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a b s t r a c t

Harvesting biomechanical energy from human motion presents a promising supplement to electrochemical 
power sources such as batteries for portable electronic devices. In this paper, an array parallelly assembled 
triboelectric nanogenerator (PS-TENG) is proposed as an inspiration from the structure of accordion. The as- 
designed TENGs generate sustainable electrical power through hand motion with significantly enhanced 
electrification efficiency and reliability. The output of the parallelly assembled TENGs (PS-TENGs), which is 
positively correlated with the frequency of excitation and reciprocating distance, is 2.8 times higher than 
that of TENG with series electrodes(S-TENGs) under the same operating conditions. In addition, based on 
PS-TENGs can be used as self-powered sensors for smart home applications. Such a design promotes the 
application of TENG in powering portable electronic devices.

© 2023 Published by Elsevier Ltd. 

Introduction

The Internet of Things (IoT) is reshaping the world and have the 
potential to reach every corner of our life. The ubiquitous IoT is now 
portable, wearable[1–3], and implantable[4,5], sensing[6] and in 
charging everything around us[7], and rapidly changing the way we 
live[8]. While revolutionizing out life for the better, great concern 
also is being expressed to the negative impact of e-waste on the 
environment that originates from the large-scale use of rechargeable 
batteries[9–11] as portable power sources[12–14]. With a limited 
cycle life, electrochemical batteries exert long-term effects of on soil, 
water, and air quality if the toxic materials are not fully recycled
[3,15]. As a result, clean energies that can be harvested from human 

movement[2,16] or ambient environmental[6,17,18] are attracting 
considerable attention, as demonstrated by the fast development of 
energy converting technologies such as solar[19], thermoelectric
[20–22] and electromagnetic nano-generators[13,23].

Recently, Wang et al.[9,24] invented TENG to convert mechanical 
energy into alternating current based on the coupled effects of 
frictional electrification and electrostatic induction during periodic 
contact and separation[25] via the following four modes: vertical 
contact-separation mode, lateral sliding mode, single electrode 
mode, and independent mode[9]. Currently, TENG has become a 
promising micro power source wits low cost, high yield and wide 
range of materials [7,24,26], which allows for the extraction of 
electrical energy from the abundant mechanical energy existing in 
the living environment, thus offering a wide variety of power 
sources for the development of IoTs.

Biomechanical energy[27,28] that can be harvested from human 
motion represents a promising clean alternative to electrical power 
supplied by electrochemical batteries for wearable or implanted 
electronic devices. However, biomechanical energy is difficult to 
efficiently utilize via the classical energy-harvesting technologies 
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due to the fluctuating amplitudes and variable low frequency. To 
promote the efficiency of biomechanical energy harvesting, many 
investigations have been devoted to material selection[10,15], 
structure and mechanical design[6,14,19,23], and surface en-
gineering[14,29]. Nevertheless, the large electrode resistance of the 
device remains a critical issue[30], which hinders the rising of the 
output power and restricts its practical application in self-powered 
systems. 

To solve the above-mentioned problem, we may start from the 
basic physical concept of small resistance in parallel circuits. When 
the matched external resistance (Re) is in balance with the internal 
resistance (Rf), the instantaneous power density (W) is at its peak for 
a specific power supply with a constant output voltage (V). On the 
basis of 
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It can be seen that in a typical TENG, Rf is of great significance as 
regards the output performance, and in some case a very high re-
sistance dramatically impairs the output performance of the tribo-
electric nanogenerator. Meanwhile, if an electrode of resistance R is 
made into N, the resistance of an individual electrode is R/N, and the 
resistance RA can be expressed as RA=R/N2 if these individual elec-
trodes are connected in parallel. Consequently, switching from a 
series circuit to a parallel circuit would dramatically diminish the 
resistance of the circuit and the output current of TENG would be 
thus enhanced if it is connected in parallel using multiple single 
electrodes[30]. 

Thus, in this paper, TENGs inspired by the unique arrangement of 
accordions and Oreo sandwich are proposed for biomechanical en-
ergy harvesting. The output of PS-TENG and S-TENG are system-
atically compared under different stimulations. The results show 
that the PS-TENG enhances the output electrical signal to 350 V, 35.1 
μA, which is 2.8 times higher than that of the S-TENG. At the same 
time, the dependence of the electrical output on the number of 
triboelectric cells and the material of the dielectric layer is mea-
sured, and the relationship between reciprocating distance, excita-
tion frequency and the output of PS-TENG is also experimentally 
investigated. In addition, it takes only 66 s to bring 100 μF@ 25–40 V, 
effectively powers 204 LEDs, and lights potable electronics such as 
watch, calculator, hygrometer and the music component, proving the 
PS-TENG's potential for harvesting biomechanical energy from 
human motion. 

Results and discussion 

Fig. 1a(i) shows the schematic structure of an accordion, and the 
interior consists of several parallel reeds. When stretching in a re-
ciprocating motion, the paralleling of the reeds enables every cell to 
move the same distance. Fig. 1a(ii) exhibits the Oreo sandwich 
structure. Through the simulation of the distinctive arranging of 
accordion and Oreo sandwich, based on which a TENG consisting of 
several triboelectric units is proposed, as shown in Fig. 1a(iii). 

Fig. 1b depicts the assemble process of the as-designed TNEG, 
where a single frictional cell consists of two different frictional 
layers and two additional electrodes. The negative friction layer is 
divided into two layers, a conductive layer (yellow) made of Ag 
electrodes on the left and a friction layer (purple) made of a sheared 
circular PVC film on the right, with a genus wire attached to the edge 
of the Al surface using a double layer of conductive aluminum tape. 

And for the positive friction layer part, another wired PA (blue) /Al 
electrode is used, where frictional electricity generation occurs be-
tween the PVC surface and the PA surface. 

In order to describe the electrical output of the as-designed TNEG 
(PS-TENG, S-TENG), a single triboelectric cell operating in a tensile 
reciprocating motion is designed to collect energy (Fig. 1c). Two 
electrodes are connected to an ammeter. In the original state, the 
device remains neutral under the absence of any external force. 
When an external force is imposed, there is a contact between the 
PVC and the PA surface, electrons will be injected from the PA film to 
the surface of PVC film, thus leading to a positive charge on the PA 
film and a negative charge on the PVC film. As the force is removed, 
these two layers will separate from each other. Due to the electro-
static effect, the electrostatic charge remaining on the surface cre-
ates a potential difference between the two electrodes, resulting in a 
flow of free-charge to generate a current signal. Once the layers are 
completely separated, a new equalization is reached between each 
layer and the attached electrodes. As soon as the force is re-applied 
and the PVC film comes into contact with the PA film again, the 
electrons flow back in reverse to balance the charge and generate a 
reverse output. In Fig. 1d, a theoretical investigation of the as-de-
signed TNEG during the stretching process is conducted. COMSOL 
Multiphysics simulation data reveal the potential distribution 
among the top and bottom electrodes with different gaps. 

In accordance with the triboelectric electric order of the mate-
rials, the output performance of TENG is different in case of different 
triboelectric electric materials. Here, the open-circuit voltage 
(Fig. 1e) and short-circuit current (Fig. 1 f) obtained for the nylon 
material with six other typical materials, including metal (aluminum 
foil) and polymer (Polyimide (PI), Polytetrafluoroethylene (PTFE), 
polyethylene terephthalate (PET), Fluorinated ethylene propylene 
(FEP), Polyvinyl chloride (PVC)) at the same frequency as well as the 
same contact area were examined. It can be noted that the output 
performance of PVC film as a friction layer is much more superior 
compared to other triboelectric materials, as shown in Fig. 1 g. 

Fig. 2a is the photograph of the original PS-TENG, and the inset is 
the detail picture of PS-TENG. To compare effect of series and parallel 
connection on the electrical output of the as-designed TNEG, the 
voltage (Fig. 2b), current (Fig. 2c), and transferred charge (Fig. 2d) of 
the S-TENG, PS-TENG composed of two triboelectric cells under 
different excitation conditions (frequency, reciprocal distance) were 
measured. From a general point of view, the frequency of excitation 
is a positive correlation with the electrical output. Nevertheless, it is 
apparent that the output performance of the PS-TENG is consistently 
superior to that of the S-TENG under the same conditions (Fig. 2b-d). 

Fig. (2e-f) give a detailed comparison of the open-circuit voltage 
and short-circuit current of a PS-TENG containing different numbers 
of triboelectric cells at 3 Hz. It is very intuitive to visualize that both 
voltage and current rise with a growing number of friction cells 
when the frequency is a constant. Therefore, a TENG with 10 tribo-
electric cells is considered as the subject of the experiment. 

As illustrated in Fig.(3a-c), it is shown that the increase of the 
reciprocal distance results in the enhancement of the voltage, cur-
rent and transferred charge. For the high frequency excitation with 
reciprocal distance from 11 cm to 15–19 cm, the peak-to-peak vol-
tage, current, and transferred charge of PS-TENG are 314–336–350 V, 
20–25.4–35.1μA, and 300–354–375 nC, respectively, which are 
greatly exceeded by the output of S-TENG: 82–90–122 V, 8–9.3–12.8 
μA, 29–31–39.65 nC. In addition, the two TENGs’ peak-to-peak out-
puts are compared for different frequencies. In this process, under 
the excitation of the repetitive distance of 19 cm, with the increasing 
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frequency, the peak voltage of PS-TENG grows from 319 V to 350 V 
and S-TENG rises from 93 V to 122 V (Fig. 3a), the peak-to-peak 
current of PS-TENG grows from 20.75 μA to 35.1 μA and S-TENG goes 
up from 9.2 μA to 12.8 μA (Fig. 3b), and the peak-to-peak current of 
PS-TENG grows from 338 nC to 375 nC and S-TENG goes up from 32 
nC to 39.65 nC (Fig. 3c). It has been reported by researchers that the 
increase in electrical output depending on frequency is owing to the 
build-up of triboelectric charges[31]. In a cycle, as the frequency 
increased, a larger number of charges are generated and at the 
meantime the shortened neutralization time of the charges between 
the two materials, which causes some charges not to be completely 
neutralized in an excitation cycle and thus accumulated on the 
surface of the triboelectric electric material. The results reveal that 
the increasing reciprocal distance and frequency lead to an increase 

in the electrical output of both PS-TENG and S-TENG, but the output 
of PS-TENG always outperforms S-TENG under the same incentive 
conditions. This is in line with our previous discussion that parallel 
connection among electrodes leads to enhanced output performance 
of TENG compared to series connection by electrodes. Further, the 
performance of PS-TENG under a range of excitation conditions is 
highlighted. 

The triboelectric layer was stretched to different positions of the 
spindle (Figure S2d-f) to investigate the effect of different re-
ciprocating distances on the electrical output. The magnitude of the 
electrical signal changes along with the change of the position of the 
lower triboelectric layer while the excitation frequency of the PS- 
TENG is constant. The output voltage (Fig. 3d), current (Fig. 3e), and 
transferred charge (Fig. 3 f) increases when the position of the 

Fig. 1. (a) Accordion samples (b) The preparation process of TENG; (c) Working mechanism of the as-designed PS-TENG; (d) Simulated potential distribution with different 
spacing between electrodes. Comparison of the open-circuit voltage (e) and short-circuit current (f) of TENG using different material; (g) Comparative diagram on the perfor-
mance of the advantages and disadvantages among the various friction materials. 
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triboelectric layer changes from the 11 cm position to the 19 cm 
position at the same frequency. For example, under high-frequency 
excitation, the reciprocating distance increases from 11 to 19 cm, the 
voltage of 314 V goes up to 350 V, the current of 20 μA goes up to 35.1 
μA, and the amount of transferred charge goes up from 0.300 μF to 
0.3375 μF. Thus, this proves that the electrical signal output can be 
remarkably enhanced by increasing the reciprocating distance under 
the design of an accordion-initiated PS-TENG. According to Gauss' 
theorem, the voltage and charge generated by the PS-TENG can be 
expressed as: 

= + +V
Q
S

d
x

x

0 0 (2)  
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S x
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In the equation, x is the separation distance between two tri-
boelectric electric layers, σ is the static charge density. ε0 is the di-
electric constant of the vacuum. d, ε, and S are the thickness, relative 
dielectric constant, and surface area, respectively. It can be easily 

Fig. 2. The physical photo of PS-TENG(a). Output performance of two triboelectric cells with TENG at different frequencies (1 Hz, 2 Hz, 3 Hz) and connections (series, parallel 
connection): (b-d) voltage, current, transferred charge, (e-f) Effect of the number of triboelectric units on the open circuit voltage and short circuit current. 
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deduced from formula (2) and (3) that once the material properties 
and contact area are determined, the voltage and the amount of 
transferred charge are only related to the distance x, so the output 
voltage and transferred charge increases continuously with the se-
paration distance, which is in accordance with the reported refer-
ences[30,31]. 

During the position measurement of the triboelectric layer, the 
excitation frequency is adjusted to ensure that the maximum elec-
trical output occurred. At the same time, assuming that in one cycle 
of the triboelectric process, the charge transfer between the two 
triboelectric layers is fixed as Q, the corresponding current can be 
defined as: I=Q/t. It is of no surprise that the intensity of the current 
is inversely proportional to the time interval of the charge change, 
i.e., as the frequency increased, the shorter the contact time of one 

cycle, its intensity would be enlarged. For example, in Fig. 3e, it can 
be observed that under the condition of the same reciprocal dis-
tance, the current grows when switching from low to high frequency 
(e.g., when the reciprocal distance is fixed at 19 cm, the current to 
35.1 μA increases from 20.7). Based on the data and theoretical 
analysis, it can be summarized that the stretching frequency affects 
the amplitude of the current rather than the amplitude output of the 
interfering signal. It is proved that the PS-TENG can work reliably at 
various frequencies. Fig. (3 g, h, i) illustrate the integrated effect of 
excitation frequency and reciprocation distance on the PS-TENG 
output, as reflected by the calmness of the surface: the output 
electrical signal becomes larger as the stronger excitation frequency 
and the larger reciprocation distance. 

Fig. 3. Performance comparison of PS-TENG and S-TENG based on different excitation frequencies and reciprocating distances: (a) voltage, (b) current, (c) transferred charge. (d-f) 
Electrical output performance of PS-TENG at various excitation frequencies and reciprocating distances; RGB color diagram of PS-TENG output voltage (g), current (h), transferred 
charge (i) versus based on the frequencies and distances. 
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Since the matching of impedance and output power is an im-
portant method to obtain excellent performance, we have further 
investigated the power at different resistances to improve the output 
performance of PS-TENG. The experiments are all performed at a 
high frequency-distance of 19 cm excitation. The PS-TENG is con-
nected to the rectifier bridge, forming a circuit diagram as shown in  
Fig. 4a. By a gradually increasing external resistance, the voltage 
signal gradually grows up as well as the current gradually drops. 
when the load resistance increases from 0.001 MΩ to 100 MΩ, the 
peak voltage of PS-TENG improves from 0.043 V to 332 V (Fig. 4b) 
and the peak current drops from 35.5 uA to 1.0 uA (Fig. 4b). It 
eventually leads to a first growth and then a decrease of the output 
power, then we can observe in Fig. 4c that at a matched impedance 
of 7 MΩ, the optimized output power and power density stands at 
2916 μW,148.6 mW/m2 respectively. We illustrate the durability of 
the PS-TENG by testing its continuous output. Fig. 4d shows the 
corresponding test results, and it can be seen that the PS-TENG is 
capable of consistent output, and Fig. 4e shows the partial enlarged 

diagram of the stable output. The performance reveals that a rela-
tively stable electrical signal output is obtained after several re-
petitions, which also reveals the comparatively high stability of our 
device. As shown in Fig. 4f-g, the electrical output of PS-TENG can be 
tested after four weeks of storage in air to characterize the en-
vironmental stability of PS-TENG. 

The performance of the PS-TENG is further investigated by 
charging capacitors for 200 s under high frequency − 19 cm excita-
tion, shown in the inset of Fig. 5b. A rectifier is introduced into the 
circuit to convert the alternation current into direct current. Five 
capacitors of 3.3 µF, 4.7 µF, 10 µF, 47 µF and 100 µF with rated voltage 
of 25 V were adopted as accumulators, and their charging curves all 
indicate a constant increase in capacitor voltage when the PS-TENG 
performs a reciprocal tapping motion (Fig. 5b). For capacitors of 3.3 
µF, 4.7 µF, 10 µF, 47 µF, and 100 µF, the charging voltages can be as 
high as 3.3 V, 12 V, 40 V, 63 V, and 75 V at 200 s, respectively (Fig. 5b). 
The charging rates of different capacitors are calculated to be 0.6 V/ 
s @ 3.3 μF, 0.49 V/s @ 4.7 μF, and 0.2 V/s @ 10 μF, respectively, when 

Fig. 4. (a) Load resistance after rectification with output circuit diagram. The load resistance dependence of (b) output voltage, output current, (c) output power of PS-TENG. (d-e) 
The circulation experiment of PS-TENG. (f-g) The environmental stability analysis of PS-TENG. 
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the voltage reached to 40 V. The above findings demonstrate the 
high charging rate of the PS-TENG. This power can be further used to 
drive electronic devices by using the storage of the capacitor. Then, 
we have designed the circuit to light up the LEDs (Fig. 5c) and have 
experimented with the performance of the PS-TENG to supply power 
to the LED array (supporting information video S1–2). Connecting 
the PS-TENG directly to 204 green light-emitting diodes (LEDs), the 
high output generated by the periodic reciprocal motion lights up 
204 small lights of good brightness. 

Utilizing the collected power of the capacitor to drive the hy-
grometer, and its circuit diagram is shown in Fig. 5d. At first, the 
capacitor is charged by the PS-TENG, and once the voltage of the 
capacitor achieves 2.18 V (Fig. 5e), it switches to a functioning circuit 
connecting the capacitor and the hygrometer, at which time the 
screen of the hygrometer lights up, signifying a successful powering 
up of the hygrometer (supporting information video S3). In ap-
proximately 3 s or so, an amount of power is exhausted from the 

capacitor and by the time the voltage drops to about 0.88 V, there is 
not enough power to run the watch. Afterwards it is switched back 
to the circuit that charges the capacitor. As soon as the capacitor 
voltage re-attains 2.18 V, the screen of the hygrometer lights up 
again, presenting a repeated cyclic process (Fig. 5e-f). Fig. 5 g is the 
real photograph. Immediately after, the charging capacitor success-
fully powers the watch and calculator, proving once again the 
charging performance and further displaying the commercial po-
tential of the PS-TENG, Fig. (5h-i) present photos of the scene. 

Amazingly, the PS-TENGs can be used not only to stretch the 
exercise arms, but also as a switch to control the music device 
(Fig. 6b). When we stretch the device to exercise our body, the PS- 
TENGs will send a signal to make the music element respond 
(Fig. 6c-d), thus playing beautiful music, and we can stretch to ex-
ercise arm strength while listening to beautiful music (Fig. 6e). Once 
we stop exercising, the PS-TENGs have no output to respond to the 
music element, and thus the song is turned off. Such intelligent PS- 

Fig. 5. (a) Charging circuit diagram after rectification. (b) Voltage comparison curves of PS-TENG charging 3.3 µF, 4.7 µF, 10 µF, 47 µF, and 100 µF capacitors respectively. (c) Circuit 
for lighting 204 green leds and PS-TENG image of illuminated led. (d) PS-TENG circuit diagram with power supply for hygrometer, (e) Voltage-time curve of the hygrometer. (f) 
Detailed voltage profile of the selected area in (e). (g) Image of PS-TENG successfully powering a hygrometer. Photos of PS-TENG successfully lighting up the (h) watch, (i) 
calculator. 
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TENGs we designed to control the music switch device is very in-
telligent, but also to develop children's hands-on skills, educational 
and fun. For more detailed information, see the supporting in-
formation in video S4, video S5 and video S6. 

Conclusion 

In this work, inspired by accordion and Oreo sandwich, PS-TENGs 
are proposed for efficient biomechanical energy harvesting. The 
power of the PS-TENGs can reach approximately 2916 μW when the 
load resistance is 7 MΩ, which is about 2.8 times higher than that of 
S-TENGs and can illuminate up to 204 LEDs and a range of electronic 
devices. Thus, we are making an exciting step toward bioenergy 
harvesting for self-powered electronics. 

Experimental section 

Design of multi-electrode parallel (PS-TENG) and multi-electrode series 
(S-TENG) structures 

As shown in Figure S2a, the positive triboelectric material (PA) is 
a circle with a diameter of 5 cm, and the negative triboelectric ma-
terial (PVC) and silver electrode (Ag) have the same dimensions as 
those of PA. In addition, an acrylic plate is used as a support layer for 
the triboelectric layer with dimensions of 6 cm × 6 cm × 1 mm, on the 
two sides of each acrylic sheet, make five holes of 2 mm in diameter., 
as shown in Figure S2a. Subsequently, a rubber band is used to pass 
through the hole at the top, and after ensuring that the separation 
distance between the two triboelectric layers is fixed at 5 mm, each 
acrylic plate is fixed with the rubber band attached to it, as shown in  
Figure S2b. A hard wire with a diameter of 1.8 mm is passed through 
the hole at the bottom of the acrylic plate (Figure S2c), respectively, 
and the two ends of the iron rod are fixed with hot melt glue, and the 
distance between the two ends of the hot melt glue is 11 cm, 15 cm, 
and 19 cm, respectively, as shown in Figure (S2d-f). In the un-
stretched original state, the length of PS-TENG is about 11 cm, 

Fig. 6. The physical photo of PS-TENG(a); (b) Experimental diagram of the PS-TENG -driven musical switch. (c-d) PS-TENG switch to control music component; (e) Stretch the PS- 
TENG at home to exercise arm strength and intelligently control the music switch. 
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including 10 triboelectric units, as shown in Figure S3a. In addition, 
S-TENG is also composed of 10 triboelectric units, as shown in  
Figure S3b. 

Electrical Output Measurements 

The electrical outputs of the PS-TENG and S-TENG were collected 
by potentiometers (Keithley 6514 system). The ZX21 rotary DC re-
sistor box system is used to provide an external load in order to 
measure the power output of the PS-TENG. 
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