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High Space Efficiency Hybrid Nanogenerators for Effective
Water Wave Energy Harvesting

Chuguo Zhang, Wei Yuan, Baofeng Zhang, Ou Yang, Yuebo Liu, Lixia He, Jie Wang,*

and Zhong Lin Wang

Water wave energy is a vital renewable-energy resource, but it is less devel-
oped due to the characteristics of water wave with low and varying frequency.
Herein, a bifilar-pendulum coupled hybrid nanogenerator (BCHNG) module,
which includes an electromagnetic generator (EMG), two piezoelectric nano-
generators (PENGs), and two multilayer-structured triboelectric nanogenerators
(TENGs), is incorporated into a vessel-like platform for wave energy harvesting.
The combination of the lightweight TENG and the heavy PENG and EMG can
not only increase the ability of power take-off to capture water wave energy,

but also improve the space utilization rate of BCHNG module and facilitate the
design of the floating wave energy collecting device. Furthermore, the BCHNG
module can harvest the kinetic energy and gravitational potential energy of the
water wave at the same time, which benefits from the two degrees of swing
freedom of the bifilar-pendulum. Importantly, thanks to the accurate geometric
design and the reasonable utilization of space, the BCHNG module achieves a
high peak power density of 358.5 W m. The findings not only provide a novel
method for the large-scale development of blue energy, but also offer an oppor-

tunity for the development of self-powered marine resources.

1. Introduction

The harvesting of renewable and clean energy in the sur-
rounding environment of our daily life to build a green,
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pollution-free, and renewable energy
system is an important part for the sus-
tainable development of human beings.”
Based on the advantages of large reserves
and wide distribution, water wave energy
is regarded as one of the vital clean energy
sources. However, due to the low fre-
quency of ocean wave, it is difficult to be
efficiently collected only by traditional
electromagnetic generators (EMG), which
need a high frequency operating condi-
tion to effectively convert wave energy into
electricity.®}! Therefore, complex and cum-
bersome gearboxes are used to improve
the efficiency of wave energy collection in
various of bulky EMG devices, which are
installed on the seabed.*¢! However, these
design schemes have many disadvan-
tages, such as, extremely strict technical
requirements, complicated installation
process, and unfavorable maintenance.l"!
In addition, piezoelectric nanogenera-
tors (PENG) have been widely studied as
another kind of mechanical energy collection technology, which
is also considered to harvest water wave energy.'>! However,
due to the brittleness of PENG with the piezoelectric ceramic
and the small output performance made of organic materials,
the application of PENG in water wave energy collection is still
restricted until now.

Triboelectric nanogenerator (TENG), based on the triboelec-
trification and electrostatic induction,”?! has been developed
to harvest mechanical energy in 2012. Taking the advantages
of wide selection of materials, low cost and diversity of struc-
tural design,*™ it is widely applied in self-powered sensor,
micro/nano energy, and high-voltage source.’>?’l In addition,
combining the characteristics of TENG’s lightweight and high
efficiency at low frequency with the characteristics of low fre-
quency motion of water wave, the TENG has been considered
to be one of the most potential technologies for wave energy
harvesting, which can be achieved by constructing floating wave
energy harvesting devices.>?®l Therefore, all kinds of struc-
tural TENG, such as rolling spheres and spring-assisted struc-
tures,/??8 have been designed for wave energy collection by the
connective networks of TENGs.[?>34 However, these TENG can
only harvest the kinetic energy of ocean wave in the propagative
direction or the gravitational potential energy of ocean wave in
the vertical direction, which can hardly effectively harvest the
kinetic energy and gravitational potential energy of ocean wave
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at the same time. In our previous work, the vessel-like platform
is proposed to harvest the ocean wave by integrating the bifilar-
pendulum-assisted multilayer-structured triboelectric nanogen-
erators (M-TENG) modules.?! A high peak power density was
achieved in that work and the vessel platform had the ability to
eliminate the influence of marine environment on the output
performance of TENG.l However, it remains a vital research
direction to improve the power density of ocean wave energy
harvesting device by using TENG as much as possible through
reasonable space utilization.[37-38]

In this work, we present a wave energy collection device by
using a vessel platform to integrate bifilar-pendulum coupled
hybrid nanogenerator (BCHNG) modules, which consists of an
EMG, two PENGs, and two M-TENGs. Combined with the inev-
itable demand of M-TENG’s with the power take-off (PTO) and
the heavy characteristics of EMG and PENG, the coil of EMG
and PENGs are designed as the PTO of M-TENG by the reason-
able geometric structure design, which reasonably optimizes
the space utilization rate of the device. As BCHNG modules
are incorporated into a vessel, the stable environment inside
the hull platform can facilitate the maintenance and long-
term stable operation of the device. Thus, the installation and
packaging process of the wave energy collecting device can be
simplified by this design. Benefiting from the seesaw motion
of vessel and the swing of bifilar-pendulum, the BCHNG can
harvest the low-frequency ocean-wave with kinetic energy and
gravitational potential energy, simultaneously. According to the
reasonable utilization of space, the designed BCHNG module
achieves a higher peak power density of 358.5 W m™. Our
findings not only provide a new method to harvest the kinetic
energy and gravitational potential energy of water wave at the
same time, but also facilitate the application of blue energy to
realize the self-powered marine sensing and seawater resources
extraction in the future.

2. Results and Discussion

2.1. Structural Design and Working Mechanism

Based on our previous work, the proposed vessel platform can
provide a stable working environment and reduce operating
costs for ocean-wave energy collection device.?’! In addition,
the vessel also can assist ocean-wave energy collection device to
realize the multifunctionality of blue energy in situ. Therefore,
the BCHNG modules are incorporated into a vessel to harvest
wave energy (Figure 1a). The BCHNG module mainly includes
an EMG located in the center, two PENGs, and M-TENG on
both sides and a bifilar-pendulum structure (Figure 1b). The
detailed structure of BCHNG module and three kinds of gen-
erators are depicted in Figure 1c and Figure S1, Supporting
Information, where the wedge-shaped copper pendulum cone
of bifilar-pendulum is winded with coils and then attached by
two PENGs. Thus, the EMG is composed by a pair of trape-
zoidal magnets on the both sides and the wedge-shaped coil in
the middle. The PENG is fabricated by a copper electrode in the
middle, two lead lanthanum zirconate titanate (PZT) ceramic
sheets on both sides, and two silver electrodes on the out-
side. The M-TENG is fabricated by a zigzag Kapton substrate,
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copper electrodes, thin foams, and fluorinated ethylene pro-
pylene films (FEP, 30 um). Figure 1d depicts the power transfer
chain of vessel with integrated BCHNG modules for harvesting
ocean-wave energy. It is obvious that the vessel is used as the
primary interface to intercept the power of wave, the bifilar-pen-
dulum is served as the PTO to capture the intercepted power of
vessel, and the three kinds of generators are utilized to deliver
the captured power of PTO into electric energy. The bifilar-pen-
dulum cone is fabricated by using the heavy characteristics of
PENG and the coil of EMG as the PTO and the light-weight
characteristics of TENG is used to balance the weight of bifilar-
pendulum cone, this design can not only increase the ability
of PTO to capture water wave energy, but also add the space
utilization-rate of BCHNG module and facilitate the design of
floating wave energy collecting device. Besides, the good opera-
tion of BCHNG module is realized by the precise geometric
design of BCHNG module (Figure S2 and Note S1, Supporting
Information). To improve the output performance of M-TENG,
a FEP film with micro/nano-structured surface and the foam
as buffer layer are adopted to enhance the contact intimacy
(Figure S3, Supporting Information).?>*! Meanwhile, the foam
as buffer layer can also prevent the piezoelectric ceramics from
severe deformation to ensure the long-term stability of PENG.
The near-offshore ocean-wave energy with unidirectional propa-
gation mainly consists of the kinetic energy of seawater in the
direction of propagation and the gravitational potential energy
of seawater in the vertical direction (Figure S4, Supporting
Information). Since the bifilar-pendulum can capture both the
kinetic energy of water wave by horizontal inertia force and the
gravitational potential energy of water wave by vertical gravity
(Figure S5, Supporting Information), the BCHNG module can
realize the efficient collection of the two kinds of mechanical
energy of the waves in the near-offshore. Furthermore, in order
to effectively harvest full frequency wave energy, the BCHNG
modules with different natural motion frequencies can be
designed by adjusting the line length of the bifilar-pendulum,
and then different natural frequency BCHNG modules in the
vessel can be designed according to the frequency distribution
of the waves in a specific sea area to make full use of the reso-
nance effect (Figure S6 and Note S2, Supporting Information).
The motion module of the vessel with incorporated BCHNG
modules in near-offshore ocean-waves is schematically illus-
trated in Figure S7, Supporting Information. Under the driving
of ocean-waves, the vessel with incorporated BCHNG modules
will generate a seesaw motion and the bifilar-pendulum will
produce the corresponding swing at the same time. Meanwhile,
the pendulum cone of bifilar-pendulum will continuously drive
the coil of EMG to cut magnetic induction line, the piezo-
electric ceramic of PENG to occur polarization effect, and the
dielectric materials and electrodes of M-TENG to generate tri-
boelectrification and electrostatic induction. Thus, the BCHNG
modules transform the ocean-wave energy to the corresponding
electric energy effectively. In summary, compared with the pre-
vious research work,?% this work has the following advance-
ments: 1) the bifilar-pendulum cone is fabricated by using the
heavy characteristics of PENG and the coil of EMG as the PTO
can increase the ability of PTO to capture water wave energy;
2) the bifilar-pendulum cone fabricated by the coil of EMG and
PENG can significantly improve the space efficiency of water
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Figure 1. Structural design and working mechanism of the vessel with incorporated BCHNG modules. a) Device configuration of the Vessel with
incorporated BCHNG modules. b) Schematic representation of enlarged structure for the BCHNG module. c) Structural components for BCHNG
with three kinds of generators. d) The power transfer chain of the Vessel with incorporated BCHNG modules for harvesting ocean-wave energy. The
working principles of ) TENG unit, f) PENG unit, and g) EMG. h) State-of-the-art performance of the device structure with the wave energy harvesting.

wave energy harvesting device and efficiently avoid the serious
space waste caused by the bifilar-pendulum cone composed of
copper blocks in the relative research work; 3) benefiting from
the hybrid EMG and PENG, the output performance of water
wave energy harvesting device is greatly boosted; 4) according
to ingenious structural design, the stability of the whole device
is greatly enhanced by the full application of three generators
with the respective characteristics. The working mechanism

of BCHNG with three kinds of generators is displayed in the
Figures le—g, respectively. For the M-TENG, after the iterative
contact-separation process between the left Cu electrode and
the right dielectric material (FEP film), the FEP film generates
triboelectric negative charges and the Cu electrode produces
triboelectric positive charge according to the triboelectric
sequence. As the contact-separation between the left elec-
trode and the right dielectric material FEP film, the alternative
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current in the circuit will generate due to the electrostatic
induction effect (Figure le). For the PENG, when the pendulum
cone of bifilar-pendulum strike PENG parts under the driving
of ocean-waves, the PZT sheet will produce internal strain and
the two electrodes will generate opposite piezoelectric poten-
tial and then an alternating current is generated in the external
circuit (Figure 1f). For the EMG, according to electromagnetic
induction law, since the coil cuts the magnetic induction line of
magnet, the current in a coil is induced by a changing magnetic
field (Figure 1g). When the coil swings from right to middle,
the current of the coil flows clockwise. As the coil backs from
left to middle, the current of the coil flows counterclockwise.

Benefitting from the reasonable utilization of space, the peak
power density of 358.5 W m~3 is achieved by the BCHNG mod-
ules in the seesaw test. For the development of wave energy
harvesting, the corresponding landmark works are summa-
rized in Figure 1h. First, the spring-assisted TENG achieves
the peak power density of 1.88 W m™, the soft-contact cylin-
drical TENG coupling EMG realizes the output performance
of 10.16 W m™ in the water test,***!! and the charge shuttling
TENG obtains the value of 30.24 W m™ in the water test.[*
Then, the value is improved to 39.6, 49.3, and 55.6 W m~3 by
the new structure of 2D TENG coupling EMG,*! charge exci-
tation circuit TENG,?®8 and soft rolling spherical TENG,?’!
Furthermore, based on soft material, thin dielectric materials
with micro/nano surface, and multilayered structure, the
bifilar-pendulum-assisted TENG?® reaches 200 W m. There-
fore, compared to the above landmark works, this work is a vital
milestone for the development of blue energy.

2.2. The Output Performances of BCHNG Module
at Horizontal Motion

As well as we know, the ocean waves contain abundant kinetic
energy in the direction of propagation. In order to research the
collection of ocean-wave kinetic energy by BCHNG module,
a linear motor is utilized to simulate the operative module
of BCHNG module under the driving of ocean-wave kinetic
energy. The working mechanism of one cycle is shown in
Figure 2a. As the linear motor moves to the left state, the bifilar-
pendulum will move to the right side and strike the right board
due to the inertia, which will make the dielectric layers of left
M-TENG to separate with the left electrode and generate the
alternative current between two Cu electrodes of M-TENG unit
due to electrostatic induction. Meanwhile, the dielectric layers
of right M-TENG contact with the right electrode generating
the triboelectrification phenomenon on the surface of con-
tacting materials. At the same time, the bifilar-pendulum will
drive the PENG to strike the right board and EMG to reduce
the magnetic induction line through the coil (Figure 2afi]).
When the bifilar-pendulum comes to middle state, it makes
all the dielectric layers of M-TENG separate with all the elec-
trodes and increases the magnetic induction line through the
coil (Figure 2afii]). Since linear motor moves to the right state,
the BCHNG module will generate a state opposite to the left
state. Meanwhile, the left PENG will strike the board and the
magnetic induction line of the coil will decrease (Figure 2al[iii]).
When the amplitude of linear motor with reciprocating motion
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is fixed to 60 mm, the acceleration and deceleration of the recip-
rocating motion are set at 1.0, 3.0, and 5.0 m s, respectively.
The output performances of BCHNG are shown in Figure 2b-g.
The open-circuit voltages of M-TENG, PENG, and EMG
increase from 400 to 600V, 0.1 to 12V, and 0.3 to 1.2 V with the
acceleration increasing from 1.0 to 5.0 m s72, respectively. The
short-circuit currents of M-TENG, PENG, and EMG increase
from 0.02 to 0.27 mA, 0.1to 2 mA, and 0.3 to 3.5 mA, with the
acceleration increasing from 1.0 to 5.0 m s72, respectively. These
experimental results also fully demonstrate the characteristic
of TENG with high voltage and low current and the feature of
EMG with low voltage and high current. Figure S8, Supporting
Information, shows the transferred charges of M-TENG and
PENG under the same test conditions; they increase with the
acceleration from 0.5 uC at 1.0 m s~ to 1.5 uC at 5.0 m s and
0.1 uC at 1.0 m s to 5.3 uC at 5.0 m s72, respectively. The peak
power of BCHNG module with three kinds of generators driven
by the different acceleration of linear motor are illustrated in
Figure 2h-j. At the acceleration of 5.0 m s72, the peak power
of M-TENG is 15 mW with the external loading resistance of
500 kQ, the peak power of PENG is 7 mW with the external
loading resistance of 2 kQ and the peak power of EMG is 2 mW
with the external loading resistance of 400 Q, respectively. This
experimental results also fully demonstrate the characteristic
of TENG with high matching resistance and the feature of
EMG with low internal resistance. According to the excellent
output performance of BCHNG module in the linear motor, it
displays a good performance for the collection of ocean-wave
kinetic energy in the direction of propagation. In addition,
Figure S9, Supporting Information, shows the long-term sta-
bility of three components generator with the 250 000 opera-
tion cycles. Although stability of M-TENG is lower than that of
PENG and EMG, the BCHNG module can maintain about 80%
electric output after 250 000 operation cycles (Figure S10 and
Note S3, Supporting Information). This result indicates that the
BCHNG module shows the remarkable long-term durability. In
view of weak stability of M-TENG, this question can be solved
by charge excitation technique to further improve the durability
of the BCHNG module.[*#

2.3. The Output Performances of BCHNG Module
at Vertical Motion

In addition to the kinetic energy contained in the propagation
direction of sea water, water waves also contain huge gravita-
tional potential energy in the vertical direction, which can
drive a 10 000-ton ship to produce severe jolts. Based on the
geometric and mathematical relationship between the posi-
tion change of the center of gravity in the vertical direction and
the rotation angle in the swing process of the seesaw, we use a
seesaw to study the BCHNG module for harvesting the gravi-
tational potential energy of ocean-wave in the vertical direc-
tion. It not only can provide the various precise parameters
of motion for BCHNG module, but also can well simulate the
motion mode of vessel with incorporated BCHNG modules
in ocean waves. Working mechanism of the BCHNG module
driven by seesaw is depicted in Figure 3a. Since the BCHNG
module arrives at the left tilting state, the bifilar-pendulum

© 2022 Wiley-VCH GmbH
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Figure 2. Output performance of the BCHNG module at horizontal motion. a) Operating mechanism of the BCHNG module driven by linear motor.
The open-circuit voltage of b) M-TENG, c) PENG, and d) EMG with the various acceleration of linear motor. The short-circuit current of ) M-TENG,
f) PENG, and g) EMG with the various acceleration of linear motor. The peak power of h) M-TENG, i) PENG, and j) EMG with the various acceleration

of linear motor.

swings to the left board, resulting in the FEP films of left
M-TENG contacting with the Cu electrodes and generating tri-
boelectrification in between. Simultaneously, the FEP films of
right M-TENG separating with the Cu electrodes and occurring
the corresponding current between the two Cu electrodes of
M-TENG unit. Meanwhile, the coil of EMG cuts the magnetic
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sensing line from right to left and the left PENG strikes the left
board (Figure 3a[i]). As the module comes to the medial equi-
librium state, the FEP films of two M-TENGs on both sides
will separate with the Cu electrodes together. Synchronously,
the magnetic induction line through the coil will reach the
maximum and the two PENGs will be back to the equilibrium

(5 of 10) © 2022 Wiley-VCH GmbH
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Figure 3. Output performance of the BCHNG at vertical motion. a) Working mechanism of the BCHNG module driven by seesaw. The open-circuit
voltage of b) M-TENG, c) PENG, and d) EMG under the different angles of seesaw. The short-circuit currents of e) M-TENG, f) PENG, and g) EMG
under the different angles of seesaw. The peak power curve of h) M-TENG, i) PENG, and j) EMG under the different angles of seesaw.

state (Figure 3alii]). Once the BCHNG module swings to the  different rotation angles of seesaw are depicted in Figure 3b-d,
right tilting state, the BCHNG module will display a state  respectively. The open-circuit voltages of M-TENG, PENG,
opposed with the left tilting state (Figure 3a[iii]). The open- and EMG increase from 500 to 900 V, 11to 17 V, and 1to 2.5 V
circuit voltage of M-TENG, PENG, and EMG under the with the rotation angle of seesaw from 5° to 20°, respectively.
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Correspondingly, the short-circuit currents of M-TENG, PENG,
and EMG increases from 0.3 to 0.7 mA, 3.4 to 10.6 mA, and
3 to 7 mA, respectively (Figure 3e—g). Under the same test
conditions, the correlational transferred charges of M-TENG
and PENG are presented in Figure S11, Supporting Informa-
tion, and the transferred charges of M-TENG increase with the
rotation angle of seesaw from 1.5 pC at the 5° to 2.2 uC at the
20° and the values of PENG increase with from 5.5 to 11 uC.
It is worth noting that the maximum surface charge density
of M-TENG with 163 uC m™ is obtained even the contacted-
area of M-TENG up to 135 cm?, which is almost three times
as high as that of traditional TENG with the characteristic of
large contact-area.*l The first reason is that the thin of FEP
film with the micro/nano surface structure can hold a high sur-
face charge density (Figure S12, Supporting Information). The
second reason is that the soft foam and the geometry structure
design can help to improve the contact intimacy and triboelec-
tric efficiency of FEP film. Meanwhile, the peak power curves
of three kinds of generators with different external loading-
resistance are presented in Figure 3h-k, the related peak power
of three kinds of generator gradually increase with the rota-
tion angle of seesaw. At the rotation angle of 20°, the M-TENG
achieves the peak power of 39.2 mW at a matched load-resist-
ance of 1 MQ, the PENG realizes the peak power of 30 mW at
a matched load-resistance of 700 Q, and the EMG obtains the
peak power of 2.5 mW at a matched load-resistance of 500 €,
respectively. Therefore, the BCHNG module will achieve the
peak power density of about 358.5 W m~3, which is composed
of the M-TENG of 196 W m~3, the EMG of 12.5 W m~3, and the
PENG of 150 W m™, respectively. Compared with some pre-
vious classical research work for water wave energy collection, it
is obvious to find that the BCHNG module can achieve higher
power density output even under unfavorable driving condi-
tions (Table S1). This result indicates that the BCNHG module
can harvest large wave energy as well as collect water wave
energy composed of small ripples.[#3>36448] In addition, it is
obvious that the output performance of the module in the ver-
tical direction is significantly higher than its test performance in
the horizontal direction. The reason is that the relatively larger
gravity, compared with the inertial force, can make the coil of
EMG obtain a faster change rate and it also make M-TENG and
PENG generate the more efficient uniform contact (Figure S13,
Supporting Information). Figure S14, Supporting Informa-
tion, shows that the average power of M-TENG is 1.14 mW at
an external load-resistance of 20 MQ, the average power of
PENG is 0.98 mW at an external load-resistance of 2000 Q,
and the average power of EMG is the 0.26 mW at an external
load-resistance of 1000 Q, respectively (Note S4, Supporting
Information). Therefore, the BCHNG module will realize the
average power density of about 11.9 W m~3, which is composed
of the M-TENG of 57 W m™>, the PENG of 49 W m™, and the
EMG of 1.3 W m™3, respectively. The contribution of the three
generators for the average power of BCHNG module is 47.9%
of the M-TENG, 41.2% of the PENG, and 10.9% of the EMG
(Figure S15, Supporting Information) and the output perfor-
mance of the BCHNG module can be further improved by the
optimization of the number of units in M-TENG, the number
of coils in EMG, the magnetic field strength of the magnet,
and the thickness of ceramic plates in PENG. The high power
density M-TENG results from the high surface charge density,
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the good geometry structure design, and space utilization effi-
ciency from multilayered-structure of TENG. Importantly, the
BCHNG module can simultaneously harvest the kinetic energy
and gravitational potential energy of ocean wave, which is ben-
eficial from the swing of bifilar-pendulum.

2.4. Output Performance and Applications of BCHNG
in Water Wave

In order to better demonstrate the BCHNG module for har-
vesting ocean-wave energy, a boat with incorporated BCHNG
module is installed in a water tank, which can simulate the
motion of ocean-waves by the generated water waves (Figure 4a).
Figure S16, Supporting Information, displays the photos of the
fabricated BCHNG module. As demonstrated in Figure 4b and
Movie S1, Supporting Information, the incorporated BCHNG
module in the boat operating in simulating water waves can
real-time drive a hygrothermograph (power: 60 uW and screen
size: 6.5 cm x 6 cm). The related circuit diagram is depicted
in Figure 4c and the energy storage device is composed of two
100 UF capacitors in series. In addition, the integrated BCHNG
modules in the boat working in simulating waves can harvest
water wave energy to store energy in the energy storage device
(three 3.3 mF capacitors in parallels) and then drive a water
quality detector (Movie S2 and Figure S17, Supporting Informa-
tion). In the above process, every generator is connected with a
rectifier bridge before linking with energy storage device to pre-
vent the output counteraction due to the asynchronous motions.
In the future, a vessel that integrates more BCHNG modules
for water wave energy collection will be able to detect tempera-
ture, humidity, water quality in situ, and even drive a wireless
signal transmission device to send the related data back to land
for building a smart Marine Internet of Things network. Mean-
while, the corresponding peak power of incorporated BCHNG
module in boat in simulating water waves is displayed in
Figure 4d; the highest power of M-TENG, PENG, and EMG are
3.1, 2.9, and 0.6 mW under the loading resistance of 20 MQ, 2,
and 1 kQ, respectively. It is needed to note that the swing angle
of bifilar-pendulum in the simulated wave height is lower than
the rotation angle of seesaw simulation test. Therefore, when
the vessel with incorporated BCHNG modules operate at the
real ocean waves, the BCHNG module will achieve a higher
power density. Furthermore, under the driving of simulated
water wave, the charge curves of three kinds of generators and
BCHNG module are studied by two 100 UF capacitors in series
(Figure 4e). It is clear that the BCHNG module integrating three
generators has a faster charging capacity rate. Although the
loaded impedance of the three generators is not the same, com-
pared with that of one generator, the simple superposition of
three generators can still effectively improve the collection effi-
ciency of water wave energy. The energy conversion efficiency of
BCHNG module can be further enhanced by developing a suit-
able power management circuits in the future. As displayed in
Figure 4f=k, open-circuit voltage of M-TENG, PENG, and EMG
are 650, 11, and 0.65 V and the corresponding short-circuit cur-
rent is 150 HA, 6, and 2.2 mA, respectively. In addition, the rela-
tional transferred charges of M-TENG and PENG are shown in
Figure S18, Supporting Information, and we can easily find the
transferred charges of 1.08 and 5.0 uC are realized.

© 2022 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

O ———— - -

www.afm-journal.de

(b) (c) EMG

e e e T e e el e e e e e

R e e e e e

L
)
| d) -o- PENG (e) — EMG
1 -o- TENG o &
: 53' -o- EMG
34
Ly l g
B3 g
o
LHEAYIE
P s 0.
: T 100 100 100 107 10° 0 5 10 15 20
I Resistance () Time (s)
L) o0 (@), i(h) :
1 TENG PENG 0.8 1
| _ oood 12 0.6] i
i S 400] S 91 S 0.4 :
-, o] 021 i
: g 34 0.0 :
: S 9 ik S 0.2 1
2004 ) ] ]
i 200 i (f)o.4 H
: 4001 0.6 :
! 0 3 6 0 12 15 T8 3 6 6 12 15 18 !
i Time (s) Time (s) 1
L 7 1
i) () '
(1) 20] o
i “1TENG PENG .
1 1504 sl 1
i g 100] 3 g
1§ = : :
: g 04 04 ]
1 -504 :
T = !
: 150+ -6+ 1
1 2 4 6 8 10 12 14 16 18 0 3 6 9 12 15 18 0 3 6 0 12 15 18 :
1 Time (s) Time (s) Time (s) :

e e e e e e - -

Figure 4. Output performance and application of the boat with incorporated BCHNG modules in water wave. a) The photo of boat with incorporated

BCHNG modules in water tank. b) Demonstration

of the boat incorporated with the BCHNG module as a power source to drive a hygrothermograph.

¢) The corresponding circuit diagram of BCHNG module to driving functional device. d) The corresponding peak-power—resistance profiles of BCHNG
module with three kinds of generators. e) The charge curve of three kinds of generators and BCHNG module. Open-circuit voltage of BCHNG with
f) M-TENG, g) PENG, and h) EMG in the simulated water waves. Short-circuit current of BCHNG with i) M-TENG, j) PENG, and k) EMG in the simu-

lated water waves.

3. Conclusions

characteristics of PENG and the coil of EMG as the PTO and
the light-weight characteristics of TENG is used to balance

In summary, BCHNG modules incorporated in a vessel the weight of bifilar-pendulum cone, the captured power of
is provided to harvest ocean-wave energy. Because the BCHNG modules with water wave energy can be significantly

bifilar-pendulum cone is fabricated by

Adv. Funct. Mater. 2022, 32, 2111775

using the heavy increased and a floating wave energy collection device with the

2111775 (8 of 10) © 2022 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

advantages of simple installation and maintenance can be real-
ized. The BCHNG module can harvest the kinetic energy and
gravitational potential energy of ocean-wave at the same time,
which is based on the swing of bifilar-pendulum. In addition,
benefiting from the reasonable utilization of space by cou-
pling PENG and EMG, the BCHNG module obtains an excel-
lent output performance with a power density of 358.5 W m~3,
which is increased by one or two orders of magnitude com-
pared to previous related work. Meanwhile, the output per-
formance of the BCHNG module can be further improved
by optimizing parameters such as the number of units in
M-TENG, the number of coils in EMG, the magnetic field
strength of the magnet, and the thickness of ceramic plates in
PENG. More importantly, thanks to the advantages of vessel
platform, the module can obtain higher output performance
and good adaptive capacity in real marine environment without
complex isolation protection. Finally, the vessel platform pro-
vides enough space for the BCHNG modules to integrate with
other technology modules, such as, desalination and marine
sensor to achieve a self-powered marine resource development
and marine monitoring in situ. In a word, this work provides
a new and effective method to harvest the ocean-wave energy.

4. Experimental Section

Fabrication of the M-TENG: First, a 42 cm X 5 cm x 30 um Kapton
film with evenly spaced intervals of 7 cm was applied as the substrate
for M-TENG, on which, a foam with 50 um (7 cm x 5 cm x 50 um) to
achieve a better contact was attached on each interval. Then, a copper
foil (4.5 cm x 6 cm) was adhered on each foam to form one electrode.
For another electrode, a FEP film (4.5 cm x 6 cm x 30 um) as dielectric
layer was stuck on another copper foil. The FEP, copper, and foam were
pasted on the alternate interval of the Kapton. Then the entire Kapton
was bent to a zigzag structure to achieve M-TENG.

Fabrication of the PENG: The corresponding structure of PENG
is displayed in Figure S1b, Supporting Information; a copper
electrode with the size of 5 cm X 7 cm x 0.5 mm was coated with a
4.8 cm x 5.0 cm X 0.2 mm PZT piezoceramics on both sides and kept
the same polarity of the PZT connected to the copper electrode. In
addition, the other surface of the two PZTs was coated with a silver
electrode of about 0.1mm.

Fabrication of the EMG: At first, enameled wire with a diameter of
0.2 mm with about 50 000 loops was wound around a copper wedge-
shape pendulum cone of bifilar-pendulum to be the coil of EMG. A pair
of wedge-shaped magnet on the opposite sides was used to make the
coil cut the magnetic induction line and generate electric energy.

Fabrication of the BCHNG Module: The BCHNG modules consisted of
an EMG, two PENGs, and two M-TENGs as shown in Figure 1c. Herein,
the wedge-shaped pendulum cone was used to increase the contact area
of M-TENG. Next, a square acrylic (size: 2 cm x 1 cm x 1 cm) with a hole
in the center of side (diameter:6 mm) was attached on the top of bifilar-
pendulum cone and the bifilar-pendulum cone is fixed to the bracket by
using a fishing line (diameter: 1 mm, length: 13 cm). Finally, the effective
volume of BCHNG module was composed of a cuboid with a volume of
about 400 cm? (10 cm x 6 cm X 6.7 cm).

Fabrication of the Boat: The boat with the size of
50 cm x 20 cm x 30 cm was fabricated with acrylic sheet. To ensure
the lateral stability of boat, a pair of acrylic blocks with 20 cm x 10 cm
was symmetrically added on both sides of the hull as a fin stabilizer to
eliminate the influence of transverse water waves in the ship’s motion in
direction of water wave propagation

Electrical Measurement of the BCHNG module: For the electric output
measurement of the modules, a linear motor (TSMV120-1S) and a

Adv. Funct. Mater. 2022, 32, 2111775

seesaw were utilized to drive the BCHNG, and a 27 m x 0.7 m x 0.7 m
of water tank was used to simulate the wave. The programmable
electrometer (Keithley model 6514) was applied to test the transferred
charges and short-circuit current. The mixed domain oscilloscope
(MDO3024) was utilized to test the open-circuit voltage. A potentiostat
(Biologic, VMP3) was utilized to test the voltage of the capacitor in
charging capacitor test.

Supporting Information

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