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ABSTRACT: Wave motion in the ocean can generate plentiful energy, but it
is difficult to harvest wave energy for practical use because of the low
frequency and random directional characteristics of wave motion. In this
paper, a gyroscope-structured triboelectric nanogenerator (GS-TENG) is
proposed for harvesting multidirectional ocean wave energy. Its inner and
outer generation units can operate independently in different directions, and
they all adopt the friction mode of surface contact. While realizing
noninterference multidirectional energy harvesting, the power generation
area is increased. In the experiments, under acceleration of 6 m/s2 with
variations in excitation angle, the GS-TENG can output direct currents of
0.8−3.2 μA, and the open-circuit voltages of the inner and outer generation
units can reach 730 and 160 V, respectively. When the devices are networked
and placed in the water, the electrical energy generated by the GS-TENGs
can enable commercial thermometers to operate normally. The attenuation of direct-current output by the GS-TENG in the
experiment of 30 days in water is about 8%, which verifies the good durability of the device in the water environment.
Therefore, the GS-TENG has excellent application prospects in the wave energy harvesting field.
KEYWORDS: triboelectric nanogenerator, ocean wave, multidirectional energy harvesting, gyroscope structure, surface contact

INTRODUCTION

As the energy crisis continues to grow, active development of
renewable energy sources and continuous improvement in the
utilization rate of these sources represent the inevitable choices
that must be made to solve the current energy problems.1−3 At
present, because of its large and high-density energy reserves, the
ocean has become the renewable energy source with the greatest
potential for commercial development. Wave energy is the
richest and most widely distributed energy source in the ocean,
which means that increased development of wave energy
technology will be conducive to the sustainable development of
the ocean’s natural resources.4,5 However, in their natural
environment, waves have characteristics that include low
fluctuation frequencies (generally less than 5 Hz) and strongly
random fluctuation states. Therefore, it will be vital to develop a
technology that can harvest wave energy effectively.
In 2012, Wang’s group first proposed the triboelectric

nanogenerator (TENG), which attracted the attention of
researchers worldwide because it can convert mechanical energy
from nature into output electrical energy.6−8 TENGs have
characteristics that include small size,9,10 low cost,11,12 and ease
of manufacturing,13,14 and they are particularly useful in
harvesting of low-frequency mechanical energy with high

efficiency.15−17 Therefore, TENGs are widely used in fields
such as micronano energy harvesting,18−21 self-driven sens-
ing,22−25 and high voltage power supplies.26−28 In particular,
TENGs offer numerous advantages for applications in the
harvesting of ocean energy, which is known as blue energy.29−31

Additionally, if multiple TENG units are integrated into a
network structure to enable large-scale wave energy harvesting
in the ocean, they can provide a technological approach to
harness a wide range of blue energy sources.32−34 Since the
TENG was first proposed, researchers in various countries have
designed multiple types of TENG for wave energy harvest-
ing.35−37 However, due to the random nature of the direction of
waves, there is a certain bottleneck in the multidirectional
harvesting technology of ocean energy. Most of the harvesting
schemes use the ball-sleeve or multi-ball structure.38,39 Although
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multidirectional harvesting can be realized, the real-time contact
area of the generation unit is small. Therefore, it is necessary to
develop a TENG with a large power generation area and
effective harvesting of multidirectional wave energy.
On the basis of the issues described above, this work proposes

a gyroscope-structured triboelectric nanogenerator (GS-
TENG) for multidirectional ocean wave energy harvesting.
Inner and outer generation units with identical electrode
arrangements are installed in the GS-TENG structure by using
two cages with mutually perpendicular central axes. Since the
two generation units are overhead by cages, the friction material
can be in surface contact to increase the power generation area.
When the GS-TENG is excited by water waves in random
directions, the action of the cages allows the two generation
units to move freely and independently in different directions
and convert mechanical energy from the waves into electrical
energy for output. The output performance of the proposed GS-
TENG is tested by using linear motors to simulate wave motions
with various accelerations and directions. When the acceleration
reaches 6 m/s2 and the excitation direction is varied, the open-
circuit voltage output by the inner generation unit of the GS-
TENG can reach 730 V, while that from the outer generation
unit can reach 160 V; the direct current realized after
rectification and parallel output can reach 0.8−3.2 μA, the
peak power of the GS-TENG is 0.6 mW, and the peak power
density is 0.28 W/m3. Further application tests performed in a
real-wave environment verify that a single GS-TENG can
illuminate a light-emitting diode (LED) board continuously.
Multiple GS-TENGs can be connected in an orderly network to
realize large-scale wave energy harvesting, and the electrical
energy output by such a network can drive a commercial
thermometer to allow it to operate normally. The output
performance of the GS-TENG remained stable throughout a 1
month long water experiment, thus proving its reliability. This
research provides a concept for the structural design of TENGs
for ocean wave energy harvesting.

RESULTS AND DISCUSSION
Structure and Working Principle. Wave energy is widely

distributed in the marine environment and is a type of blue
energy that offers significant economic benefits; this means that
it is highly important to develop and use this energy source

effectively. To enable effective multidirectional wave energy
harvesting, the GS-TENG is designed as shown in Figure 1.
First, the expected application of the gyroscope-structured
triboelectric nanogenerator (GS-TENG) is described (see
Figure 1a). Large-scale harvesting of random wave energy in
the ocean can be enabled by networking of the GS-TENG, and
such networks can act as distributed power supplies for electrical
equipment. The internal structure model of the GS-TENG is
illustrated clearly in Figure 1b; the model mainly includes an
eccentric ball, inner and outer generation units, inner and outer
shells, inner and outer cages, and support seats. The eccentric
ball is connected to the inner shell through the inner cage and
the support seat. In addition, the inner shell is connected to the
outer shell through the outer cage and the support seat, and the
central axes of the two cages are oriented perpendicular to each
other.
The inner generation unit consists of sponge blocks covered

with polytetrafluoroethylene (PTFE) that are located on the
surface of the eccentric ball, and an inner shell with copper
electrodes on its inner wall. Considering the interval area waste
caused by too many electrodes and the small current caused by
too few electrodes, the number of copper electrodes is set to
eight, so there are four sponges with PTFE. To reduce the wear
between materials, a specific gap is maintained between the
PTFE and the copper electrodes, and four rabbit fur strips are
distributed evenly on the inner wall of the inner shell to improve
the charge density on the PTFE surface.40 To show the detailed
structure of the inner generation unit more clearly, please refer
to Figure S1 (Supporting Information). The outer generation
unit has a similar structure to the inner unit, with the exception
of the PTFE and the copper electrodes being distributed evenly
on the outer wall of the inner shell and the inner wall of the outer
shell, respectively. Two generation units are overhead by cages,
which will produce a certain interval, so the friction material and
copper electrode can keep surface contact during operation,
which increases the real-time power generation area. In addition,
to avoid any interference being caused by the water when the
GS-TENG is operational, the device is placed in a waterproof
shell with good sealing performance, and the counterbalance
weight is filled to enhance its ability to withstand the water wave
force (Figure 1c). Figure 1 panels d and e show the physical
structure in greater detail.

Figure 1. Structural design of gyroscope-structured triboelectric nanogenerator for harvesting multidirectional ocean energy (GS-TENG): (a)
large-scale offshore energy harvesting network constructed using multiple GS-TENGs; (b) internal structural details; (c)−(e) photographs of
prototypes.
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The GS-TENG is designed on the basis of a gyroscope and is
mainly composed of a rotor, an inner race, and an outer race; its
operating mode is illustrated in Figure 2a. The central axis of the
outer race is set as the x-axis, and the central axis of the inner race
is set as the y-axis. Only the inner race can rotate when the
direction of excitation is horizontal to the x-axis, and the outer
race is at rest in this case. In contrast, when the direction of
excitation is horizontal to the y-axis, the inner race remains at
rest. Application of a stimulus from any direction other than
these two specific directions will cause the two races to operate
simultaneously.
The operating mode of the inner and outer cages, which are

oriented perpendicular to each other in the GS-TENG, is the
same as that for the inner and outer races of the gyroscope
mechanism. When wave excitation from any direction acts on
the device, the GS-TENG is driven by the wave force and begins
to swing freely; then, when the wave excitation subsequently
disappears, the swing reciprocates because of the inertia of the
eccentric ball (Figure 2b). Throughout the entire process,
because of the randomness of the direction of excitation, the two
cages in the GS-TENG will alternately rotate either
independently or jointly, thus driving the eccentric ball and
the inner shell to swing and allowing the inner and outer
generation units to operate independently without interfering

with each other. Therefore, the GS-TENG can harvest
multidirectional wave energy and output electrical energy
continuously. The specific movement details of the inner
generation unit under excitation are shown in Figure S2
(Supporting Information).
Figure 2c illustrates the power generation principles of the

GS-TENG. When the GS-TENG swings under the application
of external excitation, the PTFE film in the generation unit is
charged via contact with the rabbit fur [Figure 2c(i)−(iii)]. In
addition, Figure 2c images iv−vi show additional power
generation principles of the GS-TENG. According to the
triboelectric sequence, it is much easier for the PTFE to gather
electrons than copper.41 Therefore, because of the principle of
electrostatic induction, the copper-1 component has a positive
charge, and the PTFE film above it has an equal negative charge
[Figure 2c-(iv)]. After excitation, the PTFE film moves toward
the right from the position above copper-1 to that above copper-
2 [Figure 2c-(v)]. The existence of the potential difference
causes positive charge transfer between copper-1 and copper-2,
thus causing a current to be generated in the external circuit.
With continuous movement, the PTFE filmmoves to be entirely
above copper-2, and the charge balance is then restored [Figure
2c-(vi)]. Because the device can be used for different excitation
directions, the PTFE film can also move toward the left, and its

Figure 2. Schematic diagram of the working principle of the GS-TENG: (a) operational modes of the gyroscope; (b) operating mechanism of
the GS-TENG under excitement from different directions; (c) device power generation principles.
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working principle remains the same. With continuous move-
ment of the GS-TENG, the current can be generated
continuously. To express the electron transfer process involved
in this process more clearly, COMSOL Multiphysics 5.5 finite
element simulation software was used to simulate and analyze
the potential difference in different states (see Figure S3,
Supporting Information).
Performance. To research the energy harvesting ability of

the GS-TENG under excitation by waves propagating in
different directions, a linear motor is used to simulate the
wave motion to allow the device to operate normally. A specially
made acrylic frame consisting of a support base, a bottom plate,
and a motor connecting plate is installed on the linear motor. In
the experiments, the GS-TENG is placed on a support base to
receive the motor excitation, and the mean axis of the inner cage

of the GS-TENG is horizontal to that of the support base. At the
initial position, the excitation direction of the motor lies
perpendicular to the mean axis direction of the inner cage; i.e., it
lies horizontal to the mean axis direction of the outer cage.
Different angle grooves are cut on the bottom plate, and the
deflection angle relative to the initial position is varied by
installing the support base on the different angle grooves. These
different deflection angles lead to different excitation directions
for the two generation units, thus verifying the energy harvesting
capability of the GS-TENG in different directions. In this
experiment, the movement distance for the motor is set at 50
mm, and the excitation acceleration of the motor is set at values
of 2, 3, 4, 5, and 6 m/s2. The deflection angle of the GS-TENG is
then varied to study the output performances of the inner and

Figure 3. Output performances of the inner and outer generation units of the GS-TENG with an eccentric ball mass of 200 g under continuous
excitation using different accelerations and different deflection angles: (a) 30°; (b) 45°; (c) 60°.
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outer generation units. Seven different deflection angles are set
in the experiment: 0°, 15°, 30°, 45°, 60°, 75°, and 90°.
The mass of the eccentric ball has a specific influence over the

entire swing state, and thus at the initial position (where the
deflection angle is 0°), the influence of different eccentric ball
masses on the output performance of the GS-TENG is first
studied (Figure S4, Supporting Information). The experiments
show that the output performance is best when the mass of the
eccentric ball is 200 g; in particular, at 6 m/s2, the open-circuit
voltage can reach 730 V, and the mass is thus set to have this
value in subsequent experiments. Figure 3 panels a−c show
comparisons of the open-circuit voltages, the short-circuit
currents, and the transferred charges of the inner and outer
generation units for deflection angles of 30°, 45°, and 60°,
respectively. For the inner generation unit, under the same
deflection angle condition, the output performance improves
with increasing excitation acceleration; under the same
acceleration, a smaller deflection angle provides better output
performance. This occurs because the input excitation direction
moves closer to the horizontal when the deflection angle
increases, which means that the swing amplitude of the eccentric
ball decreases.
In contrast, because the two generation units are oriented

perpendicular to each other, the output performance of the outer
generation unit improves when the deflection angle increases.
The GS-TENG has a multilayer structure that causes the swing
of the inner shell to be influenced by the swing of the eccentric
ball to some extent. At different deflection angles, the inner shell
will resonate with the eccentric ball at a specific acceleration,

with the largest swing amplitude and the best output
performance of the outer generation unit. The acceleration
required to realize the resonance will also change when the
deflection angle changes. However, because the inner shell itself
has no counterweight, its swing amplitude is not as good as that
of the eccentric ball, which causes the overall output
performance of the outer generation unit to be weaker than
that of the inner generation unit. At deflection angles of 15°, 75°,
and 90°, the output performance varies while following the rule
described above (Figure S5, Supporting Information). The
design of the vertical axis means that only the outer generation
unit can operate at 90°, and its open-circuit voltage can reach
160 V at 6m/s2. The experiments described above verify that the
GS-TENG can harvest the input energy effectively from all
directions.
To effectively study the overall output performance of the GS-

TENG and facilitate the energy management in the subsequent
real-wave environment, the two generation units are respectively
connected in series with a rectifier bridge through an external
circuit, and then output in parallel. Similarly, the output direct-
current signals of the GS-TENG in seven different deflection
directions are collected with the motor as excitation (Figure 4a−
c and Figure S6a−d, Supporting Information). When the
excitation acceleration increases, the peak value of the output
direct current increases in tandem; however, when the deflection
angle increases, the peak value then decreases. When the
acceleration reaches 6 m/s2 and the deflection angle is in the 0−
90° range, the direct-current output by the GS-TENG can reach
0.8−3.2 μA. This occurs because the outer generation unit

Figure 4. Direct-current and load-current output by two generation units of the GS-TENG connected in parallel under continuous excitation at
different deflection angles and accelerations: (a), (d) 30°; (b), (e) 45°; (c), (f) 60°. (g) Output energy characteristics at different angles. (h)
Peak power curves at three special deflection angles.
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gradually becomes the main output body, but the overall output
performance of this unit is slightly weaker than that of the inner
generation unit.
When the ambient resistor has a value of 200 MΩ, the change

rule for the load current is the same (see Figure 4d−f and Figure
S6e−h, Supporting Information). On the basis of this behavior,
the relationship between the different deflection angles and the
output energy under different excitation acceleration conditions
was obtained (Figure 4g). Due to the influence of resonance, at a
deflection angle of 75°, its performance is the best at 2 m/s2, so it
is different from other angles. In addition, at three special
deflection angles (0°, 45°, 90°), the load currents weremeasured
for different ambient resistors, and the corresponding peak
power characteristics were then calculated (Figure 4h). At a
deflection angle of 0°, the peak power of the GS-TENG can
reach 0.6 mW, and its calculated power density is 0.28 W/m3.
The series of experiments described above verified that the GS-
TENG has a multidirectional energy harvesting capability.
Demonstration. In addition to the basic performance of the

GS-TENG, it is equally important to study the practical
application capability of the device. With a linear motor as an
excitation source and setting an acceleration of 6 m/s2, the GS-
TENG was used at different deflection angles to charge a 10 μF
capacitor (Figure 5a). Similarly, under the same excitation
conditions, the GS-TENG was able to light up an LED board
successfully at any angle (Figure 5b, Video S1). The two
experiments described above proved that the GS-TENG can
operate normally under excitation in any direction.
Furthermore, to verify the applicability of the GS-TENG in a

real-wave environment, a test bench was built with a linear
motor and a large water tank to simulate a real-water-wave
environment, and the GS-TENGwas then placed in the water to
allow it tomove freely. The amplitude of the linearmotor was set
at 100 mm, and the acceleration was set at 5 m/s2. Under
excitation by the water waves, the GS-TENG illuminated the
LED board continuously (Figure 5c, Video S2). To realize large-
scale water wave energy harvesting, it is necessary to study the
performance of several TENGs after they have been networked

and connected. In this work, four identical GS-TENGs were
networked, and the circuit connection mode was as shown in
Figure 5d. In each GS-TENG, the inner generation unit and the
outer generation unit were connected in series with a rectifier
bridge to convert the AC output into a DC output.
Subsequently, the complete parallel output was carried out of
the circuit to avoid any mutual influence between the TENGs
during free movement. With this connection, the TENG
network successfully lit up a commercial thermometer via an
external circuit in the water (Figure 5e, Video S3). Because the
GS-TENG is used to harvest wave energy from water, it is
necessary for the device to have good waterproofing and high
stability. The output signal from a GS-TENG in water was
collected within a fixed time period every day for 30 consecutive
days (Figure 5f). After 30 days, the output DC current of the GS-
TENG is reduced by about 8% compared with the initial one,
and this underwater durability test proved the good stability and
reliability of the device.

CONCLUSIONS

In summary, a GS-TENG has been designed in this work for
application to multidirectional ocean wave energy harvesting.
With reference to the gyroscope’s structure, the GS-TENG has a
structure composed of two cages with their central axes
perpendicular to each other, thus enabling the two generation
units in the GS-TENG to harvest wave energy from different
directions effectively. Moreover, surface contact friction is
adopted in the two generation units, which effectively increases
the power generation area. The experimental test results prove
that the GS-TENG has a multidirectional energy harvesting
capability, and its output performance will vary according to the
different excitation directions. Under continuous excitation by
real waves, the GS-TENG illuminated an LED board
continuously; additionally, several GS-TENG networks were
able to drive a commercial thermometer. In particular, the GS-
TENG showed good reliability that was verified by performing
underwater experiments over 30 consecutive days. This research
also provides concepts for the subsequent structural design of

Figure 5. Use of a line motor to excite the GS-TENG in multiple directions to (a) charge a capacitor with a value of 10 μF and (b) light an LED
board, where water waves were the excitation source. (c) LED board when lit by the GS-TENG. (d) Schematic TENG network diagram. (e)
Thermometer energized by the GS-TENG network. (f) Results of a 1 month endurance experiment in the water.
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other TENGs and the realization of large-scale blue ocean
energy development.

EXPERIMENTAL SECTION
Fabrication of the GS-TENG. The eccentric ball (Φ = 100 mm),

inner shell (Φ = 120 mm), outer shell (Φ = 160 mm), and waterproof
shell (Φ = 180 mm) in the gyroscope-structured triboelectric
nanogenerator are all made of acrylic material. The counterweight
materials in the eccentric ball and waterproof shell are sand. All cages
and support seats are manufactured by 3D printing and made of
polylactic acid (PLA). Eight copper electrodes (thickness 100 μm) are
evenly distributed on the inner wall of the inner shell and the inner wall
of the outer shell, respectively. A hole (width 5mm and length 160mm)
is cut every 90° on the inner shell, for placing the same size rabbit fur
strips, with the length of hair being about 40 mm. Set the same on the
outer shell (the hole length is 205 mm). A sponge substrate (inner
diameter 100 mm, outer diameter 112 mm, and length 140 mm) is
arranged on the eccentric ball every 90°, and an equal PTFE film
(thickness 0.08 mm) is pasted on it. The same arrangement is on the
outer wall of the inner shell (inner diameter 120 mm, outer diameter
148 mm, and length 230 mm).
Electrical Measurement. The output signal of the GS-TENG is

measured and collected by a programmable electrometer (6514,
Keithley, USA) and a data acquisition system (PCI-6259, National
Instruments, USA). External excitation is provided by a motor (PL01-
19 × 600/520, LinMot, Switzerland), and it also makes water waves.
LabVIEW records the collected signals.
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