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ABSTRACT: Vibration is an omnipresent energy source that is
renewable and has the potential to cause damage to transmission lines.
Harvesting harmful vibration energy can achieve vibration attenuation.
Here, a vibration-driven triboelectric nanogenerator (V-TENG) with
the potential for vibration attenuation is proposed as a power source
for monitoring the operating condition of transmission lines. The V-
TENG with structural optimization and frequency response range
improvement is first discussed, indicating that it has a simple structural
design with a good output performance. Then an energy management
circuit is used to improve the charging efficiency of large capacitors.
The vibration attenuation effect and wireless transmission system are
verified in the simulation environment, benefiting from the well-
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designed structure and outstanding electric performance. This work demonstrates an efficient strategy for harvesting vibration energy
through the TENG, which provides valuable guidance for further construction of online monitoring of transmission lines.
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With the threat of global warming and energy crises,
searching for renewable energy resources is one of the
most urgent challenges to the sustainable development of
human civilization.'™* As a renewable distributed energy
source, vibrational energy can be harvested and converted into
electrical energy.”~” Over the past decade, it has been an
appealing target for energy harvesting as a potential alternative
to the battery. However, most vibration energy is wasted due
to the difficulty of harvesting it. In some cases, it may even be
highly destructive.*” For instance, the transmission lines are
vulnerable to aeolian vibration. Transmission lines play an
essential role in energy transport and distribution as the
arteries and veins of a power system.'°”'> If harnessed, this
unused and harmful vibration energy can help realize the
online monitoring of the running state of the transmission
lines."”

Previous researchers have focused on using electromagnetic
and piezoelectric generators to convert vibration energy into
electricity."*™"” They have shown exemplary performance in
harvesting vibration energy. In 2012, the triboelectric nano-
generator (TENG), a new energy harvesting technology, was
invented by Wang’s group.'*™*" Thanks to the unique working
mechanism, the TENG has been proven to be a simple, cost-
effective, and eflicient tool for eflicient vibration energy
harvesting, especially in the low-frequency region.”””>" Multi-
ple TENGs for vibration energy harvesting have been
fabricated. The harvested energy has successfully driven small
electronics such as light-emitting diode indicators, thermom-
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eters, and Bluetooth beacons.”®™** The previous works are of
great significance in promoting the wide application of the
TENG, with most of them enhancing the response amplitude
to increase the power generation. However, the enhanced
vibration amplitude may be harmful in some engineering fields,
such as transmission lines. As a result, vibration energy
harvesting systems based on vibration enhancement are
challengin§ to deploy in many settings that must reduce
vibrations.”* ™

This work proposes a vibration-driven triboelectric nano-
generator (V-TENG), preserving the largest power density
among the previous works (Figure S1). Moreover, the V-
TENG device can weaken the vibration energy. It is designed
as a structure with TENG units fixed at both rods’ ends. With
the connector, the device can vibrate following the trans-
mission line. This design is proven to reduce the vibration
amplitude from 13 to 5 cm. In addition to mechanical
properties, the output performance is systematically measured.
The maximum open-circuit voltage, short-circuit current, and
instantaneous power reach are 1002 V, 17.75 uA, and 4.31
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Figure 1. Structural design of the V-TENG. (a) Schematic diagram of the operating environment of the V-TENG. (b) Structure and material
design of the V-TENG device. (c) Potential simulation results of four typical states in the working process.
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Figure 2. Electric characteristics and optimization of a single TENG. (a) Vibration frequency and output current are affected by the length of the
rod. The output voltage/current influenced by the (b) space of tribolayers and (c) mass ratio of two substrates. (d) Change of output current with
the increased vibration amplitude. (e) Change of output voltage/current under various vibration frequencies.

mW, respectively. The V-TENG maintains a stable output
performance under a 4 Hz excitation, and the response
frequency range can be broadened S-fold by adding a movable
mass roller. Furthermore, an energy management circuit based
on an inductor is used to charge a 3.3 mF capacitor. With the
powerful charging ability, advanced self-powered data trans-
mission systems are developed. The emitted signal is operated
through the management circuit, and the sensors can realize
the automatic alarm function.

A gentle breeze may create aeolian vibrations on the
transmission line. Although the amplitude of the transmission
line is small under aeolian vibration, there will be fatigue
damage if no antivibration measures are applied. As a result,
the power line should take antivibration measures to prevent
the vibration state. Figure la plots the schematic of a vibration

energy harvester. The harvester can weaken the vibration
amplitude of the transmission line and harvest low-frequency
vibration energy. Figure 1b shows the component of the V-
TENG. It comprises a copper rod, a connecting plate fixed to
the transmission line, and two TENG units. The TENG unit is
fabricated with acrylic plastic, foam, fluorinated ethylene
propylene film (FEP, 50 ym), and copper film (30 ym). The
copper film consists of a positive tribolayer and output
electrode of the negative tribolayer. The negative friction layer
of FEP is chosen because of its good electronic affinity.
Moreover, the foam acts as a buffer layer, which is laminated
between the copper electrode and acrylic substrate. Figure S1
schematically illustrates the working mechanism of the TENG.
In the initial state, the copper electrode and FEP surface have
positive and negative charges, respectively, due to the
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Figure 3. Resonant frequency optimization of the V-TENG. (a) Operating frequency range of the original V-TENG. (b) Schematic diagram of the
impact of the movable roller on the frequency. (c) Operating frequency range after adding a movable roller on the V-TENG. (d) Output
performance and (e) charging performance of a single TENG unit at 0.5 Hz.

triboelectric effect (i). When the two tribolayers are separated
under the external forces, the positive charges of the upper
copper electrode flow to the bottom copper electrode by the
external circuit, generating a downward current (ii). Then the
upper layer completely separates from the bottom layer, and
the total positive charges transfer to the bottom copper
electrode (jii). Finally, the upper layer falls under gravity, and
the positive charges flow in the opposite direction (iv).
Furthermore, the electric potential simulation results obtained
using COMSOL (see Note S1 for details) are employed to
elucidate the working principle of the TENG (Figure 1c).

As the main component of connecting two TENG units, the
length of the copper rod has a significant impact on output.
The output frequency decreases when the length of the rod
changes from 40 to 60 c¢m, and the output current of a single
TENG unit increases first and then decreases, reaching the
maximum value with the length of 50 cm (Figure 2a). Figure
S2a shows the particular output current waveform under
different lengths and the transferred charge exhibiting the same
characteristics (Figure S2b). The results indicate that the
length of the rod has an optimal value, ensuring sufficient
contact separation. Meanwhile, the output of the TENG under
different sizes is systematically studied (Figure 2b). The output
voltage decreases slightly as the size decreases, whereas the
output current increases and decreases and is greatly enhanced
with the size of 10 cm X 8 cm. The trend of current change is

contrary to the trend of size change, roughly. Although the
internal resistance of the TENG increases with the size of the
tribolayer, the voltage is almost constant, leading to a drop in
current. Figure S3a,b plots the waveform of voltage and
current. The time taken for the characteristic waveform to
appear in three peaks decreases as the size decreases, indicating
the improvement of the output frequency. In addition, the
output voltage of the TENG exceeds the measuring range of
6514 electrometers, so the oscilloscope is used to measure the
voltage value, which leads to the difference in the waveform.
After the size of the tribolayer is determined, each layer is
divided into two pieces, which is equivalent to connecting two
8 cm X 5 cm TENGs. There is no change in the characteristic
output waveform compared to the original state (Figure S4a),
and the charge quantity is also consistent (Figure S4b). It
could be that the connection of the external circuit is the same
as that before the tribolayer is separated. We can conclude that
the method of separating the tribolayers in parallel does not
help improve the output in TENG design. The mass ratio of
the two tribolayers also plays an important role in TENG
output (Figure 2c). With the mass ratio of 1:2, the output
voltage and current are both enhanced. The typical output
waveforms of various mass ratios are illustrated in Figure SS.

Figure 2d compares the output current when enlarging the
amplitude of the electromagnetic shaker, which shows an
approximately proportional relationship, but the characteristic
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Figure 4. Output performance of the V-TENG. (a) Open-circuit voltage. (b) Short-circuit current of two TENG units connected parallel and
series. (c) Load characteristics. (d) Charging performance of the TENG-P. (e) Charging performance of the V-TENG with an energy management
circuit (in the box is the circuit diagram). (f) Results of the operation stability test during 12 h under excitation of 4 Hz.

of the waveform is different in Figure S6a. The upper tribolayer
does not completely separate from the bottom, resulting in a
small current fluctuation when the vibration amplitude is less
than 1.5 mm. The degree of the upper tribolayer separating
from the bottom increases as the amplitude increases,
aggrandizing the output current. Moreover, the electro-
magnetic shaker delivers more momentum as the vibration
amplitude increases and the current continues to rise.
However, the transferred charge remains stable when the
amplitude exceeds 2 mm (Figure S6b), suggesting the
separation gap up to a maximum. Figure 2e exhibits the
output voltage and current value under different vibration
frequencies. The two show the same change trend, which first
increases and then decreases as the frequency increases,
acquiring an extreme at 4 Hz. At 4 Hz, the waveform is
inconsistent with the others, indicating the TENG contacts
and separates completely (Figure S7).

The TENG unit is tested at 0.1 Hz intervals. It achieves a
maximum output at 4.0 and 4.1 Hz, meaning the working
frequency range is only 0.2 Hz (Figure 3a). A narrow working
frequency range affects the energy conversion efficiency of the
TENG. Therefore, a movable roller is added on the upper
tribolayer to adjust the barycenter position. The roller can roll
along the direction of the copper rod so that the resonant
frequency of the TENG can be autotunable (Figure 3b). When
motived by the electromagnetic shaker, the TENG movable
roller starts moving above the upper tribolayer. With the

movement, the barycenter position changes, resulting in a
change in the resonant frequency of the TENG. Once the
TENG is excited at its resonant frequency, the roller acquires a
unique position where there is minimal potential energy. The
roller remains at this position until the excitation frequency
changes, and it will adapt to a new position to acquire a
minimum potential energy position again. For every change in
excitation frequency, the movable roller position changes
further. When the roller moves to the left with respect to the
drawing, the resonant frequency decreases. On the contrary,
the resonant frequency will enhance. The new working
frequency range is plotted in Figure 3c. It has a great response
in the 3.9—4.8 Hz range, 5 times wider than the original
frequency range. In this way, the roller changes the barycenter
position of the upper substrate to increase the working
frequency band. Although the output is lower when the TENG
works out of the resonant frequency, it still has good electric
performance. Figure 3d shows that the output performance of
the TENG is excited at 0.5 Hz. The upper tribolayer tends to
separate from the bottom as soon as it is motivated, generating
386 V and 4.9 pA. Then it vibrates on the bottom tribolayer,
and the output drops to 86 V and 1.2 pA due to the
electrostatic induction. Figure 3e displays the charging
performance of a single TENG unit working out of the
resonant frequency (0.5 Hz). For capacitors with a capacitance
of 2.2, 3.3, and 4.7 uF, the charging voltage can reach 4.03,
2.07, and 1.50 V, respectively, within 55 s.
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the simulation transmission line.

The output of two TENG units can be connected in parallel
or in series (denoted as TENG-P and TENG-S) to fully utilize
the harvested vibration energy. Figure 4a depicts the output
voltage of TENG-P and TENG-S at 4.3 Hz (median value of
the new working frequency range). The series voltage (882 V)
is lower than the parallel voltage (1002 V), and each waveform
has two peaks, implying the two units have a phase difference.
Similarly, the series current (7.48 uA) is much lower than the
parallel current (17.75 uA) (Figure 4b). The equivalent
resistance of the TENG in parallel increases more than twice
that of the TENG in series. For the V-TENG, the parallel
connection is a better choice. The electrical outputs of TENG-
P when loading a resistor are characterized in the same test
condition (Figure 4c). The instantaneous peak power is 4.31
mW at the matched resistance of 70 M. The output voltage
gradually increases and becomes saturated from low resistance
to high resistance, while the output current represents an
opposite trend. As a visual demonstration of performance,
Figure S8 and Video S1 depict the application of powering 35
LEDs in a room from bright lighting conditions to dark
conditions. Figure 4d further explores the charging behaviors
of TENG-P. The voltages of 22, 33, and 47 uF capacitors are
charged to 3.81, 3.47, and 2.74 V, respectively, within 55 s.
However, the charging speed is slow for capacitors with large
capacities (Figure S9). Since the output feature of the TENG is
high pulsed voltage but low current capability, the capacitor
will leak, which will gear down the charging speed. As a result,
we introduce a power management circuit with an inductor

(L), a voltage regulating capacitor (C;), and a storage capacitor
(C,) to improve the charging efficiency. The electromagnetic
shaker controls the switch, so the frequency of the switch is
consistent with that of the shaker. Specifically, the shaker
drives the V-TENG to the lowest point to separate the two
tribolayers, and the V-TENG starts to generate electric energy
and charges C;. Then the shaker drives the V-TENG to the
highest point and turns on the machinal switch, and the energy
in both TENGs and C, transfers to L. Finally, the shaker drives
the device downward and turns off the switch, resulting in the
energy stored in L being transferred to C,. A new cycle begins
when the shake drives the V-TENG to the lowest point again.
The 3.3 mF capacitor can be charged to 1.292 V in 15 min
(Figure 4e). Compared to 0.638 V without the power
management circuit, the charging speed has been improved
significantly. In addition, output stability and mechanical
durability are important features influencing output perform-
ance. The output current is recorded for 12 h under excitation
of 4 Hz to evaluate the fatigue property of the V-TENG. With
the protection of the buffer layer, the V-TENG maintains the
original output performance for a long time. The negligible
value variation in the process can be attributed to the influence
of temperature and humidity on output performance. The
insets of Figure 4f show the time-dependent current graphs at
3 h later (16 pA), about 6 h later (15.93 uA), and about 11 h
later (15.99 pA), which further manifests the superb stability
and durability of the V-TENG.
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Based on the powerful low-frequency vibration energy
harvesting capability of the V-TENG, a self-powered system for
data transfer and danger alarm can be developed. Figure Sa
shows the external circuit and other function modules which
comprise the system. The feasibility of the self-powered tilt
alarm system and temperature/humidity data transferring
system have been verified. An ultra-low-power consumption
wireless transmitter, a switch, and an angle sensor make up the
self-powered tilt alarm system. The vibration energy harvested
by the V-TENG is saved in a capacitor (47 uF) through a
rectifier bridge. When the inclination angle exceeds the trigger
threshold, the switch module turns on immediately. Then the
electric energy passes through the independent operating
transmitter with a 433 MHz encoder (WSM400). Sub-
sequently, the transmitter sends the warning signal through
the antenna. After the receiver module (WRM400) receives
the signal, it makes a bell ring. The typical operation waveform
of the system is plotted in Figure Sb, which has a 3.3 V
working voltage. It means that a charging voltage greater than
3.3 V ensures enough energy to power the circuit. The whole
process is recorded in Video S2, and the repeatability of the
system is also revealed. A low-energy Bluetooth module is the
main component for the self-powered temperature and
humidity data transferring system. As the V-TENG begins to
operate, the capacitor is charged to 3 V in 1 h with the
mentioned power management circuit (a 3.3 mF capacitor).
Then the phone can obtain temperature and humidity data,
and the voltage value drops to 0.7 V (Figure Sc). The voltage
in the capacitor is too low to keep the thermometer on, but the
Bluetooth module still transmits data to the phone wirelessly.
It takes approximately 9.5 m] of energy to complete the data
transfer. The photo is shown in Figure S10, and the data
transfer process is recorded in Video S3. In addition, other self-
powered functions can be realized by replacing the module.
Besides the application based on the electric output, the
structure design of the V-TENG gives it the potential to
dampen the vibration, which is verified. Figure 5d shows the
vibration amplitude generated by the simulated transmission
line under resonant frequency excitation (8 Hz), and the
original vibration amplitude is about 13 cm. The equipment
used in the vibration attenuation experiment of the simulated
transmission line is shown in Figure S11. The V-TENG is fixed
below the simulated transmission line. Despite the different
resonant frequencies, the V-TENG does not achieve complete
contact separation, but the vibration amplitude decreases
suddenly to about S cm, which implies that the V-TENG
device can weaken the vibration. The demonstration video is
recorded as Video S4. The phenomenon means the V-TENG
has the potential to effectively avoid fatigues, broken strands,
and even broken wires in transmission lines.

A hybrid energy collector was designed and manufactured to
collect vibration energy. The structure comprises a copper
connecting rod and two TENG units. When the vibration
occurs, the two layers of the substrate contact and separate to
generate electricity. The V-TENG exhibited an output voltage
of 1002 V, induced current of 17.75 uA, and output power of
4.31 mW at an amplitude of 2.5 mm. At the same time, a larger
working band can be achieved by changing the length of the
copper rod and adding a removable roller above it. The
excellent output capacity is verified, and the circuit design
significantly improves the charging speed to use the harvested
energy better. The self-powered information detection/trans-
mission/alarm system driven by the V-TENG is tested, and the

technical feasibility of supplying power for the sensor is
verified. Finally, the device can attenuate the vibration of the
transmission line. Considering the extensibility of the V-
TENG, transmission line self-supply systems can develop
equipment networks of different sizes, which is of great value in
transmission line research.
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