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ABSTRACT: Water wave energy is a promising clean energy source, which
is abundant but hard to scavenge economically. Triboelectric nanogenerator
(TENG) networks provide an effective approach toward massive harvesting
of water wave energy in oceans. In this work, a coupling design in TENG
networks for such purposes is reported. The charge output of the rationally
linked units is over 10 times of that without linkage. TENG networks of
three different connecting methods are fabricated and show better
performance for the ones with flexible connections. The network is based
on an optimized ball-shell structured TENG unit with high responsivity to
small agitations. The dynamic behavior of single and multiple TENG units is
also investigated comprehensively to fully understand their performance in
water. The study shows that a rational design on the linkage among the units
could be an effective strategy for TENG clusters to operate collaboratively

Current (nA)

Rigid : String Elastic
1Hz 2Hz: 1Hz 2Hz: 1Hz 2Hz

| W’ {#i!h

OYIHUOUSCVB
10 20 30 40 S0 60
Time (s)

. String connection
~— Elastic strip connection
—— Rigid plate connection
TENG unit

Electrode

JIORCRORCR

for reaching a higher performance.

KEYWORDS: triboelectric nanogenerator networks, water wave energy harvesting, coupling behavior, ball-shell structure, blue energy

s threatened by climate change and resource crisis,
Adeveloping renewable and clean energy has been a
focused goal for the world.' ™ Water wave energy is a
promising clean energy source that is especially abundant in the
ocean. The power from waves around the coastlines worldwide
was estimated to be over 2 TW (1 TW = 10" W).*> Although
having explored for decades, there still lack economical
technologies to extract water wave energy at a large-scale.’”*
Current machines usually have complex hydraulic or mechan-
ical structures to catch wave energy and convert it into rotary
motion or linear reciprocal motion for driving an electro-
magnetic generator.””'' Such designs make the whole device
complicated, heavy, and costly. More importantly, the
conversion efficiency is so low at low rotation frequency.12
The concept of using triboelectric nanogenerator (TENG)
networks was first proposed by Wang in 2014, and it shows
another route toward the goal to harness water wave
energy.'”'* The TENG, as driven by the Maxwell’s displace-
ment current, can effectively convert mechanical energy into
electricity based on the con}ugatlon of tribo-electrification and
electrostatic induction.'>'® Since its birth, TENGs with
different structures have demonstrated versatile abilities to
harvest mechanical energy from various sources especially at
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low frequency, such as wind, human walking, infrastructure
vibration, etc.'>'77** Among various mechanical energy
harvesting technologies, it has the merits of simple structure,
large design flexibility, abundant choices of materials, and low
cost.'®**7%® These features render the TENG networks to be a
viable technology to catch water waves that are of low
frequency.'* Several TENG prototypes have been fabricated
and demonstrated effective harvesting of water wave
energy.””” " Nevertheless, the present works mainly focus
on the structure and performance optimization of single
devices, while the TENG network still remains to be
experimented.

In this work, TENG networks based on an optimized ball-
shell structured unit are reported. First, we demonstrate a
TENG unit using treated silicone rubber as triboelectric
materials, which gives a high output at small agitations. The
dynamic behavior and angular dependence under harmonic and
impact agitations are studied comprehensively to obtain a full
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Figure 1. Structure and working principle of the TENG unit. (a, ¢, d) Photographs of a split ball-shell structured TENG unit, silicone rubber
balls, and outer shells. (b) SEM image of silicone rubber mixed with POM particles. (e) Schematic structure of the TENG unit. (f) Working
principle of the TENG unit. (g) FTIR spectra of the UV treated and the original balls. (h) Tribo-electrification performance for different pairs

of the ball and the shell under the same harmonic agitation.

understanding of such kinds of TENG units. The aggregated
performance of multiple TENG units is also investigated, and
quasi-continuous direct current can be observed for groups of
TENGs. Based on these, a coupling behavior for units linked
with each other in TENG networks is presented. The charge
output for rationally designed coupled units is over 10 times of
that without coupling. TENG networks with three different
connection methods were fabricated and characterized; the
ones with flexible connections show higher efficiency. The
coupled TENG network is an effective way to harvest water
wave energy, which is a direction for future development for
blue energy.

RESULTS AND DISCUSSION

Structure and Working Principle. A photograph of a split
ball-shell structured TENG (BS-TENG) unit is shown in
Figure 1a, and Figure le illustrates its detailed structure. The
TENG unit consists of one ball and two semispherical shells
with metal electrodes and dielectric layers on their inner
surfaces. Figure 1c and d shows a group of fabricated balls and
shells. Here, silicone rubber was used to prepare the ball and
the dielectric layer, where its softness would enhance the real
contact area and contribute to the durability of the device.
Ultraviolet (UV) treatment was applied to the ball, which has a
modification effect to the surface as shown in Figure 1g; the
Fourier transform infrared (FTIR) spectra of the original and

the UV treated silicone rubber indicate decreased band
intensity characteristic of the Si—O—Si signal (band 4 noted
in the figure), accompanied by weakened Si-CHj signal (band
1) and enhanced Si—OH signals (bands 2 and 3) after the
treatment, implying Si—O-—Si chain scission and oxidative
conversion of radical groups.”> This seems to introduce a
difference in the affinity to electrons for the ball and the
dielectric layer, manifesting a strong tribo-electrification effect
in the context of good surface contact (Figure 1h). To further
enhance the contact electrification, polyformaldehyde (POM)
particles were mixed into the dielectric layer, fabricating
microstructures on the surface,’®”” as shown in Figure 1b
(bare silicone rubber surface is shown in Figure S1 for
comparison). The UV treatment and the microstructures also
make the surface less sticky,” enabling smooth roll of the ball
on the dielectric layer with relative low damping force, which is
crucial for the performance of the TENG unit agitated by slow
water waves. The electrodes were fabricated by painting
commercial Ag-Cu conductive paint on the inner surface of
the shell.

The operation mechanism of the BS-TENG unit is mainly
based on the conjugation of tribo-electrification and electro-
static induction.'” As shown in Figure 1f, when the ball rolls in
the spherical shell, the surfaces of the dielectric layer and the
ball would be tribo-electrified, with static charges of the same
amount and opposite signs. Accompanying the back and forth
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Figure 2. Electrical characterization of a single TENG unit by a motor in air. (a) Experiment setup for single TENG unit tests. (b) The stable
and unstable motion of the ball in a shell without electrodes and dielectric layers. (c—e) Dependence of transferred charges, open circuit
voltage, and short circuit current on the displacement amplitude of harmonic agitations. (f) Dependence of short circuit current on the
frequency of harmonic agitations. (g, h) Dependence of the output power of the TENG unit on resistive loads for different harmonic
agitations. (i) Short circuit current of the TENG unit for impact agitations with the acceleration a = 20 m s>

movement of the ball, the positive charges on its surface would
induce negative charges to flow between the two electrodes on
the shell through an external circuit, generating alternate
current in the circuit. To stimulate the roll of the ball in the
shell, various mechanical agitations can be adopted, like rotate
or linearly shake the shell. Such mechanism of the device can be
classified into the freestanding triboelectric layer mode,"”*’
where the ball acts as the freestanding layer.
Characterization of a Single TENG Unit. To compre-
hensively understand the behavior of the BS-TENG under
external mechanical excitations, a single unit was clamped in a
chucking fixed on a linear motor that can impose harmonic and
impact agitations to the unit in a translational mode, as shown
in Figure 2a. Typical displacement curves of the agitations are
presented in Figure S2 in the Supporting Information. First, we
focus on the electrical outputs under various displacement
amplitudes L and frequencies f for harmonic agitations. As
shown in Figure 2¢, for an agitation of 3 Hz, the short circuit
transferred charges Qgc increase rapidly with initial rise of the
displacement amplitude, from 14 nC at S mm to 66 nC at 30
mm, then saturate with further increase of the amplitude. The
open circuit voltage V¢ and the short circuit current Igc show
similar behavior, which can reach 1780 V and 1.8 uA,
respectively, in the stable region (Figure 2d and e). Such

behavior indicates that the device can present high performance
under subtle agitations, which is ideal for water wave energy
harvesting. It can be observed that there exists a region around
50 mm to 60 mm, where the output waveform is chaotic. This
can be attributed to the unstable motion of the ball as
illustrated in Figure 2b and Videos S1 and S2 in the Supporting
Information. Different from a stable motion where the ball
simply rolls along the agitation direction, the ball in an unstable
motion state would roll in a chaotic way, sometimes
perpendicular to the agitation direction. The phenomenon
should originate from the nonlinear dynamic nature of the ball-
shell system that could show complex behavior under simple
excitations. In such unstable motion state, the device would not
have a strong dependence on the direction of the water wave,
and whatever the agitation direction is, the ball could have
movement along the direction between the two electrodes that
can generate electricity effectively. The dependence of the short
circuit current on the frequency was also investigated, as shown
in Figure 2f. The current increases monotonically with the
frequency and enters an unstable region after 3.2 Hz, where a
maximum current of about 3 yA can be observed at 5 Hz.
The output power of the unit was measured with varying
external resistance. The maximum peak power P, reaches 1
mW and 1.28 mW for agitations of 3 and 5 Hz, respectively,
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Figure 3. Orientation dependence of the output for a single TENG unit in air. (a, d) Schematic diagram of two orientation angles of the
TENG unit. (b, e, g) Transferred charges of the TENG unit with different orientations. (c, f, h) Comparison of charging performance of the

TENG unit to a capacitor of 1.07 uF with different orientations.

with matched resistance of around 1 GQ (Figure 2g and h).
The high matched resistance should originate from the low
inherent capacitance of the device.”*" We also calculated the
average power P, for the 5 Hz case, using the following
equation:28’40

ve = T (1)

where R represents the resistive load, I is the corresponding
current, and T is the period of the current waveform. A
maximum average power of 0.31 mW can be obtained with
matched resistance, which is about 24% of the peak power.
Here, the average power shows less decay relative to the peak
power, since the TENG is in freestanding triboelectric mode
where single current pulses have much longer duration
compared to the vertical contact-separation mode."”"'

Under impact agitations, a short circuit current of 2.4 yA can
be obtained (Figure 2i), and the ball will oscillate to output
about 10 pulses of current after single impacts. This shows that
the device can store the mechanical energy and continuously
translate it into electricity through internal vibrations afterward.

While in operation, the soft surface of the inner ball prohibits
the ball from violently colliding with the shell. Thus, the device
is expected to have excellent durability. A TENG unit tested for
several days can still have very stable output without any decay

in our experiments, and an 1 h continuous test is shown in
Figure S3 in the Supporting Information.

The exact matching between the water wave propagation
direction and the electrode arrangement was considered
important for the performance of such kind of devices, thus
multiple electrodes were designed to harvest energy from
different directions in previous works.”” Nevertheless, we have
shown above that for a two electrode design, unstable motion
would still enable energy harvesting from water waves of
random directions. Here, we will further discuss the angular
dependence of the output performance in a stable motion.
First, as shown in Figure 3a and d, we define a middle plane
that lies in the middle between the two semispherical
electrodes, and two orientation angles, that is, yaw angle
and pitch angle f, in reference to the agitation direction and the
horizontal plane. It is easy to understand that there will be
electrical output theoretically only when the movement of the
ball have a nonzero projection in the direction perpendicular to
the middle plane according to the proposed working principle
in Figure 1f.

In the experiments, we first increased the yaw angle o from
0° to 90° and measured the transferred charges, as shown in
Figure 3b. The transferred charges decrease slowly with larger
angles. For a worst situation of 90°, where the device should
have no output theoretically because the ball would roll along
the middle plane, there is still an output of about 25 nC. This
should be attributed to small asymmetries in the motion of the
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Figure 4. Electrical characterization of the 4 X 4 TENG array in air. (a) Photograph of the 4 X 4 TENG array. (b) Schematic diagram of the
rectification circuit for the array. (c—g) Output of the TENG array for harmonic agitations with L = 40 mm and f = 3 Hz: (c) is transferred
charges for each TENG unit in the array, (e) shows rectified short circuit current with different amounts of TENG units, and (d, f, g) show
charge output, short circuit current, and open circuit voltage of the array with rectification. The TENG units are numbered as noted in (c) and
(e). (h, i) Rectified short circuit current of the array under impact agitations of different accelerations and frequencies. (j, k) Dependence of
the output power of the array on resistive loads for harmonic agitations and impact agitations, respectively. (1) Charging performance of the

array for different capacitors with harmonic agitations.

ball to the middle plane and the sensitive response of the device
to subtle agitations as shown in Figure 2c. We also charged a
capacitor of 1.07 uF to get a reliable comparison of the
accumulative output charges, which shows similar trend, and
the charging rate is about 77% for 60° and 35% for 90°, as
compared to the data at 0° (Figure 3c), indicating that the
device with simple two-electrode design can have excellent
energy harvesting performance for water waves from most
directions.

For the pitch angle f, although the transferred charges
reduce from 64 nC at 0° to 54 nC at 90° the fluctuation
frequency of charge output shows an unexpected doubling
effect at 90°. As a result, the charging rate is even higher at 90°
than at 0° (Figure 3e and f). This is due to the relative motion
behavior of the ball to the electrodes; when the pitch angle is
90°, the middle plane would coincide with the horizontal plane,
and the ball would have two chances to move back and forth to
the upper electrode in a single roll cycle, producing two pulses
of output. For a smaller amplitude of the drive motion, the

transferred charges would decrease much faster for 90° (Figure
3g), thus although there is still a double frequency effect, the
charging rate at 90° is much lower than at 0° as shown in
Figure 3h. For the rest of the report, the yaw angle and the
pitch angle are both set to 0° unless otherwise specified.
Characterization of a Rigid Network. For the application
of water wave energy scavenging, TENG networks are required
for large-scale energy harvesting.”'>'* To understand the
dependence of the output on the amount of TENG units and
the performance of TENG groups, a 4 X 4 TENG array was
fabricated, where the units were mechanically connected by
rigid acrylic plates, as shown in Figure 4a. The electrical
connection of the array is shown in Figure 4b. Considering it
does not necessarily have the same phase, the output of each
unit is rectified first, and all of them are connected in parallel.
The array was tested with harmonic agitations and impact
agitations, respectively. We first tested the transferred charges
of each unit without rectification under harmonic agitations, as
shown in Figure 4c. The performance of each unit shows good
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uniformity, with an average value of 66.9 nC and a maximum of
72.6 nC, wh1ch is about 3 times as high as the highest value
reported.”” The rectified total transferred charges of 16 units
for a single cycle Qg6 can be calculated as 2.138 xC from
Figure 4d. The value is almost precisely the add-up of the
output from each single unit in Figure 4c multiplying by a
factor of 2 due to the rectification effect. The short circuit
current shows a linear dependence on the amount of units,
reaching 18.1 uA for 16 parallel connected units, as shown in
Figure 4e and f. This is reasonable considering that the current
is related to the rate of charge transfer:

dQSC,n
dt

ISC,n (2)
where Igc, and Qsc, represent short circuit current and
transferred charges of n units, respectively. In the present array,
the rigid connection makes the ball in each unit roll in roughly
the same pace, thus with the linear increase of Qsc, by n, Isc,
will also increase linearly. The measured open circuit voltage of
the array V¢ 4 is about 1020 V (Figure 4g), which is lower
than the voltage of a single unit mentioned above. This could
possibly be attributed to the adoption of the rectifier. The chip
used here has a maximum blocking voltage of about 1000 V,
thus it cannot reliably hold a higher voltage between the
positive and the negative pins due to a rapid increasing reverse
current in internal diodes with higher voltage. Because the open
circuit state with a high voltage is not used for applications here,

we still use this rectifier in the research for its low cost and
commercial availability.

The performance of the array under impact agitations is
shown in Figure 4h and i. While the acceleration of agitations a
increases, the peak short circuit current also rises almost linearly
and achieves 34.5 uA with an acceleration of 10 m s™2 For each
current pulse, there is a long tail lasting about 1.8 s, where the
current gradually decays to zero (Figure 4h). Due to such
current tails, with shorter impact intervals, the current pulses
corresponding to successive impacts would have influence with
each other and finally present a continuous current of about 3
MA in addition to a fluctuating one, as shown in Figure 4i.

The output power for different resistive loads was measured
under harmonic and impact agitations, respectively. For
harmonic agitations, the measured data show a maximum
peak power of 593 mW at 52.88 MQ (Figure 4j), and a
maximum average power of 2.04 mW (0.128 mW for each unit)
can be obtained at 70.5 M using Equation 1. The tiny
discrepancy in the above optimum resistances could be
attributed to that the average power is not just related to the
peak point of the current as the peak power.*” While
considering the volume of the ball, the array produces a peak
power density of about 2.06 W m™ and an average power
density of about 0.71 W m™. If the network covers a water area
of 1 km? and extends into 5 m in depth of water, with each unit
spaced about 7.5 cm, a maximum average power of 1.51 MW is
expected to be delivered.
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connected TENG network. (b) Imaginary picture of future large-scale TENG networks for harvesting water wave blue energy. (c, d) Rectified
short circuit current and transferred charges of three different types of TENG networks. (e) Charging performance of the three types of
networks to a capacitor of 11.2 uF. (f) Charging performance of the elastic strip connected network to different capacitors under water waves
of 2 Hz. (g) Photograph of the string connected network to power a thermometer. (h) Schematic diagram of the circuit for powering the
thermometer. (i) Charging and discharging processes for a capacitor of 108 uF to power the thermometer.

For impact agitations, as shown in Figure 4k, the measured
data show a maximum peak power of 12.83 mW, with
corresponding peak power density of 4.47 W m™>.

To test the performance of the array for capacitive load,
different capacitors were charged with the array, as shown in
Figure 41. Typically, the BS-TENG array can charge a capacitor
of 442 uF to 3 V within 22.9 s, and the stored energy can be
used to power small electronics, like thermometers, anemom-
eters, efc.

Coupled TENG Networks in Water. The TENG network
is proposed to harvest water wave energy in a large area.”' '
However, it is still not clear how the network should be
organized to receive the maximum output power, and what is
the function of the networking besides harvesting energy from
distributed local sites. In this section, we investigate TENG
arrays in real water circumstances and show a coupling behavior
between TENG units by networking, which acts as a crucial
role for TENGs to operate effectively in water waves.

In the study, wave tank experiments were carried out to test
single TENG units and 4 X 4 TENG arrays with different
network connection methods. The setup of the wave tank is
shown in Figure S4 in the Supporting Information. First, as
illustrated in Figure Sa, two sorts of TENG units were tested,
referred to as the free-unit and the linked-unit. For the free-
unit, the TENG floats freely on water surface, mimicking the
unit in an array with no mechanical connections. For the
linked-unit, the TENG is connected to a fixed pole above the
water surface by a polycarbonate (PC) strip of 1 cm width and

0.3 cm thickness, mimicking units with certain mechanical
coupling to a network.

The transferred charges of such units are shown in Figure Sb.
For the free TENG unit, obvious drifts of the baseline of charge
output can be observed, which reflect that the inner ball rolls to
certain sites without completely rolling back due to orientation
changes of the whole unit. Without effective constraints of a
linkage, the orientation of the unit would vary arbitrarily,
sometimes in a “dead” state where there is almost no output
(Video S3 in the Supporting Information). Even in good
orientations, the transferred charges can only reach about 30
nC for 2 Hz water waves. For the linked-unit, the performance
improves significantly, with transferred charges of 63 nC and 5§
nC in 2 and 1 Hz water waves, respectively, and the drift of the
baseline is suppressed. The comparison shows the crucial roles
played by the linkage that couples TENG units for proper
operation in water. Two effects can be concluded: First, the
constraint effect of the linkage helps the unit to maintain an
optimum orientation as discussed above; and second, the
linkage would transfer force and energy between units and
impose a torque to the unit accompanied by the push of water
waves, which drives the unit to rotate and to be excited
effectively by slow water motion. The second effect can explain
why even both in good orientations, the output improves
substantially for the unit in the linked state versus that in the
free state. The short circuit current shown in Figure Sc further
confirms the role played by the linkage. We also tested charging
performance of the units to a capacitor of 1.07 uF, to show the
long-term charge output and suppress short-term randomness
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(Figure Sd). Charging curves for the free-unit show obvious
plateaus where the voltage of the capacitor hardly has any
increase for a long time. For the linked-unit, the charging is
much faster, improving to about 11.6 times for 2 Hz water
waves, to charge the capacitor to 7.5 V.

The above data indicate that the effects of proper linkage are
musts for such TENG units to operate in water. For a group of
TENGs, the harvesting efficiency could be very low as
dispersed units covering large areas without linkage. Thus,
mechanical connections between units in the TENG networks
to effectively couple each unit play crucial roles. In the
networks, each unit is mechanically linked to other units, so
that the correlative mechanical movement by coupling among
them gives a high output. To further illustrate the idea and test
different connections, networks with three types of connections
were proposed, that is, rigid plate connection which will not
deform, elastic strip connection that can deform to some extent,
and string connection that can freely deform without extension,
as shown in Figure Se. The connection topology is shown in
Figure 5f. Details of the connection methods can be found in
the Experimental Section. Figure Sg further clarifies the effects
from unit coupling, using one-dimensional string connection as
an example. In general, the connection can maintain the unit in
a proper orientation, and meanwhile the force components at
the link points, F,, and F,;,, would impose a torque to the unit,
along with the interaction force from the water, making the unit
rotate or vibrate.

To test their performance in water, the above three types of
networks were fabricated and tested in the wave tank with
simulated water waves of frequencies 1 and 2 Hz, respectively
(Figure 6a). As shown in Figure 6c, for the rigid connection, it
can reach a rectified short circuit current of 8.3 yA at 1 Hz and
22 pA at 2 Hz. The rigid connection provides a strong
constraint for the units in the network, which makes them
move in a synchronized mode, resulting in relative large current
peaks at 1 Hz. For 2 Hz, the wavelength and vibration
amplitude reduce dramatically, and the output decreases rapidly
(Video S4 in the Supporting Information). For the cases with
the string connection and the elastic strip connection, which
can be regarded as flexible connections, the networks perform
well at both 1 and 2 Hz, and an internal vibration behavior
between units can be observed, as shown in Video SS in the
Supporting Information. Their current signals have similar
features that are composed by a continuous part of about 1 yA
and a fluctuating part, with total current peaks ranging from 6
HA to 7.5 pA. The rectified charge outputs are shown in Figure
6d, the elastic strip connection at 2 Hz shows the highest
output rate of 2.7 uC every second. For each unit in such
network, the charge output is about 10.8 times as that for free
units shown in Figure Sa. To observe charge outputs in longer
time scale and suppress possible randomness, a capacitor of
11.2 uF was charged with these networks, as shown in Figure
6e. The two flexible connections have similar performance for
the same water wave frequency, with the cases at 2 Hz a bit
higher than at 1 Hz. The rigid connection shows weaker output
at 1 Hz and the worst result at 2 Hz. The above experiments
indicate that flexible connections are better networking
strategies than the rigid one which imposes too much internal
constraints between units.

With excellent performance in water, the flexible networks
can charge different capacitors efficiently (Figure 6f), capable of
powering various small electronic devices, like sensors, wireless
transmission modules, efc. Here, we demonstrate an application

for the network to supply electricity for a thermometer to
measure the temperature of the water. The electrical circuit is
shown in Figure 6h. The output of each unit is rectified and
then parallel connected together to charge a capacitor of 108
UE. After the voltage rose to about 1.5 V, the switch was closed,
and the thermometer started to work to display the right
temperature of the water, as shown in Figure 6g and Video S6
in the Supporting Information. The initial charging process
took only about 78 s at 2 Hz using the string connected
network (Figure 6i). A more profound idea is to harvest water
wave energy from large areas with scaled up TENG networks,
that is, blue energy,s’1 /14 as shown in Figure 6b. With coupling
between units, the TENG network is proved to be an effective
way to harvest water wave energy. The aggregated power of
units in large areas can be huge. Such electricity can be
transferred to the grid on land or to small islands through
submarine cables, providing an inexhaustible clean energy
source for humans.

CONCLUSIONS

In summary, coupled TENG networks based on optimized BS-
TENG units for water wave energy harvesting are reported. A
rational design on the coupling among units greatly enhances
the operating efficiency of the network. The charge output of
the coupled units is over 10 times of that without coupling.
TENG networks of three different connection methods were
fabricated and characterized, with flexible connections perform-
ing much better than the rigid one for extra internal degrees of
freedom. The unit of the TENG network adopts a typical ball-
shell structure with optimized designs that have high
responsivity to small agitations. The dynamic behavior and
angular dependence under harmonic and impact agitations are
studied comprehensively to obtain a full understanding of such
kind of TENG units. The aggregated performance of multiple
TENGs is also investigated, and a quasi-continuous direct
current can be observed for groups of TENGs. The report
demonstrates that the coupled TENG network is an effective
way to harvest water wave energy, toward the blue energy
dream.

EXPERIMENTAL SECTION

Fabrication of the TENG Unit. For the inner ball, the base and
the curing agent of the silicone rubber (PS6605) were mixed uniformly
by volume ratio 1:1 and then poured into a ball-shaped mold with
inner diameter of 4 cm. A hollow plastic ball of 3 cm was placed in the
center of the mold to be wrapped up by the silicone rubber. After
curing for 1 h at the temperature of 60 °C, a hollow silicone rubber
ball was prepared. The ball was then UV treated for 10 min using an
UV cleaner (BZS25S0GF-TC). For the outer shell, Ag-Cu conductive
paint (Changyuan 6330) was painted on the inner surface of the shell
which has a diameter of 7 cm and baked at the temperature of 60 °C
for 0.5 h to form a tough layer of metal electrode. The silicone rubber
(PS6605) was then smeared over the electrode with POM particles
sprayed on and cured for 1 h at the temperature of 60 °C.

Fabrication of the Network. For the rigid plate connected
network, the 16 TENG units were placed between two acrylic plates
which have 16 round holes with a diameter of 6.3 cm in a 4 X 4 array,
and the TENG units were seated firmly in the holes. For the elastic
strip connected network, plastic strips with a width of 1 cm were glued
on every two neighboring TENG units to form a 4 X 4 arranged
TENG array, according to the topology shown in Figure Sf. For the
string connected network, every two neighboring TENG units in the
array were bunched with strings by a distance of about 1 cm.

Electrical Characterization. The open circuit voltage was
measured by an electrostatic voltmeter (Trek 344). The transferred
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charges and the current were measured by an electrometer (Keithley
6514).
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