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Abstract 

In the contemporary era, the textile triboelectric nanogenerator (T-TENG) has sparked interest to 

be a powerful energy supply for small electronic devices and electronic component in next generation 

of electronic textiles. Most T-TENG is developed by adding other materials to fabric or cloths that 

probably limit the comfortable use. Fabrication of conformable fabrics with high triboelectric 

outputs remains challenging. This research is firmly focused on the development of fully-fabric  
T-TENG by employing woven nylon-acrylic fabrics as the main contact material and designing  

a weaving pattern together with engineering a multi-layered structure to amplify its electrical 

efficiency. Based on the experimental results, different weaving patterns provided different electrical 

output values owing to its different contact surface areas. The matt weave pattern can yield the best 

electrical output regarding the extreme deformations. A further significant enhancement in  

T-TENG’s performance is consistent with inserting polymer intermediate layer. Adding ball-fiber 

and kapok serves as a synergetic charge-trapping interlayer, rendering a high triboelectricity of both 

open circuit voltage (VOC) and short circuit current (ISC) for 3 to 8 times higher than that of nylon-

acrylic single layer. Finally, the multilayer fabric T-TENG is integrated with the long-sleeved 

garments and provide output enough to fully-charge the 0.22 µF and 0.33 µF capacitors together with 

brightening 30 LEDs. Finally, this work demonstrates a potential way with simple procedures in 

achieving fully-fabric T-TENG for small-scale energy sources that can harvest biomechanical energy 

to power electronic component for approaching the real application in E-textile systems. 
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Introduction 

In today’s world, technology and innovation are 

indispensable for enhancing human life. Leading  
the clothing and textile which are one of necessities 

for human also rise to develop by embedding  

the electronic components inside, as known as 

electronic textiles (e-textiles) (Younes, 2023). 

However, traditional E-textiles are bulky and heavy 

rely on batteries, which need to be used as  

the primary power source to drive those embedded 

electronic components. In addition to the inconvenient 

use, the battery system also comes with clear 

limitations, including the need for frequent 

recharging within a short lifetime without 

environmentally friendly at the end of life. Thus,  

the search for alternative energy sources has become 

an intriguing avenue of research. Among several 

kinds of energy harvesting, i.e., wind, water,  

and solar power, mechanical energy harvesting 

(MEH) devices, a field focused on converting 

environmentally mechanical energy into electricity, 

has witnessed significant development and remain 

crucial challenges (Charoonsuk et al., 2021a; Ukasi 

et al., 2024). Herein, one of the advanced MEH 

devices which has high energy conversion 

efficiency, namely triboelectric nanogenerator 

(TENG) is getting attention. TENG can transform 

mechanical energy into electrical energy through  

the contact and separation of two different materials, 

inducing charge transfer and generating an electric 

current (Zhu et al., 2015; Charoonsuk et al., 2021b). 

The electric current generated from TENG is 

sufficient to power small with low power-

consumption electronic devices. Over the past 

decades, various materials, including metals, 

ceramics, and polymers, can be utilized in TENG 

devices not even fabric-based materials. The 

selected fabric materials like nylon (Bairagi et al., 

2022), cotton (Zhu et al., 2019), carbon fiber (Yang 

et al., 2018), polyethylene terephthalate (PET) 

(Zhao et al., 2016), polytetrafluoroethylene: PTFE 

(Teflon) (Chen et al., 2018), and polyacrylonitrile: 

PAN (Acrylic) (Sun et al., 2020), have become 

interested with specific properties of being 

lightweight, flexible, and moldable to match  

the requirements of textile technology. Based on  

the literature, Yanhua Liu and the team focused on 

materials selection by choosing materials from 

triboelectric series to develop E-textiles, and  

showed the potential of using acrylic to serve  

 

 

 

 
 

as main negative friction layer due to its electron-

withdrawing ability relating to a main functional 

group of nitrile (-C≡N) (Liu et al., 2020). 

Meanwhile, containing amide group (-NH2) in  

the chemical structure of nylon responses to its high 

electron-donating ability. Thus, using nylon and 

acrylic fabric to be material pair is now focused. 

In 2014, Tao Zhou et al., fabricated acrylic based 

TENG within freestanding mode to provide output 

efficiency of open circuit voltage (VOC) and short 

circuit current (ISC) ~100 V and ~1 µA (Zhou et al., 

2014). Also, a study of Xiao Peng and the team 

reported the output performance of TENG by using 

nylon and acrylic coated with gold as main friction 

materials. The nylon-acrylic TENG demonstrated 

VOC of approximately 420 V and ISC in range of  

1.8 to 9.5 µA (Peng et al., 2021). Recently, 

Paosangthong et.al. used nylon fabric and Teflon 

fabric to fabricate a T-TENG device, providing  

the output efficiency of ~200 V and ~0.80 µA 

(Paosangthong et al., 2019). Based on the literature, 

both nylon and acrylic can be optimum material pair 

for using as contact materials in T-TENG, but  

the output current is too low for being small power 

supply. According to this issue, many researchers 

have devised ways to improve the output current 

especially for T-TENG devices. By considering  

the simple structure of TENG, there are two main 

component layers, composing of charge-generating 

layer for creating the charges and charge-collecting 

layer for transporting the created charges through 

the load. Improving charge-generating has been first 

focused. In a previous study by J. Jeong et.al. (Jeong 

et al., 2019), having different weaving patterns of 

cotton fabric between plain weave and 2/1 twill 

weave revealed the different VOC of approximately 

1.59 V and 12.47 V. Next, Somkuwar et al. (2020), 

also tried to compare between plain weave and  

5/1 twill weave for T-TENG and found the similar 

trend of results. The different VOC and ISC of 2.52 V 

and 3.68 µA for plain weave fabric and 10.93 V and 

7.04 µA for the 5/1 twill weave could be generated, 

confirming the significantly impact of weaving 

pattern on the output efficiency of T-TENG. Based 

on the literature, even though simple weaving 

pattern making can suggest a potential trend in 

developing of T-TENG from fabric-based materials, 

the experiment with nylon and acrylic has not been 

done and more pattern with scientific discussion still  
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needs to be full-filled in this case. Moreover,  

the challenges still exist in terms of undesirable 

output current due to the charge’s loss by 

recombination between friction surface and 

electrode. Therefore, another way to enhance  

the electrical output has been studied. One effective 

method to eliminate the limitation of recombination 

is doing in structural design by designing TENG 

into multilayer-structure. Studies of adding charge-

trapping layer by inserting the insulating interlayer 

are relatively new (Xie et al., 2021). Previous 

studies have done on the polymer TENG and 

reported that inserting polymer film that contain  

the aromatic rings in main chains, i.e., polyimide 

(PI) (Feng et al., 2017), and polystyrene (PS)  

(Cui et al., 2016), between the PVDF layer and 

charge-collecting layer can enhance the electrical 

output signal by 7 to 9 times higher than that of  

the device without inserting interlayer. Adding a 

PDMS film for interlayer also successfully 

increased the output power of PVDF TENG by 178 

times without any destroying high stretchability of 

the stretchable TENG (Kim et al., 2018). Even 

though the multilayer structural design by inserting 

charge-trapping interlayer has been done on 

polymer films, it has not been done in field of 

textiles. Therefore, studies from previous research 

becomes motivation in this work to pay attention in 

addition to modify the charge-generating layers in 

T-TENG. The fabrication of textile multilayer 

structure with integrating the charge-trapping layer 

by using simple process are undertake challenging. 

This research aims to develop the nylon-

acrylic T-TENG by using combination methods 

consisting of fabricating suitable weaving pattern 

and multilayer structural design. The various 

weaving patterns are explored to assess their impact 

on the total surface contact area relative to  

the electrical output characteristics of T-TENG. 

Furthermore, another aims to enhance the electrical 

performance by engineering a multilayer structure 

with integrating the charge-trapping layer using four 

different kinds of fibers, including ball-fiber, 

synthetic fiber, microgel and kapok. The optimum 

condition could be achieved by providing  

the electrical output enough to further test and use 

for practical application. The scientific discussion 

about output efficiency relative to material 

characterization and operation mechanism for single 

layer and multilayer T-TENG is provided regarding 

sliding operation mode. Also, this fully-fabric  

T-TENG technology is successfully applied in  

the circuit board to investigate potential output for 

applications such as chargeability and ability for 

driving small electronic devices. 

Experimental Procedures 

Weaving Fabrics Process 

In this work, by following the results from 

calculations, the fabrics were weave by using 

nylon/stainless steel thread and acrylic/stainless 

steel thread within 3×3 cm2 size. The nylon and 

acrylic thread act as weft yarn, while a warp yarn 

and electrode are using stainless steel thread.  

The fabrics were weave in 3 different weaving 

pattern including plain weave, 2/2 twill weave and 

matt weave irregular by using 6×7 cm2 size of small 

loom.  

 

Fabrication of Multilayered Woven Fabric 

A multilayered woven fabric was prepared 

using nylon and acrylic fabric, sewn into a size of 

3×3 cm with a gap in the middle. Subsequently,  

all the previously prepared fibers, including ball 

fiber, synthetic fiber, microgel fiber, and kapok 

fiber, were inserted into the middle between  

two layers of frication layers to obtained multilayer-

nylon fabric and multilayer-acrylic fabric. 

 

Fabrication of Triboelectric Nanogenerator 

(TENG) Device 

In this work, the TENG apparatus 

encompasses within the linear sliding mode.  

The TENG device consists of two contact layers 

composing of 3×3 cm2 fabric with three different 

weaving patterns of nylon/stainless steel for  

the tribo-positive friction layer and acrylic/stainless 

steel for the tribo-negative friction layer. Both sides 

of friction layer are attached with glue fabric/CNT 

composite as electrode. Then, the two electrodes are 

connected to an electrical wire.  

 

Characterization and Electrical Output 

Measurement 

Attenuated Total Reflection-Infrared Spectroscopy 

(ATR-IR, Shimadzu IRTracer-100) was employed 

to observe their functional groups and chemical 

bonding of the nylon, acrylic fabric, and all fiber.  

To assess the overall internal structure of all fiber 

and estimate fiber diameter, synchrotron radiation 

X-ray tomographic microscopy (SR-XTM) was 

conducted at SLRI Thailand. After getting contrast 

images frame from SR-XTM, the high-resolution 

three-dimensional (3D) images of all fiber were 

visualized using the Drishti software. For evaluating 

the electrical output performance of the woven 

fabric-based TENG, the output signal waveforms 

including open-circuit voltage (VOC), short-circuit 

current (ISC), and maximum output power (Pmax)  

were conducted by using an oscilloscope (DSO-X  
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2012A, Keysight) and the digital multimeter 

(DM3058E model, Rigol). 

Result and Discussion 

Single Layer T-TENG Fabrication 

Surface Contact Area Calculation of Woven 

Fabric With Different Weaving Pattern 

At the beginning, data of the diameters for 

nylon, acrylic, and stainless-steel yarns was 

collected to calculate the surface area of fabric 

samples. The size of fabric samples was set at 3×3 

cm2 and the representative dimension parameters 

are shown in Figure 1(a). The formula for 

calculating the total contact surface area based on 

the research conducted by Kavita and Abdel-Fattah 

(2011) can be found in supplementary information 

in accordance with equation (S1)-(S3) (Kavita and 

Abdel-Fattah, 2011), where p1 and p2 is a warp and 

weft spacing (1/number of warp or weft yarns).  

The d1 and d2 represent the diameter of warp and 

weft yarns while C1, C2 and Cf refer to the surface 

contact area of warp yarns, weft yarns and total 

surface contact area, respectively. The total surface 

contact area from the research of Nazmul Hossain 

method (Saleem et al., 2021) was also studied for 

secondary confirming the calculated results of 

contact area. The Nazmul’s equation can also be 

found in supplementary information of equation 

(S4)-(S6). Based on the surface area calculations 

derived from the research of Kavita and Abdel-

Fattah, as well as Nazmul Hossain method that  

were adopted for the total surface contact area 

competition of woven fabric with different weaving 

patterns. Those 9 different weaving patterns of 

fabric, according to the mock drawing in Figure 

1(b), were interesting because of their commercially 

famous in the fabric market. It was found that  

the results of calculated contact surface area of 

different patterns from both methods appeared in  

the same trend, are tabulated in Table 1.  

The calculated results illustrated that different 

weaving pattern of fabric is directly relative to the 

different total surface contact area, arranging in the 

examples from containing low-to-high surface area 

by following the plain weave, 2/2 twill weave and 

matt weave that the surface contact area of 0.13%, 

0.25% and 0.39% was found respectively. The total 

surface contact area of these three different patterns 

were confirmed again by Nazmul Hossain method 

of calculation, which exhibited a consistent trend in 

their total contact surface area with previous 

calculation method. The Nazmul’s calculation 

results are also listed in Table 1 that the plain weave, 

2/2 twill weave, and matt weave have total surface 

contact area values of 5.86, 6.29, and 6.37 

yarn/inch2, respectively. Therefore, the result of 

calculation can confirm the effect of different 

weaving patterns to total surface contact area, 

providing possibility to affect also with electrical 

output performance. To further study the effect of 

 
 

Figure 1.  (a) Illustration of surface contact area 

and calculation of contact surface area 

with variables specified (b) Overall 

weaving patterns (c) Digital 

photograph and diagram of Plain 

weave, 2/2 Twill weave, Matt weave 

Table 1.  Ratios of total contact surface area for different weave patterns from the research of Kavita Mathur 

and their team 
 

Weaving pattern 

Total surface contact area 

Kavita and Abdel-Fattah (2011) 

(%) 

Total surface contact area 

Nazmul Hossain et.al. 

(yarns/inch2) 

Plain weave 0.13 5.86 

2/1 twill weave 0.20 6.06 
Herringbone weave 0.22 6.11 

2/2 twill weave 0.25 6.29 

3/1 twill weave 0.26 6.30 
Basket weave 0.28 6.32 

3/2 twill weave 0.30 6.34 

Satin weave 0.31 6.35 
Matt weave 0.39 6.37 
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different weaving patterns on electrical output of  

T-TENG, the three patterns that contain lowest, 

medium, and highest surface contact area have been 

selected in this experiment, that was the plain 

weave, 2/2 twill weave and matt weave pattern, 

respectively. Then, the nylon and acrylic yarn were 

weaved within the three different patterns together 

with stainless steel yarn for use as an electrode 

(Figure 1(c)). The woven fabric samples were fixed 

equally within a 3×3 cm2 of dimension for 

fabricating the T-TENG. 

 

Electrical Output Measurement of Woven 

Fabric With Different Weaving Pattern 

Before measuring and comparing the output 

efficiency of each pattern, the two theories is brough 

to be understood for selecting materials pair:  

(1) inductive effect (Kingsbury, 2019) and  

(2) the triboelectric series (Liu et al., 2020).  

The inductive effect refers to the phenomenon 

wherein a permanent dipole in molecule arises due 

to the unequal sharing of the bonding electrons  

that is usually used to explain the electron-donating 

and accepting ability of functional groups in  

organic materials and polymers. Meanwhile,  

the triboelectric series is well known for considering 

the material selection in fields of TENG that 

basically uses the Intermolecular Electron Cloud 

Overlap Transfer (IECOT) model (Lin et al., 2020) 

to explain the distinct electron-donating and  

-receiving properties of materials. In this work,  

the main material fabrics are acrylic and nylon with 

the scientific name of polyacrylonitrile and 

polyamide. The C ≡ N acts as a main functional 

group of polyacrylonitrile that is categorized as 

electron withdrawing group (-I effect) by containing 

ability to draw electron density towards itself. 

Meanwhile, the polyamide contains N-H and C=O-

R as functional groups. N-H is clearly positioned  

at +I affect that can releasing electron easily.  

 
 

Figure 2.  Structural T-TENG models for (a) dielectric-to-dielectric and (b) metal-to-dielectric sliding mode, (c)-

(d) VOC and ISC of nylon fabric-Teflon, (e)-(f) Al-acrylic fabric, and (g)-(h) nylon-acrylic fabric with 

plain weave, 2/2 twill weave and matt weave 
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Even though the C=O-R is positioned in the -I side, 

however, it still has low ability to withdraw electron 

as compared to C ≡ N of polyacrylonitrile. Also, the 

triboelectric series that contains the ranking of 

electron donating and accepting ability of the most 

polymers (Liu et al., 2020), clearly shows the 

position of acrylic (polyacrylonitrile) in the negative 

side (electron acceptor) and nylon (polyamide) in 

the positive side (electron donor). The distance 

between them in the chart is quite far, thus 

confirming the possibility to use acrylic as negative 

and nylon as positive friction layer for T-TENG in 

this work. Therefore, to find the optimum condition 

in the first part of electrical output measurement, 

nylon and acrylic with three different weaving 

patterns of each was tested within the two materials 

pair of nylon-Teflon and acrylic-Al systems. Since 

nylon contains electron donating ability existing in 

positive side of triboelectric series, the Teflon films 

is therefore selected to be its negative side. 

According to the previous work, Teflon was 

basically used as standard negative layer to pair with 

the sample of positive layer for testing the TENG’s 

output efficiency owing to its highest ability to gain 

electron listed in triboelectric series (Kim et al., 

2017). The simple structure in the drawing diagram 

is illustrated in Figure 2(a). Meanwhile, the acrylic 

exists in the negative side of triboelectric series,  

Al thin film was chosen to be tribo-positive side  

for matching with acrylic woven fabric T-TENG,  

as shown by simple structure in Figure 2(b). 

Regarding the triboelectric operation, the lateral 

sliding (LS) mode T-TENG is taken in terms of  

the dielectric-to-dielectric and metal-to-dielectric 

TENG model’s category, according to Figures  

2(a-b). The model for the kind of dielectric-to-

dielectric was used for finding optimum condition 

of woven nylon T-TENG. The top section is 

composed of nylon woven fabric which acts as 

tribo-positive layer sewing with stainless steel  

yarn as electrode. The Teflon film serves as a tribo-

negative layer contacting with Al tape electrode, 

existing in the bottom section of the device.  

In the experiment, Teflon and Nylon were used  

as a triboelectric pair at the same sample size of  

3×3 cm2 and d = 500 µm. The basic structure in 

Figure 2(a) is displayed including dielectric 1  

(D1; woven nylon fabric), and dielectric 2 (D2; 

Teflon). Both D1 and D2 are attached to metal 

electrode, M1 and M2, located at the top and 

bottom, respectively. As shown representatively in 

drawing diagram, the width of the whole materials 

is much larger than the thickness, which represented 

by d1 and d2. The uniformly distributed charge on 

the inner surfaces is reasonably assumed. During 

separation between D1 and D2, the different types 

of surface charge induce at the non-overlapped 

regions due to the triboelectrification (Niu et al., 

2013; Niu and Wang, 2015). For the operation, the 

top-part of T-TENG slides through the longitudinal 

direction while the bottom part is fixed. The lateral 

separation distance is defined as x, and the surface 

charge density on D1 and D2 are denoted as +σ and 

–σ. The width (w = 3 cm) of the whole dielectric 

layer (3 cm) is much larger than its thickness (d1 = 

0.1 mm or 100 µm and d2 = 0.5 mm or 500 µm).  

It is assumed that the triboelectric charges are 

uniformly distributed across the material surfaces. 

After connection of M1 and M2 with conductive 

wires, the charges would be transferred. The number 

of transferred charges denotes as QSC the total 

charge amount on M1 and M2 is represented  

by –QSC and QSC. The L-S mode T-TENG within 

metal-to-dielectric category (Figure 2(b)) is 

different by disappearing of the D1 layer. The M1 

acts not only as the top electrode but also acts as  

the triboelectric layer itself to donate the electron to 

the D2 layer. During the separation, the uniform 

tribonegative charges, defining as –σ, can be 

produced at non-overlapped regions and the 

different sign with same amount would be created 

on the M1 (Niu and Wang, 2015). For both cases,  

the triboelectric charge on the overlapped region is 

canceled because of charge neutrality during  

the contacting process. The total amount of σ is 

expressed by σwx (Niu et al., 2013; Niu and Wang, 

2015). To deliver the output performance of  

the TENG, the potential difference (V) contains  

the specific relationship with QSC and x. The V-Q-x 

relationship can be expressed as illustrated in 

supplementary information. 

According to the theoretical understanding  

for the V-Q-x relationship, the output performance 

of the T-TENG in this work is firstly determined 

basically in terms of VOC and ISC. The electrical 

output signal waveforms of woven fabric T-TENG 

consisting with nylon woven fabric in various 

weaving patterns paired with commercial Teflon are 

shown in Figures 2(c-d). By comparing the output 

efficiency of nylon woven fabrics within different 

weaving patterns of plain weave, 2/2 twill weave, 

and matt weave, the normal plain weave pattern 

provides the VOC and ISC of 4.2 V and 260 nA. 

Meanwhile, the highest Voc and ISC was generated 

by matt weave pattern of 7.5 V and 630 nA, which 

is 1.7 times and 2.4 times higher than the plain 

weave pattern. It can be seen clearly that the 

electrical output shows consistency with the results 

of contact surface area calculation. The higher total 

surface contact area can significantly enhance  

the output efficiency of woven fabric-based  

T-TENG. It can be concluded that for the positive 

side using nylon, the matt weave pattern shows  

the highest surface contact area, as tabulated in  
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Table 1, compared with other pattern, increasing 

proportionally with the output efficiency that led to 

the highest values in this work. The different pattern 

was also studied within the acrylic side by pairing 

with the Al thin-film tape as mentioned above in 

metal-to-dielectric system. The electrical output was 

also studied according to Figures 2(e-f). The results 

show that the VOC and ISC of plain weave pattern 

reached about 4.1 V and 310 μA. For 2/2 twill weave 

pattern, the Voc and ISC were gradually increase to 

5.2 V and 450 μA. Meanwhile matt weave pattern 

reaches the highest Voc and ISC of 6.5 V and 575 μA 

which is higher than the output efficiency of plain 

weave 1.5 times and 1.3 times. Furthermore, for  

the full-fabric system T-TENG, the woven nylon 

and acrylic fabric in different patterns was paired to 

fabricate the T-TENG. As illustrated in Figure  

2(g-h), the similar trend of VOC and ISC could be 

observed to matt >2/2 twill > plain weave by 

generating 5.5 V>4.2 V>2.8 V, and 510 nA>400 nA 

>209 nA, respectively. The results can prove that the 

waving pattern has a direct effect on the electrical 

output efficiency for any fabric T-TENG 

influencing by the surface contact area. The 

weaving pattern that can provide the highest surface 

area also provides the highest electrical output 

efficiency for T-TENG. 

Figures 3(a-b) illustrate the structure and  

the mechanism of T-TENG operation employing  

the sliding working mode that converts mechanical 

energy into electrical energy by interaction of two 

woven fabrics involving in combination process of 

triboelectrification and electrostatic induction. 

According to the T-TENG structure (Figure 3(a)), 

the top section is composed of nylon/stainless steel 

woven fabric that nylon acts as tribo-positive layer 

while stainless steel yarns are utilized as electrode. 

The acrylic/stainless steel fabric serves as a tribo-

negative layer is pasted in the bottom section. 

Nylon/stainless steel and acrylic/stainless steel 

fabric were woven in different patterns using fabric 

as weft and stainless steel as a warp yarn to study 

the effect of weaving pattern to its electrical output. 

In experimental setup, acrylic side was fixed 

positioned at the bottom while the top position was 

set to a free moving in longitudinal direction. In the 

beginning (Figure 3(a)), the nylon and acrylic side 

are fully contacted with each other via complete 

overlapping. Thus, there is no charge transfer 

between its electrodes through the load. The only 

interaction occurred within triboelectrification by 

exchanging the electrons between nylon and acrylic 

fabric side. The nylon fabric creates positive tribo-

charges, while negative tribo-charges are generated  

 

 
 

Figure 3.  (a) Schematic diagram of T-TENG structure and (b) operation mechanism in lateral sliding 

mode, while (c) illustrates the influence of surface contact area on the surface charge generation 

after receiving the compressive force during T-TENG operation 
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on the surface of acrylic fabric. However,  

the exchange charges are still in electrostatic 

equilibrium since the positive and negative charges 

are still equally attract on their surfaces. The state of 

T-TENG movement is illustrated in Figure 3(b), 

starting with the outward sliding motion in  

the x-axis direction by applying mechanical force in 

state (i) - (ii) to occur the electrostatic induction.  

In Figure 3(b) (i), nylon side on the top slides 

outward along the weft yarn. Electrostatic induction 

happens at this state. The charges can flow through 

the load bringing from weft yarn to the warp 

electrodes until reaching equilibrium. The charge 

transfer stops. According to the state (iii) and (iv), 

the upper substrate slides back to the original 

position. The charges can be flowed back from  

the warp electrode at the top to the bottom electrode. 

The current flowing keeps going until the potential 

gradient terminates after the contacting of both 

nylon and acrylic comes to contact fully again.  

The sliding of T-TENG would be continued in 

cycles resulting in an alternating current (AC) signal 

waveform. The influence of contact surface area is 

illustrated more clearly in Figure 3(c). A higher 

surface area can generate higher electrical output in 

terms of both VOC and ISC because a larger surface 

contact area can generate more charges. According 

to the operation mechanism, the electrical output of 

the TENG can be generated only when there is  

the contact and separation occurrence between two 

materials surfaces. Therefore, the area that is 

contacted is one of crucial role. As displayed in 

Figure 3(c), it is evident that plain weave pattern, 

which has the smallest surface contact area between 

each yarn, resulting in a dense fabric structure. 

When compressive force from the contact sliding 

motion is applied during testing, the fabric hardly 

deforms and leading to the minimal contact between 

the yarns and between the yarn and material pair.  

So, the charges were lower generated with the lower 

output signal in both VOC and ISC. Also,  

the mechanism of surface contact area by 

compressing the force to 2/2 twill weave pattern  

was demonstrated. The illustration shows that, when  

the force is applied, the surface between each yarn 

can contact each other and generate more charges. 

In the case of matt weave, which has a larger contact 

surface area between each yarn that provide less 

dense compared to plain weave and 2/2 twill weave. 

Therefore, when the matt weave fabric T-TENG 

subjects to compressive force, the fabric deforms 

more than other pattern, increasing the contact 

between the yarns, generating more charge with  

the highest output efficiency. 

 

 

 

Multilayer T-TENG fabrication 

Characteristics and Analysis Specific Four 

Types of Intermediate Layer Fibers 

After the effect of weaving pattern on  

the electrical output signal was studied, the matt 

weave pattern for both nylon and acrylic fabric was 

used for continuing the structural design by adding 

different types of fiber to be intermediate trapping-

layer. Before fabricating the multilayer T-TENG, 

the functional groups of four types of intermediate 

layer fibers, comprising of ball fiber, synthetic fiber, 

microgel fiber, and kapok fiber, were examined by 

ATR-TR technique to identify the type of polymer 

molecule. The results are illustrated in Figure 4(a), 

the ball fiber exhibited characteristic absorption 

peaks at approximately 2,960 cm-1, corresponding  

to the stretching vibrations of C-H bonds (C-H 

stretching). It also displayed absorption peaks at 

around 1,714 cm-1, aligning with the stretching 

vibrations of C=O bonds (C=O stretching), 

indicating the presence of ester groups (Ester 

group). Additionally, an absorption peak around  

 

 

 

 
 

Figure 4.  (a) The IR spectra of the following fiber 

types: ball fiber, synthetic fiber, 

microgel fiber, and kapok fiber (b) SR-

XTM images of the internal structure 

for the ball fiber and (c) kapok fiber 
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1,247 cm-1 and 1,097 cm-1correlated with the 

stretching vibrations of C-O bonds (C-O stretching), 

also confirming the ester groups. All these results 

were found to be consistent among ball fiber, 

synthetic fiber, and microgel fiber. This indicates 

that all three of these fibers are synthesized from  

the same polymer, namely, polyester. Notably, these 

observations are consistent with the findings from 

previous research conducted by Bhattacharya and 

their research team in 2014 (Bhattacharya and 

Chaudhari, 2014) and 2019 (Koto and Soegijono, 

2019). However, the kapok fiber shows the IR 

pattern in a different way. The result of kapok fiber 

revealed the IR peaks at 3,342 cm-1, corresponding 

to the stretching vibration of O-H bonds (O-H 

stretching). Another absorption peak at around 

1,728 cm-1 matched well with the stretching 

vibration of C=O bonds (C=O stretching), which is 

a functional group found in the monosaccharides  

of hemicellulose within kapok. The peak at 

approximately 1,594 cm-1 belongs to the stretching 

vibration of C=C bonds (C=C stretching), indicating 

the presence of aromatic compounds of lignin 

within kapok (Kartina and Suhaila, 2012). 

Therefore, it can be concluded that the intermediate 

layer fibers utilized in this study and research 

actually comprise fibers from polyester and natural 

lignocellulosic fibers like kapok. 

Comprehensive analysis of fibers was also 

utilized in this work with the Synchrotron Radiation 

X-ray Tomographic Microscopy (SR-XTM) 

technique, renowned for its high-resolution 3D 

imaging capabilities. The SR-XTM images can 

reveal the fine nuances of fiber morphology, 

including diameter, shape, and distribution.  

Such detailed characterization is instrumental in 

comprehending the unique properties of these fibers 

and their potential applications. Herein, the ball 

fiber is formed from polyester fiber similar to other 

polyester fiber, i.e., synthetic and microgel fiber that 

also used in this work. However, according to  

the result of electrical output measurement in the 

next section, inserting ball fiber for nylon-acrylic  

T-TENG can reach the highest performance of 

electrical output generation. The internal structure 

compared between ball fiber and kapok fiber is 

therefore investigated representatively. The SR-XTM 

technique employs X-rays from a synchrotron light 

source for scanning and visualizing the three-

dimensional internal structure of fibers. As depicted 

in Figures 4(b-c), the result delves into the intricate 

details of these fibers, providing valuable insights 

into their structural attributes. The results in Figure 

4(b) emphasized the distinctive characteristic 

morphology of ball fiber, particularly its thick and 

large-size fiber structure. Moreover, the analysis 

revealed bundling within ball fibers, signifying  

a higher fiber density compared to other fiber types. 

The average size of ball fibers was calculated using 

the Fiji - ImageJ software and it was found to be 

40.1 ± 8.8 μm. Meanwhile, the SR-XTM image in 

Figure 4(c) demonstrated that the internal structural 

of kapok indicated the non-uniform size distributed 

fiber inside. The average sizes of both large and 

small synthetic fibers were also measured using  

the Fiji - ImageJ program. The average size of  

the kapok fibers was approximately 24.4±14.1 μm. 

In addition to the molecular types of commercial 

fibers, the morphological structure may also affect 

the electrical output which is discussed later in  

the part of electrical output measurement. 

 

Electrical Output Measurement of Woven 

Fabric with a Multi-Layered Structural 

Design 

In this work, the efficiency T-TENG is further 

improved aiming to utilize as close to the real 

application as possible. The structural design into 

multilayer structure T-TENG is then focused by 

inserting intermediate layers between fabric and 

electrode with commercial fibers that simply find on 

the textile market, including ball fiber (BF), 

synthetic fiber (SF), microgel fiber (MF), and kapok 

fiber (KF) as intermediate layers for a multi-layered 

structure. The fabric electrode also modified by 

using the glue-fabric/CNT composite that the 

optimum condition of CNT can be found on our 

previous research in 2023 (Khwanming et al., 

2023). According to the first part of single layer  

T-TENG output measurement, the PTFE and Al 

were used to friction with nylon and acrylic, 

respectively, because the PTFE is the most negative 

position in triboelectric series. Even though the Al 

is posed below nylon in triboelectric series, metals 

typically tend to donate electrons and Al tape is easy 

to fabricate as a friction layer in TENG. Also,  

to further study the performance of multilayer 

structure compared to single layer T-TENG, the 

same material friction of PTFE and Al was also used 

for pairing with multilayer nylon and acrylic system. 

The study examined the VOC and ISC of multilayer  

T-TENG with different intermediate fibers.  

A structure and operational mechanism of 

multilayer T-TENG was also utilized within  

the L-S mode. The first T-TENG belonging to 

nylon-Teflon pair was tested. The primary contact 

material consists of a multilayer nylon woven fabric, 

serving as the tribo-positive layer, and Teflon as 

negative friction layer.  Based on the obtained 

results of VOC and ISC in Figures 5(a-b),  

a comparison between non-fiber inside or nylon-

single layer (N-SL) and nylon multilayer with  

BF (N-BF), SF (N-SF), MF (N-MF) and KF (N-KF) 

has been clearly shown. It was obtained that  
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the N-BF T-TENG can achieve the highest of both 

VOC and ISC about 24.5 V and 4.8 μA that was  

3.2 and 7.6 times higher than that of single layer 

woven fabric. In the case of multilayer acrylic, 

inserting intermediate layer with BF, SF, MF and 

KF similar to nylon T-TENG is studied by paring 

with Al tape. The VOC and ISC by comparison 

between acrylic-single layer (A-SL) and multilayer 

of A-BF, A-SF, A-MF and A-KF is presented in 

Figures 5(c-d). Similarly, the electrical output signal 

of multilayer acrylic T-TENG could be higher  

than that of A-SL, demonstrating the effect of 

intermediate layer. However, the types of 

intermediate layer showing highest performance  

are different from the nylon system. In the case of 

acrylic fabric side, inserting with kapok fiber 

reached maximum output of the VOC of 21.8 V and 

ISC of 4.2 μA.  

 

 

Figure 5.  (a) VOC and (b) ISC of nylon fabric single 

layer T-TENG compared to the multilayer 

T-TENG by inserting different of 

intermediate layers, (c) VOC and ISC of 

acrylic woven fabric with and without 

inserting different types of intermediate 

fiber, (e) Pmax of multilayer N-BF/Teflon 

and (f) Al/A-KF T-TENG, (g) VOC and ISC, 

and (h) the Pmax of N-BF/A-KF T-TENG 
 

In triboelectric nanogenerator devices, the 

introduction of an intermediate layer, also known as 

a charge-trapping layer, plays a crucial role in 

capturing charges and preventing the loss of 

charges. This results in increased charge 

accumulation within the device, leading to enhanced 

electrical output and current flow, according to 

previous research by Menge et al. (2020), in 2020. 

However, the specific materials need to be 

considered. To test for use in practical applications, 

matching resistance needs to be checked for finding 

optimum P or Pmax. Therefore, the Pmax of multilayer 

T-TENG within nylon-Teflon and Al-acrylic 

systems was examined by connecting the T-TENG 

device to the electrical circuit by changing the 

resistance load one-by-one from 100Ω to 15 MΩ 

and measure the direct voltage, VDC with 

oscilloscope. The IDC was calculated using equation 

of I = V/R, simultaneously with calculating P by  

P = V × I expression. The examined results of VDC, 

IDC and P for multilayer T-TENG, including woven 

N-BF/Teflon and Al/A-KF, as a function of load 

resistance is presented in Figures 5(e-f). Upon 

increasing the resistance in 100Ω -15 MΩ peried, 

the VDC increased gradually, meanwhile, the IDC 

decreased by exactly following the Ohm’s law.  

The Pmax value can be seen at specific resistance, 

which is the matching resistance of this T-TENG 

device. According to the plot between VDC, IDC and 

R, The Pmax normally obtained at the point intercept 

between VDC and IDC. The results can be evident that, 

the nylon-Teflon system with inserting intermediate 

layer of BF (N-BF/Teflon), the Pmax of 7.1 µW is 

exhibited at specific 2MΩ resistance (Figure 5(e)). 

In contrast, the multilayer-structure T-TENG with 

Al/A-KF fabric friction layer achieved the Pmax of 

about 14.7 µW at the same resistance value of 2MΩ, 

as illustrated in Figure 5(f). Moreover, the N-BF and 

A-KF was brough to fabricate positive and negative 

layers in T-TENG and investigate the electrical 

output performance, aiming for utilizing in textile 

application. The N-BF/A-KF T-TENG demonstrate 

the AC signal waveforms of VOC = 16.2 V and  

ISC = 4.4 µA, according to Figure 5(g). The lower 

output in both VOC and ISC as compared to the  

N-BF/Teflon and Al/A-KF T-TENG systems is 

obtained because of the different electronegativity 

or electron-donating-accepting ability of materials. 

Nylon has low electron-donating ability when 

compared to the metal Al, meanwhile, acrylic has 

low electronegativity (low electron-accepting 

ability) by comparing with Teflon. Therefore, 

pairing nylon with Teflon can show higher 

efficiency and paring acrylic with Al also showed 

higher efficiency, when both compared to  
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the pairing between nylon and acrylic fabric. 

However, the full system of fabric TENG still needs 

to be developed for aiming to the real application.  

The Pmax output of N-BF/A-KF T-TENG is shown 

in Figure 5(h) that the 10.5 µW could be reached at 

also 2MΩ. The result can demonstrate that even 

though the full fabric system provides lower 

efficiency than that of using other materials.  

The obtained output is not lower than much, it still 

can be used in terms of T-TENG. Altering  

the structure with multiple layer fabrication using 

fiber insertion significantly enhances the output 

power, providing a promising avenue for device 

development. This underscores the importance of 

charge-trapping layers as an effective approach to 

enhancing and developing electrical output 

efficiency. 

Figure 6(a) illustrates the diagram of 

multilayer T-TENG structure for applications that 

composes of multilayer nylon/kapok (N-KF) pairs 

with multilayer acrylic/ball-fiber (A-BF). Both of 

them were ironed with fabric/CNT to be their 

electrode. Basically, charge trapping’s ability in 

polymer insulators for blocking the charge 

combination can be formed by imperfections in 

chemical and physical defects, for instance; 

crosslinking points, amorphous free volume, 

dangling bonds and functional groups that mostly 

occurs in the polymer chains (Bairagi et al., 2022). 

The aromatic polymers have the trapping sites  

in their chemical structures, regarding to the non-

uniform of energy levels along their molecular 

chain. Therefore, in this work, inserting polyester 

and kapok fibers can be used for blocking  

the recombination of the charge along their 

molecules. Polyester contained the aromatic directly 

in a chain while kapok have the aromatic ring in 

their lignin component molecules. Figure 6(b) 

illustrates a schematic diagram of the electron 

transfer in multilayer T-TENG by representing one 

side of nylon with ball fiber (N-BF), which is 

composed of three layers of nylon itself, BF charge-

trapping layer and bottom electrode (GF/CNT). 

After the separation process occurs, the free charges 

first appear at the interface by making the gradient 

of the charge concentration. Having intermediated 

layer by BF can block the charge recombination 

allowing comfortable electrostatic induction.  

The small electric field can form between the nylon 

and bottom electrode, resulting in electron transfer. 

For single layer TENG, the shallow trapping process 

by nylon itself probably results in charges 

disappearance by the combination process near  

the bottom electrode. In other words, the positive 

charges are not accumulated on the nylon surface 

but drift and flow back to combine with negative 

 
 

Figure 6.  (a) Schematic illustrations of the multilayer structure T-TENG for application with (b) 

representative diagram for one side of positive friction layer of nylon with intermediate layer of 

ball-fiber, (c) the working principle of the charge-trapping layer for blocking the charge-

recombination between friction surface and electrode, (d) The surface potential measurement 

and (d) energy band of single layer compared to multilayer T-TENG 
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charges at the electrode, providing a potential decay 

with incomplete electrostatic induction, as depicted 

in Figure 6(c) (i). In contrast, inserting NF 

intermediate layer acts as the charge-trapping sites 

to trap and block the generated charges from 

drifting, together with being the deep traps sites to 

slow down the charge escaping. The creation of  

the triboelectric charge trapping depth layer 

provides more opportunity to accumulate the 

surface charge completely, enhancing the potential 

difference between electrodes. The schematic 

diagram of trapping process is illustrated in Figure 

6(c) (ii). According to Figure 6(c), the comparison 

of the charged-discharged curve of voltage was 

measured representatively comparing between 

single layer (N-SL) showing in red line and 

multilayer N-BF T-TENG (orange line). The 

potentials were measured by constantly sliding 

motion at 10 Hz. The results demonstrated that  

the N-SL provides maximum 0.24 V and gradually 

decreases until releasing almost potential within  

3 sec. The N-BF multilayer preserve better potential 

by holding at 0.39V after 9 sec. The multilayer  

T-TENG can capture more charges, reaching  

5 times higher than that of the single layer T-TENG. 

The mechanism of charge trapping layer in terms of 

energy band theory is presented in Figure 6(e). 

According to Figure 6(e) (i), the positive charges in 

green dots were generated at the shallow surface of 

Nylon. The positive charges were temporary stored 

by combing with the electrons (red dots) at the CNT 

electrode and formed a weak electric field (Kim  

et al., 2018). In comparison to multilayer,  

by inserting BF as charged trapping layer, the N-BF 

system could be generated the positive charges at 

the surface of Nylon but not recombined with 

electron at electrode because it can be deeply 

trapped in the band of BF charge-trapping layer. 

Thus, having a charge-trapping layer contains more 

time to store the charges before combining with  

the electrons at the CNT electrode, as shown in 

Figure 6(e) (ii). It corresponds to higher surface 

potential and the holding of voltage of N-BF 

multilayer T-TENG. The more understanding about 

deep trapping process in TENG is discussed and 

explained deeply elsewhere (Jiang et al., 2020). 

To evaluate its practical applicability,  

a conventional full-wave rectifier (FWR) circuit  

 
 

Figure 7.  (a) Capacitor chargeability, (b) Charge-discharged cycles, and (c) 30 driven LEDs of 

nylon/acrylic fabric based TENG with BF as multilayer structure. (d) The application of 

nylon/acrylic fabric with fiber-inserted intermediate layers in the fabrication process with  

(e) the device's sensor testing and (f) sensor values. (g) Chargeability testing and (h) chargeability 

results of nylon/acrylic fabric with fiber-inserted intermediate layers 
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we employed to connect between the T-TENG  

and capacitor. The multilayer T-TENG within  

N-BF/A-KF system was used to charge the different 

capacity of capacitor, which included 0.22, 0.33, 

2.2, and 3.3 µF. The resulting charge curves, 

displayed in Figure 7(a), illustrate that during  

the charging period, 0.22 µF and 0.33 µF capacitors 

could reach around 2 V and 2.4 V within 

approximately 7 and 9 seconds. Nevertheless,  

the 2.2 µF and 3.3 µF capacitors could not be fully 

charged within the same 10 s, and only reached  

0.9 V and 0.4 V within this period. The charge-

discharge cycles are presented in Figure 7(b), 

illustrating the stability of charge-discharged ability. 

To test the operation of T-TENG for small power 

supply, the LED was connected to the N-BF/A-KF 

T-TENG directly to assess real-time power supply 

capabilities, as displayed schematically in Figure 

7(c). The results indicate that the multilayer  

T-TENG can power approximately 30 blue LEDs. 

Moreover, according to Figure 7(d), the multilayer 

T-TENG module within 5 × 5 cm2 was integrated to 

the long-sleeved garments, trying to operate by 

mechanical force from human motion. The 

experiments and data analysis regarding the 

electrical output performance after sliding by 

running have shown promising results. Sliding the 

T-TENG by human movement (Figure 7(e)), i.e., 

walk and run can generate signal waveforms 

distinguishably when comparing to stand still. The 

signal appears clearly when body movement or 

acceleration occurs as shown in Figure 7(f).  

In addition, Figure 7(g) and h exhibited the 

chargeability of long-sleeved garments T-TENG by 

running. The results demonstrate the charging 

period of 0.22, 0.33, 2.2, and 3.3 µF capacitors.  

It could fully-charge at 0.22 µF and 0.33 µF and 

reach around 140 mV and 170 mV, respectively, 

within 7 s. These findings indicate a promising 

direction for the production and development of 

self-powered sensors and energy harvesters for  

real-time monitoring devices capable of real-world 

applications in the future. 

Conclusions 

This research has achieved significant success in 

designing woven fabrics of nylon and acrylic system 

utilizing for T-TENG by further engineering 

multilayer structures to enhance its electrical output 

performance. The investigation of different weaving 

patterns reveals the different surface contact areas, 

which is a crucial factor that impacts on  

the T-TENG’s electrical output performance.  

 

 

After testing with three material systems, including 

nylon-Teflon, Al-acrylic and nylon-acrylic, 

weaving fabric within matt weave pattern shows 

highest surface contact area. Higher surface area 

makes fabric deform more easily, increasing  

the more point of contacting to induce 

triboelectrification, generating more triboelectric 

charges. For fully-fabric T-TENG, pairing between 

nylon-acrylic could achieved the output efficiency 

of ~5.5 V and ~510 nA. The further significant 

enhancement on T-TENG’s performance is in 

accordance with the deep traps process by inserting 

intermediate charge-trapping layer of polyester fiber 

and kapok (lignocellulosic) fiber. The results 

indicate that multilayer structure could generate 

higher output efficiency. The temporary charges 

diffusion from the surface to re-combine at 

electrodes is blocked by adding intermediate layer, 

facilitating the fast saturation of electrostatic 

induction to increase difference potential. By taking 

this advantage high stretchability and flexibility of 

fully-fabric systems could be fabricated to be a high 

triboelectric performance. By rubbing the nylon/ball 

fiber with acrylic/kapok, the output of VOC and ISC at 

~16.2 V, ~4.8 μA is reached, which is 3 and 8 times 

higher than the fabric T-TENG without intermediate 

layer of fiber. For the application section of 

attaching the device at the long-sleeved garments, 

the fully-chargeability with 0.22 µF and 0.33 µF 

capacitors, 30 LEDs driving, and signals testing 

with basic sensor were demonstrated. This work 

demonstrates the paved way for enhancing fully-

fabric T-TENG using simple method design and 

engineering, promising the direction to produce T-

TENG for real-world applications in the next-

generation human-oriented wearable electronics. 
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