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• A bioinspired butterfly wings triboelec
tric nanogenerator is designed.
• Low-frequency wave energy is effi
ciently harvested by drag amplification.
• The prototype can harvest multidirec
tional underwater-wave energy.
• The prototype immersed in water has
excellent durability.
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Underwater-wave energy, as a kind of abundant but neglected renewable energy, is challenging to be efficiently
harvested due to the low frequency and random moving direction. In this work, a bioinspired butterfly wings
triboelectric nanogenerator (BBW-TENG) is proposed for multidirectional wave energy harvesting from the
underwater environment, which is composed of a shell with bionic blades and the generation units. The pa
rameters for the shape and number of blades are analyzed by computational fluid dynamics (CFD) to determine
the optimal structural parameters and verify that the bionic blades have the characteristic of drag amplification.
What’s more, the BBW-TENG responds sensitively to the multidirectional underwater-wave excitation, which
demonstrates the ability to harvest multidirectional and low-frequency underwater-wave energy. The output
performance of 400 V, 2.9 µA, and 0.31 µC can be generated with the frequency of 1.25 Hz. In practical ap
plications, it is verified that the BBW-TENG can provide power supply for the electronic devices. And the BBWTENG immersed in water for 45 days indicates excellent durability without diminished electrical performance.
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Therefore, this work gives a new approach of harvesting underwater-wave energy to long-term power supply for
the distributed sensors.

1. Introduction

active resonant triboelectric nanogenerator with a simple pendulum and
tumbler [35] were proposed for water wave energy harvesting. How
ever, a wide area occupying the water surface may affect the normal
navigation of ships and creatures in the water. And as the scope of en
ergy harvesting extends to underwater areas, the strategic position of
underwater energy harvesting should not be ignored. However, the
underwater energy has the characteristics of low-frequency and poor
input stability. In addition, TENGs have unique advantages in lowfrequency energy harvesting, which are prospective to become a valid
technology to underwater energy harvesting.
In recent years, various TENGs have been extended to the under
water environment for energy harvesting. A flag-like TENG with better
low velocity performance is designed to harvest underwater energy by
flow-induced vibration [36]. A shape-adaptive bionic-jellyfish TENG
generates electric energy by pressure change, which can be used to
power the thermometer directly [37]. In addition, a flexible seaweedlike TENG converts wave energy into electric energy, which is used to
supply real-time power for distributed sensors [38]. These are instruc
tive for the researches to harvest underwater energy efficiently by the
TENG. However, due to the arbitrary direction of the underwater wave,
TENGs in the above research can only harvest underwater energy in one
direction instead of multiple directions. Therefore, through the bionicstructure design, designing a TENG that can realize multidirectional
underwater-wave energy harvesting is of significance, which can

Facing the problems of energy shortage and environmental pollution
caused by the energy consumption, the world is in urgent demand for
alternative energy. The rapid development of renewable energy is an
effective way to alleviate energy shortage [1,2]. Therefore, renewable
energy may become the mainstream direction of energy production and
consumption, where wave energy with abundant and widely distributed
is an important part of renewable energy [3–6]. To a great extent, wave
energy has not been fully developed and utilized, especially underwaterwave energy. At present, electromagnetic generator (EMG) is a mature
technology [7], but EMGs may not the suitable way to harvest lowfrequency underwater-wave energy considering their costs, weights,
and harvesting efficiencies [8,9]. It is an urgent target to seek new
efficient energy conversion technologies for underwater-wave energy
harvesting.
In 2012, triboelectric nanogenerator (TENG) based on the coupling
of triboelectrification and electrostatic induction, was first proposed by
Wang’s group [10–15], which can convert various mechanical energy
into electricity [16–21]. TENGs have the advantages of simple structure
and material selection diversity, et al [22–26]. Meanwhile, it is also a
better suitable technology for harvesting wave energy [27–33], espe
cially many researches mainly focused on the water surface. For
example, a type of arc-shaped triboelectric nanogenerator [34] and an

Fig. 1. Overall structure of the BBW-TENG: (a) energy flow of the BBW-TENG for harvesting wave energy, (b) butterfly wings, bionic prototype, (c) schematic
structure of the BBW-TENG, (d-f) photographs of the overall structure, generation units, and bionic blades.
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Fig. 2. Simulation results of blade shapes and blade numbers: (a) flow field pressure distribution near surfaces of different blade shapes and different bionic blade
numbers, (b) the drag coefficient and moment coefficient of different blade shapes and different blade numbers.

sensitively harvest underwater-wave energy by drag amplification
effect.
In this work, a bioinspired butterfly wings triboelectric nano
generator (BBW-TENG) is proposed for multidirectional underwaterwave energy harvesting. It is composed of a shell with bionic blades
and the generation units with arc tracks. The superiority of the five pairs
of bionic blades is confirmed by computational fluid dynamics (CFD).
Then, a series of studies on underwater wave parameters show that the
BBW-TENG harvest underwater-wave energy with frequency variation
by drag amplification effect of the bionic blades. And it can power the
electrical appliance, such as a thermometer. In addition, it also harvests
multidirectional underwater-wave energy depending on the five pairs of
bionic blades and arc track of generation units. Importantly, under the
trigger of underwater wave, the BBW-TENG not only harvests energy in
different depths but also has excellent durability in the durability test.
Hence, this work proves the potential application to harvesting
underwater-wave energy to long-term power supply for underwater
monitoring sensors.
2. Results and discussion

stable mechanical energy (kinetic or potential energy) by the bionic
design. The second step is the conversion between mechanical energy
and electric energy by generation units. Finally, the collected electric
energy could transmit to electronic devices through the external circuit.
The overall structural design of the bioinspired butterfly wings tribo
electric nanogenerator (BBW-TENG) (Fig. 1c) consists of a shell with five
pairs of bionic blades and the generation units of the internal multipletrack (Fig. 1d and e). The prototype of the bionic blades refers to the
butterfly wings model as shown in Fig. 1b. Each pair of the bionic blades
consists of upper blade and lower blade [Fig. 1f], which the angle be
tween them is 36◦ . The generation units are composed of the poly
tetrafluoroethylene (PTFE) balls, copper electrodes, and substrates. A
PTFE ball (9 mm in radius) is placed on each arc track. The multipletrack structure is employed to improve the space utilization and direct
the PTFE balls for avoiding the random movement of the PTFE balls by
the external excitation.
The flow velocity of water will change differently at different posi
tions after passing through BBW-TENG, thus creating a pressure differ
ence on the surface. This phenomenon can be explained by Bernoulli’s
principle [39]:

2.1. Structure and principle

1
P + ρV 2 + ρgh = C
2

The steps of converting water wave energy to electric energy output
are given from the point of view of energy conversion in Fig. 1a. The
wave energy harvesting process is divided into three steps. The first and
most important step is to efficiently convert water wave energy into

where P is the pressure of the certain point in flow, ρ is the density of the
flow, V is the flow velocity at the point, g is the gravitational accelera
tion, h is the height of the point and C is the constant. The influence of
3
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Fig. 3. Output performance of the BBW-TENG in on-land test: (a) schematic diagrams of under pitching agitations, (b) schematic diagram of a PTFE ball rolling, (c-d)
Voc, Isc, and Qsc of the BBW-TENG at conditions of different frequencies and swing angles.

the pressure difference on the hydrodynamic force of BBW-TENG is
manifested as different drags on the blades. The drag (FD) of the blade
and the moment (M) of the blade are given as [39]:
1
FD = ρV 2 SCD
2

(2)

1
M = ρV 2 SCM
2

(3)

and CD of the different bionic blade numbers under the same water flow
conditions are shown in Fig. 2a(v-viii) and 2b(ii), where the bionic
blades are uniformly distributed along the shell. When the pairs of bi
onic blades are five and six, the surface pressure distribution and CM are
almost the same, respectively. However, compared with six pairs of bi
onic blades, the CD of five pairs of bionic blades is relatively large to
produce more excellent results.
2.2. Performance

where S is the projected area of the blade in the direction of water flow,
CD is the drag coefficient of the blade, CM is the moment coefficient of
the blade.
As shown in Fig. 2, the surface pressure distribution, moment coef
ficient (CM), and drag coefficient (CD) of the blade parameters (shape
and number) are analyzed to determine the optimal structural param
eters by computational fluid dynamics (CFD). Firstly, with a constant
number of blades, the surface pressure distribution, CM, and CD of the
different blade shapes (curved blades, straight blades, and bionic blades)
under the action of water flow of 3 m/s are calculated [Fig. 2a(i-iv) and
2b(i)], where the larger the CD, the more easier to movement; the larger
the CM, the greater the movement amplitude. It can be clearly seen that
the surface pressure, CM, and CD of the sphere are very small. Compared
with the curved blades and straight blades, the surface pressure distri
bution (red area) of bionic blades is more widespread, and the pressure
difference between upper blade and lower blade is larger, which leads to
larger CM and CD of the bionic blades. Therefore, the bionic blades
achieve swing of larger amplitude, which can be capable of harvesting
underwater-wave energy. Then, the surface pressure distribution, CM,

The output performance of BBW-TENG in on-land test is systemati
cally investigate. The BBW-TENG is fixed on a rocking platform con
nected with a linear motor to simulate swing angle of the BBW-TENG
under the underwater environment, which is shown in Fig. 3a. The
different swing angles (θ) are realized by changing the displacement of
the linear motor. Fig. 3b shows force analysis of a rolling PTFE ball, and
follows the dynamic equation [40]:
A
β̈ + γ β̇ + (w0 )2 sinβ = (2πf )2 cos(2πft)cosβ
r

(4)

where β is the angular displacement between the PTFE ball and arc
track, γ and w0 are the damping constant and angular velocity between
PTFE ball and arc track.
The dependence of frequency (f) on the BBW-TENG is analyzed at
swing angle of 20◦ , which is shown in Fig. 3c(i-iii). The results show the
open-circuit voltage (Voc) and transferred charge (Qsc) increase. Because
the increase of frequency makes the impact force of the PTFE balls in
crease so that the effective contact area between the PTFE balls and
4
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Fig. 4. Output performance of the BBW-TENG under underwater environment: (a-c) Voc, Isc, and Qsc of the BBW-TENG at condition of different frequencies, am
plitudes, and accelerations.

copper electrodes increases. The short-circuit current (Isc) increases from
1.3 to 3.4 μA when frequency ranged from 0.1 to 1.5 Hz. It is necessary
to note for lower frequency, there is a very low output performance,
because the PTFE ball only overcomes the frictional force to roll on the
arc track. In addition, the influence of swing angle on the BBW-TENG is
studied. Fig. 3d(i-iii) presents Voc, Isc, and Qsc of the BBW-TENG at the
different swing angles, respectively. When swing angle increases, the
output performance continues to rise, the electrical output of 460 V, 4
µA, and 0.34 µC can be generated with the swing angles of 50◦ . That is
because longer rolling distance of the PTFE balls can be obtained by
larger swing angles. Need not point out that the voltage of the BBWTENG surpasses the measurement range of a programmable electrom
eter under certain conditions. To ensure uniformity, the equipment for
measuring the voltage in this work is a super phosphor oscilloscope.
To analysis output performance under the condition of simulated
underwater wave, the BBW-TENG is fixed the bottom of a water tank
that is filled with 45 cm tall of water. The influence of three represen
tative parameters of water wave (frequency (f), amplitude (L), and ac
celeration (a)) on the BBW-TENG is studied. A linear motor drives a push
plate to generate different frequencies, amplitudes, and accelerations of
the water wave, where the amplitude of water wave is reflected by the
displacement of the linear motor. The results of Fig. 4a(i–iii) show the
output performance is positively correlated with the increased fre
quency, and reaches the highest output performance at 1.25 Hz, and
gradually reached stability at 1.5 Hz. The electrical output of 410 V, 3
µA, and 0.32 µC can be generated with the frequency of 1.5 Hz. In
addition, the influence of amplitude on Voc, Isc, and Qsc of the BBWTENG is also investigated. Fig. 4b(i–iii) shows the highest values

increase with increasing the displacement from 20 to 120 mm. Due to
the increased impact force, the highest output performance of 400 V,
2.7 μA, and 0.31 μC obtained at amplitude of 120 mm. The effects of
acceleration on Voc, Isc, and Qsc of the BBW-TENG are presented in
Fig. 4c(i-iii). When frequency is 1 Hz, the output performance stays
almost unchanged with the increase of acceleration, where Voc is about
360 V, Isc is about 2.4 μA, and Qsc is about 0.31 μC. Therefore, the BBWTENG is highly adaptable to harvest underwater-wave energy.
The direction of water wave is usually irregular under underwater
environment. Therefore, the capability of the BBW-TENG to multidi
rectional energy harvesting is studied. The wave angle (α) is defined as
the angle between the electrode direction and the wave direction as
shown in Fig. 5a. In addition, Fig. 5b shows the schematic diagram of the
BBW-TENG in wave condition, where the water height (h) is 50 cm in the
tank. The influence of wave angle (α) on Voc, Isc, and Qsc of the BBWTENG is shown in Fig. 5c. When frequency is 1 Hz, amplitude is 100
mm, and acceleration is 2.5 m/s2, the highest output performance (Voc of
350 V, Isc of 2.5 μA, and Qsc of 0.3 μC) is obtained at 0◦ . Because the
effective displacement of the PTFE balls rolling on copper electrodes
decreases with wave angle increases from 0 to 90◦ . Even when the angle
is 90◦ , the output performance remains nonzero. Owing to the sym
metrical distribution of electrodes and structures, the experimental re
sults in Fig. 5c(i-iii) are also symmetrical. Hence, the BBW-TENG can
harvest multidirectional underwater-wave energy. Besides, the influ
ence of the depth (H) from the top of the BBW-TENG to the water bottom
on the output performance is evaluated. As shown in Fig. 5d(i-iii), while
raising the depth from 25 to 45 cm, the output performance first in
creases and then decreases, reaching the highest output performance at
5
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Fig. 5. Output performance of the BBW-TENG at different angles and depths: (a) the diagram of wave angle (α), (b) schematic diagram of water height (h), (c) the
directional map of Voc, Isc, and Qsc from 0 to 360◦ , (d) the influence of depths on the BBW-TENG.

Fig. 6. Application demonstrations of the BBW-TENG under the water wave environment: (a) charging ability of the BBW-TENG, (b) the effect of output performance
on load resistance, (c) diagram of the electrical output circuit for the network, (d) the photo of powering 240 LEDs and (e) a thermometer, (f) durability test for the
BBW-TENG within 45 days.
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the depth of 35 cm.

4.2. Electrical measurement

2.3. Demonstration

The experimentations of the underwater wave and on-land envi
ronments are powered by a linear motor (LinMot PL01-19 × 600/520).
The short-circuit current and transferred charge are measured and
stored by a programmable electrometer (6514, Keithley, USA) and a
data acquisition system (USB-6218, National Instruments, USA). And a
super phosphor oscilloscope (SDS2204X, Siglent, China) is accustomed
to measuring the open-circuit voltage owing to remaining a larger
voltage range relative to the Keithley 6514.

To further explore the underwater application prospect, a series of
experiments have been carried out to prove feasibility of the BBW-TENG
in practical application. The charging capability to various capacitors is
studied at 1 Hz. As shown in Fig. 6a, the time to charge the capacitors of
10 μF and 47 μF to 5 V is 208 s and 397 s respectively. Besides, the in
fluence of load resistances from 0.2 to 3000 MΩ on the output current
and power is studied in Fig. 6b. The results show the output current
decreases, when the resistance increases. And the peak power of 0.69
mW is obtained with the resistance of 200 MΩ. By applying a power
management circuit (Fig. 6c), the delivered output performance is suf
ficient to drive 240 light-emitting diodes (LEDs) in series (Fig. 6d and
Supporting Movie S1) and a commercial thermometer (Fig. 6e and
Supporting Movie S2) at frequency of 1 Hz, amplitude of 120 mm. When
the BBW-TENG supplies power to a commercial thermometer, the
voltage increases from 0 to 1.8 V within 300 s to drive the thermometer
for measuring the ambient temperature. In addition, the durability of
energy harvesting device is very important for the practical application
of its continuous operation, so the durability of the BBW-TENG is studied
as shown in Fig. 6f. The experimental results show the output perfor
mance hardly declined under the underwater environment for 45 days,
demonstrating excellent durability.
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