
Design of a soft-contact
triboelectric nanogenerator for
vibrational energy collection and
its output performance

Jin Yan1,2, Naerduo Mei1, Dapeng Zhang1* and Yinghao Zhong1

1Guangdong Ocean University, Zhanjiang, China, 2Shenzhen Research Institute of Guangdong Ocean
University, Shenzhen, China

Finding renewable energy sources to lower carbon emissions has emerged as a

challenge the world faces in the wake of global warming and energy crises.

Vibration is a type of mechanical motion common in daily life, and one popular

research topic in this regard is how to gather vibrational energy and transform it

into electricity. Vibration energy can be collected using triboelectric

nanogenerators whose working mechanism is based on contact

electrification and electrostatic induction. The COMSOL software is used to

simulate the relationship between the voltage across electrodes, transferred

charge, and the electrode moving distance (V-Q-X) of triboelectric

nanogenerator. Theoretical analysis of the simulation result is offered, along

with a brief description of the simulation procedure. When wool is glued to the

inner core aluminum foil, TENG’s output performance is significantly improved,

with a maximum open-circuit voltage of 160 V. In addition, TENG’s output

performance improves linearly as the vibration frequency and amplitude

increase. Specifically, when the vibration frequency rises from 1 to 2.5 Hz,

the open-circuit voltage rises from 43 to 100 V, the short-circuit current

increases from 0.45 to 1.5 µA, and the peak transfer charge grows from

23 to 46 nC; when the vibration amplitude increases from 30 to 60mm, the

maximumopen-circuit voltage increases from50 to 110 V, themaximum short-

circuit current increases from 0.3 to 1.5 µA, and the maximum charge transfer

increases from 21 to 54 nC. Durability tests of TENG shows that the soft-contact

TENGwith wool adhesives is exceptionally durable, with decreased mechanical

wear on the contact surface and extended service life. The present work is

expected to provide some insight into the working mechanism of low-loss and

high-performance TENGs and facilitate their wider adoption.
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1 Introduction

Demand for energy has been growing with the fast advances

of the modern world (Lin et al., 2016; Cheng et al., 2019; Lin et al.,

2020). Despite the many conventional energy sources developed

in the past (Chen et al., 2015; Bera, 2016; Liu et al., 2021a), the

development process suffers such problems as expensive raw

materials, limited resources, and threats to environmental

pollution (Cao et al., 2016; Liu et al., 2021b; Wang, 2021),

making it an urgent need to develop energy sources that are

both economical and environmentally-friendly. To meet this

need, researchers are now shifting to natural energy sources to

produce electricity through friction.

The friction nanogenerator (TENG), which can effectively

convert mechanical energy into electrical energy and output (Yu

et al., 2012; Jing et al., 2014; Yang et al., 2014; Guo et al., 2017;

Wang et al., 2017; Xu et al., 2018; Wu et al., 2019; Zhao et al.,

2019; LIANG et al., 2020; Xia et al., 2020; Zhang et al., 2020) it as

an electrical signal through frictional initiating effect and

electrostatic induction coupling, was first proposed by Prof.

Zhonglin Wang’s team in 2012. The triboelectric

nanogenerator (TENG), which is now witnessing quick

development and updating (Zhang et al., 2019a; Khandelwal

et al., 2020; Long et al., 2021), has been intelligently coupled with

various energy sources including wave energy (Xu et al., 2018;

Rodrigues et al., 2020), wind energy (Li et al., 2021a; Li et al.,

2021b; Liu et al., 2021c; Li, 2022a; Li, 2022b), solar energy (Zheng

et al., 2022), vibration energy (Yang et al., 2013; Quan et al., 2015;

Chen and Wang, 2017; Wu et al., 2017), body movement energy

(Xia et al., 2018; Zhang et al., 2019a; Xia et al., 2019), Liquid-solid

interactions (Jang et al., 2020; Jang et al., 2022; Yoo et al., 2022),

just to name a few. And to make better use of these energies,

researchers are making unremitting efforts to enhance the

electrical output performance of TENG in terms of material

surfaces (Chen et al., 2020; Zhou et al., 2020), structure

optimization (Niu et al., 2014; Feng et al., 2021; Nurmakanov

et al., 2021; Yun et al., 2021), andmanagement circuits (Qin et al.,

2018). Meanwhile, a number of TENGs have been developed and

used to portable electronics (Zhang et al., 2019b), sensors (Wang

et al., 2015), and biomedical systems (Zheng et al., 2017) to meet

the demand for energy and environmental adaptability in many

domains. The closeness of the contact between the frictional

electrodes determines a TENG’s output performance. A higher

friction between frictional surfaces can result in material

degradation and reduced durability of the device, but closer

contact can generate more frictional charge and better output

performance. Therefore, it is crucial to find ways to improve the

TENG’s stability, decrease wear, and increase durability without

sacrificing output performance. Zhang et al. (Zhang et al., 2020)

designed a non-contact cylindrical rotating TENG to recover

mechanical energy from hydraulic systems, and its operating

mechanism is based on the non-contact free rotation of a flexible

nanowire (NW) structure and a copper foil curve, or more

specifically, the rotation of a flexible nanowire (NW) structure

of a fluorinated ethylene-propylene (FEP) polymer sheet in non-

contact with a bent copper foil, though the TENG’s output

performance is still constrained by the TENG’s limited

contact area and charge. Li et al. (Li et al., 2021c) have

presented a polyester fur-reinforced rotating triboelectric

nanogenerator (PFR-TENG) with ultra-stable high voltage

output, where a soft polyester fur layer is introduced as a

charge pump and charge emitter to form partial soft-contact

and non-contact based on the proper work function and

electronegativity. Though the non-contact TENG has less

losses in the friction layer, its output is not stable and its

structure is complicated. To reduce the loss, Li et al. (Long

et al., 2021) presented a floating self-excited sliding TENG (FSS-

TENG) with a floating mode and a non-contact TENG air

breakdown model. The FSS-TENG achieves a self-increased

charge density by self-excited amplification between the rotor

and stator; the minimum of transmitted charge, however,

remains a significant issue. These studies offer helpful

suggestions for enhancing the TENG’s output performance,

stability, and wear resistance during extended periods of

operation.

2 Experiment

2.1 Design and modelling of the TENG

Figure 1A depicts a perspective view of the interior and an

external model of the TENG. As PTFE is more electronegative

than other materials due to its different position in the frictional

electric sequence, PTFE is more likely to lose electrons than other

materials and as a result has a higher capacity for charge transfer

and higher output performance. Themain structure of the TENG

is made up of a shell with aluminum foil and PTFE film attached

to the inner surface in sequence. For this reason, the upper

electrode and dielectric are made of aluminum foil and PTFE,

respectively. As the lower electrode, an aluminum foil is put to

the outside surface of the core, and wool is then attached on top

of the foil as an additional material. Wool is a more ideal

additional material since it is more readily available, more

electronegative, and softer than other materials. The two

friction layers of the TENG become electrically charged when

it moves horizontally, with the PTFE foil being electronegative

and the wool being electrically positive. The TENG’s operating

signals, which are high voltage and low current, can be gathered.

A fundamental model of a TENG with a horizontal sliding

structure is created (Figure 1), which successfully separates the two

friction layers under various external stresses, as shown in Figure 1A.

The proposed TENG comprises of a cylindrical structure inside the

shell connected to a hollowed inner rectangular core. A steel spring is

installed to the top and bottom of the cylindrical structure, giving the

inner core more strength so it can rub more thoroughly. This pillar
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system passes through a circular hole at the bottom of the core

connected to the shell. To prevent the core from ejecting from the

shell when force is applied and to limit the movement of the core to

the top of the cylindrical structure, an acrylic sheet is glued to the top

of the cylinder after the cylindrical structure and the inner core are

linked. Figure 1 2) shows the internal coating of the Teng. The

aluminum foil and the PTFE film, which serve as the upper electrode

and dielectric, are bonded on the interior surface of the shell; as the

bottom electrode, the aluminum foil is laminated onto the outer

surface of the inner core, and wool is added as a support material on

the outside of the electrode. The high voltage and low current

produced during operation are collected by the TENG.

2.2 TENG test platform

Figure 2 shows the test rig for TENG’s output

performance. First, the linear motor is connected and fixed

FIGURE 1
Structure and internal coating of the TENG. (A) External structure of TENG and its interiors. (B) Internal coating of TENG.
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to the optical plate; next, the TENG is connected to the linear

motor and fixed to the linear motor push plate before

controlling the linear motor via the computer. The linear

motor software LinMot-Talk can only set the acceleration,

speed, and displacement, so the linear motion formula needs

to be derived to calculate the displacement and acceleration at

different frequencies and amplitudes. For data collection, the

acceleration and displacement parameters are configured to

control the linear motor; meanwhile, the positive and

negative electrodes are connected by two wires to the

positive and negative contacts on the Keithley

6,514 electrostatic meter, which converts the received

digital signals such as voltage, current, and charge into

analogue signals and then transmits them to the NI

voltage acquisition card. The sampling frequency is set to

500 by the LabView software for data storage, and then the

collected data are processed and analyzed to obtain the

experiment results.

1) Keithley 6,514 electrostatics meter: input impedance up to

200TΩ, high sampling rate, dynamic current, voltage, and

charge acquisition in real time, combined with high-speed

voltage acquisition card and system software makes the

acquisition signal can reach a maximum speed of

50,000 points per second, with voltage measurement

ranges of 10 μV-200V, and current measurement

ranges of 1fA-20mA. Friction nanogenerators’ high

output voltage and low output current electrical output

features.

2) Data acquisition equipment: A voltage acquisition card,

model NI-9215, with four simultaneous acquisition

channels, a 100 kS/S acquisition rate per channel, a 16-bit

resolution, built-in signal conditioning, and a USB

connection to the PC without an external power source is

used for data acquisition. The voltage acquisition card

receives the electrostatic meter’s converted analogue signal

during the data acquisition process, which then displays the

signal on the PC hooked up to the card to display the

measurement results.

3) Linear motor: In the experiment, a linear motor is used to

replicate the motion of the wave. The LinMot-E1200-RS type,

with a top speed of 3.2 m/s, a top thrust of 163 N, and a stroke

of 360 mm, was selected for the linear motor. The output

current can also be used to control different thrust sizes. The

requirements of this experiment are entirely satisfied by the

linear motor, which satisfies the wave’s low frequency and low

amplitude properties.

4) 3D printer: UItinaker three model, a professional-grade 3D

printer with a dual printhead design, long uptime, water-

soluble support, quick nozzle swapping, sticky 3D printing

ecosystem, and interconnected cohesiveness. The print

medium is PLA (Polylactic Acid), which has a wire

diameter tolerance of 0.03 mm and a tensile strength of

250 kg/cm2, a melting point of 160–165°C and a wire

diameter tolerance of 0.03 mm. SOLIDWORKS was used

to create the inner and exterior boat structure, which was

then imported into CURA for slicing andmanufactured using

a 3D printer.

FIGURE 2
Schematic diagram of the TENG output performance test rig.
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3 Theoretical analysis

3.1 Principle of operation

Figure 3 shows one complete cycle of the TENG in operation,

and Figure 3A describes the state at which no mechanical forces

are applied and there is no relative displacement of the fleece-

bonded aluminum foil from the PTFE film. Since the frictional

charge is distributed only on the surface layer of the polymer that

is well insulated, no charge leakage occurs during one cycle. At

the initial position, the distance between the positively and

negatively charged surfaces is negligible, so there is hardly any

potential difference between the two electrodes. As shown in

Figure 3B, once the positively charged upper electrode plate starts

to slide outwards, the contact area between the two plates

decreases, resulting in separation of charges on the plane and

hence a higher potential of the upper plate. In this case, electrons

flow from the upper electrode to the lower electrode to offset the

potential difference created by the frictional charge. Ideally, the

vertical distance between the electrode layer and the friction

charge surface is negligible compared to the lateral separation

distance of the charges, so the amount of transferred charge at the

electrode is approximately equal to the amount of charge

separated at any sliding position. Therefore, as the sliding

process proceeds, the charge will continue to flow so that the

separated charge increases, until the upper plate slides completely

away from the lower plate and the frictional charge surfaces are

completely separated, as shown in Figure 3C, where the test value

of the current is determined by the sliding speed of the two plates.

Subsequently, when the upper plate slides back in, as shown in

Figure 3D, the separated charges are again in contact with each

other but not annihilated due to the insulating nature of the

polymer material. As the contact area increases, the excess of the

electrode transfer charge is induced to flow from the lower

electrode back to the upper electrode via an external load to

maintain electrostatic equilibrium. This process is the second half

of the sliding process. When the two plates return to the

overlapping position, the charged surfaces are again in full

contact with each other. At this point, there is no remaining

transfer charge at the electrodes and the device returns to the

state shown in Figure 3A. Throughout the cycle, the outward and

inward sliding processes are symmetrical and therefore a

symmetrical pair of AC current peaks will be obtained.

FIGURE 3
Schematic diagram of an operation cycle of TENG.

FIGURE 4
TENG geometric model.
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3.2 Electrical performance simulation by
comsol multiphysics

To describe the operating principle of the double-layer soft-

contact TENG, the COMSOL simulation software, which

specializes in multi-physics field coupling, was used to model,

mesh and simulate the potential distribution of the friction

material under different conditions.

First, a two-dimensional geometric model of the TENG was

created using COMSOL (Figure 4), and different materials were

added to the material library for different geometries, with the

dielectric material set as PTFE, the thickness set to 1 mm and the

Poisson’s ratio set to 0.3. The surface metal of the inner and outer

structures and the two electrodes were set as aluminum, and the

width of both electrodes was set to 1 mm. To simplify

computation, the simulation was set to a steady-state

calculation. To obtain the trend in the potential, the charge

density on the PTFE surface was set to −0.02 μC/m2 and the total

charge density on the aluminum surface was set to 0.01 μC/m2.

Next, after the geometric model was built and material

settings were completed, the geometry was meshed, as shown

in Figure 5, The mesh was predefined and set to “finer”. For all

materials, a free triangular mesh is selected, and the air-domain

mesh was set to “very fine” with a maximum cell size of 0.4 mm

and a minimum cell size of 5 × 10–3 mm, since air has a small

effect on the induced potential distribution in this geometry. For

the electrodes, separate metals and dielectric materials in contact

with each other, the mesh was set to “superfine”with a maximum

cell size of 0.04 mm and a minimum cell size of 3 × 10–4 mm. As

Figure 5 shows, the mesh size for the air gap is larger, and the

mesh is finer as it gets closer to the electrodes, the separate metals,

and the dielectric materials that are the contact parts.

Finally, using Maxwell’s control equations, the potential

distribution between the two electrodes at different spacings

can be calculated using finite element simulations, as shown

in Figure 6, which clearly shows the potential difference between

the two electrodes. At the initial state, the aluminum electrode is

in full contact with the PTFE (Figure 6A) and charge transfer

occurs between the two. As the two begin to move away from

each other (Figure 6B), an electric field is formed between the

electrodes and the air gap, creating an electric potential difference

between the upper and lower electrodes and, as can be seen from

the potential cloud, the potential difference between the two

electrode surfaces increases with the increasing horizontal

displacement. This is consistent with the linear variation of

the potential difference with the separation distance, as

previously mentioned. When the separation distance reaches a

maximum (Figure 6D), the potential difference is at its

maximum. As the separation distance decreases from the

maximum (Figure 6C), the potential difference decreases as

FIGURE 5
Geometric meshing of TENG.
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well. It should be noted that the separation distance should not be

set too large during simulation; otherwise, the edge effect will

have a significant impact and make the electric field line become

approximately an electric field line between two point charges,

rather than a uniform electric field. The simulation result shows

that the trend of the potential distribution is consistent with the

working principle of TENG.

3.3 Theoretical foundations

In the present work, a horizontal sliding TENG V-Q-X

model is developed, as shown in Figure 7. Under ideal

conditions, the length and width of the dielectric are much

greater than its thickness, so that edge effects are negligible.

The metal plate one is not only the top friction layer, but also

the top electrode itself. When the metal plate one is separated

from the dielectric 2, a frictional charge with a charge density

of −σ is uniformly distributed on the top surface of the

separated area of the dielectric two due to the frictional

start effect, while an equal amount of negative frictional

charge is distributed on the surface of the metal plate 1.

Thus, under open-circuit conditions (where the charge

reference state can reach a minimum), the total charge at

the bottom electrode is 0. To facilitate understanding, the

frictional charge in the overlap region of the dielectric surface

can be regarded as the portion of the top metal layer with a

charge density of σ. The total amount of anti-signal frictional

charge of σw(l-x) is removed.

In general, it is impossible to derive an analytical equation

for the sliding TENG with attached electrodes, but a rigorous

theoretical analysis based on numerical calculations is

FIGURE 6
TENG simulation potential distribution.

FIGURE 7
TENG Theoretical models.
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feasible. In practice, the lateral separation distance x is always

less than 0.91 L, considering that l is always far larger than d1
and d2, and that it is difficult to align the two dielectric

surfaces precisely again after complete separation of the two

dielectrics. First, the intrinsic capacitance C is derived, and

since the thickness of the dielectric is much smaller than its

length, the total capacitance is determined by the capacitance

between the overlapping regions as long as the two dielectrics

do not reach a complete separation. Therefore, using the

parallel plate capacitor model, the total capacitance C can be

estimated by the following equation:

C � ε0w(l − x)
d0

(1)

where d0 is the effective thickness constant.

The value of Voc is then estimated from the charge

distribution. Since the length of the dielectric is much

larger than its thickness, it can be assumed that in each

region, the metal electrodes are infinitely large flat plates.

By this approximation, the charge in each region is uniformly

distributed and the electric field inside the dielectric is

uniformly distributed along the y-axis. This conclusion can

also be verified by the result of finite element calculations.

Thus, in the ideal case, the absolute value of charge density on

the surface of the non-overlapping region is σ. While the

charge density in the overlapping region is still uniformly

distributed, the charge density in the overlapping region can

be calculated by taking the total charge on each electrode as

0 in the open-circuit condition. The ideal charge distribution

under open-circuit conditions (where the charge reference

state can reach the minimum) can be approximated by the

following equations:

For the un-overlapped area of the bottom electrode, the

charge density is:

p � σ (2)

For the overlapping area of the bottom electrode:

p � − σx

l − x
(3)

FIGURE 8
Output performance of TENG with and without supplementary materials. (A)Open-circuit voltage; (B) Short-circuit current; (C)Transfer of
charge.
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For the un-overlapped area of the top electrode:

p � −σ (4)

For the overlapping area of the top electrode:

p � σx

l − x
(5)

Using the above charge distribution law and the Gauss

theorem, the analytical expression for the open-circuit voltage

Voc can be estimated:

VOC � σxd0

ε0(l − x) (6)

Thus, when the edge effect is neglected, the V-Q-X

relationship for the sliding TENG with attached electrodes is:

V � − 1
C
Q + Voc � − d0

wε0(l − x)Q + σd0x

ε0(l − x) (7)

4 Discussion of experimental results

4.1 Comparison of output performance of
TENG with and without supplementary
materials

Figure 8 shows a comparison of the performance of the

TENG with and without the supplementary material wool. Two

types of cores were chosen for the test: one with wool on the outer

aluminum foil, and one without. The output performance of the

TENG with wool is much higher than that of the TENG without,

as shown in Figures 8A–C. Specifically, the TENG with wool as

the supplementary material achieves an open-circuit voltage and

peak transfer charge two times higher than that without, reaching

a maximum open-circuit voltage of 160 V and a peak charge of

72 nC. The peak short-circuit current is more than three times

higher, reaching 1.5 µA. This is because in the TENG without

wool, there is no contact between the core and the shell.

FIGURE 9
Output performance at the same amplitude and different frequencies. (A)Open-circuit voltage; (B) Short-circuit current; (C) Transfer of charge.
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4.2 Effect of frequency on TENG output
performance

The TENG output performance was investigated within the

frequency range of 1–2.5 Hz and at a fixed amplitude of 50 mm,

with the internal structural conditions kept constant, i.e., a wool-

glued inner core was selected and PTFE of 0.3 mm thickness was

used as a dielectric film.

Figure 9 shows the experiment result. The open-circuit

voltage increases from 43 to 100 V and the short-circuit

current increases from 0.45 to 1.5 µA when the TENG

frequency increases from 1 to 2.5 Hz, while the peak transfer

charge increases from 23 to 46 nC. This trend can be considered

as a linear growth, ignoring the effect of experimental errors.

Increase the frequency of the linear motor’s movement stroke in

the case of constant amplitude, which increases the motor’s

movement speed. According to formula 6 in the second

chapter, open circuit voltage and transfer charge are

proportional to d0, or the separation distance per unit of time.

Here, in the case of constant amplitude, the increase in frequency

side reflects the TENG device’s movement speed at the same

time, increasing the voltage and transfer charge. The increase in

frequency per unit of time leads to a rise in the current when the

same amount of charge is transferred; at the same time, as the

frequency increases, the times of contact between the TENG

inner core and the shell rise, hence a rise in the amount of

transferred charge.

4.3 Effect of amplitude on TENG output
performance

The effect of amplitude on THE TENG’s output performance

was then investigated. Amplitude refers to the maximum

distance between the inner core and the outer shell at each

contact separation in a TENG device. Four values of amplitude

— 30 mm, 40 mm, 50 mm and 60 mm, were selected in the

present work. In analysis of the impact of amplitude on the

output performance, other factors were controlled to be constant

for controlled experiments. In this case, the acceleration and

motion of the linear motor were controlled, and the frequency

was adjusted to the same value for each test on the four different

amplitudes. Specifically, the frequency was set at 2 Hz, and 0.3-

mm-thick PTFE was used as the dielectric film.

FIGURE 10
Output performance at the same frequency and different amplitudes. (A)Open-circuit voltage; (B) Short-circuit current; (C) Transfer of charge.
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Figure 10 shows the experiment result. At the four

amplitudes, the maximum open-circuit voltage is 50 V,

60 V, 70 V and 110 V, respectively; the maximum short

circuit current is 0.3, 0.75, 1.1 and 1.5 µA, respectively;

and the maximum transferred charge is 21 nC, 30 nC,

45 nC, and 54 nC, respectively. The open-circuit voltage,

short-circuit current and transferred charge all increase

significantly as the amplitude rises. Here, at a constant

frequency, the increase in amplitude is accompanied by an

increase in the speed of motion of the TENG device, so both

the open-circuit voltage and the transferred charge increase.

As the speed of movement increases, the wool adhering to the

PTFE film comes into closer frictional contact with the

aluminum foil, which also increases the electrical output

after horizontal sliding.

4.4 Durability of TENG

The durability of the TENG was tested and Figure 11 shows the

test result. The linear motor parameters were set, with the frequency

set to 2.5 Hz and the amplitude to 50mm. The wool friction layer

TENG’s open-circuit voltage started out at about 100 V, as indicated

in Figure 11. The open-circuit voltage dropped to 95with only a small

5% decline after 1,500 rounds of durability testing. After 1,500 cycles

of durability testing, the friction layer without wool as an additional

material had an open circuit voltage of 76 and a 24% drop in voltage.

This suggests that the wool friction layer is more stable over time,

which is good for vibration energy gathering.

5 Conclusion

In the present work, a soft-contact triboelectric nanogenerator

(TENG) for capturing vibrational energy is designed, and its output

performance is examined using the concepts of friction-generated

electricity and electrostatic induction. The COMSOL software is used

to simulate the horizontal sliding TENG. A brief description of the

simulation procedure is given, and the findings are theoretically

examined. The effect of wool as the supplementary material on the

TENG’s performance is then investigated. The findings indicate that

using a friction layer with wool improves output performance and

mechanical durability compared to using a friction layer without

wool. Then, the effect of the frequency on the TENG’s performance is

examined, and it is found that the performance improves linearly

with the increasing frequency. The higher the frequency, the higher

the open circuit voltage, short circuit current and peak transfer charge

will be. Experiments that measure the impact of vibration amplitude

on the TENG’s performance reveal that increased amplitude leads to

better performance. The higher the amplitude, the higher the open

circuit voltage, short circuit current and peak transfer charge will be.

Durability tests indicate that the soft-contact TENG with wool

adhesives is found to be exceptionally durable, boasting decreased

mechanical wear on the contact surfaces and extended service life.

These findings are expected to offer some insights into the working

mechanism of TENGs and widen the adoption of low-loss and high-

performance TENGs.
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