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Abstract

At present, fabric-based triboelectric nanogenerator (TENG) has been paid attention and developed
for self-power generation systems with wearability for E-textiles, especially cotton. However, there are
many commercial cellulose-based fabrics with different fiber characteristics and fabric structures that
gain possibility to effect on TENG performance and has been underreported. This work presents the
fabrication of the textile TENG by using four types of commercial cellulose-based fabrics as friction
layer and compare the electrical output efficiency relating their molecular structure, fabric structure and
surface morphology characteristics. As shown by the electrical output, though all fabrics can generate
electricity for TENG device, nevertheless, the output signal is different because of their different total
surface area of the fabric, affecting by different microstructure. The rayon fabric contains the smallest
size fiber with highest surface area at the same woven structure. The obtained output voltage (Voc) and
current (Isc) of ~23 V and ~13 pA are ~1.8 times higher than most studied cotton fabric. This research
demonstrated the importance of the microstructure and surface area of the fabrics that significantly
affect TENG properties. The investigation in this work will useful and knowledgeable to select fabric

1. Introduction

With the rapid development of intelligent networks, the emergence
of new products such as smart sensors, health monitor system, wireless
portability and many kinds in wearable electronic devices are increasable
growth to receive and transmit information for making easy life and
leading human society into the Era of Artificial Intelligence of Things
(AIoT). As the results of huge demand and growth of those, textile-based
electronics, and its components, known as electronic textiles (E-textiles),
have attracted surging interest in recent years [1]. Among the electronic
components, a power supply system to drive electronic components
is always required. However, the large size, heavy weight and complex
operating system are still limited for comfortable use.

Today, mechanical energy harvesting technologies are being
developed to convert mechanical energy from human touch and
movement into electrical energy called a triboelectric nanogenerator
(TENG) [2,3]. The electricity generated by TENG is sufficient to drive
small electronic devices. Relying on the literature searching, all kinds
of materials; polymers, ceramics, and metals can be applied for the
TENG devices [4,5,6]. Nowadays, fabrics have received much attention
in textile TENG because they can be developed to use in a variety of
devices, especially clothes [7,8] such as nylon, polyester, polyethylene,
etc., which are synthetic fabrics [9,10,11,12]. Currently, according to
the concern about environmental friendliness and electronic waste,
natural-based fabric becomes attention. Cotton, which is cellulose-
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materials before improving and using them for energy harvesting devices.

based fabric, is the major player in this category, mostly due to its
abundant quantity and widespread production with reasonably priced
[13]. Importantly, a high tendency of losing electrons by containing
the plentiful hydroxyl (-OH) groups makes the cotton becomes
positively charges when in contact-separation with other triboelectric
materials [14]. According to research in 2019, Jeong and co-workers
fabricated cotton as a contact layer for TENG by designing plain and
twill woven on the fabric structure. Their cotton TENG generated
output voltage (Voc) of 1.59 and 12.47 V for plain and twill weave,
respectively [15]. In the same year, cotton fabric was created as friction
layer by weaving with different conductive threads to make high
performance TENG. The output voltage and current were found to be
1.5V and 0.3 pA-cm? [16]. Sahu et al. [17] collected and directly utilized
laboratory waste for fabricating a laboratory waste-based TENG
operating in vertical contact-separation mode. The electrical output of
the laboratory waste based TENG comprising PET and cotton gives
avoltage of ~30 V and a current of ~0.2 pA. Even though the literature
can confirm the using of cotton as a friction layer in TENG, however,
its electrical output is not much. Many modification strategies
have been therefore paid on the pristine cotton, especially modifying
electrode by weaving, or even adding conductor materials to improve
the electron transportation performances for ulilizing in TENG.
In 2019, Zhu et al. [18] developed the self-functional sock by hybrid
integrating PEDOT: PSS-coated cotton. The coated cotton sock shows
the voltage and current of 55 V and 2.3 pA under contact separation.
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Sangkhun and co-workers [19] created an efficient natural textile-
based TENG assembly to a Cu fabric electrode by dip-coated in
cyanoalkyl silane and fluoroalkyl silane. This method can increase
the output voltage and output current of cotton from 35.73 V to
139.08 V. However, the current has not been much improved as
compared to the current improvement. The current is still provided
for 4.25 pA. Dudem and co-workers [20] reported a cotton textile
modified with PANI by the in-situ polymerization method to fabricate
the TENG for harvesting the energy from human movements. By
contacting with the PTFE film, the highest V,c and /i values could be
improved from approximately zero to 120 V and 4.2 pA. In 2022,
a wheel-disk-shaped cotton woven with fluorinated ethylene propylene
film has been fabricated and can generate the maximum Vo, and Zsc
of 82 Vand 8.9 pA [21]. As can be seen from the previous research,
although cotton can be applied as a contact layer in TENG, and its
efficiency can be improved in a variety of electron transportation
improving processes. However the performance of the pristine cotton
in the device is still limited with only enough to drive the sensors [22].
That is probably because of the limitation of fabric materials itself, i.e.,
the molecular structure and microstructure. However, by looking for
the cellulose-based fabrics, they do not contain only cotton. Cellulose
fabrics are diverse types that are available and easily found in the
market or commercial. Basically, there are two main types of celluloses:
(1) natural cellulose: cotton and linen; and (2) regenerated cellulose:
rayon and tencel fabrics [23], which contains different fabric characteristic
and have not been fully studied in the TENG.

This work proposes the utilizing of four types from commercial
cellulose-based fabrics, including cotton, linen, rayon, and Tencel as
a friction layer material for the textile TENG fabrication. The fabric
electrical output efficiency is studied for comparison and found to be
relative to their microstructure and surface area. By using modified
fabric-glue/CNT, the rayon fabric shows the output voltage (Voc) and
current (/sc) of ~23 V and ~13 uA that are higher than other fabrics
at the same weaving structure. The working on cellulose based in
this research could pave the way for developing textile TENG by
offering the significance of materials selection and making great
inspiration for enhancing the self-powered personal electronics in
future.
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2. Experimental
2.1 Optimizing materials

Commercial Cotton, Linen, Rayon, and Tencel were purchased
from Bulliontex Company (Thailand). All chemicals, including
Sodium Chloride (NaCl, ACS reagent 99%), Calcium Chloride (CaCla,
ACS reagent 99%), Sodium Carbonate (Na2CO3, BioXtra 99%),
Sodium Hydroxide (NaOH, ACS reagent 97%, Carlo Erba Reactifs SA),
Sodium Sulfate (Na2SO4, ACS reagent 99%), Acetic acid (glacial 100%),
and nonionic surfactant were procured from Sigma-Aldrich (USA).

2.2 Preparation of cellulose-based fabrics
2.2.1 Desizing

The mixed chemicals were prepared for desizing by mixing 1 g
of NaCl, 0.05 g of CaCly, 0.1 g of nonionic surfactant and 0.5 g of
amylase enzyme in 100 mL of water. 5 g of fabric was immersed in
desizing solution at 100°C for 45 min. The fabrics were boiled in
boiling water for 10 min, then rinsed with clean water and dry.

2.2.2 Scouring

The scouring solution was prepared by mixing 0.2 g of NaOH
and 0.01 g of nonionic surfactant in 100 mL of water. 5 g of desized
fabrics were immersed in scouring solution at 95°C for 1 h. Then
the fabric was rinsed with water at normal temperature and dry.

2.3 The fabrication of triboelectric nanogenerator (TENG
device)

In this work, the TENG device consists of two contact layers of
cellulose-based fabrics and polytetrafluoroethylene (PTFE). The fabric
contact layer is bonded by a conductive fabric electrode prepared by
soaking the adhesive fabric in 0.15 g of CNT solution. An aluminum
tape electrode attaches to the PTFE layer. The acrylic sheets were
used to cover the top and bottom of the device to support each layer
when measuring by fixing the gap between both sides with a spring
as shown in Figure 1.

PTFE sheet

\

Fabric
Electrode fabric

PTFE
Al tape

Figure 1. Structure and components of TENG by drawing (a) and real photographs of TENG device via digital camera (b).
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2.4 Characterization and electrical output measurement

The morphology of all fabrics was analyzed by scanning electron
microscopy (SEM, Quanta 250 model, USA). Surface and weaving
structure of commercial cellulose- based fabrics were analyzed by
digital camera and light microscopy. The functional groups were
examined by Attenuated Total Reflectance Fourier Transform Infrared
spectroscopy (ATR-FT-IR) model PerkinElmer/Universal-ATR from
the USA. The electrical output performances of cellulose-based fabric
TENG was measured by an oscilloscope (DSO-x 2012A, Keysight)
and a digital multimeter (DMM, DM3058E, Rigol).

3. Results and discussion
3.1 Commercial cellulose-based fabrics characterizations

The fabric used in this work is based on the categorization of
cellulose fabrics of natural cellulose fibers (Cotton, Linen) and
regenerated cellulose fibers (Rayon, Tencel). Figure 2 shows the
functional group identity of all commercial cellulose fabrics, showing
the uniqueness of cellulose molecules. The absorption peak at
3330 cm'!is attributed to the stretched vibration of the hydroxyl
group, which is the primary functional group of cellulose. The peak
at 2896 cm’! is characteristic of the stretching vibration of C-H present
in cellulose and hemicellulose. The absorption bands at 1360 cm’!
and 1315 cm! are relative to bending vibrations of the C-H and C-O
groups of the aromatic rings in cellulose polysaccharides. At the peak
position of 1051 ¢m’!, the symmetric and asymmetric oscillation of
the C-O-C bond is observed. And the peak at 894 cm™ indicates the
presence of B-glycosidic linkages between monosaccharides. Notably,
IR spectra of regenerated cellulose at the absorption band of 1428 cm’!,
associated with the CH2 symmetric bending of the cellulose were
observed only in natural cellulose fibers. The regenerated cellulose
fibers exhibited weaker peaks and shifted peaks to 1420 cm™! formed
by the fiber manufacturing process as corresponded to Comnea-
Stancu et al. report [24,25]. The IR characteristics can confirm that
all commercial fabrics are composed of cellulose as the main molecular
structure. All those peaks correspond to the analyzed cellulose fabrics
by Portella et al. and other literatures [26,27,28]. However, even though
the main functional groups of all commercial fabric are similar, but
the microstructure of the commercial fabric is different that directly
effect to their electrical output efficiency. This point will be discussed
later in the next part.

3.2 Morphological and physical properties of the cellulose-
based fabrics

Figure 3 shows the zoom-in weaving structures of commercial
cellulose-based fabrics by the digital camera. The result found that
not all the commercial fabrics that show the same weaving structures.
The structure of cotton, linen, and rayon fabric has similar weave
structure, called the plain weave that is a weaving where the weft
contrasts with the warp at perpendicular angles (graphic insert in
Figure 3(a-c)). Tencel fabric is the only one that has a different weave
structure of twill weave (Figure 3(d)). Twill weave is weaving with
a diagonal pattern that is parallel to each other. The weft inserts it under
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8 Tencel CH,, O-CH -
) C-H, C-0 -glycosidig
C-H bonding ¢
‘-OH bonding C-0-C bonding
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Figure 2. The functional group identification for the commercial cellulose-
based fabrics by IR-ATR technique.

Figure 3. Photograph of commercial cellulose-based fabrics by digital
camera; cotton (a), linen (b), rayon (c), and tencel (d).

two or more warps with steps between the rows to create a diagonal
pattern (graphic insert in Figure 3(d)). As found by the literature, the
different woven structures show a direct relationship with the surface
area of the fabric, resulting in the difference output signal generated
by TENG. In 2020, Somkuwar et al. [29] fabricated the textile fabric-
based TENG using electrodes comprising types of woven fabrics of
1/1 plain weave and 5/1 twill weave. A maximum voltage output of
2.52 V was generated in a 1/1 plain weave and the 10.93 V was generated
by a 5/1 twill weave fabric. The reason comes to the importance of
contact area. In a plain structure, the contact area is mostly at the
crossover points, resulting in scattered point contacts between the
surfaces. The maximum output occurred in 5/1 twill comes from having
of more regular and extended length of yarn contact area. As the
surface area increases, and a larger surface charge is induced on the
triboelectric layer. Consequently, the fabric woven structures can affect
the electrical performance following the yarn weave pattern.

The SEM images clearly show the difference in the fiber morphology
of the rayon, cotton, linen, and tencel fabrics. Figure 4(a) shows that
the rayon fiber contained a lengthwise striated surface and bright with
average diameter of about 18.8 + 6 um. The cotton fiber (Figure 4(b))
has 21.8 £ 8 um of average diameter with a ribbon shape and many
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twists along its length. The twists of fiber give cotton a flat and
uneven fiber surface. A characteristic of linen fiber is the presence
of fiber nodes or joints that are small, soft, and irregular lumps with
25.6 £ 11 um of average diameter. The fiber nodes occur randomly
along the length of the fiber as clearly illustrated by SEM Figure 4(c)
of linen fibers. For the Figure 4(d) shows the longitudinal surface of
tencel fiber that smooth and cylindrical with no striation. The average
diameter of tencel was 19.3 + 7 um. By observing from the result, the
rayon had lengthwise striated surface with smaller average diameter
than those of other type cellulose fibers. Different average diameters
will affect the different contact area of the fabrics in the means of
using in TENG. Due to the small diameter fiber, rayon will probably
contain more fiber per unit weight of the fabric and a high total
surface area of fabric. To confirm this, the surface area of the fabric
was calculated by measuring the size of the fabric divided by the
weight of the fabric and calculated by the following:

Surface area of fabric = M?*/G )

Figure 4. Surface morphology of cellulose-based fabrics; rayon (a), cotton (b),
linen (c), and tencel (d) observed by SEM.

J. Met. Mater. Miner. 33(3). 2023

Where, M is the area of fabric (m?) producing by measuring the
width and length of the fabric, and G is weight of fabric (g). Therefore,
the surface area is the accessible area of fabric surface per unit mass
of fabric. The result of the total surface area for all commercial fabrics
was found to be 0.0085 m?.g"!, 0.0054 m?.g"!, 0.0079 m?.g"!, and
0.0044 m?.g"! for rayon, linen, cotton, and tencel, respectively. This can
confirm that the rayon fabric shows the highest total surface area
directly relating to the result of average diameters and microstructures
of the fibers in the fabrics.

3.3 The electrical output performance of the cellulose-
based fabric TENG

As shown in Figure 5(a), the electric generation mechanism of
the TENG is based on the coupling effects between triboelectrification
and electrostatic induction of two different electronegativity (EN)
materials [2,30]. When two electrically neutral materials come into
contact (i), cellulose fabric with low EN values donates electrons and
creates positive charges on the fabric surface itself. PTFE film with
higher EN values accepts electrons and creates negative charges on
the surface. This charge-exchanging process occurs without electrons
and current flows because the two materials remain in contact with
charge balancing. When the material is separated (ii), the PTFE film
induces positive charges on the Al electrode meanwhile the cellulose
fabric induces negative charges on the Al electrode in its side. In this
induction process, a charge imbalance causes electrons to flow from
the negative to the positively charged electrode. So, electricity can be
provided through the external load. While the material is still separate
(iii), the electrons will completely flow until the charges are back to
balance again. When the two materials come into contact again (iv),
an inductive charge causes electrons to flow through the load from
the opposite direction. Then, the full signal of the alternating current
can be obtained.

The study of the electrical output of TENG devices from 4 types
of cellulose-based fabrics including the output voltage (Voc) and
output current (/sc) under the contact separation mode were reported
in Figure 5(b-c) All commercial cellulose-based fabrics can generate
electrical output signal by meaning of TENG. For in the same weaving
structure, cotton, linen, and rayon showed the Voc of 12.69 V, 17.46 V
and 23.17 V, respectively with the Isc 0£9.48,9.07, and 13.08 pA.
The electrical output confirms that rayon fabric provides the highest
electrical efficiency relating to their fiber morphology and contacting
area as mentioned earlier. Rayon has the smallest diameter with
highest total surface area. When the fabric has a more surface area,
there will be more contact area of the fabric and affecting higher the
output performance of TENG. This effect was also reported in
different materials from searching literature. Siju Mishra et al. [31]
have investigated the potential application of surface-modified
aluminum foils using commercially available emery papers. TENG
based on surface-modified Al substrates has shown higher triboelectric
performances of 138.1 V and 27.78 pA which was around 2.4 times
and 2.5 times greater than plane Al foil. The combination of these line
patterns increases the contact area between triboelectric materials
which in turn boosted the output performance. Guo and co-workers
[32] also demonstrated a high-performance fabric-based TENG by
using a nylon cloth as the substrate and fluoroalkyl silane by the
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chemically modified surface. The addition of a fluoroalkyl silane layer
increases the surface area of the fabric based TENG resulting in
increased output voltage and current from 53.2V to 575V and 1.1 pA to
12.1 pA as compared to the device without the fluoroalkyl silane layer.
Thus, the result in this work can also fully confirm the significance
of surface area of materials that influences the electrical output
performance of the TENG device.

The output power of all fabrics under resistance conditions from
100 Q to 10 MQ was also investigated and shown in Figure 6(a-d).
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Figure 5. Electrical output of all fabrics. The working principle of the TENG device (a).
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It was also found that the maximum output power of rayon fabric
for 53 uW at 1 MQ resistance is higher than other fabrics at a resistance
of 1 MQ, as shown in Figure 6(c). This is because rayon fibers have
a lengthwise striated surface and high surface area of fabric. The
small-size fibers have more fibers per unit weight of the fabric, higher
total fiber surface area, and greater possibilities for a charge to be
generated with the fibers in the structure. This supports and allows
rayon fibers to generate and exchange charges on the surface more than
other fibers.
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Figure 6. The maximum output power of cotton (a), linen (b), rayon (c), and tencel (d).
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4. Conclusions

This research successfully fabricated textiles TENG using four
types of commercial cellulose-based fabrics as friction layers to study
the effects of different microstructures and surface area on output
efficiency. The results confirm that even though rayon, linen, cotton
and Tencel are the same types of cellulose molecule, the electric
generation by meaning of TENG is totally different. The difference
of output efficiency results by the different fiber diameters and
surface area. Rayon fabric shows the smallest average diameter with
highest surface area resulting in the highest output signal generation
as compared to other fabrics. The investigation in this research confirms
the importance of fiber characteristics in textile that influences directly
to the TENG efficiency that helpful for the materials selection in
the development of an efficient wearable electronic and wearable
sensor using the TENG device.
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