical impacting

frequency of 3 Hz. The results clearly reveal that the voltage and current of the FTENG
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are gradually enhanced by increasing the applied impact force. The increase of the
effective friction area between the PDMS film and FTENG can explain the increase in
output voltage and current of the FTENG. However, as the applied force continues to
rise, the output voltage and current of the FTENG basically increase slightly. This may
be due to the fact that the PDMS film and FTENG are in complete contact, resulting in
saturation of the effective friction area. Output voltage of 31.3 V and current of 1.8 pA
can be achieved by applying a force of 100 N on the FTENG. To further understand the
relation between the pressure and output performance, the output voltage and current
with respect to increased pressure are plotted in Figure 5.4c and d. As observed, the plot
of relationship between output voltage and pressure is composed of three stages,
pressure region under 8 kPa, pressure from 8 kPa to 32 kPa and pressure from 32 kPa
to 40 kPa. Under the low-pressure stage (less than 8 kPa), the FTENG presents a well-
behaved response. A very high linearity of 0.980 and sensitivity of 1.940 V/kPa are
displayed (black fitting line) due to a relatively large change of the effective friction
area. As the pressure grows further, a decreased sensitivity can be clearly seen (red
fitting line), which is attributed to small variation of effective friction area. The fitting
line suggests that the pressure and voltage exhibit a linear relationship with a correlation
of 0.997 in the range of 8-32 kPa. When the pressure exceeds 32 kPa, the change in
output voltage becomes very small, or the device enters an approximate saturation state
(blue fitting line) owing to saturation of the effective friction area. Meanwhile, a similar
trend can be observed in the output current. The detailed reason of three pressure stages

is illustrated. The output voltage can be expressed as *°

ox(t)

€o

Vi) =R¥ = L&

dt SSO Er1

+ d— + x(6))+ (1)

where V is the output voltage, Q is the transferred charge amount between electrodes,

S is the contact area during working, &,is the vacuum permittivity, €,is the relative
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permittivity of dielectric layers, d, and d, are the effective thickness of two dielectric
materials. x is the separation distance between the two triboelectric charged layers,
means the charge density. It can be observed that a large change in the effective friction
area AS results in a large change in the output voltage AV. The pressure sensitivity can

be expressed as

_Av

S_AP

)
where AP is the change of pressure. So a large change of the effective friction area will
contribute to high pressure sensitivity. Because of the interweaving of warp and weft
yarns, the FTENG shows three deformation stages with various pressures, as presented
in Figure 5.4e. From stage 1 to stage 2 under low pressure region ( < 8 kPa), a relative
large change of the effective friction area AS can be seen. However, there is small
variation of effective friction area AS from the stage 2 to stage 3 (8 kPa-32 kPa). In the

stage 3 (32 kPa-40 kPa), the effective contact area AS is basically saturated.
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Figure 5.4 (a) The output voltage and (b) current of the FTENG with various
impacting forces (the frequency is fixed at 3 Hz and area is 5 cm*5 cm). (c) The
relationship between voltage of the FTENG and pressure. (d) The relationship
between current of the FTENG and pressure. The lines correspond to the linear fitting

function. (e) Different deformation stages of the FTENG under different pressures.

The output performance of the FTENG with different areas is also explored in this work.

It is obvious that the output performance of the voltage and current can be gradually
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enhanced as the contact area of the FTENG increases. When the area of the FTENG
varies from 3 cm*3 cm to 5 cm*5 c¢m, the voltage and current increase from about 14.6
V, 1.1 pAto about 31.3V, 1.8 pA, respectively, as demonstrated in Figure 5.5a and b.
The enhanced output performance can be attributed to the following reason. The larger
area of the FTENG increases the contact area of friction layer, which can generate

higher outputs.

Figure 5.5 (a) The output voltage and (b) current of the FTENG with different testing
areas (the force and frequency are fixed at 100 N and 3 HZ, respectively).

Additionally, the electrical output performance is also evaluated at different impact
frequencies via maintaining the external impact force at 100 N and area of 5 cm*5 cm.
When the impact frequency rises from 1 Hz to 3 Hz, an increase of voltage from 11.3
V to 31.3 V can be observed, as presented in Figure 5.6a. Under the increasing
frequency, the surface charge of the friction layer will not be completely neutralized,
which may boost the voltage. Meanwhile, as shown in Figure 5.6b, the current of
FTENG increases from 0.6 pAto 1.8 pA. The enhancement can be attributed to a higher
impact frequency that can increase the number of pressure per unit time. This improves

the rate of charge transfer and reduces the sustained period of current peak, thus
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inducing higher current.

Figure 5.6 (a) The output voltage and (b) current of the FTENG with different
frequencies (the force and area are fixed at 100 N and 5 cm*5 cm, respectively).

In order to make wearable electronics, the main requirement is to withstand washing
procedures. In this regard, the as-made FTENG was washed and dried by using a
commercial washing machine and dryer. The electrical output performance of the
FTENG before and after being washed was tested and analyzed comprehensively.
Figure 5.7a shows the output voltage of the FTENG under the identical external
condition after machine washing. The voltage of the FTENG under the first machine
washing exhibits very minor degradation. After the 2nd, 3rd, and 5th washes, the output
voltage remains stable without obvious declining. It can be ascribed to the slight yarn
shrinkage which is a common phenomenon of yarns after their first wash, leading to
the change of relative position of yarns and effective contact area. These observed
experimental results prove that the FTENG has good machine-washability for daily use.
As presented in Figure 5.7b, it can be observed that the output voltage of the FTENG
does not change obviously under 100 cyclic times of folding and twisting owing to the

flexibility of the FTENG.
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Figure 5.7 (a) The output voltage of the FTENG before and after machine washing.
(b) The output voltage of the FTENG after suffering various deformations (100 cyclic
times of folding and twisting).

The dependence of output current of the FTENG on the external loading resistance was
investigated by connecting with external resistors. As exhibited in Figure 5.8, it is found
that the output current is basically maintained at a value with the increment of load
resistance from 10° Q to 10° Q, and subsequently decreases when the resistance is

further increased to 108 Q. The average power density can be expressed as:
I°R
W=— 3)
where W represents the power density, I is the corresponding current, R is the

resistance value, and A4 is the effective area. The power density of 15.8 mW/m? under a

load resistance of 70 MQ is achieved.
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Figure 5.8 The current and peak power of the FTENG measured with various

external load resistances with frequency of 3 HZ and impacting force of 100 N.

5.3.5 Antibacterial property of the FTENG

The antibacterial property of as-fabricated FTENG was evaluated following GB/T
20944.3 (Shake flake method). The concentration of bacteria and inhibition rate of
FTENG are summarized in Table 5.1. For S. aureus, the number of bacteria in the blank
sample increased significantly from 2.0x 10* CFUmLin 0 hto 8.7x 10° CFU mL* in
18 h while the number of bacteria in the FTENG decreased significantly to 1.0x 102
CFU mL™ after 18 h. The inhibition rate of 99% against S. aureus can be observed. The
same inhibition rate against E. coli is presented. With regard to C. albicans, the
inhibition rate of the FTENG can reach up to 99%. The excellent antibacterial property
of the FTENG is mainly attributed to the chitosan material blended in yarns and Ag
coated on the PA yarn, which possess the ability to inhibit and kill bacteria. The results
demonstrate that the antibacterial activity of the FTENG is excellent and our FTENG

exhibits great potential in antibacterial wearable electronics.

Table 5.1 Antibacterial efficiency after inoculation with S. aureus, E. coli and C.
albicans suspensions incubated with the FTENG for 18 h.
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_ S. aureus E. coli C. albicans
Bacteria

Blank FTENG Blank FTENG Blank FTENG

The number of
bacteriaat 0 h
_ 2.0x 10* 2.2 x 10* 1.8x 10*
contact time
(CFU mLY)
The number of
bacteria at 18 h
_ 8.7x10° 1.0x 10° 3.1x10® 3.1x 10° 4.6x 10° 2.6x10°
contact time
(CFU mLY)

Inhibition (%) > 99 > 99 > 99

5.3.6 Application of the FTENG

In order to prove the ability of the FTENG as a power source for electronics, fifteen
commercial light-emitting diodes (LEDs) were connected to the electrodes of the
FTENG. When impacting on the FTENG with an active area of 5 cm x 5 cm, 15 LEDs
were lit up, as displayed in Figure 5.9a. In addition to powering electronic devices, the
electrical energy generated by the FTENG could also be stored in several capacitors
through a bridge circuit. The effect of capacitance capacity (1 uF, 4.7 puF, 10 uF) on the
charging ability of the FTENG was also investigated. Figure 5.9b presents the voltage-
charging curve of different capacitors, which was measured under impacting and
releasing the FTENG. As the capacitance capacity increases, a slower charging velocity
can be seen. The electricity stored in capacitor could power wearable electronics. A
circuit was designed for driving electronic watch. The screen of watch indicates the

watch works normally, as exhibited in Figure 5.9c.
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Figure 5.9 (a) A series of LEDs powered by the FTENG. (b) The capacitor charging
ability of the FTENG with 5 cm*5 cm area under impacting frequency of 3 Hz and

impacting force of 100 N. (c) Circuit diagram for powering electronic watch.

In gait and posture analysis, monitoring the foot motion is very significant for footwear
design, sports biomechanics and wearable medical systems. Figure 5.10a presents a
schematic illustration of the FTENG for the foot monitoring. The FTENG was put
under the heel and forefoot, respectively. For example, as illustrated in Figure 5.10a,
the human foot served as the friction layer to contact the FTENG. Slow motion and fast

motion were applied to the foot heel. The corresponding output value can reach about
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2.3V (I) and 2.5V (1I). However, the output voltage of 1.2 V/(111) can be obtained when
using forefoot to contact the FTENG. Moreover, for comparison, the heel and forefoot
wearing cotton socks were employed to contact the FTENG. The output voltages
obtained are obviously different, about 1.8 V (IV) and 0.8 V(V) respectively. This foot
pressure monitoring function of the FTENG can be utilized for posture correction and

rehabilitation in sports industries and personal health monitoring.

In addition, the FTENG was integrated on different positions of the human body to
obtain energy and monitor human movements. A FTENG (5 cm*5 c¢cm) was pasted on
the waist of cloth. Figure 5.10b shows the output voltage of the FTENG by this arm
swinging. Meanwhile, the voltage of the FTENG at different speeds of human motion
was recorded. Peak voltages about 1.2 V (1) and 5.1 V (II) were obtained from arm
swinging in slow speed and fast speed, respectively. In comparison, the voltage
generated by arm flapping is relatively higher with 7.3 V (111) for the slow motion and
17.8 V (1V) for the fast motion. According to the above discussions, the FTENG served
as a self-powered sensor is successfully demonstrated, which is flexible, portable and

has promising potential for future smart healthcare sensor.

Figure 5.10 (a) Output voltage of the FTENG fixed under the foot, slow motion of

heel (1), fast motion of heel (11), forefoot motion (111), heel motion wearing a cotton
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sock (IV) and forefoot motion wearing a cotton sock (V). (b) Output voltage of the
FTENG fixed under the arm, slow motion of arm swinging (I), fast motion of arm

swinging (I1), slow motion of arm flapping (111) and fast motion of arm flapping (V).

5.4 Conclusion

In this chapter, we have successfully developed eco-friendly and antibacterial 2D
FTENG through the employment of green fibers based on existing spinning and
weaving technology. The electrical performance of the FTENG operating at a single-
electrode mode is desirable, which can reach 31.3 V, 1.8 pA, 15.8 mW/m? by applying
a 3 Hz mechanical drive of 100 N with the size of 5 x 5 cm?. Besides, the FTENG has
achieved the outstanding wearability including the unique advantages of safety,
lightness, comfort, breathability and washability. Moreover, The FTENG performs
excellent antibacterial property, wherein the inhibition rates against S. aureus, E. coli
and C. albicans can reach up to 99%. Furthermore, the output voltage and current
exhibit excellent sensitivity towards impact force. The FTENG can sense the intensity
of mechanical stimulation in real time in a self-powered manner. The above compelling
features of the proposed FTENG by employing eco-friendly material and scalable
manufacturing process demonstrate its promising potential for multifunctional

applications in wearable electronics.
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CHAPTER 6

Chapter 6: Three-Dimensional Woven  Structured
Triboelectric Nanogenerator with Enhanced Wearability and

Durability

6.1 Introduction

The rapid development of wearable electronics has brought tremendous convenience to
our daily life, and has gradually applied into various fields, such as health management,
smart sports, and entertainment.*® However, the flexible power source suitable for these
wearable electronics is still an urgent mission. The triboelectric nanogenerator (TENG)
is a newly developed energy harvesting technology that can effectively convert
biomechanical energy into electrical energy, based on the coupling effect of contact
electrification and electrostatic induction.*” Considering its inherent characteristics
such as low cost, extensive material source, high efficiency and versatility, TENG has
promising applications in harvesting energy.81° As one of common and sustainable
energy, human motion can be harvested by wearable textile-based triboelectric
nanogenerators (t-TENGs).* The cloth made of t-TENG not only meets the comfort of
wearing, but also can collect human movement energy for power supply at anywhere
and anytime. In view of this, textiles can be chosen as the best medium for TENG owing
to its lightness, breathability and flexibility. The emerging TENG combined with

traditional textile technology provides a broad application for self-powered textiles.*?

Up to now, some t-TENGs with numerous materials, various structures and fabrication
techniques have been reported.'®22 However, the further development of t-TENGs still

faces several dilemmas. Firstly, some woven structured t-TENGs consist of one
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material, which greatly limits the functionality of TENGs. For example, the water
transport in some t-TENGs with prevention of water penetration fabricated by
hydrophobic fibers is bidirectional,2*2” which means that the inner face of t-TENGs
will still be cling to the body in the process of moisture transfer. 2 Moreover, multilayer
fabric-based TENGs realized by directly stacking functional fabrics/films together have
been extensively studied and reported, including stacking of nanofiber films,2%
stacking of fabrics,®! stacking of films and fabrics,3* and so on. Some directional
water transport textiles were also fabricated through stacking of nanofibers.® But the
biggest problem with this structure is that the interface is easily delaminated.
Furthermore, most t-TENGs were fabricated by coating, electrospinning,
electrospraying and other techniques, which attached some conductive and frictional
materials to the yarn and fabric.3’**3 Due to the variable bending structure and uneven
surface characteristics of textiles, the coating on t-TENG is easy cracking/delamination,
leading to low abrasion resistance and poor durability.***° Because the complex and
time-consuming chemical preparation process is neither economical nor
environmentally friendly, it is difficult to mass-produce with existing textile
manufacturing technology.®®*® Some directional water transport textiles created
through chemical finishing may have the above problems and cause environmental

pollution and health issues.>®

In this chapter, a 3D triboelectric nanogenerator fabric (SP-FTENG) was designed and
fabricated with support zone and functional zone which was composed of three layers,
including the inner polypropylene (PP)-cotton fabric layer close to skin for moisture
transfer and absorption, the middle Ag-cotton fabric layer for conducting electrode and
antibacterial agent, and the outer polytetrafluoroethylene (PTFE)-cotton fabric layer for

tribo-negative layer and repelling water, respectively. Based on structural design and
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rational materials configuration, versatility of woven-structured t-TENG is realized,
including excellent electrical performance, wearability (directional water transport and
breathability) and antibacterial property. Compared with t-TENGs with multilayer
nanofiber film/fabric stacking structures, the fabric interface of this new structure
fabricated by weaving the support area and the functional area together is not easily
delaminated. In addition, fabric geometric models have been proposed to calculate the
effective area of each yarn on each side for explaining the mechanism of water transport
and the difference in output performance of various 3D FTENGs. This work addresses
issues of wearing comfort and scalable manufacturing of versatile t-TENG with low-
cost, and eco-friendly materials, while providing new insights into human motion
monitoring from time to time, resulting in a promising research direction for sustainable

smart and functional textiles.

6.2 Experimental Section

6.2.1 Materials

Polypropylene yarns of about 250 D and 900 D were bought from Alibaba where D
(Denier) is a measurement of linear density of yarn: Grams per 9,000 metres of yarn. A
Ag-plated nylon6 multifilament (yarn number 360 D) was purchased from Suzhou TEk
Silver Fiber Technology Co., Ltd., China. Polytetrafluoroethylene yarn of 500 D was
purchased from Shandong Senrong New Materials Co., Ltd, China.

Polydimethylsiloxane (PDMS) was bought from Dow Corning.

6.2.2 Fabrication of the 3D FTENGs
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Cotton yarns were used as warp yarns, and the PTFE, Ag, PP yarns were prepared as
weft yarns, which were set in corresponding positions according to the design of fabric
weave. The 3D machine woven FTENGs were fabricated through an automatic rapier

sample loom (SL8900, CCI TECH INC.).

6.2.3 Fabrication of the 3D SCP-FTENG

The 3D SP-FTENG with desired area was employed as flexible substrate for the
construction of the SCP-FTENG. Firstly, PDMS (sylgard 184 silicone elastomer, Dow
Corning) was prepared by mixing the two components with the weight ratio of 1:10.
After mixing, the PDMS was degassed in vacuum for about 5 min to remove the air
bubbles. Next, the PDMS was uniformly coated on the outer layer of functional zone
with a brush. Finally, it was dried in an oven at 60 °C until the PDMS was dry and the

3D SCP-FTENG was formed. The conductive tapes were attached on the Ag layer.

6.2.4 Characterization and evaluation

The sample morphologies were investigated by the scanning electron microscope (SEM)
of VEGAS3, Tescan. The air permeability was characterized by an air permeability tester
(SDL International M021S) following the standard (ASTM D737). Referring to ASTM
E96-Option B, the water vapor transmission was investigated. The water contact angle
(CA) of the 3D FTENGs was evaluated by using an optical contact angle measuring
device (SDC-350, Sindin, China). By using a moisture management tester (MMT, SDL
ATLAS, Ltd., China), the moisture management behavior of the 3D FTENGs was
characterized. The electrical output performance of the 3D FTENGs was measured by

an electrometer (Keithley 6514) and oscilloscope (DS1054Z). A keyboard life tester
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(ZX-A03) was employed to provide the compressing motion. The SP-FTENG was
washed according to the standard method (AATCC 135). Abrasion resistance was
investigated using the SDL Atlas Martindale Abrasion Tester. The antibacterial

activities of the SP-FTENG were evaluated referring to GB/T 20944.3.

6.3 Results and Discussion

6.3.1 Design and fabrication of the 3D SP-FTENG

The fabrication procedures of the 3D SP-FTENG by traditional weaving technology are
schematically described in Figure 6.1a-e. Figure 6.1a presents the weaving design
system on which the 3D SP-FTENG was designed in professional weaving language.
In the functional zone design of the SP-FTENG, the fabric structure has three levels
from the inner layer to outer layer. As shown in Figure 6.1a, a matt weave structure (1)
was designed for the outer layer owing to its greater compactness. Meanwhile, the
arrangement ratio of the warp yarn density was designed as 1:1:2 from the inner, middle
to the outer layers. The middle layer adopts a 2/2 right twill weave (1), and the inner
layer used a 3/1 right twill weave (I11). The red, black and purple dots represent warp
interlacing points of the outer, middle, and inner layers, respectively. The combination
of three-layer organization and green warp interlacing points constitutes the on-
machine diagram of the SP-FTENG (I1V). In Figure 6.1b, four types of yarns were
selected to fabricate the SP-FTENG. PTFE yarn is hydrophobic and chosen as the
negative dielectric material. Sliver (Ag) yarn was used as the antibacterial material and
conductive material. By taking advantage of their inherent characteristics, cotton yarn
and PP yarn were employed as hygroscopic and moisture conducting materials,

respectively. The 3D SP-FTENG was woven by using an automatic rapier sample loom
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(Figure 6.1c). Figure 6.1d presents the schematic illustration of the 3D SP-FTENG,
which is divided into three various zones with both the functional zone for providing
various functions and the support zones for targeting on mechanical support. This
weaving technology makes the functional and support zones seamlessly connected to
ensure the versatility and mechanical stability of the 3D SP-FTENG. Figure 6.1e
schematically illustrates the design of the functional zone of the 3D SP-FTENG, which
consists of three fabric layers from the inner to the outer layers, including the inner
layer for moisture transfer and skin contact, the middle layer for conducting electrode
and antibacterial agent, and the outer layer for contact electrification and repelling water.
The inner layer mainly uses PP fibers as the skin-friendly layer, which have typical
water-absorbing and hydrophobic characteristics. Therefore, it can quickly drain body
surface sweat to the outer surface without a wet and sticky feeling. The cotton fiber was
employed to fabricate the inner, middle and outer layers because it is a natural
hydrophilic material that easily absorbs a large amount of water. Three layers with
different cotton fiber content can quickly transfer the moisture from the inner layer to
the middle and outer layer while storing excessive moisture. Regarding the materials of
the outer layer, the PTFE as hydrophobic fiber can be utilized to achieve the
hydrophobic function. Moreover, the strong ability of PTFE to attract electrons can
ensure good electrical output. Due to the soft nature of the yarn, the fabric is endowed
with wearability, which promotes their application as wearable devices. As shown in
Figure 6.1f, the 3D SP-FTENG can be used for sportswear, which can harvest energy
during exercise. To investigate the effect of yarn arrangement and PDMS coating on
the electrical output and wearability, four types of 3D FTENGs with different functional
zones were designed and compared, named SP-FTENG (I), LP-FTENG (Il), ST-
FTENG (111) and SCP-FTENG (1V) as follows in Figure 6.1g. Firstly, the difference

between SP-FTENG (1) and LP-FTENG (I1) is that the PP yarns used in the inner layer.
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Secondly, SP-FTENG (1) and ST-FTENG (Ill) adopt various outer layer structure.
Thirdly, to explore the effect of PDMS coating on the electrical performance and
wearability, the outer layer of functional zone of the SP-FTENG (I) was coated with
PDMS, abbreviated as SCP-FTENG (1V), as presented in Figure 6.1g. The cross section
of functional zone of the SP-FTENG and SEM images of the yarns used are illustrated
in Figure 6.1h. The structures of the outer layer, middle layer and inner layer are the
same as the designed structure. Owing to the soft and flexible characteristics of the SP-
FTENG, it can be easily folded and rolled, just like the clothes we usually wear (Figure

6.1i).
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Figure 6.1 Structural design, schematic illustration and fabrication process of a 3D SP-
FTENG. (a) Design system and weave structure of functional zone of the 3D SP-
FTENG, outer layer (1), middle layer (II), inner layer (I11), on-machine diagram (V).
(b) Schematic of weaving yarns. (c) Schematic diagram of fabrication process of the
3D SP-FTENG. (d) Schematic illustration of the 3D SP-FTENG. (e) Schematic
diagram of the multifunctional zone structure of the 3D SP-FTENG. (f) Application
scenarios of the 3D SP-FTENG. (g) Schematic diagrams of different functional zones
of 3D FTENGsS: (1) SP-FTENG; (I1) LP-FTENG; (111) ST-FTENG; (IV) SCP-FTENG.
(h) The photographs of functional zone of the 3D SP-FTENG, outer layer consisting of

PTFE yarn and cotton yarn (1), middle layer consisting of Ag yarn and cotton yarn (1),
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inner layer consisting of PP yarn and cotton yarn (Il and 1V), SEM images of PTFE
yarn, cotton yarn, Ag yarn and PP yarn (V). (i) Photographic images of the fabricated
3D SP-FTENG (1) with different deformations, such as folded (Il and I11) and scrolled

(IV).

6.3.2 Working mechanism of the SP-FTENG

As shown in Figure 6.2, the SP-FTENG operates in the typical single-electrode mode.
Taking rubber film as the external contact material, under a vertical impacting force,
the rubber film periodically contacts and separates from the SP-FTENG. Since the
rubber film and PTFE have different electron affinities, the PTFE that contacts with the
rubber film is endowed with negative charges, and the surface of rubber film is
positively charged due to the triboelectrification effect (Figure 6.21). When the rubber
film and the SP-FTENG are separated from each other, electrons flow from the
electrode to the ground for the purpose of equilibrating the triboelectric potential
(Figure 6.211). When the rubber film and the SP-FTENG are completely separated, the
electrostatic equilibrium is reached (Figure 6.2111). Subsequently, as the rubber film is
driven to contact with the SP-FTENG again, the opposite electron flow appears from
the ground to the electrode (Figure 6.21V). When the rubber film has intimate contact
with the SP-FTENG again, all induced charges are neutralized again (Figure 6.21). As
a consequence, a periodical alternating current generates with cyclic contact and

separation.
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Figure 6.2 Schematic illustration of the operation principle of the SP-FTENG.

6.3.3 Geometric models of the functional zones of the 3D FTENGS

The yarn area presented in each layer not only affects the electrical output of the TENGs
but also has a significant impact on the wearability of the TENGs. Due to the different
yarn organization structures and fineness of three layers including the outer, middle,
and inner layers, the percentage of yarn area presented on each side of every layer is
different. Therefore, it is necessary to establish related geometric models of the
functional zones of the 3D FTENGs to calculate yarn area. As shown in Figure 6.3a,
there are six sides in the three layers, which are abbreviated as O1 and O2 for outer

layer, M3 and M4 for middle layer, 15 and 16 for inner layer.
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Figure 6.3b shows the diagrams of outer layer structure of the SP-FTENG. In this
structure, one repeating unit includes eight warp and weft yarns, respectively.
Regarding the weave repeat unit, six geometrical parameters are proposed for
calculating the cotton and PTFE yarns area percentage of outer layer. In order to obtain
the values of geometric parameters, a Leica M165 C microscope was used to capture
the microscopic image of the fabric. Based on these images, these parameters were
measured. The area of PTFE and cotton yarns presented on the outer surface of the SP-

FTENG could be calculated by the following equations:

. . 16f,d, 16f1d,
cotton area percentage in one unit = = 1
p 9 LoWo (2f1+4d1)(2fo+4dy) ( )
. . 16fod4 16f,d,
PTFE area percentage in one unit = = 2
p g LoWo (2f1+4d1)(2fo+4do) ( )

where d and d, are the warp and weft yarn diameters of outer layer, respectively. w; is
the width of one repeating unit. L, is the length of one repeating unit. f, and f; are the

yarn floats as given by the presented geometric model.

Meanwhile, the related parameters of cotton, Ag and PP yarns in the middle and inner
layers of the SP-FTENG were acquired using the same method, as presented in Figure
6.3c-e. The area of cotton and Ag yarns presented on the middle surface of the SP-

FTENG could be calculated by the following equations:

4fady — 4fad; (3)
LWy (fatfs+2d3)(fo+f3+2d3)

cotton area percentage in one unit =

(fot+f3)xdsx4 (fotf3)*d3*4 (4)

Ag area percentage in one unit = =
9 p g LWy (fatfs+2d3)(fa+f3+2d3)

where d, and d4 are the warp and weft yarn diameters of middle layer, respectively. W;
is the width of one repeating unit. L, is the length of one repeating unit. f;, f3, fa. fs

are the yarn floats, as given by the shown geometric model (Figure 6.3c).
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The area of cotton and PP yarns presented on the inner surface (15 side) of the SP-

FTENG could be calculated by the following equations:

Afgds 4fgdy

cotton area percentage in one unit = = 5
p 9 LW, (fatds)(fo+2f, +3ds) ()

, . (fe+2f7)*4ds (fe+2f7)*4ds
PP area percentage in one unit = = 6
p 9 LW otds)(fo+2f,+3ds) (6)

where d, and ds are the warp and weft yarn diameters of inner layer, respectively. W,
is the width of one repeating unit. L, is the length of one repeating unit. f, f7, fs are

given by the shown geometric model (Figure 6.3d).

The area of cotton and PP yarns presented on the inner surface (16 side) of the SP-

FTENG could be calculated by the following equations:

4f10de __ 4f10ds

cotton area percentage in one unit = = 7
p g L3W3 (fro+2f11+3d7)(fo+ds) ( )
. . 4fod, 4fod,
PP area percentage in one unit = = 8
p 9 L3Ws (frot2f11+3d7)(fo+ds) ( )

where dg and d, are the warp and weft yarn diameters of inner layer, respectively. W5
is the width of one repeating unit. L5 is the length of one repeating unit. fy, fio, f11are

given by the shown geometric model (Figure 6.3e).

The area of cotton and PTFE yarns presented on the outer surface (O1 side) of the ST-

FTENG could be calculated by the following equations:

. . 8f13ds 8f13dg
cotton area percentage in one unit = = 9
p g LaW, (fia+f13)(f12+2dg) ©)
PTFE area percentage in one unit = Vistfidhz . __ rathalfiz (10)
LaW, (fiat+f13)(f12+2dg)

where dg is the warp yarn diameter of outer layer. W, is the width of one repeating unit.
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L, is the length of one repeating unit. f;,, fi3. f14 are given by the shown geometric

model (Figure 6.3f).

The area of cotton and PTFE yarns presented on the outer surface (O2 side) of the ST-

FTENG could be calculated by the following equations:

8f17dy _ 8f17dg (11)
LsWs (fi7+2d10) (f1s+2f16+6do)

cotton area percentage in one unit =

PTFE area percentage in one unit = L572016)8%10 _ Uis+2/16)*8d10 19y
LsWs (fi7+2d10) (fis+2f16+6d9)

where dg and d;, are the warp and weft yarn diameters of outer layer. W5 is the width
of one repeating unit. Ls is the length of one repeating unit. fis, fie, f17 are given by

the shown geometric model (Figure 6.30Q).

The area of cotton and PP yarns presented on the inner surface (I5 side) of the LP-

FTENG could be calculated by the following equations:

4fr0d11 __ 4f20d11 (13)

cotton area percentage in one unit = =
p 9 LeWs (f20+d12)(fig+2f19+3d11)

(f20+d12)(fig+2f19) — (fo0+d12)(fig+2f19) (14)
LW (f20+d12)(fig+2f19+3d11)

PP area percentage in one unit =

where d,, and d,, are the warp and weft yarn diameters of inner layer, respectively. W
is the width of one repeating unit. L is the length of one repeating unit. f;g, fi9, f20 are

given by the shown geometric model (Figure 6.3h).

The area of cotton and PP yarns presented on the inner surface (16 side) of the LP-

FTENG could be calculated by the following equations:

4dq14d13 — 4d14d13
LWy (fa3+122)(f21+d13)

cotton area percentage in one unit = (15)
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(foz+f22)fo1 _ (faz+f22) f21 (16)

PP area percentage in one unit = =
P g LW, (f23+f22)(f21+d13)

where d,5 and d,, are the warp and weft yarn diameters of inner layer, respectively. W,
is the width of one repeating unit. L, is the length of one repeating unit. f51, f22, f23

are given by the shown geometric model (Figure 6.3i).

Based on the geometric models, the yarn area percentage of various 3D FTENGS is
calculated, as indicated in Figure 6.3). For the SP-FTENG, it can be observed that PTFE,
Ag and PP yarns are the main yarns constituting the outer, middle and inner layers,
respectively. The difference between the SP-FTENG and LP-FTENG is the fineness of
PP yarn in the inner layer. It is found that there is little difference in the surface area
percentages of the cotton and PP yarns presented on inner layer (15 and 16 sides) of the
SP-FTENG and LP-FTENG. The area percentages of PTFE and cotton yarns on the O1
side of the SP-FTENG are 70% and 26%, respectively. Since the SP-FTENG and ST-
FTENG adopt different outer structures, namely matt and derivation twill weave, the
area percentages of PTFE and cotton yarns on the O1 side of the ST-FTENG are 87%
and 15%, respectively. After the outer layer of the SP-FTENG was coated with PDMS,

the PDMS film covered the O1 and O2 sides of the SCP-FTENG.
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Figure 6.3 (a) Description of different sides of the functional zone. Characterization
of geometry of functional zone in the SP-FTENG, outer layer (b), middle layer (c),
inner layer (15 side: (d), 16 side: (€)). Characterization of geometry of the ST-FTENG
outer layer (O1 side: (f), O2 side: (g)). Characterization of geometry of the LP-
FTENG inner layer (I5 side: (h), 16 side: (i)). (j) Yarn area percentage on different
sides of functional zone in various 3D FTENGs.

6.3.4 Electrical output performance

The output performance of four 3D FTENGs was systematically studied. As indicated
in Figure 6.4, the peak voltage values for the SP-FTENG, LP-FTENG, ST-FTENG and
SCP-FTENG are 27.47 V, 24.03 V, 32.08 V and 47.63 V, respectively. Such difference
in output could be attributed to the effective contact area and materials. For the
electrical output of the SP-FTENG and LP-FTENG, the voltage only varies up and
down in a small range. However, the output voltage of the ST-FTENG is higher than
that of the SP-FTENG. Because the polarity difference of the PTFE and rubber is higher
than that of the rubber and cotton, the PTFE yarn area percentage of the O1 side

contacting with rubber film is a pivotal geometric parameter that determines the
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electrical output performance. The area percentages of PTFE yarns in O1 sides of the
SP-FTENG and the ST-FTENG are 70% and 87%, respectively. Therefore, the
difference of the electrical output voltage can be ascribed to more PTFE yarns exposed
on the surface, thereby having more contact area with the rubber film. When the outer
layer of the SP-FTENG is coated with PDMS, the output voltage of the SCP-FTENG
is increased by 1.7 times compared with the untreated SP-FTENG. The remarkable
enhancement can be attributed to the larger effective contact area of the film. The
effective contacting area percentage of film is 100%, which is higher than that of the

untreated SP-FTENG.

Figure 6.4 The output voltage of the 3D FTENGs with different structures and

materials.

In order to further study the sensing performance of the SP-FTENG and ST-FTENG,
the effect of impact force on the output voltage was evaluated. The output voltages of
the SP-FTENG and ST-FTENG under a mechanical force from 10 N to 200 N are shown
in Figure 6.5a and b. The results reveal that the voltages of the 3D FTENGs are
gradually enhanced with the increasing force. Additionally, there is a phenomenon of
asymmetric positive and negative peaks. As indicated in Figure 6.5¢ and d, it can also

be observed that there exists a difference between the positive peak and negative peak

199



CHAPTER 6

voltage during contact and separation stage. Initially, with the increase of impact force,
the negative peak output voltage of SP-FTENG increases quickly. But as the impact
force exceeds 150 N, the negative voltage shows little fluctuation and enters a plateau.
It can eventually reach -20.27 V. However, the peak value of the positive voltage
presents a sustained and rapid increase. The maximum of 27.33 V can be achieved.
Regarding the ST-FTENG, as the impacting force increases from 10 N to 200 N, the
positive and negative peak output voltages increase quickly, respectively. The
maximum voltage of 25.63 V and -32.90 V can be obtained. The phenomenon should
be primarily relevant to the inherent adhesion of the triboelectric surfaces, which leads
to the 3D FTENGsS layers to separate sporadically with an applied motion, thus inducing
impulsive separation. > When the impact force is small, the contact of the triboelectric
surface is relatively smooth. So the corresponding voltage peak is uniform. Under the
very large impact force, the air of the impact interface is significantly squeezed out
owing to the strong compression of the 3D FTENGs. Therefore, the 3D FTENGs are
flattened and temporarily adsorbed on impact plate together with the rubber film. The
3D FTENGs are driven by the impact board for a certain distance at the initial stage of
separation. As a result, the effective increase of the vertical separation area and velocity
means that more charge transfer occurs per unit time. This results in the asymmetry
between the positive and negative peak. Furthermore, the relationships between the
pressure and peak-to-peak voltage were plotted, as presented in Figure 6.5e. The linear
fit indicates a good linear correction with pressure from 4 kPa to 80 kPa. Therefore, the

3D FTENGS can be used as pressure sensors.
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Figure 6.5 Output voltage of the 3D SP-FTENG (a) and 3D ST-FTENG (b) at
different impact forces from 10 N to 200 N. The positive and negative voltage of the
SP-FTENG (c) and ST-FTENG (d) at different impact forces from 10 N to 200 N. (e)
The linear fit of the peak to peak voltages of the 3D FTENGs with increasing pressure
from 4 kPa to 80 kPa.

The output performance by varying the contact/separation frequency under the impact
force of 200 N is presented in Figure 6.6a and b. It is obvious that the output current
increases from 0.76 pA to 1.76 uA because a larger impact frequency causes the
increase of the number of pressures per unit time, which enhances the rate of charge
transfer, thus leading to a higher current. In this study, the output voltage was measured
by the device (oscilloscope) which is based on the measurement of flowing current
through oscilloscope.®® Therefore, the output voltage increases from 8.24 V to 27.33 V

when the impacting frequency varies from 1 to 3 Hz.
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Figure 6.6 Output voltage (a) and current (b) of the SP-FTENG at different

frequencies from 1 to 3 Hz.

In addition, the friction material is not limited to rubber film. Four common fabrics
including acetate, cotton, nylon and acrylic fabrics in contact with the SP-FTENG were
evaluated. Figure 6.7a and b present the output voltage and current of the SP-FTENG
contacted with rubber film, acetate, cotton, nylon and acrylic fabrics. The output
voltages achieve 27.33 V, 16.99 V, 8.6 V, 8 V and 6.03 V, respectively. The
corresponding currents are 1.76 pA, 1.17 pA, 0.62 pA, 0.52 pA and 0.33 pA,
respectively. The previous study indicated that structural characteristics of the textile
fabrics, especially the effective surface area under densification pressure, had great
influence on the effective charge density.>® In this regard, the rubber film possesses
higher output performance than that of common fabrics due to larger effective contact
area induced by the rubber film. When the SP-FTENG is paired with acetate fabric, the
output performance is also good which is superior to that of cotton fabric, due to its
stronger electron losing ability. Meanwhile, cotton and nylon fabrics exhibit similar
output performance, because the cotton fabric is tighter than nylon fabric, resulting in
a larger effective contact area with the SP-FTENG, even nylon possesses a stronger

electron losing ability. Since acrylic and PTFE have similar positions in the friction
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sequence, the output performance of the SP-FTENG is small when the acrylic fabric is

used as the friction material.

Figure 6.7 Output voltage (a) and current (b) of the SP-FTENG with various friction

materials.

In practical application, the fabric may be affected by different external factors,
especially frequent friction with surrounding objects, resulting in different degrees of
wear and even damage, further affecting its electrical properties. Therefore, the abrasion
resistance of the SP-FTENG was evaluated using a martindale standard abrasion test
(Figure 6.8a). After 5000 cycles of abrasion, no significant degradation is observed in
the electrical performance of the SP-FTENG, as presented in Figure 6.8b. Furthermore,
the results indicate that the output current has no decline during 8000 cycles of contact-
separation motions (Figure 6.8c), illustrating that the SP-FTENG possesses good
mechanical robustness and long-term durability. In terms of machine washing ability,
the SP-FTENG was directly washed and dried without packaging by a commercial
washing machine and dryer according to rigorous washing tests. The results present that
the voltage of the SP-FTENG exhibits a very slight drop during the first machine wash
(Figure 6.8d). After the 2nd and 3rd washes, the output voltage remains stable. This
change can be attributed to a slight shrinkage of the yarns after the first wash cycle of
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textiles, resulting in changes of the effective contact area. The good abrasion resistance,
machine washability and durability are due to the fact that the electrode and
electrification yarns of the SP-FTENG are not simply attached, but woven together.
Besides, no chemical is coated on the surface of the insulating yarn, therefore, the
stability of electrical performance is not affected. It is worth noting that the power signal
of the FTENG is determined by the matching between the internal resistance of the
power source and the external load resistance. °° As presented in Figure 6.8e, the current
basically remains at a value when the load resistance increases from 10° Q to 10’ Q and
subsequently decreases as the resistance is further increased to 120 MQ. When the load

resistance arrives 108 Q, the value of maximum power density reaches 61.6 m\W/m?.
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Figure 6.8 (a) Digital photograph of martindale abrasion tester. (b) The electrical
output performance of the SP-FTENG after 5000 cycles of abrasion. (c) Stability test
of the SP-FTENG under ~8000 cycles at a frequency of 3.3 Hz and 200 N mechanical
force. Inset: the current waveform of the SP-FTENG at 1000 s and 2000 s,
respectively. (d) Output voltage of the SP-FTENG after standard machine wash tests.
(e) Current and power density curve of the SP-FTENG at various load resistances.
The mechanical force is about 200 N and the frequency is 3 Hz unless otherwise

specified.

6.3.5 Mechanism, characterization and optimization of directional water transport

For the purpose of understanding the water transport process through the SP-FTENG,
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the contribution of every yarn at each layer needs to be taken into account. Because the
area percentage of cotton, PTFE, Ag and PP yarns on each side is different, a wettability
gradient is created. Owing to the characteristics of yarn configuration, cotton yarns and
PTFE yarns present the same area on the O1 and O2 sides. The area of Ag and cotton
yarns on the M3 side and M4 side is the same. However, cotton and PP yarns show
different areas on the 15 and 16 sides. On the outer layer, the percentages of the surface
area occupied by cotton and PTFE yarns are 26% and 70%, respectively. For the middle
layer, the percentages of the surface area of cotton and Ag yarns are 14% and 60%,
respectively. Owing to the hydrophobic properties of PTFE and Ag yarns, the surface
is not easily wetted by water. However, cotton yarns composed of cellulose have an
inherent affinity for water. Therefore, for the woven fabric consisting of cotton, PTFE
and Ag yarns, the surface wettability is determined by the percentage of cotton, PTFE
and Ag yarns. The outer and middle layers with a small cotton yarn percentage are
regarded as the hydrophobic layers. The cotton fibers in each layer of the SP-FTENG
can be seen as a “bridge” that guides water transmission. With regards to the inner layer,
the area percentages of cotton and PP yarns on the I5 side are 22% and 73%,
respectively. However, the area of cotton and PP yarns presented on the 16 side occupies
8% and 84%, respectively. Therefore, a wettability gradient between 15 and 16 side of
inner layer is created, which improves the water penetration properties. Figure 6.9a
presents the contact angles of the single layers, including outer, middle and inner layers
of the SP-FTENG. It can be seen that the water contact angles of the outer (O1) and
middle layer (M3) are 112° and 115°, respectively. Due to the different yarn area
percentages on the two sides of the inner layer, the contact angles of the two sides are
different. Compared with 109° contact angle of the 16 side, the I5 possesses a lower
water contact angle with 92° owing to a higher cotton content. For the contact angle of

the SP-FTENG from O1 and 16 side, it can reach 123° and 103°, respectively.
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Based on the investigation, the water transport process of the SP-FTENG can be
illustrated in Figure 6.9b. When the water droplet contacts with the inner layer (1),
downward hydrostatic pressure (Fup) acts, which depends on the size of water drop.
Liquid moisture is quickly absorbed and diffused along the horizontal direction due to
the high capillary force (Fcr) of PP yarns. Meanwhile, the inner layer is made of PP
yarns and cotton yarns interlaced with each other. Due to the excellent moisture
conductivity of PP yarns and different yarn area arrangement of two sides in the inner
layer, the moisture is transferred to the cotton yarn on the other side of the inner layer,
then diffuses and evaporates between the inner layer and the middle layer. The middle
layer is made of Ag and cotton yarns. When the other part of the moisture reaches the
second layer through the gaps formed between the yarns, it is mainly absorbed by cotton
yarns. At the same time, it is transferred to the PTFE layer through the gaps, and then
evaporates. This kind of yarn configuration is beneficial to quick draining of the sweat
produced by the human body, thus keeping the skin dry and comfortable. On the
contrary, when water is dropped on the outer layer (I1), the water droplet is subjected to
two opposing forces, the hydrostatic pressure (Fup) and the hydrophobic force (Fue).
Owing to the Fcr, a small amount of water is absorbed by the cotton fibers of outer
surface. However, the water penetration could be further blocked due to good
hydrophobicity and tight fabric structure of outer layer. As depicted in Figure 6.9c, the
water droplet is absorbed within 60 s when the water is dropped on the surface of inner
layer (I). However, the water drop maintains its spherical shape and does not spread out

within 210 s (11), which illustrates the excellent water resistance of the SP-FTENG.
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Figure 6.9 (a) Contact angles of different sides of the SP-FTENG. (b) Schematic
illustration explaining directional water transport mechanism of the SP-FTENG,
water (1) from skin and (I1) from environment. (c) Changes of water droplet behavior
when water is dropped on inner layer (1) and outer layer (I1) of the SP-FTENG,

respectively.

Figure 6.10a-h present MMT results of the top and bottom surfaces of four 3D FTENGs,
when the inner and outer layer are facing up, respectively. As presented in Figure
6.10a,c,e,g, during dropping water on the inner layer of four 3D FTENGS, the water
content of surface increases to the maximum (SP-FTENG: 1170%, LP-FTENG: 570%,
ST-FTENG: 620%, SCP-FTENG: 800%). Afterwards, the water content value on the
inner layer decreases significantly (SP-FTENG: 400%, LP-FTENG: 170%, ST-FTENG:
270%, SCP-FTENG: 500%) as water supply stopped. Meanwhile, the water content on
the outer layer remains at around 0% after 120 s owing to the hydrophobic surface of
outer layer. When water is dropped onto the outer layer of the SP-FTENG, the water
content is initially rising and then keeps at around the maximum after 120 s, while it
keeps about 0% on the inner layer surface, as shown in Figure 6.10b, d, f and h. To
further characterize the moisture wicking of four FTENGs from inner layer to outer
layer, the key parameters, such as wetting time, absorption rate, max wetted radium and
spreading speed, are compared, as presented in Table 3.1. It can be observed that SP-

FTENG possesses greater absorption rate (55%/s) than that of other 3D FTENGs while
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other parameter values are similar. The possible reason is that different yarn fineness,
fabric structure and PDMS treatment lead to different void size and connectivity
between voids, thereby affecting water transport performance. This hydrophobicity of
the 3D FTENGS is supported by water contact angle test (Figure 6.10i). The contact
angles of four different 3D FTENGs are slightly different (SP-FTENG: 123.21°, LP-
FTENG: 116.14°, ST-FTENG: 119.12°, SCP-FTENG: 106.11°) due to various yarn

arrangements.

Figure 6.10j presents the air permeability of the as-prepared 3D FTENGs and different
fabrics. It can be observed that the air permeability of fabrics increases as the pressure
difference increases. In comparison with the air permeability of commercial cotton,
polyester and acetate fabrics, SP-FTENG (45.3 ml/s/cm?), LP-FTENG (14.3 ml/s/cm?)
and ST-FTENG (45.3 ml/s/cm?) still maintain good air permeability, but SCP-FTENG
exhibits much lower air permeability (0.16 ml/s/cm?). For the air permeability of fabric,
the macro porosity among the threads is more important. One of the significant
characteristics of the macro porosity is also the open area of the woven fabric, which is
calculated based on the cover factor of the woven fabric. The cover factor (E) is defined
as the ratio of surface area covered by yarns to the whole fabric surface area. It can
describe the fabric tightness, which could be calculated as follows:

E = (P, + B,d,, — P;d;B,d,,) * 100 (17)
where E is the cover factor of the fabric in %, P; is the warp density in threads/cm; B,
is the weft density in threads/cm; d;and d,,are the diameters of the warp and weft yarn
(cm), respectively. Open area (0,) of every layer of the 3D FTENG is calculated
using the following equation:

0, =100 —E (18)

where 0, is the open area in %. For the SP-FTENG, the cover factors of the outer layer,
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middle layer and inner layer are calculated to be about 94.4%, 84.2% and 95.3%. The
corresponding open areas of the outer layer, middle layer and inner layer are 5.6%,
15.8% and 4.7%, respectively. Regarding the ST-FTENG, its cover factor and open area
are same as the values of the SP-FTENG. However, the cover factor of the inner layer
of the LP-FTENG reaches 110.8%. It illustrates that there is extrusion deformation or
overlap between the yarns in the fabric, so it is considered that the yarns are completely
covered. The cover factor and open area of the inner layer of the LP-FTENG can be
considered to be 100% and 0%, respectively. Although the open area of the inner layer
of the LP-FTENG is 0%, the micropores existed in PP fibers endow the layer with good
air permeability. Meanwhile, because the open areas of the SP-FTENG and ST-FTENG
are higher than that of the LP-FTENG, the air permeability of the SP-FTENG and ST-

FTENG is larger than that of the LP-FTENG.

In addition, the SP-FTENG possesses good water vapor transmission (681.91g/m?-24
h), which indicates the water/sweat vapor can be easily transferred from the inner skin
to the outer environment through the SP-FTENG. The value is higher than that of

commercial cotton and PET fabrics reported by previous work. >
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Figure 6.10 MMT results of the top and bottom surfaces of 3D FTENGs when the
inner and outer layer are facing up, respectively: (a-b) SP-FTENG, (c-d) LP-FTENG,
(e-f) ST-FTENG, (g-h) SCP-FTENG. (i) Contact angles of different 3D FTENGs. (j)
Air permeability of the as-prepared 3D FTENGs and different fabrics.
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Table 6.1 Wetting time, absorption rate, max wetted radium and spreading speed of

functional zones of four 3D FTENGs when water is dropped on inner layer.

3D Wetting Absorption Max wetted Spreading
FTENG code  time (s) rate (%/s) radium (mm) speed (mm/s)
SP-
2.355 54.878 30 11.295
FTENG
LP-
2.434 28.170 30 10.594
FTENG
ST-
3.074 30.038 30 11.289
FTENG
SCP-
8.205 29.401 30 3.414
FTENG

6.3.6 Antibacterial property of the SP-FTENG

A standard method was adopted referring to GB/T 20944.3 (Shake flake method) to
confirm the antibacterial feature of the SP-FTENG. Live bacteria concentration of
standard and inhibition rate of the SP-FTENG are shown in Table 6.2. Regarding S.
aureus, it can be observed that the live bacteria concentration of blank sample increases
significantly from 2.0x 10* CFU/mL in 0 h to 1.0x 10° CFU/mL in 18 h. However, the
live bacteria concentration of the SP-FTENG reduces to 1.1x 102 CFU/ mL after 18 h.
The SP-FTENG has presented a very good inhibition rate of S. aureus (>99%).
Moreover, the inhibition rates of 99% against E. coli and 99% against C. albicans are
observed. The excellent antibacterial activity of the SP-FTENG is primarily ascribed to
the Ag layer in the middle layer of the 3D SP-FTENG, which has the ability to inhibit
and kill bacteria. It shows great potential to advance the development of antibacterial

wearable electronics.
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Table 6.2 Antibacterial activity results of the SP-FTENG against S. aureus, E. coli and

C. albicans.
S. aureus E. coli C. albicans
Bacteria SP- SP- SP-
Blank Blank Blank
FTENG FTENG FTENG
At 0 h contact
2.0x 10* 2.1 x 10* 1.8x 10*
(CFU/mL)
After 18 h
oscillation 1.0x 10 1.1x10%® 2.7x10% 7.7x10° 4.8x 10° 5.3x 10°
(CFU/mL)
Inhibition (%) >99 >99 99

6.3.7 Performance comparison of the SP-FTENG

Compared with fabric-based t-TENGSs reported in previous studies, the fabricated 3D

SP-FTENG not only shows good electrical output performance, but also exhibits

excellent comfort and durability. These properties can meet the requirements for long-

term wearable use in practical applications. Additionally, compared with other

fabrication methods, such as coating, electrospinning and electroless deposition, the

weaving technology for t-TENGs fabrication offers great advantages in terms of

scalable production and low consumption.
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Table 6.3 Performance comparison to fabric-based t-TENGS in previous reports.

Comfort Durability
. Mass
ef Fabrication  Triboelectric o Air  Water Moisture duct
¢ method materials ower perm  vapor producti Abrasion Wash Cyclical
- managem on . - -
eabili permeab X resistance ability stability
en
ty ility
Conjugated ) )
o PU/Si3Nas- 56 ) Machine ~150,000
(60) electrospinning - - - Medium -
_ PVDF uW/cm? wash cycles
and weaving
PAG6- _ .
o 1.30 11.5 Apprecia ) Simulated ~10,000
(50)  Electrospinning  MWCNTs/ - Medium - )
_ W/m? mm/s ble washing cycles
PVDF films
Doctor-blading  PTFE/Nylon 5.43 ) Machine ~40,000
(61) ) _ - - - Medium -
and weaving fabric mwW/m? wash cycles
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(40)

(18)

(55)

(62)

(63)

Heat sealing

Twisting and

weaving

Electrospinning

and weaving

Wet-spinning,
coating and

weaving

Knitting

Silicone
rubber/Ni-
fabric

PTFE/Nylon

woven fabric

Rubber
film/P(VDF-
TrFE)/PAG6

Aluminum
foil/Dopamin
e-MXene-
TPU fiber
and PTFE

yarn

PTFE/Polyest

er terry fabric

1.3 uyW

9.9
uW/m?

93

mW/m?

0.16
mW/m?

7.7
mW/m?

Have

164

mm/s

Have

Have

712 £ 16
g/m?-24h

Have -

Medium

High

Medium

Medium

High

Dipping in
the water

Simulated
machine

wash

Simulated
machine

wash

~5000 cycles

~4200 cycles

~20,000

cycles

~10,000

cycles

~10,000

cycles
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3D Rubber 453 ~
SP- _ film/PTFE  61.60 ' 681.91 _ 5000 Machine
Weaving ml/s Good High ~8000 cycles
FTE yarn-cotton mwW/m? e g/m?2-24h cycles of wash
cm
NG yarn abrasion

- means the mentioned device does not have relevant properties or that the device has relevant properties but no relevant data is available.
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6.3.8 Application of the SP-FTENG

By integrating this wearable SP-FTENG with clothes, energy from human movement
can be easily obtained, thus continuing to power lights and electronic products. The
charging capacity of the SP-FTENG was investigated by using various capacitors.
Figure 6.11a indicates the voltage-charging curve. It is clearly presented that the
capacitors can be charged by the SP-FTENG and the charging rate decreases as the
capacitance capacity increases. The electricity stored in the capacitor could be used as
a power source to drive an electronic watch. Figure 6.11b presents that the SP-FTENG
can sufficiently light up 35 green LEDs in series by rubber film tapping. Additionally,
the SP-FTENG is connected to a rectifier for current conversion. As indicated in Figure
6.11c, the screen of watch demonstrates that the watch works successfully. With regard
to wearable applications, the SP-FTENG can be sewed on clothes for energy harvesting
and sensing. As presented in Figure 6.11d, the SP-FTENG was integrated into clothes
in order to obtain the human motion energy from arm flapping and swinging. Under the
continuous contact and separation between SP-FTENG and arm, the alternating
triboelectric signals were generated. The results show that the peak-to-peak voltages
obtained by arm flapping and arm swinging are ~11.48 V and ~12.48 V, respectively.
According to above experimental results, the waveforms of the output voltage are
slightly different during the movement of various parts of the human body.
Consequently, the human motion may be deduced based on the corresponding
waveform. Besides, the SP-FTENG could be designed and constructed as an energy
harvesting and sensing carpet. Figure 6.11e presents that the SP-FTENG is put under
the foot and cotton sock, respectively. Its peak to peak voltage is ~16.64 V as the skin
repeatedly contacts and separates from the SP-FTENG. The peak to peak voltage

produced by the corresponding cotton sock is only ~6 V. In addition, owing to the
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flexibility of the SP-FTENG, it could be used to fabricate the sports bandage capable
of harvesting energy obtained from the bending of the arm. As displayed in Figure 6.11f,
the peak to peak voltage can reach ~3.98 V. Furthermore, the applicability of the SP-
FTENG in detecting the sitting time was demonstrated through placing a SP-FTENG
on the chair. As shown in Figure 6.11g, a positive voltage peak (~4.4 V) is observed
when one sites on a chair. A negative voltage peak (~8.18 V) is detected as the person
stands up. The sitting time (~0.8 s) is indicated by the interval between the two opposite
peaks. Owing to low energy consumption of the SP-FTENG, it is a better option to
monitor the sitting time of workers. Consequently, the SP-FTENG has enormous
potential applications in self-powered smart sensing owing to the unique advantages of

material selection and structure configuration.

220



CHAPTER 6

Figure 6.11 Application of the SP-FTENG. (a) Charging performance of the SP-
FTENG to different capacitors. (b) Photograph of the SP-FTENG lighting up 36
LEDs. (c) The electrical circuit diagram of powering an electronic watch. (d) A SP-
FTENG attached under the arm to detect arm swinging and flapping. (e) Output
voltage of the SP-FTENG placed under the foot and cotton sock. (f) Monitoring arm
bending by mounting a SP-FTENG on the arm. (g) Detecting sitting behavior of
people using a SP-FTENG placed on a chair.
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6.4 Conclusion

In this chapter, we have developed a sustainable FTENG based on commercial eco-
friendly fiber materials and novel 3D structure with supporting area and functional area.
The 3D SP-FTENG can obtain good electrical output (27.33 V, 1.76 YA and 61.6
mW/m?) owing to the rational configuration of materials and structures. Apart from the
output, the 3D SP-FTENG in this work also performs versatility, including wearability
(directional water transport and breathability), antibacterial property and durability,
which are achieved by the textile engineering strategy without involving any chemical
processing. In addition, the SP-FTENG can be employed as sustainable power source
for low-energy electronics and self-powered sensor for monitoring the signals of
different human behavior. This work proposes a new design concept of 3D FTENG

structure, which may pave the way for future daily wearable electronic textiles.

222



CHAPTER 6

References

(1) Yi,J.; Dong, K.; Shen, S.; Jiang, Y.; Peng, X.; Ye, C.; Wang, Z. L. Fully Fabric-
Based Triboelectric Nanogenerators as Self-Powered Human-Machine Interactive
Keyboards. Nano-Micro Lett. 2021, 13, 1-13.

(2) Wu, R.; Ma, L.; Hou, C.; Meng, Z.; Guo, W.; Yu, W.; Yu, R.; Hu, F.; Liu, X. Y. Silk
Composite Electronic Textile Sensor for High Space Precision 2D Combo Temperature-
Pressure Sensing. Small 2019, 15, 1901558.

(3) Tian, X.; Chan, K.; Hua, T.; Niu, B.; Chen, S. Wearable strain sensors enabled by
integrating one-dimensional polydopamine-enhanced graphene/polyurethane sensing
fibers into textile structures. J. Mater. Sci. 2020, 55, 17266-17283.

(4) Sala de Medeiros, M.; Chanci, D.; Moreno, C.; Goswami, D.; Martinez, R. V.
Waterproof, Breathable, and Antibacterial Self-Powered e-Textiles Based on
Omniphobic Triboelectric Nanogenerators. Adv. Funct. Mater. 2019, 29, 1970294,

(5) Shi, Y.; Wei, X.; Wang, K.; He, D.; Yuan, Z.; Xu, J.; Wu, Z.; Wang, Z. L.
Integrated all-fiber electronic skin toward self-powered sensing sports systems. ACS
Appl. Mater. Interfaces 2021, 13, 50329-50337.

(6) Wang, Z.; Luan, C.; Zhu,Y.; Liao, G.; Liu, J.; Li, X.; Yao, X.; Fu, J.Integrated
and shape-adaptable multifunctional flexible triboelectric nanogenerators using coaxial
direct ink writing 3D printing. Nano Energy 2021, 90, 106534.

(7) Feng, P.Y.; Xia, Z.; Sun, B.; Jing, X.; Li, H.; Tao, X.; Mi, H. Y, Liu, Y.
Enhancing the performance of fabric-based triboelectric nanogenerators by structural
and chemical modification. ACS Appl. Mater. Interfaces 2021, 13,16916-16927.

(8) Guo,Y.; Li,K.; Hou, C.; Li,Y.; Zhang, Q.; Wang, H. Fluoroalkylsilane-modified
textile-based personal energy management device for multifunctional wearable

applications. ACS Appl. Mater. Interfaces 2016, 8, 4676-4683.
223



CHAPTER 6

(9) Yang, M.; Hua, T. Scalable fabrication of black Cu-embedded polydimethylsiloxane
for enhancing triboelectric nanogenerator performance in energy harvesting and self-
powered sensing. Adv. Energy Sustain. Res. 2021, 2, 2100116.

(10) Yang, M.; Tian, X.; Hua, T. Green and recyclable cellulose based TENG for
sustainable energy and human-machine interactive system. Chem. Eng. J. 2022, 442,
136150.

(11) Cheng, R.; Dong, K.; Liu, L.; Ning, C.; Chen, P.; Peng, X.; Liu, D.; Wang, Z.
L. Flame-retardant textile-Based triboelectric nanogenerators for fire protection
applications. ACS Nano 2020, 14,15853-15863.

(12) Dong, K.; Peng, X.; Wang, Z. L. Fiber/fabric-based piezoelectric and triboelectric
nanogenerators for flexible/stretchable and wearable electronics and artificial
intelligence. Adv. Mater. 2020, 32, €1902549.

(13) Dong, C.; Leber, A.; Das Gupta, T.; Chandran, R.; Volpi, M.; Qu, Y.; Nguyen-
Dang, T.; Bartolomei, N.; Yan, W.; Sorin, F. High-efficiency super-elastic liquid metal
based triboelectric fibers and textiles. Nat. Commun. 2020, 11, 3537.

(14) Cao, R.; Pu, X.; Du, X.; Yang, W.; Wang, J.; Guo, H.; Zhao, S.; Yuan, Z.;
Zhang, C.; Li, C.; Wang, Z. L. Screen-printed washable electronic textiles as self-
powered touch/gesture tribo-sensors for intelligent human-machine interaction. ACS
Nano 2018, 12, 5190-5196.

(15) Pu, X.; Li, L.; Song, H.; Du, C.; Zhao, Z.; Jiang, C.; Cao, G.; Hu, W.; Wang,
Z. L. A self-charging power unit by integration of a textile triboelectric nanogenerator
and a flexible lithium-ion battery for wearable electronics. Adv. Mater. 2015, 27, 2472-
2478.

(16) Shuai, L.; Guo, Z. H.; Zhang, P.; Wan, J.; Pu, X.; Wang, Z. L.Stretchable, self-
healing, conductive hydrogel fibers for strain sensing and triboelectric energy-

harvesting smart textiles. Nano Energy 2020,78, 105389.
224



CHAPTER 6

(17) Huang, T.; Zhang, J.; Yu, B.; Yu, H.; Long, H.; Wang, H.; Zhang, Q.; Zhu, M.
Fabric texture design for boosting the performance of a knitted washable textile
triboelectric nanogenerator as wearable power. Nano Energy 2019, 58, 375-383.

(18) Lou, M.; Abdalla, I.; Zhu, M.; Wei, X.; Yu, J.; Li, Z.; Ding, B. Highly wearable,
breathable, and washable sensing textile for human motion and pulse monitoring. ACS
Appl. Mater. Interfaces 2020, 12, 19965-19973.

(19) Zhou, T.; Zhang, C.; Han, C. B.; Fan, F. R.; Tang, W.; Wang, Z. L. Woven
structured triboelectric nanogenerator for wearable devices. ACS Appl. Mater.
Interfaces 2014, 6, 14695-14701.

(20) Wang, W.; Yu, A.; Liu, X.; Liu,Y.; Zhang, Y.; Zhu,Y.; Lei,Y.; Jia, M.; Zhali,
J.; Wang, Z. L. Large-scale fabrication of robust textile triboelectric nanogenerators.
Nano Energy 2020, 71, 104605.

(21) Ma, L.; Zhou, M.; Wu, R.; Patil, A.; Gong, H.; Zhu, S.; Wang, T.; Zhang, Y;
Shen, S.; Dong, K.; Yang, L.; Wang, J.; Guo, W.; Wang, Z. L. Continuous and scalable
manufacture of hybridized nano-micro triboelectric yarns for energy harvesting and
signal sensing. ACS Nano 2020, 14, 4716-4726.

(22) Xu, H.; Tao, J.; Liu, Y.; Mo, Y.; Bao, R.; Pan, C. Fully Fibrous Large-Area
Tailorable Triboelectric Nanogenerator Based on Solution Blow Spinning Technology
for Energy Harvesting and Self-Powered Sensing. Small 2022, 18, 2202477.

(23) Dong, S.; Xu, F.; Sheng, Y.; Guo, Z.; Pu, X.; Liu, Y. Seamlessly knitted
stretchable comfortable textile triboelectric nanogenerators for E-textile power source.
Nano Energy 2020, 78, 105327.

(24) Chen, C.; Chen, L.; Wu, Z.; Guo, H.; Yu, W.; Du, Z.; Wang, Z. L. 3D double-
faced interlock fabric triboelectric nanogenerator for bio-motion energy harvesting and
as self-powered stretching and 3D tactile sensors. Mater. Today 2020, 32, 84-93.

(25) Zhang, D.; Yang, W.; Gong, W.; Ma, W.; Hou, C.; Li,Y.; Zhang, Q.; Wang, H.,
225



CHAPTER 6

Abrasion Resistant/Waterproof Stretchable Triboelectric Yarns Based on Fermat Spirals.
Adv. Mater. 2021, 33, e2100782.

(26) Ma, L.; Wu, R.; Patil, A.; Yi,J.; Liu, D.; Fan, X.; Sheng, F.; Zhang, Y.; Liu,
S.; Shen, S.; Wang, J.; Wang, Z. L. Acid and Alkali-Resistant Textile Triboelectric
Nanogenerator as a Smart Protective Suit for Liquid Energy Harvesting and Self-
Powered Monitoring in High-Risk Environments. Adv. Funct. Mater. 2021, 31,
2102963.

(27) Dong, K.; Deng, J.; Zi,Y.; Wang, Y. C.; Xu, C.; Zou, H.; Ding, W.; Dali, Y.;
Gu, B.; Sun, B.; Wang, Z. L. 3D Orthogonal Woven Triboelectric Nanogenerator for
Effective Biomechanical Energy Harvesting and as Self-Powered Active Motion
Sensors. Adv. Mater. 2017, 29, 1702648.

(28) Miao, D.; Huang, Z.; Wang, X.; Yu, J.; Ding, B. Continuous, Spontaneous, and
Directional Water Transport in the Trilayered Fibrous Membranes for Functional
Moisture Wicking Textiles. Small 2018, 14, 1801527.

(29) Jiang, Y.; Dong, K.; An, J.; Liang, F.; Yi, J.; Peng, X.; Ning, C.; Ye, C.; Wang,
Z. L. UV-Protective, Self-Cleaning, and Antibacterial Nanofiber-Based Triboelectric
Nanogenerators for Self-Powered Human Motion Monitoring. ACS Appl. Mater.
Interfaces 2021, 13, 11205-11214.

(30) Li, Z.; Zhu, M.; Shen,J.; Qiu, Q.; Yu,J.; Ding, B. All-Fiber Structured Electronic
Skin with High Elasticity and Breathability. Adv. Funct. Mater. 2019, 30, 1908411.
(31) Kim, T.; Jeon, S.; Lone, S.; Doh, S. J.; Shin, D.-M.; Kim, H. K.; Hwang, Y.-H.;
Hong, S. W. Versatile nanodot-patterned Gore-Tex fabric for multiple energy harvesting
in wearable and aerodynamic nanogenerators. Nano Energy 2018, 54, 209-217.

(32) Fang, Y.; Zou,Y.; Xu,J.; Chen, G.; Zhou, Y.; Deng, W.; Zhao, X.; Roustaeli,
M.; Hsiai, T. K.; Chen, J. Ambulatory Cardiovascular Monitoring Via a Machine-

Learning-Assisted Textile Triboelectric Sensor. Adv. Mater. 2021, 33, 2104178.
226



CHAPTER 6

(33) He, H.; Liu, J.; Wang, Y.; Zhao, Y.; Qin,Y.; Zhu, Z.; Yu, Z.; Wang, J. An
Ultralight Self-Powered Fire Alarm e-Textile Based on Conductive Aerogel Fiber with
Repeatable Temperature Monitoring Performance Used in Firefighting Clothing. ACS
Nano 2022, 16, 2953-2967.
(34) Lai, Y. C.; Hsiao, Y. C.; Wu, H. M.; Wang, Z. L. Waterproof Fabric-Based
Multifunctional Triboelectric Nanogenerator for Universally Harvesting Energy from
Raindrops, Wind, and Human Motions and as Self-Powered Sensors. Adv. Sci. 2019, 6,
1801883.
(35) Gong, W.; Wang, X.; Yang, W.; Zhou, J.; Han, X.; Dickey, M. D.; Su,Y.; Hou,
C.; Li,Y.; Zhang, Q.; Wang, H. Wicking-Polarization-Induced Water Cluster Size
Effect on Triboelectric Evaporation Textiles. Adv. Mater. 2021, 33, e2007352.
(36) Wang, X.; Huang, Z.; Miao, D.; Zhao, J.; Yu, J.; Ding, B. Biomimetic Fibrous
Murray Membranes with Ultrafast Water Transport and Evaporation for Smart
Moisture-Wicking Fabrics. ACS Nano 2018, 13, 1060-1070.
(37) Barras, R.; dos Santos, A.; Calmeiro, T.; Fortunato, E.; Martins, R.; Aguas, H.;
Barquinha, P.; Igreja, R.; Pereira, L. Porous PDMS conformable coating for high power
output carbon fibers/ZnO nanorod-based triboelectric energy harvesters. Nano Energy
2021, 90, 106582.
(38) Choi, D.; Yang, S.; Lee, C.; Kim, W.; Kim, J.; Hong, J., Highly Surface-Embossed
Polydimethylsiloxane-Based Triboelectric Nanogenerators with Hierarchically
Nanostructured Conductive Ni-Cu Fabrics. ACS Appl. Mater. Interfaces 2018, 10,
33221-33229.
(39) Yang, C.-R.; Ko, C.-T.; Chang, S.-F.; Huang, M.-J. Study on fabric-based
triboelectric nanogenerator using graphene oxide/porous PDMS as a compound friction
layer. Nano Energy 2022, 92, 106791.
(40) Zhang, Q.; Jin, T.; Cai, J.; Xu, L.; He, T.; Wang, T.; Tian, Y.; Li, L.; Peng,Y.;
227



CHAPTER 6

Lee, C. Wearable Triboelectric Sensors Enabled Gait Analysis and Waist Motion
Capture for loT-Based Smart Healthcare Applications. Adv. Sci. 2022, 9, 2103694.
(41) Li, Y.; Xiong, J.; Lv, J.; Chen, J.; Gao, D.; Zhang, X.; Lee, P. S. Mechanically
Interlocked Stretchable Nanofibers for Multifunctional Wearable Triboelectric
Nanogenerator. Nano Energy 2020, 78, 105358.

(42) Qiu, Q.; Zhu, M.; Li, Z.; Qiu, K.; Liu, X.; Yu, J.; Ding, B. Highly flexible,
breathable, tailorable and washable power generation fabrics for wearable electronics.
Nano Energy 2019, 58, 750-758.

(43) Jiang, C.; Li, X.; Ying, Y.; Ping, J. A multifunctional TENG yarn integrated into
agrotextile for building intelligent agriculture. Nano Energy 2020, 74, 104863.

(44) Zhu, M.; Huang, Y.; Ng, W.S.; Liu, J.; Wang, Z.; Wang, Z.; Hu, H.; Zhi, C. 3D
spacer fabric based multifunctional triboelectric nanogenerator with great feasibility for
mechanized large-scale production. Nano Energy 2016, 27, 439-446.

(45) Xu, F,; Dong, S.; Liu, G.; Pan, C.; Guo, Z. H.; Guo, W.; Li, L.; Liu,Y.; Zhang,
C.; Pu, X.; Wang, Z. L. Scalable fabrication of stretchable and washable textile
triboelectric nanogenerators as constant power sources for wearable electronics. Nano
Energy 2021, 88, 106247.

(46) Ning, C.; Dong, K.; Cheng, R.; Yi, J.; Ye, C.; Peng, X.; Sheng, F.; Jiang, Y.;
Wang, Z. L. Flexible and Stretchable Fiber-Shaped Triboelectric Nanogenerators for
Biomechanical Monitoring and Human-Interactive Sensing. Adv. Funct. Mater. 2021,
31, 2006679.

(47) Paosangthong, W.; Torah, R.; Beeby, S. Recent progress on textile-based
triboelectric nanogenerators. Nano Energy 2019, 55, 401-423.

(48) Ye, C.; Dong, S.; Ren, J.; Ling, S. Ultrastable and High-Performance Silk Energy
Harvesting Textiles. Nano-Micro Lett. 2019, 12, 1-15.

(49) Yu, A.; Pu, X.; Wen, R.; Liu, M.; Zhou, T.; Zhang, K.; Zhang, Y.; Zhai, J.; Hu,
228



CHAPTER 6

W.; Wang, Z. L. Core-Shell-Yarn-Based Triboelectric Nanogenerator Textiles as Power
Cloths. ACS Nano 2017, 11, 12764-12771.

(50) Sun, N.; Wang, G.-G.; Zhao, H.-X.; Cai, Y.-W.; Li, J.-Z.; Li, G.-Z.; Zhang, X.-
N.; Wang, B.-L.; Han, J.-C.; Wang, Y.; Yang, Y. Waterproof, breathable and washable
triboelectric nanogenerator based on electrospun nanofiber films for wearable
electronics. Nano Energy 2021, 90, 106639.

(51) He, E.; Sun,Y.; Wang, X.; Chen, H.; Sun, B.; Gu, B.; Zhang, W. 3D angle-
interlock woven structural wearable triboelectric nanogenerator fabricated with silicone
rubber coated graphene oxide/cotton composite yarn. Composites, Part B 2020, 200,
108244.

(52) Busolo, T.; Szewczyk, P. K.; Nair, M.; Stachewicz, U.; Kar-Narayan, S.
Triboelectric Yarns with Electrospun Functional Polymer Coatings for Highly Durable
and Washable Smart Textile Applications. ACS Appl. Mater. Interfaces 2021, 13,
16876-16886.

(53) Dong, K.; Wang, Y. C.; Deng, J.; Dai,Y.; Zhang, S. L.; Zou, H.; Gu, B.; Sun,
B.; Wang, Z. L. A Highly Stretchable and Washable All-Yarn-Based Self-Charging
Knitting Power Textile Composed of Fiber Triboelectric Nanogenerators and
Supercapacitors. ACS Nano 2017, 11, 9490-9499.

(54) Xie, L.; Chen, X.; Wen, Z.; Yang, Y.; Shi, J.; Chen, C.; Peng, M.; Liu, Y.; Sun,
X. Spiral Steel Wire Based Fiber-Shaped Stretchable and Tailorable Triboelectric
Nanogenerator for Wearable Power Source and Active Gesture Sensor. Nano-Micro Lett.
2019, 11, 1-10.

(55) Guan, X.; Xu, B.; Wu, M.; Jing, T.; Yang, Y.; Gao, Y. Breathable, washable and
wearable woven-structured triboelectric nanogenerators utilizing electrospun
nanofibers for biomechanical energy harvesting and self-powered sensing. Nano

Energy 2021, 80, 105549.
229



CHAPTER 6

(56) Guan, X.; Wang, X.; Huang, Y.; Zhao, L.; Sun, X.; Owens, H.; Lu, J. R.; Liu, X.
Smart Textiles with Janus Wetting and Wicking Properties Fabricated by Graphene
Oxide Coatings. Adv. Mater. Interfaces 2021, 8, 2001427.

(57) Dharmasena, R. D. I. G. Inherent Asymmetry of the Current Output in a
Triboelectric Nanogenerator. Nano Energy 2020, 76, 105045.

(58) Ra, Y.; You, I.; Kim, M.; Jang, S.; Cho, S.; Kam, D.; Lee, S.-J.; Choi, D. Toward
smart net zero energy structures: Development of cement-based structural energy
material for contact electrification driven energy harvesting and storage. Nano Energy
2021, 89, 106389

(59) Liu, S.; Zheng, W.; Yang, B.; Tao, X. Triboelectric charge density of porous and
deformable fabrics made from polymer fibers. Nano Energy 2018, 53, 383-390.

(60) Tao, X.; Zhou, Y.; Qi, K.; Guo, C.; Dali, Y.; He, J.; Dai, Z. Wearable textile
triboelectric generator based on nanofiber core-spun yarn coupled with electret effect.
J. Colloid Interface Sci. 2022, 608, 2339-2346.

(61) Paosangthong, W.; Wagih, M.; Torah, R.; Beeby, S. Textile-based triboelectric
nanogenerator with alternating positive and negative freestanding woven structure for
harvesting sliding energy in all directions. Nano Energy 2022, 92, 1067309.

(62) Hao, Y., Zhang, Y., Mensah, A., Liao, S., Lv, P., Wei, Q. Scalable, ultra-high
stretchable and conductive fiber triboelectric nanogenerator for biomechanical sensing.
Nano Energy 2023, 109, 108291.

(63) Wang, T., Shen, Y., Chen, L., Wang, K., Niu, L., Liu, G., He, H., Cong, H., Jiang,
G., Zhang, Q., Ma, P., Chen, C. Large-scale production of the 3D warp knitted terry
fabric triboelectric nanogenerators for motion monitoring and energy harvesting. Nano

Energy 2023, 109, 108309.

230



CHAPTER 7

Chapter 7: Conclusions and Suggestions for Future

Research

7.1 Conclusions

By summarizing the latest research progress of t-TENGs, the existing issues and
challenges in this field are proposed. In order to address these challenges, new types of
t-TENGs with different structures were designed and fabricated by using scalable
approaches in this thesis. The electrical performance and wearability of as-prepared t-

TENGSs were characterized. Major conclusions are summarized as follows:

(1) With the merits of simple structure, light weight and easy integration, 1D fiber/yarn
based TENG is more suitable for wearable use in a wide range. A 1D braided core-shell
structured single-electrode triboelectric yarn with PVDF triboelectric material and PA
conductive yarn by using simple, continuous wet spinning and braiding technologies
was developed. The good flexibility, mechanical property and adaptability of the as-
made BYTENG are demonstrated. Benefitting from the strong electro-negativity of
PVDF, the BYTENG is endowed with good pressure sensitivity, which has been
successfully employed as self-powered multifunctional sensor for real-time exercise

monitoring.

(2) In order to further improve the softness, wearability, weaveability and
biodegradability of the t-TENG, 1D core spun yarn structured TENG based on Tencel-
chitosan blended yarn and PA conductive yarn was fabricated by using a scalable fancy

spinning twister technology. By selecting the Tencel-chitosan blended yarn as

231



CHAPTER 7

triboelectric functional material, the CYTENG shows excellent tactile comfort and
realizes the environmental protection of the TENG. Meanwhile, the high flexibility,
small diameter, low weight, high productivity of the CYTENG are obtained, which can
meet the requirement of continuous production. This continuously scalable
manufacturing technology promotes the commercial production of eco-friendly

fiber/yarn based t-TENGs.

(3) The continuously spun CYTENG was further fabricated into 2D woven structured
FTENG, which overcomes the complex manufacturing process, high cost, poor comfort
and small-scale production. As expected, the FTENG presents a desirable output (31.3
V, 1.8 pA and 15.8 mW/m?). With the advantage of the materials and structure, the
FTENG not only shows outstanding wearability and comfort, such as high flexibility,
desirable breathability and good machine washability, but also displays excellent
antibacterial property. As for wearable applications, it can work as self-powered sensor

to detect different body movements.

(4) To improve the wearability, durability and seamless integration, advanced textile
technique is explored to fabricate t-TENG. A triboelectric nanogenerator fabric with
3D woven structure using PTFE, cotton, PA conductive and PP yarns through a cost
efficient, eco-friendly, scalable weaving technology is proposed. Owing to structural
design and rational materials configuration, versatility of the obtained SP-FTENG is
achieved, including good electrical output (27.33 V, 1.76 pA and 61.6 mW/m?),
directional water transport and breathability as well as excellent outstanding durability
(machine washability and ultrahigh abrasion resistance). As a demonstration, the
fabricated SP-FTENG can drive wearable electronics and be used as a self-powered

sensor to constantly detect the movement signals of human body.
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In summary, four types of new t-TENGs have been successfully designed and
fabricated by exploring the synergistic effect of fiber materials, structures and textile
engineering. These t-TENGs demonstrate the feasibility of developing t-TENGs from
the textile materials, structures and processing technologies. Firstly, it shows the textile
materials can be successfully employed for the fabrication of t-TENGs, which endow
the t-TENGs with good electrical performance, flexibility and wearability. Secondly,
employing textile processing techniques such as wet-spinning, braiding, yarn spinning,
weaving and knitting to fabricate t-TENGs not only achieves large-scale production but
also realizes seamless integration of t-TENGs. Thirdly, various structures designed and
developed in this research, including 1D braided yarn structured t-TENG, 1D core spun
yarn structured t-TENG, 2D woven and knitted structured t-TENG, 3D woven
structured t-TENG, can endow the t-TENGs with excellent wearability and

multifunctionality.

7.2 Suggestions

In this research, although flexible and wearable t-TENGs have been successfully
fabricated, the gap between research and practical commercialization is still widening.
Some limitations are still needed to be improved in the future

work, which are summarized as below:

1. Enhancement of output performance

In practical applications, providing efficient power output is essential for t-TENGs to
power electronic devices because electronic devices need to work continuously for long
periods. Although the electrical output performance of t-TENGs has been enhanced,

the power output and sensing performance of t-TENGs are relatively lower than those
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of conventional nontextile TENGs. The low output of the t-TENG is likely related to
the deformable and porous structure of the fabric, which results in a small effective
contact area. Numerous approaches relating to materials and structure modification
have been proposed to enhance the output performance of t-TENGs. However, their
viability is relatively poor due to their complex fabrication process. Further
investigation of other potential methods is necessary to improve the output of t-TENGs,
such as modifying the operation modes, exploring new triboelectric materials and
structures. Further research should focus on exploring the detailed mechanism of output
improvement, which can contribute to the development of t-TENGs with good

performance.

2. Output stability

In real-life scenarios, the output stability of t-TENGs under machine washing,
mechanical abrasion and harsh environmental conditions is critical. Since t-TENGs
work through frictional contact between two materials, the output performance and
lifetime of t-TENGs may decrease after high-frequency mechanical abrasion. The
temperature and sweat on human skin, as well as the ambient temperature and relative
humidity, can negatively affect the efficiency and stability of t-TENGs. To deal with
this issue, innovative materials and special structure as well as mechanical operation

mode should be explored.

3. Integration strategy

As an important link connecting TENGs and electric devices, power management
system is an integral part of high-energy transmission. Structural and functional
integration of t-TENGs, power management, and back-end functional devices need to

be achieved. The intarsia technique seems to be a promising integration strategy for
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knitted t-TENGs. However, diverse applications require other applicable seamless
integration methods. The wearable intelligent system includes modules such as sensors,
management circuits, and wireless transmission. The connection between each
functional module and the overall integration with the wearable substrate are unsolved

problems that require researchers in various fields to work together to solve.

4. Mass production and low cost

Complex and sophisticated manufacturing techniques are usually not suitable for mass
production, which also increases production costs. To realize large-scale industrialized
production and lower the cost, economically available materials and efficient structural
designs suitable for mass production of t-TENGs need to be explored. Some studies
involving the modification of fabric surfaces require expensive equipment, the sample
sizes are relatively small, and the fabrication processes are complex. Several studies
have developed fiber-based TENGs that are compatible with current textile
manufacturing technology. Then, the fiber-based TENGs are woven or knitted into
fabric, which provides a possible mass production solution. This method can reduce the
time and effort involved in t-TENG fabrication. Although mass production is in the
initial stage, the commercialization of t-TENGs shows great potential. Scalability and

cost remain key issues that need to be addressed.
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