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Abstract 

A novel textile-based triboelectric nanogenerator (TENG) with woven structure operating 

in freestanding triboelectric-layer mode, defined as a woven-TENG, has been developed. Whereas 

most woven-structured TENGs operate in contact-separation mode and consist of one type of 

triboelectric material, this woven-TENG comprises woven electrodes and woven strips of positive 

and negative triboelectric material, which form a checker-like pattern over the electrodes with 

matching periodicity. The implementation of the positive and negative triboelectric material 

significantly improves the performance of the woven-TENG. Furthermore, in contrast to the 

conventional grating-structured and woven-structured TENG, which are designed to operate only 

in one moving direction, this new design also allows the woven-TENG to harvest energy from all-

planar directions of movement.  The woven-TENG with woven strips of nylon and 

polytetrafluoroethylenevinyl (PTFE) fabric can generate a root mean square (RMS) open-circuit 

voltage of 62.9 V, an RMS short-circuit current of 1.77 µA and a maximum RMS power of 34.8 

µW at a load resistance of 50 MΩ, a mechanical oscillation of 2 Hz and a contact force of 5 N. 

This corresponds to a maximum RMS power density of 5.43 mW/m2. 
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1. Introduction 

Recently, wearable and portable electronics are penetrating into our daily life. They are more 

sophisticated and multifunctional but extensively rely on batteries, which demand frequent 

recharging and replacement. To overcome this limitation, self-powered wearable systems using a 

biomechanical energy harvester have been intensively researched and triboelectric nanogenerators 

(TENGs) have become one of the most promising choices. Since the first discovery in 2012 [1], 

significant advances have been made both in their performance [2–7] and versatility [8–10]. Due 

to their properties, including low weight, flexibility, washability and biocompatibility, they are 

highly suitable for wearable applications. As a result, textile-based TENGs have attracted 

particular interest and numerous examples have been demonstrated [11–15].  

Most TENGs operating in freestanding triboelectric-layer mode (FT-mode) can only harvest 

energy in one translational direction [16,17] or rotational direction [18,19]. The first TENG, which 

can generate energy from all sliding directions has been proposed by Guo et al [20]. They reported 

a checker-like TENG with interdigitated electrodes and used a sliding contact between PET and 

PTFE as a source for the triboelectric charge generation. Next, Xia et al. has redesigned the 

electrodes by introducing a new honeycomb-like three-electrodes structure [21]. Recently, a 

similar idea to the checker-like TENG has been proposed by Ma et al. They developed a 

biomimetic fish-scale-like TENG and manufactured based on PET film and PTFE sheet [22]. 

However, these examples are made of rigid materials, which are inappropriate for wearable 

applications and the latter also suffers from a lower effective contact area, since only a small part 

of the top substrate can make a contact with the bottom substrate. Additionally, Chen et al. have 

manually knitted a mosaic patterned TENG for all-direction sliding energy harvesting [23]. 

However, this work did not demonstrate its successful operation as an energy harvester.     

This paper proposed a novel textile-based TENG with woven structure (woven-TENG). While 

most woven-structured TENGs operate in contact-separation mode and consist of one type of 

triboelectric material [24–27], this woven-TENG comprises woven electrodes and woven strips of 

positive and negative triboelectric material and operates in the sliding FT-mode. Because of the 

nature of the woven structure, a symmetric and periodic arrangement of the electrodes and 

alternating triboelectric materials are self-formed. The implementation of the alternating positive 

and negative triboelectric material can considerably enhance the performance of a TENG operating 



in FT-mode [28]. In addition, the fabrication processes of the woven-TENG, including doctor-

blading and weaving, are common, low-cost and compatible with standard textile manufacturing. 

2. Design and methodology 

 

Fig. 1. Schematic illustration of (a) woven-TENG for N = 4 with nylon fabric as positive material, PTFE fabric as negative material 

and woven Ag electrodes. (b) Photograph and (c) SEM image of top substrate of the woven-TENG comprising the PTFE and nylon 

fabric for N = 8. (d) Photograph and (e) SEM image of bottom substrate of the woven-TENG comprising the Ag coated PVC fabric 

as the electrodes.  

2.1. Fabrication 

A schematic illustration of the woven-TENG is shown in Fig. 1a. The woven-TENG is 

composed of a top substrate comprising woven strips of positive and negative triboelectric 

materials and a bottom substrate serving as electrodes. The photograph and the SEM image of the 

top substrate are shown in Fig. 1b and 1c, respectively. It was fabricated by cutting PTFE coated 

fibreglass fabric (PTFE fabric, Xinghoo) and adhesive nylon fabric (Hemline) into strips of the 

same size and weaving them together forming a checker-like pattern with a total size of 8 cm x 8 

cm. The photograph and the SEM image of the bottom substrate are shown in Fig. 1d and 1e, 

respectively. The PTFE fabric and the nylon fabric were chosen as the triboelectric materials, 

because PTFE and nylon are among the most negative and positive material according to the 

triboelectric series proposed by Zou et al. [28], respectively. Moreover, they are available in a 

commercial fabric form and have good properties for implementation in wearable devices, such as 

flexibility, lightweight, biocompatibility and washability. The electrodes were fabricated by firstly 

pre-baking two pieces of 450-µm-thick PVC coated polyester fabric (PVC fabric, VALMEX FR 



7546) at 120 °C for 15 minutes in a Carbolite box oven to eliminate outgassing from the PVC 

layer. Next, doctor blading was used to coat the PVC fabric with a 100-µm-thick Ag ink (Fabinks 

TC-C4001) and curing at a temperature of 120 °C for 15 minutes. The Ag coated PVC fabrics 

were then cut into strips of the same size with a 1-mm gap between each strip and leaving one end 

uncut. Finally, the two Ag coated PVC fabrics are woven together. The uncut ends enable the warp 

strips and weft strips to be electrically connected forming separate warp and weft electrodes. The 

1-mm gap ensures the warp and weft electrodes are electrically isolated after weaving. The top 

and the bottom substrates were produced with various numbers of elements (N) on each side with 

N equalling 2, 4, 6 and 8 with strip widths of 4 cm, 2 cm, 1.33 cm and 1 cm, respectively, thereby 

maintaining a constant overall area.  

2.2. Working principle 

The operating mechanism of the woven-TENG for N =2 is revealed in Fig. 2. The top insets 

show the bird's eye view of each location of the top layer relative to the bottom woven electrodes, 

while the bottom drawings show the corresponding cross-sectional view at the position of the 

dashed blue line shown in the top inset. When the top substrate slides on the bottom Ag electrodes 

and make a contact with them. The PTFE fabric and the nylon fabric will be negatively and 

positively charged, respectively. The same amount of charge with the opposite polarity is 

transferred to the electrodes due to the contact electrification effect. Electrons, ions and material 

transfer have been proposed to be the charge species responsible for the electrification [29–31]. In 

the beginning, the PTFE fabric and the nylon fabric fully overlap with the warp and the weft 

electrode, respectively (Fig. 2(i)). In this state, there is no charge transfer between the electrodes. 

They are in electrostatic equilibrium since the number of positive and negative charges on their 

surfaces are equal. In Fig. 2(ii), the top substrate is sliding further to the right-hand side along the 

waft electrode. In this state, the electrons flow from the weft to the warp electrode through the 

load, because the electric potential of the weft electrode decreases, while that of the warp electrode 

increases due to the presence of the PTFE fabric (negative) and the nylon fabric (positive) on the 

weft and the warp electrode, respectively. When the PTFE fabric and the nylon fabric fully overlap 

with the weft and the warp electrode, respectively (Fig. 2(iii)), another electrostatic equilibrium is 

reached and the charge transfer stops. In the 4th state (Fig. 2 (iv)), the upper substrate is moving 

back to the left-hand side. The electric potential of the warp electrode decreases, while that of the 



weft electrode increases, resulting in a current flow through the load from the weft to the warp 

electrode. The current keeps flowing until the potential gradient terminates when the next full 

overlap occurs. When the upper substrate continually slides in cycles, an alternating current is 

generated through the load. The same effect occurs when the upper substrate moves 

perpendicularly along the warp electrode. The output of the woven-TENG according to the 

movement of the upper substrate at different angles with respect to the weft electrode (x-axis) will 

be further discussed in section 3.3. 

 

 

Fig. 2. Schematic illustration of the operating mechanism of woven-TENG for N = 2. 

2.3. Characterisation and measurement  

The experiments were performed using a belt-driven linear actuator, which can produce 

periodically sliding motion between the top and the bottom substrates with a constant contact force 

thereby ensuring a repeatable experimental measurement process. For initial testing purposes, the 

top and the bottom substrates were first attached to a piece of 1 mm-thick fabric, then an acrylic 

sheet. The fabric allows the triboelectric material to conform to the electrodes and thus maintain 

the effective contact area of the triboelectric materials, while the acrylic sheet enables consistent 

and repeatable testing but would not be required in an actual application (see section 3.6). If not 

specified otherwise, all measurements were carried out in an environmental chamber at an 

oscillation frequency of 2 Hz, an amplitude of 40 mm, a contact force of 5 N, a temperature of 25 



°C and a humidity of 25 %RH. Open-circuit-voltage (VOC) and Short-circuit-current (ISC) were 

measured using an oscilloscope (Agilent DSO3062A) at 1 GΩ load and a DC power analyzer 

(Agilent N6705B), respectively. For the capacitor charging measurement, the output of the woven-

TENGs was first rectified using a commercial full-wave bridge rectifier (Diodes Inc DF10M) and 

then used to charge a 10-µF electrolytic capacitor. During charging, the capacitor voltages (VC) 

were measured using a digital multimeter (Tenma 72-7780) and oscilloscope (Agilent 

DSO3062A). Surface charge densities of the triboelectric materials were measured using a bespoke 

Faraday cup connected to an electrometer (Keithley 6514), as shown in Fig. S1 in the 

supplementary material. COMSOL Multiphysics software was employed for the VOC simulation. 

3. Result and discussion 

3.1. Effect of the number of elements per each side of the top substrate (N) 

3.1.1. Simulation and theoretical calculation 

For the theoretical investigation of the effect of element number per each side of the top 

substrate on the outputs of woven-TENG, the peak VOC of the woven-TENGs for N = 2, 4, 6 and 

8 were simulated using COMSOL. Electrostatics physics with a normal free triangular mesh was 

used to simulate the maximum VOC at a stationary state when the positive and negative triboelectric 

materials fully overlap with the electrodes. Fig. 3a demonstrates a magnified cross-section 

simulation result of the electric potential distribution for the woven-TENG with N = 2. The stack 

of the materials on the left-hand side from top to bottom is PTFE, Ag warp electrode, PVC, Ag 

weft electrode and PVC, respectively. The stack of the materials on the right-hand side from top 

to bottom is nylon, Ag weft electrode, PVC, Ag warp electrode and PVC, respectively. The surface 

charge density of the PTFE and nylon in the simulation were pre-defined as -19.24 µC/m2 and 

11.16 µC/m2, respectively. These values were obtained from measurements of the PTFE fabric 

and the nylon fabric using the Faraday’s cup (Fig. S1). The top-left and the bottom-right electrode 

were electrically connected with the same floating potential, similar to the bottom-left and the top-

right electrode. Due to the presence of the negative charges on the PTFE surface on the left-hand 

side, the electric potential on the warp electrode is -19633 V, while the underlying weft electrode 

has a higher potential of -19537 V. The reasons for this are firstly, the electric field from the 

negative charge is shielded by the top electrode [32]. Secondly, the bottom electrode is located 



further from the negatively charged surface and electric potential increases with increasing 

distance from negative point charges according to Eq. 1 below: 

𝑉𝐸 =
1

4𝜋𝜀0

𝑄

𝑟
                                                              (1) 

where 𝑉𝐸 is the electric potential, 𝑄 is the point charge, 𝑟 is the distance from the point charge and 

𝜀0 is the permittivity of vacuum. Thirdly, the positively charged surface on the right-hand side 

induces a positive electric potential at the top-right electrode, which is electrically connected to 

the bottom-left electrode. However, the net electric potential of both electrodes is negative because 

of the dominance of the negative surface charge density of the PTFE over the nylon. The VOC can 

be determined from the difference of the electric potentials between the electrodes and plotted in 

Fig. 3b. It decreases with increasing element number, which can be explained by Eq. 2 below [17]: 

𝑉𝑜𝑐 =
∆𝜎𝑠𝑐∙𝑆

𝐶
                                                              (2) 

where ∆𝜎𝑠𝑐 is the short-circuit transferred charge density, 𝑆 is the total area of the electrodes and 

C is the capacitance between the electrodes. ∆𝜎𝑠𝑐 and 𝑆 are consistent for all N  but C rises when 

the electrodes are divided into small elements, therefore VOC reduces with increasing element 

number [17]. The simulated VOC of the woven TENG with N = 2, 4, 6 and 8 are 95.6 V, 94.7 V, 

93.8 and 92.9 respectively. 

The theoretical calculation of the corresponding average ISC for FT-mode TENG with 

positive and negative triboelectric material was performed based on electrostatic induction and the 

charge conservation principle. This can be expressed as Eq. 3 below [28]: 

𝐼𝑆𝐶 =  
𝐴𝑀∙∆𝜎𝑞

𝛥𝑡
                                                             (3) 

where 𝐴𝑀 is the total area of the triboelectric materials,  ∆𝜎𝑞 is the difference of the surface charge 

density between the triboelectric materials and 𝛥𝑡 is the time taken of the upper substrate to move 

from one electrode element to the next electrode element. As before, a constant surface charge 

density of the PTFE fabric of -19.24 µC/m2 and the nylon fabric of 11.16 µC/m2 are used in the 

calculation. With a constant 𝐴𝑀 of 64 cm2, a constant ∆𝜎𝑠𝑐 of 30.40 µC/m2 and a different  𝛥𝑡 for 

N = 2, 4, 6 and 8, the calculated average ISC are 0.39 µA, 0.78 µA, 1.17 µA and 1.56 µA, 

respectively (Fig. 3b). Since 𝛥𝑡 reduces with increasing element number, the ISC grows. 



3.1.2. Experiment 

The electrical experiments for the woven-TENG with N = 2, 4, 6 and 8 were carried out 

using the belt-driven linear actuator under the conditions specified in section 2.3. The transient 

VOC and ISC are represented in Fig. 3c and 3d, respectively. Their corresponding peak and RMS 

values are plotted in Fig. 3e and 3f, respectively. Both the peak and RMS VOC slightly decline with 

rising element number. The peak VOC varies between 109 V for N = 2 to 102 V for N = 8. These 

are in good agreement with the simulation results. The RMS VOC also shows a small reduction 

from 62.9 V for N = 2 to 61.5 V for N = 8. In contrast, the peak and RMS ISC show a substantially 

increasing trend. The peak ISC rises from 1.29 µA for N = 2 to 2.99 µA for N = 8 and the RMS ISC 

ranges between 0.81 µA and 1.77 µA, which matches well with the simulated average ISC.   

Fig. 3g demonstrates the dependence of RMS values of the voltage (VRMS), current (IRMS) 

and power (PRMS) on the external load resistance for the woven-TENG with N = 8. The VRMS climbs 

with rising load resistance and reaches a maximum value of 62.9 V at a load resistance of 2 GΩ, 

whereas the IRMS reduces with increasing load resistance. It starts from a maximum value of 1.77 

µA at no load and falls to zero at the maximum load. The PRMS values are derived from the product 

of VRMS and IRMS. The maximum PRMS of 34.8 µW is obtained at a load resistance of 50 MΩ, 

corresponding to a maximum RMS power density of 5.43 mW/m2. The PRMS for the different N 

are compared in Fig. 3h. The graph for N = 2, 4, 6 and 8 reach a peak of 17.0 µW, 30.8 µW, 34.2 

µW and 34.8 µW at the same load resistance of 50 MΩ, respectively. Compared to the two 

previously reported TENGs which can also generate power from all sliding directions (Guo et al. 

[20] with the maximum power density of 1.9 W/m2 and Xia et al. [21] with the maximum power 

density of 2.1 W/m2), the power generated by the woven-TENG seems to be very low. However, 

these two TENGs are made of rigid materials and the claimed power is the instantaneous peak 

power output, which does not reflect the true output of the device. Comparing the peak output 

current at the same frequency of 2 Hz, both TENGs produces a peak ISC of around 3 - 4 µA, which 

is comparable with the peak ISC of 2.99 µA produced by the woven-TENG (N = 8).   



 

Fig. 3. (a) Simulated electric potential distribution of woven-TENG for N = 2. (b) Simulated peak VOC and calculated average ISC 

for different N. Experimental results of transient (b) VOC and (c) ISC. (e) Corresponding experimental peak VOC and ISC for 

different N. (f) Corresponding experimental RMS VOC and ISC for different N. (g) Dependence of the RMS voltage, current and 

power on the external load resistance for the woven-TENG with N = 8. (h) Load-dependent RMS power for the woven-TENG 

with different N. 

 



3.2. Effect of the positive and negative triboelectric material 

To demonstrate that the implementation of the positive and negative triboelectric material 

substantially enhances the outputs of woven-TENGs, the woven-TENG with PTFE/nylon (N = 4) 

was compared with checker-like patterned TENGs with only one negative material (PTFE) and 

with only one positive material (nylon), tested under the same conditions. The photographs of the 

TENGs with single triboelectric material are illustrated in Fig. S2 in the supplementary material. 

As shown in Fig. 4a, the transient VOC of the woven-TENG with PTFE/nylon are 1.3 times and 2.6 

times greater than that of the TENG with PTFE and the TENG with nylon, respectively, while the 

transient ISC of the woven-TENG improves by a factor of 1.3 and 3.0 respectively (Fig. 4b). The 

PRMS of the woven-TENG peaks at a maximum value of 30.8 µW, which is 2.2 and 12.4 times 

higher than that of the TENG with PTFE and the TENG with nylon, respectively (Fig. 4c). The VC 

of a 10-µF capacitor charged by the output of the woven-TENG, the TENG with PTFE and the 

TENG with nylon are plotted in Fig. 4d. After 600 s of charging, the VC reaches 31.9 V, 22.6 V 

and 9.16 V, respectively.  

 



Fig. 4. Transient (a) VOC and (b) ISC for the woven-TENG with PTFE/nylon (N = 4), a checker-like patterned TENG with one 

negative material (PTFE) and a checker-like patterned TENG with one positive material (nylon). (c) Load-dependent RMS power 

and (d) transient capacitor voltage (VC) for different types of TENGs. 

 

3.3. Direction dependence 

One major advantage of the proposed woven-TENG over the grating structured TENG is the 

ability to harvest energy from all planar sliding directions. Firstly, a model shown in Fig. 5a was 

applied for the theoretical calculation of the electrical outputs of a simple woven-TENG for N = 

2. The top transparent substrate comprises a nylon fabric marked in blue and a PTFE fabric marked 

in red. The bottom substrate consists of a warp electrode marked in white aligned in y-direction 

and a weft electrode aligned in x-direction (Fig. 5a (i)). Fig. 5a (ii) shows the initial state when the 

top substrate fully overlaps with the electrodes. In Fig 5a (iii), the top substrate moves at an angle 

 relative to the x-axis. The top substrate is transparent in this illustration and when the nylon 

fabric overlaps with the weft electrode, the overlapping areas become green. Likewise, when the 

PTFE fabric overlaps with the weft electrode, the areas become orange. In the initial state (ii), 

electrons accumulate at the warp electrode due to the presence of positive charges on the nylon 

surface. At the same time, electrons are repelled from the weft electrode due to the presence of 

negative charges on the surface of the PTFE fabric. In state (iii), the nylon fabric partly overlaps 

with the weft electrode (green areas) and the PTFE fabric partly overlaps with the warp electrode 

(red areas) resulting in an electron transfer from the warp to the weft electrode. The amount of the 

transferred electrons is proportional to the sum of the green and the red areas. Due to the symmetry 

of the elements, the sum of the green and the red areas are always equal. For this reason, the model 

can be simplified by considering only the green areas. The maximum sum of the green areas and 

thus the maximum transferred charges are obtained, when  equals 0° and 90°, while the minimum 

transferred charge of 50% of the maximum is obtained for  equals 45°. These are illustrated in 

Fig. S3 in the supplementary material. 

To determine a percentage of the transferred electrons for a given angle  compared to the 

maximum output, the sum of the green areas A in the zoom-in inset in Fig. 5a (iii) is calculated 

using the following equations: 

𝐴 = 𝐴1 + 𝐴2 =  𝑦(𝑤 − 𝑥) + 𝑥(𝑤 − 𝑦)                                   (4) 



where 𝐴1 is the first green area, 𝐴2 is the second green area, 𝑤 is the width of the element and 𝑠 is 

the travel distance of the top substrate from the initial state. Assuming that the nylon fabric element 

does not travel further than the adjacent electrode element, 𝑥 and 𝑦 can be expressed by Eq. 5 and 

6 below: 

  𝑥 = 𝑠 cos 𝛳,  𝑠 cos 𝛳 ≤ 𝑤 and 0° ≤ 𝛳 ≤ 90°                               (5) 

  𝑦 = 𝑠 sin 𝛳,  𝑠 sin 𝛳 ≤ 𝑤 and 0° ≤ 𝛳 ≤ 90°                               (6) 

By substitution of Eq. 5 and 6 into Eq. 4, Eq. 4 can be rewritten as a function of 𝑠 below: 

𝐴(𝑠) = 𝑤𝑠(sin 𝛳 + cos 𝛳) − 𝑠2sin 2𝛳                                     (7) 

This function is a parabola function opening downward, which has a maximum at a travel distance 

𝑠𝑚𝑎𝑥. To find this, the first derivative of Eq. 7 is set equal to zero as below:  

 𝐴′(𝑠𝑚𝑎𝑥) = 𝑤(sin 𝛳 + cos 𝛳) − 2𝑠𝑚𝑎𝑥 sin 2𝛳 = 0                         (8) 

After solving for 𝑠𝑚𝑎𝑥, we obtain 

𝑠𝑚𝑎𝑥 =
𝑤(sin 𝛳+cos 𝛳)

2 sin 2𝛳
                                                 (9) 

By substitution of Eq. 9 into Eq. 7, the maximum area 𝐴𝑚𝑎𝑥 can be expressed as Eq. 10 below: 

𝐴𝑚𝑎𝑥 =
𝑤2(sin 𝛳+cos 𝛳)2

4 sin 2𝛳
                                              (10) 

The percentage of the transferred electrons 𝑝 in at an angle  compared to the maximum 

transferred electrons can be calculated by the Eq. 11 below: 

 𝑝 =
𝐴𝑚𝑎𝑥

𝑤2  × 100 =  
25(sin 𝛳+cos 𝛳)2

sin 2𝛳
                                    (11) 

Considering the conditions in Eq. 5 and 6,  must be in the range between 18.44° and 71.56°. For  

0° ≤ 𝛳 < 18.44°, the maximum area is obtained when 𝑥 = 𝑤, thus  𝑠𝑚𝑎𝑥 =
𝑤

cos 𝛳
 . For  

71.56° < 𝛳 ≤ 90°, the maximum area is obtained when 𝑦 = 𝑤, thus  𝑠𝑚𝑎𝑥 =
𝑤

sin 𝛳
 . With the 

same calculation method, we obtain 

 



                                                    𝑝 =  (1 − tan 𝛳) × 100,             0° ≤ 𝛳 < 18.44°                                                                                                                             

𝑝 =  
25(sin 𝛳+cos 𝛳)2

sin 2𝛳
,               18.44° ≤ 𝛳 ≤ 71.56°              (12) 

               𝑝 =  (1 − cot 𝛳) × 100,        71.56° < 𝛳 ≤ 90°                                                           

Equation 12 are plotted in green for 0° ≤ 𝛳 ≤ 90° in Fig. 5b and compared to the experimental 

RMS VOC and ISC of the woven-TENG (N = 4) for 𝛳 = 0°, 15°, 30°, 45°, 60°, 75° and 90° on the 

same graph. The maximum outputs are produced for 𝛳 = 0°, when the top substrate moves parallel 

to the PTFE fabric, followed by 𝛳 = 90°, when the top substrate moves parallel to the nylon fabric 

and the minimum outputs of around the half of the maximum outputs are generated for 𝛳 = 45°. 

These are in very good accordance with the theoretical calculation. Fig. 5c shows the VC of a 10-

µF capacitor charged by the output of the woven-TENG moving in different directions. The 

maximum VC is also obtained, when the 𝛳 = 0° and 𝛳 = 90°, while the minimum VC is obtained, 

when the 𝛳 = 45°.                

 

Fig. 5. (a) Schematic illustration applied for theoretical calculation of woven-TENG for N = 2. (b) Calculated percentage of 

maximum output compared with experimental RMS VOC and RMS ISC as a function of sliding direction with respect to the x-axis. 

(c) Transient capacitor voltage for different sliding directions. 



3.4. Oscillation frequency and contact force dependence 

The frequency dependence measurements were carried out for the woven-TENG with N = 4 

by varying the oscillation frequency of the linear actuator from 1 Hz to 3 Hz in steps of 0.5 Hz and 

keeping the other parameters constant (see section 2.3). The RMS VOC and ISC of the woven-TENG 

are plotted as a function of frequency in Fig. 6a. At first, the RMS VOC gradually grows with rising 

frequency and begins to saturate at a frequency of 2.0 Hz. According to Eq.2, the VOC is explicitly 

independent on the frequency. However, the reason for this growth stems from a change in the 

surface charge density that increases with the frequency and saturates at a certain value. The RMS 

ISC increases linearly with increasing frequency since it is inversely proportional to the time 𝛥𝑡 

according to Eq. 3, which declines with increasing frequency. The rectified output of the woven-

TENG was used to charge a 10-µF capacitor for 300 s. The maximum VC, capacitor charging 

current (IC) and capacitor charging power (PC) are calculated from the transient VC, illustrated in 

Fig. S4a in the supplementary material. They all show an increased tendency. At a frequency of 3 

Hz, the VC, IC and PC  peak at 35.9 V, 1.3 µA and 13.0 µW, respectively. 

The force dependence measurements were performed for the woven-TENG with N = 4 by 

changing the weight on top of the upper substrate from 1 N to 12 N in increments of 2 N and 

keeping the other parameters constant. The dependence of the RMS VOC and ISC on the contact 

force are shown in Fig. 6c. In the beginning, both of the outputs increase sharply with increasing 

contact force until they become essentially constant at a contact force over 7 N. The transient VC 

as a function of contact force is shown in Fig. S4b. The corresponding maximum VC, IC and PC  for 

the different contact forces are represented in Fig. 6d. They show the same tendency as the RMS 

VOC and ISC. The VC, IC and PC  saturate at around 30.9 V, 1.1 µA and 10.1 µW, respectively. 



 

Fig. 6. (a) RMS VOC and ISC as a function of oscillation frequency. (b) Maximum VC, IC and PC as a function of oscillation 

frequency. (c) RMS VOC and ISC as a function of contact force. (d) Maximum VC, IC and PC as a function of contact force. 

 

3.5. Durability and washability 

Durability and washability are important properties that need to be tested for the practical 

utilisation of the woven-TENG in wearable devices. The top and the bottom substrate of the 

woven-TENG with N = 4 were first rubbed against each other using the linear actuator under the 

condition specified in section 2.3. The recorded transient VOC and ISC are illustrated in Fig 7a and 

7b, respectively. The VOC falls slightly from 102 V to 85 V after 40,000 operating cycles, while 

the ISC drops by 12.5%. After hand-washing, the TENG output is restored to its original value. 

After 40,000 operating cycles, a minimal material transfer, abrasion of the Ag electrodes and 

fraying of the nylon fabric were observed. The fraying can be prevented by an adhesive layer on 

the backside of the nylon fabric. The photograph of the top and the bottom substrate after 40,000 

operating cycles and during washing are shown in Fig. S5. The SEM image of the Ag electrode, 

PTFE fabric and nylon fabric before and after 40000 operating cycles, hand wash and machine 

washes are shown in Fig. S6 in the supplementary material. 



Fig. 7c and 7d reveal the transient VOC and ISC after different numbers of washing cycles. The 

woven-TENG was initially hand-washed using water, detergent and brush, then dried at room 

temperature. After drying, the outputs of the woven-TENG was recorded. Next, it was placed in a 

laundry bag and washed using a commercial washing machine (Beko WME7247) for 49 min at a 

water temperature of 30 °C and a spin speed of 1000 rpm in hand-wash mode together with normal 

clothes and detergent. The woven-TENG was washed up to 4 times and the outputs were recorded 

after each wash. Both outputs remain stable indicating that the woven-TENG can survive this wash 

program. Additionally, the dependence of the output of the woven-TENG on the external humidity 

and temperature for wearable devices range is revealed in Fig. S7. 

 

Fig. 7. Transient (a) VOC and (b) ISC for various operating cycles and after hand-washing. Transient (c) VOC and (d) ISC after 

different washing times. 

 

3.6. Applications in wearable electronics 

To illustrate a potential utilisation of the woven-TENG in wearable electronics, the woven-

TENG with N = 8 was embedded into a lab coat. The top substrate was attached to a lower sleeve 

and the bottom electrodes were attached to the hip and waist parts of the coat to harvest energy 

from walking and running, respectively (Fig. 8a). The energy is generated from the relative 

movement between the arm and torso, which does normally not occur in an exact straight line. For 

examples, the position of the arm movement can deviate from the direction of the electrode 

orientation by dozens of degrees during running depending on the physical characteristics of each 

person and the running speed and style. In all such cases, the device can still operate effectively 



and this is the major advantage of the woven-TENG presented here compared with TENGs with 

linear-grating structure, which require precise movement between the freestanding layer (arm) and 

the electrodes (torso). Fig. 8b represents the VOC produced during an arm swing frequency of 

around 0.75 Hz for walking and 2.30 Hz for running. A VOC of around 120 V is observed for both 

activities but the peaks for running are much more frequent. To confirm that this output stems from 

the device and is not parasitic signals from ambient, the parasitic signals have been therefore 

measured by directly rubbing the lab coat against the electrodes without the top triboelectric 

materials. The result shown in Fig. S8 demonstrates that the parasitic signals are very small and 

are insignificant compared to the signal produced from the woven-TENG and thus can be 

neglected. As shown in Fig. 8c and 8d, the output is rectified and used to charge different capacitors 

during walking and running, respectively. A 4.7-µF capacitor can be charged to a VC of 2.2 V and 

5.2 V after 30 s. This level of energy is sufficient to operate some wearable applications. To 

demonstrate this, the output of the woven-TENG was used to drive a wearable night-time warning 

indicator for pedestrians, a digital watch and a Bluetooth transceiver. The circuit diagrams for all 

applications are exhibited in Fig. S9 in the supplementary material. Additionally, since the device 

is attached to the coat, which is flexible and conformal, the influence of deformation on electrode 

conductivity is investigated and shown in Fig. S10. 

Regarding the night-time warning indicator, the AC output of the woven-TENG can be directly 

used to flash 42 forward bias LEDs and 42 reverse bias LEDs aligning in a sign “STOP” for 

warning upcoming vehicles of the pedestrians at night (Fig. 8e and Video 1).  Regarding the watch, 

the output is rectified and used to charge a 10-µF capacitor. When the VC reaches 1.3 V, the watch 

is turned on and can then be continuously powered (Fig. 8f and Video 2). Regarding the Bluetooth 

transceiver, the output is used to power an internet of things sensor node based on a microcontroller 

unit (Arm Cortex-M3) and a Bluetooth low energy (BLE) transceiver integrated in a system on 

chip (SoC). The rectified output is used to charge a 100-µF capacitor up to 4.0 V, which takes 

approximately 5 min when running. Next, the transceiver is turned on. An identification packet is 

then transmitted to a BLE gateway. The VC and the transceiver current IT consumed by the node 

are shown in Fig. 8g. The lower magnified inset reveals that the harvested energy could sustain 

the node’s operation for almost 2 s with over 17 successful transmissions taking place in that 

period, observed through the 5-12 mA duty-cycled current spikes. The transmitted packet, at 1 

mW RF power level, can be received by a standard BLE gateway at a distance of over 100 m away 



from the user, such as a smartphone shown in the top-left inset. In addition, wearable BLE nodes 

can be used as battery-free indoor localization beacons based on the relative signal strength [33]. 

Moreover, the woven-TENG can also be implemented as a sensing device. To demonstrate 

this, a pedometer that can be interfaced with a simple low-power microcontroller was built. A 

passive peak detect and hold circuit was implemented using a shunt RC filter. The values of the 

resistor and the capacitor were chosen as 8.2 MΩ and 264 nF, to control the delay of the signal for 

correct step detection. The voltage across the capacitor is measured using a microcontroller’s 

analogue to digital converter every 300 ms and compared against a predetermined threshold to 

detect the walking or running steps (Fig. 8h and Video 3).  



 



Fig. 8. (a) Photographs of woven-TENG embedded into a lab coat for harvesting energy from running and walking. (b) Transient 

VOC during running and walking. Transient VC for different capacitors charged during (c) running and (d) walking. Photograph of 

(e) wearable night-time warning indicator for pedestrians and (f) digital watch powered by the output of woven-TENG during 

running. (g) Transient VC and IT of a Bluetooth transceiver and microcontroller SoC driven by the woven-TENG during running. 

The top-left inset shows a Bluetooth advertisement received by a smartphone. The lower inset shows a zoom-in transient VC and IT 

of the area marked in green. (h)  Photograph presenting the use of the woven-TENG as a sensor for step counting via arm motion 

(pedometer). 

 

4. Conclusion 

A novel textile-based triboelectric nanogenerator with woven strips of positive and negative 

triboelectric material (woven-TENG) designed to operate at all angles of relative sliding 

displacement has been demonstrated and characterised. The woven electrodes are made of Ag 

coated PVC fabric. The nylon fabric and PTFE fabric have been shown to be practical positive and 

negative triboelectric materials respectively for e-textile applications. The checker-like pattern can 

harvest energy from arbitrary sliding directions when operated as a freestanding triboelectric-layer 

TENG. The maximum output is produced, when the triboelectric materials slide parallel to the 

electrodes, whereas the minimum energy output (equal to half the maximum output) is generated 

when the triboelectric materials move diagonally at an angle of 45° with respect to the alignment 

of the electrodes. The use of both positive and negative triboelectric material enhances the power 

of the woven-TENG by 2.2 times compared to the TENG with single triboelectric material.    
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