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Mechanical Regulation Triboelectric Nanogenerator with
Controllable Output Performance for Random Energy

Harvesting

Mengfei Yin, Xiaohui Lu, Guangda Qiao, Yuhong Xu, Yuqi Wang, Tinghai Cheng,*

and Zhong Lin Wang*

Recycling of random mechanical energy in the environment has become
an important research hotspot. The triboelectric nanogenerators (TENGs)
were invented to harvest energy, and have been widely applied due to their
simple structure, small size, and low cost. This paper reports a mechanical
regulation triboelectric nanogenerator (MR-TENG) for the first time with
controllable output performance used to harvest random or irregular
energy in the environment. It comprises a transmission unit, switch struc-
ture, generator unit, flywheel, and shell. Random linear motion or rocking
motion is transferred via the transmission unit to the flywheel. The rotor
of the generator unit fixed on the flywheel and the stator of the generator
unit fixed on the shell combine. By controlling the storage and release of
energy in the flywheel, the switch structure assists the flywheel to convert
random or irregular energy into a controllable and stable energy output.
The MR-TENG can generate an open-circuit voltage of 350 V, a short-
circuit current of 12 pA, a transfer charge of 130 nC, and a peak power of
2.52 mW. Furthermore, a thermometer and more than 300 light emitting
diodes (LEDs) are separately powered by this MR-TENG in simulated
water waves, demonstrating its potential application in water wave energy

of energy collection.["] However, ambient
mechanical energy is characterized as
having a wide range of operating fre-
quencies, low amplitudes, randomness,
and irregularity.*® This sets a Dbarrier
for the mechanical energy collection for
electromagnetic generators with weak
performance in power generation at low
frequencies.”!) In 2012, triboelectric
nanogenerators (TENGs) with high power
density, high energy conversion efficiency,
and low costs were proposed by Wang's
group, which aroused comprehensive
attention on the aspect of energy har-
vesting research.l""]

Based on the coupling of triboelectrifi-
cation effect and electrostatic induction,
TENGs show excellent characteristics at
low frequency and low amplitude, so they
can convert ambient mechanical energy
into electrical energy efficiently.'®24
Researchers have investigated harvesting

harvesting.

1. Introduction

With the intensification of the energy crisis and global
warming, the recycling of mechanical energy in the environ-
ment has become an important topic of research in the field
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energy from the ocean, human motion,

and vibration and wind in the environ-

ment.>28] Depending on its operating
principle, the output characteristics of TENGs, especially the cur-
rent, are determined by the external excitation.?*-32 However,
the randomness and irregularity of energy from the environ-
ment results in an output performance of TENGs that is usually
irregular and uncontrollable.?334 This has become one of the key
problems restricting their applications.

In the paper, the research philosophy of a mechanical regula-
tion triboelectric nanogenerator (MR-TENG) with controllable
output performance for harvesting random energy is proposed
for the first time. Through the combination of the energy
storage structure and the control switch structure, the control-
lable output of TENG under random excitation is achieved. The
MR-TENG is made up of five main components: transmission
unit, switch structure, generator unit which includes stator
and rotor, flywheel, and shell. The structural transmission unit
transfers random linear or rocking motions in the environment
to the flywheel. The rotor of the generator unit fixed on the fly-
wheel includes six flexible blades and a thin-walled cylinder.
The stator of the generator unit includes a shell with 12 copper
electrodes pasted equidistant on the inner wall of this shell.
The rotor and stator cooperate to convert rotational kinetic
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energy into electrical energy. By adjusting the energy storage
angle of the switch structure, energy harvesting and energy
release by the MR-TENG can be controlled enabling it to con-
vert random or irregular energy in the environment into a con-
trollable energy output. Moreover, if the energy storage angle
of the switch structure is set, a stable output from MR-TENG
is achieved through the cooperation of the switch structure and
the flywheel. Experimental results depict that the MR-TENG
can exhibit an open-circuit voltage of 350 V, a short-circuit cur-
rent of 12 pA, a transfer charge of 130 nC, and a peak power
of 2.52 mW when operating under random or irregular exci-
tation conditions. Furthermore, an experiment was conducted
with the MR-TENG in simulated water waves showing its
potential applications by separately powering 375 LEDs and a
thermometer.

2. Result and Discussion

2.1. Structure and Operation Principle of the MR-TENG

The structure of the MR-TENG (Figure 1a) features a switching
device for controlling energy storage time (Figure 1b) and a
generator unit and flywheel (Figure 1c). The fabricated device
(Figure 1d) has five main parts: transmission unit, switch struc-
ture, generator unit, flywheel, and shell. The transmission unit
is used to convert the external linear motion into a rocking
motion required by the generator unit. The switch structure
combines with the flywheel to control the energy storage and
the energy release in converting the external irregular linear
motion into regular rotational motion. Figure le shows the
switch disc. The generator unit consists of a rotor and a stator
(Figure 1f).

Step-by-step details of the movement of the MR-TENG
are illustrated to show the operating principle (Figure 2a and
Figure S1, Supporting Information). In the initial state of
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power generation, there is no external excitation input to the
MR-TENG (Figure 2a(i)). The transmission unit is at a stand-
still, the switch structure is unlocked, and the spiral spring is
not compressed. Therefore, the generator unit is not rotating
and no electrical signal is outputted. When an external exci-
tation moves the rack, the spring compresses (Figure 2a(ii))
and a one-way clutch drives the switch disc to rotate counter-
clockwise via the shaft system. At this instant, the switch disc
pushes the limit rod to lock the flywheel. And the spiral spring
can be compressed to the maximum extent to store energy. The
rack then moves in the reverse direction as the spring relaxes
(Figure 2a(iii)). The one-way clutch rotates clockwise but does
not provide any reverse torque to the shaft. This switch struc-
ture is still in the locked state, and no electrical signal is out-
putted from the generator unit. After several excitation cycles,
the limit rod returns to the initial position with the assistance
of a reset spring. The kinetic energy of flywheel is transformed
from the elastic potential energy stored by the spiral spring
which is converted into electrical energy with help of the power
generating unit. (Figure 2a(iv)).

The operating principle of the MR-TENG is shown in
Figure 2b,c, which is based on the coupling of triboelectrifica-
tion effect and electrostatic induction. The flexible blades (i.e.,
tribonegative material) made by fluorinated ethylene propylene
(FEP) slide between two adjacent electrodes A; and A,. To better
explain operating principle of the generator unit, the sliding of
the blade from A, to A, is described in steps (Figure 2b). In the
initial state when the blade overlaps electrode A; (Figure 2b(i)),
it receives a negative induced charge through triboelectrifi-
cation, whereas A; and A, become positively charge. Then,
as the blade slides from A; to A,, the electrostatic balance is
broken and a potential difference appears between A; and A,
(Figure 2b(ii)). The negative charges on A; are transferred to
A, through the external circuit to rebalance the electrostatic
state under electrostatic induction, until it reaches the third
state when the blade overlaps A, (Figure 2b(iii)). As the rotor

Figure 1. Basic structural of the MR-TENG: a) schematic description of the assembly, b) switch structure, c) generator unit and flywheel; photos of
d) the whole structure, ) switch disc, and f) rotor structure of the generator unit.
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Figure 2. Operation principle of the MR-TENG: a) different states of motion transmission unit, b) schematic of the operating principle for the rotor
and stator, and c) simulation of the electrostatic field distribution for three states of the flywheel.

structure of the generator unit continues rotating, the nega-
tive charges on A, transfer to A; through the external circuit
(Figure 2b(iv)). To verify the feasibility of the generator unit, a
field analysis was performed of these states using COMSOL
Multiphysics software employing on finite-element methods
(Figure 2c).

2.2. Performance

For the sake of making the output characteristic of the
MR-TENG reach the excellent value, different lengths of
the blades, flywheel masses, and spiral spring stiffnesses
were studied under fixed excitation conditions. The excita-
tion amplitude is 4 mm and frequency is 2 Hz (Figure 3 and
Figure S2, Supporting Information). Figure 3g shows that,
as the blade length increases, the rotor running time gradu-
ally decreases over a single cycle. This is because the fric-
tion between blade and electrode on the stator raise with the
increase of the length of blade, which hinders the rotor opera-
tion.’> The output energy displays a normal distribution as
blade length increases with an energy peak just as the length
of blade is 55 mm.

To understand the output characteristics of masses and
spiral spring stiffness, the open-voltage and short-circuit cur-
rent were measured in experiments with several spiral springs
of different stiffnesses and flywheels of different masses.
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The stiffness k of each spring was obtained using (Table S1,
Supporting Information)[®!

T _Eula
oy

k

)

where T and ¢ denote the torque and corner of the spiral
spring, E,, and [, represent the elastic modulus and the
working length of the spring steel. The moment of inertia I,
is obtained using

I,=—= (2)

where b,, denotes the width of the spiral spring and h,,
thickness.

The output energy increases as the spiral spring stiffness
increases (Figure 3i). For the same spiral spring stiffness,
the relationship between running time and output perfor-
mance on flywheel mass increased and decrease, respectively
(Figure 3h). Moreover, as the flywheel mass increases, the open-
circuit voltage (Figure 3, top row) and the charge transferred
(Figure S3, Supporting Information) remained unchanged,
whereas the short-circuit current decreased (Figure 3, middle
row). By comparison, when the flywheel mass is 0.252 kg and
the spring stiffness is 5.32 N mm rad~! the MR-TENG produced
a high output performance (Figure 3h,i).

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Demonstration of electrical output of the MR-TENG with various spiral spring stiffnesses and flywheel masses: (top row) open-circuit voltage
and (middle row) short-circuit current response to the spiral spring stiffness of a,d) 0.95 N, b,e) 2.18, and ¢,f) 5.32 N mm rad™". The relationship
between running time and output performance on g) blade length, h) flywheel mass, and i) spiral spring stiffnesses.

The switch disc in the switch structure is the key structure
of the MR-TENG. The energy storage angle « (the angle of the
projecting arc on the switch disc) is very important as it affects
the energy storage effect of the spiral spring directly and sub-
sequently the output performance (Movie S1, Supporting Infor-
mation). Figure 4 shows the output performance of different
switching angles under the same excitation amplitude and dif-
ferent excitation frequencies. Figure 4a,b shows that the higher
external excitation frequencies shorten the energy storage time
significantly, but the open-circuit voltage, short-circuit current,
and transferred charge remain unchanged when the energy
storage angle is the same. Moreover, when the energy storage
angle o remains unchanged, the output performance does not
change with changes in the external excitation frequency. With
the same frequency and amplitude of the external excitation, the
bigger energy storage angles extend the energy storage time and
enhance the power generation performance of the MR-TENG.
This is because a larger energy storage angle increases the
amount of compression of the spiral spring, thereby increasing
the stored energy and the corresponding energy released. The
formula of the storage energy of the spiral spring U is
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U=Top G)
where T denotes the torque of the spiral spring, which may
be regarded as linear in engineering calculations, and ¢ is
the angle. Therefore, the energy of compression for the spiral
spring U is quadratically related to ¢. In this study, ¢ is denoted

by

p=0 (4)

Therefore, the energy storage angle has an impact on the
output performance of the MR-TENG.

Because the excitation amplitude of ambient external exci-
tations is usually variable, the output characteristics under
different excitation amplitudes were studied (Figure 5). In
conjunction with Figure 4g—i, Figure 5a—f shows an analysis
of the output performance for different excitation amplitudes
and different excitation frequencies with the energy storage
angle fixed at 270°. From this comparison, for the same exci-
tation amplitude condition, the energy storage time decreases
with increasing excitation frequency. The time for the release of
energy is basically constant as is the output performance.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Output performance of the MR-TENG for a fixed excitation amplitude of 4 mm, different energy storage angles of the switching disc, and
different excitation frequencies: open-circuit voltage, short-circuit current, and transferred charge when the angle of stored energy of the switching disc

is (top row) 210°, (middle row) 240°, and (bottom row) 270°.

Figure 5gh shows the effects of different energy storage
angles on the output performance, energy storage time, and
energy release time of the MR-TENG. As the energy storage
angle increases, the open-circuit voltage does not change sig-
nificantly, whereas the short-circuit current gradually increases.
This is because as this angle increases, the energy stored in the
spiral spring increases, allowing the flywheel to gain greater
rotation speed when the energy is released. The rotation speed
of the flywheel has an impact on the short-circuit current
but has no effect on the open-circuit voltage. Hence, a larger
energy storage angle will generate a larger short-circuit cur-
rent. A larger switching angle also extends the energy storage
time and energy release time. Under the same excitation fre-
quency, the energy storage time decreases with increasing exci-
tation amplitude; the time of energy release remains basically
constant, and the output performance remains substantially
constant (Figure 5i). Therefore, the output performance of the
MR-TENG confirms that controllability is possible (Figure 5).

The output performances of the MR-TENG under simulated
actual working conditions were also investigated, specifically,
over four cycles, for different excitation amplitudes and fixed
excitation frequency (Figure 6a—d), for different excitation fre-
quencies with fixed excitation amplitude (Figure 6e-h), and
different excitation amplitudes in multiple cycles (Figure 6i-1).
Under different external excitation conditions, Figure 6a,e,i
shows the measured displacement, Figure 6b,f,j shows the
open-circuit voltage, Figure 6c,gk shows the short-circuit
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current, and Figure 6d,h,1 shows open-circuit voltage and com-
parison of different cycles with different excitation conditions.
Figure S4 (Supporting Information) shows the transferred
charge of the MR-TENG with different excitation conditions.
Evidently, under irregular external excitation conditions, the
MR-TENG still produces the stable performance output.

The output performance analysis of the MR-TENG con-
firms that a stable output performance is possible even with
random inputs (Figure 6i). Figure 7 shows the MR-TENG can
charge different commercial capacitors with capacitances 4.7,
10, and 22 puF to 10 V. Before changing the commercial capaci-
tors, the MR-TENG was connected to a rectifier circuit. From the
experimental data, the larger input frequency and larger excita-
tion amplitude improve the charging efficiency. In addition, to
better depict the output performance of the MR-TENG exerting
various external loads, the voltage and current were also meas-
ured. From Figure 7b, when the resistance is low, the voltage of
MR-TENG is low, but the current is high. When the resistance
is raised gradually, the voltage of the MR-TENG rises but the
current diminishes gradually. This is because the electric circuit
is similar to a short-circuit scenario when the resistance is low
and to an open-circuit situation when the resistance is high.
From the peak power under different loads (Figure 7b), we see
that the maximum peak power of MR-TENG is 2.52 mW. That
is, the MR-TENG harvests random energy in the environment,
Figure 7c presents a photo of the MR-TENG harvesting energy
from water waves generated in a tank. The MR-TENG can power

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Demonstration of the MR-TENG for harvesting energy of random: a) voltage of different commercial capacitors during charging; b) voltage,
current, and peak power output of MR-TENG under different external resistance loads; c) photo of the MR-TENG harvesting energy from water waves;

d) photo of 375 LEDs being powered by a MR-TENG.

375 LEDs or a digital thermometer using rectifying circuit from
harvested water wave energy (Movies S2 and S3, Supporting
Information).

3. Conclusion

For capturing random mechanical energy in the environ-
ment efficiently, this study proposed and prototyped a
MR-TENG. Comprising a transmission unit, a switch struc-
ture, a generator unit, a flywheel and a shell, this TENG has
a controllable output performance. The switch structure and
flywheel structure provides control of energy collection and
subsequent release. Experiments have demonstrated that the
MR-TENG converts random or irregular energy source into
a controllable and stable energy output. From an analysis, a
stable output performance was observed for an open-circuit
voltage of 350 V, a short-circuit current of 12 pA, a transfer
charge of 130 nC, and a peak power of 2.52 mW. In addi-
tion, water wave experiments were performed to demon-
strate its operating performance under ambient conditions.
A thermometer and more than 300 LEDs (375 LEDs) were
separately powered by the MR-TENG, demonstrating the
potential application in energy harvesting of water waves.
This study shows how to reduce the impact of the variability
in external input on TENG making actual applications of
TENGs more feasible.

4. Experimental Section

Fabrication of the MR-TENG: The MR-TENG mainly consists of
transmission unit, switch structure, generator unit, flywheel, and shell.
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The transmission unit consists of rack, gear, and transmission shaft
which are made by wire cutting. And the switch structure and flywheel
are fabricated with polylactic acid (PLA) with the assistance of 3D printer
(A8s, JGAURORA, P. R. China). The shell is made of acrylic panels.

The generator unit includes two parts: the rotor and the stator. Twelve
copper electrodes with 100 pm (thickness) x 40 mm (width) x 30 mm
(length) are arranged on the inner wall of the stator. Six flexible blades
are attached to a rotor. The flexible blades are FEP films with 100 um
(thickness) x 40 mm (width) x 55 mm (length).

Electrical Measurement: A two-phase hybrid stepping motor
()-5718HBS401, Longshun, China) provides external incentive for
MR-TENG, especially under the condition of wave water. An electrometer
(6514, Keithley, USA) was used to collect the output signal of the
prototype. And it was converted by a data acquisition system (PCI-6259,
National Instruments, USA). Finally, the LabVIEW was applied to display
and storage of data generated.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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