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With the increasing deterioration of the natural environment, exploiting clean and renewable energy has
become the top priority of scientific research today. One of the most prospective routes is to harvest
water wave energy using triboelectric hanogenerator (TENG). In this work, a spherical TENG based on
spring-assisted multilayered structure was fabricated to collect multidirectional water wave energy, and
a power management module (PMM) was integrated to manage the output energy. The output
performance of the TENG device was found to be controlled by the water wave frequency, amplitude,
and orientation angle between the triggering direction and middle plane. Furthermore, with the PMM,
the spherical TENG could output a steady direct current (DC) voltage on a resistance, and the charging
speed to a supercapacitor was improved by 100 times. The power-managed performance of the whole
TENG was also influenced by the circuit connection configurations among multilayered TENGs. A digital
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thermometer and a water level detection/alarm system were successfully driven by the power-managed
TENG as the demonstrated applications. This work not only provides a type of spherical TENG capable
DOI: 10.1039/c9ee032584d of harvesting multidirectional water wave energy, but also effectively manages the output energy for
practical applications toward blue energy. Our study demonstrates a typical example of how to build a

rsc.li/ees self-charging power pack that can effectively use random energy in a regulated manner.

Broader context

With the deteriorating environment caused by the consumption of traditional energy sources, the exploitation of clean, renewable and sustainable energy
sources has become the focus of research. Harvesting ocean wave energy by triboelectric nanogenerators (TENGs) exhibits broad prospects due to their
advantages of being lightweight, low fabrication cost and high efficiency. However, the output of previous TENGs is restricted by water wave triggering
directions, which is not appropriate for harvesting irregular and random wave energy. Moreover, the large impedance and the unbalanced load matching of
TENGs make it difficult for them to power electronic components directly and effectively. In this paper, we not only designed and fabricated a spherical TENG
for harvesting water wave energy from multiple triggering directions, but the power management of TENGs was also investigated in detail, demonstrating a
typical example of how to build a self-charging power pack that can effectively use random energy in a regulated manner.

Introduction

With the rapid development of the human economy and
society, the environment pollution caused by the consumption
of fossil fuels imposes a huge challenge to our society. People
are becoming gradually conscious of the importance of the
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renewable energy sources for large-scale practical applications.'?
Although it has been explored for decades, the current schemes for
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collecting water wave energy are still inadequate. That is because of
the fact that the commonly adopted electromagnetic generator
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(EMG) is unable to efficiently work under the low frequency of
ocean waves.””

Triboelectric nanogenerators (TENGs) can effectively harvest
mechanical energy to generate electricity from low frequency
motions, providing a new approach to capturing water wave
energy.®"" Compared with EMGs, TENGs adopt a completely
different mechanism, originating from the Maxwell’s displace-
ment current.”> TENGs exhibits obvious advantages such as
high power density,”" high efficiency,’*"” light weight,'®"°
and low fabrication cost, so they can be widely applied for
harvesting various energy sources from human motion, to wind
and water waves.”°® Among various TENG structures, the
spherical TENG is the most representative one for harvesting
water wave energy.”® However, the output performance of
previously fabricated rolling spherical TENGS is relatively low,
greatly limiting the applications.?** Then we introduced a
spring-assisted multilayered structure into a spherical TENG
and dramatically optimized the output performance and
efficiency.>® Nevertheless, the as-fabricated spherical TENGs
can generate electric energy only at a specific water wave
triggering direction due to the restriction of spring orientation,
which is not appropriate for harvesting irregular and random
wave energy. Therefore, for practical applications, a spherical
TENG capable of harvesting water wave energy regardless of
the triggering direction is desirable. In addition, the power
management of TENGs investigated in our recent work is also
worthy of being studied in detail,** because the large impedance
and the unbalanced load matching of TENGs make it difficult for
them to power electronic components directly and effectively.**®

Herein, we designed and fabricated a spherical TENG with a
spring-assisted multilayered structure for harvesting water
wave energy from multiple triggering directions, and integrated
it with a PMM to manage the output energy. First, the output
performance of the TENG triggered by water waves with various
frequencies and amplitudes was systematically measured,
where the influence of the orientation angle reflecting the
triggering direction was also addressed. Next, through connecting
the PMM with the TENG, the load resistive performance and
charging performance were investigated for different circuit
connection manners between multilayered TENGs. Finally, the
power-managed spherical TENG was applied to power a digital
thermometer and drive a water level detection/alarm device,
demonstrating the extensive applications of TENGs toward blue
energy.

Results and discussion

The structure of the spherical TENG for collecting multi-
directional water wave energy, floating on the ocean water
surface, is schematically illustrated in Fig. 1a. Such a spherical
structure is composed of six multilayered TENGs that are
symmetrically located in different directions. Each multilayered
TENG has five basic contact-separation mode units as shown in
the enlarged view, and there are 30 basic units integrated inside
the spherical shell with improved space utilization. A 50 um-thick
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and 4.5 cm-wide Kapton film is shaped in a zigzag structure as the
substrate of one multilayered TENG. Each basic TENG unit inside
one multilayered TENG consists of a copper electrode and a
fluorinated ethylene propylene (FEP) film bonded by another
copper electrode. The working mechanism of each basic unit is
briefly described in Fig. S1 (ESIt). Under the triggering of water
waves, the contact and separation of the Cu electrode and FEP film
generate opposite charges on their surfaces, and the change of
electrical potential difference between two electrodes drives free
electrons to flow through the external circuit. For the purpose of
increasing the output of each multilayered TENG, four flexible
springs adhered to two acrylic blocks are introduced to support the
multilayered TENG, which converts the low frequency water wave
motions to high frequency vibrations. Six copper balls of 120 g roll
and collide with the acrylic substrates attached with the TENGs to
make the TENGs work.

The whole spherical structure can be divided into six iden-
tical and independent spaces with the acrylic shell as Fig. 1c
shows, where the multilayered TENGs working in six different
directions do not affect each other. The relative positions of
the six spaces inside the spherical shell are also labeled. The
fabrication details can be found in the Experimental section.
Fig. 1b is the photograph of an as-fabricated spherical TENG
device with a diameter of 15 cm. Unlike the previous structures,
this spherical TENG is isotropic, so the water wave energy in
random directions can be collected without depending on the
orientation. In this work, the correlation between the TENG
performance and the orientation angle reflecting the triggering
direction will be further discussed. Fig. 1d shows a schematic
representation for the orientation angle o between the triggering
direction of water waves and the middle plane of the spherical
TENG. The examples of « = 60° and 45° are presented. The middle
plane was defined as the section plane of four internal multi-
layered TENGs. The triggering direction of water waves is
perpendicular to the horizontal plane, because the longitudinal
impulse waves were adopted here for conveniently controlling
the stable motion of the spherical TENG.

In order to generate the longitudinal impulse waves, a
function generator was applied to drive a series of water pumps
at the water bottom in the tank. Since the ocean waves in the
natural environment have a low frequency below 2.0 Hz, the
water wave frequency in the range of 0.5-2.0 Hz was considered
in this work. Various amplitudes of water waves can be realized
by adjusting the voltage amplitude H,, of the function
generator. Because of the instability of water waves, it is
impossible to accurately measure the wave amplitude or wave
height. Therefore, the H,,; was adopted to reflect the amplitude
of water waves, because it is approximately proportional to the
water wave amplitude. After sealing and the waterproof process,
the spherical TENG was placed in a water tank. Usually, high
humidity can greatly reduce the output of TENGs, but the
spherical TENG well-sealed by the waterproof tile cement
can keep the outputs just with a slight decrease for a long
time. When the spherical TENG was triggered by water
waves, although the six multilayered TENGs worked in different
directions, the basic units in each multilayered TENG were able

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) Schematic diagram of the spherical TENG floating on the ocean water surface, and the enlarged structure of the internal multilayered TENG.
(b) Photograph of the as-fabricated spherical TENG device. (c) Exploded view of the spherical TENG. (d) Examples for the orientation angle « = 60° and
45° with the schematic representations of the middle plane, horizontal plane, and triggering direction.

to approximately maintain a synchronous motion. Therefore,
the basic units in one multilayered TENG were electrically
connected in parallel without rectifier bridges. However, each
multilayered TENG was connected with a rectifier bridge before
linking with each other for preventing the output counteraction
due to the asynchronous motions.

The output performances of each multilayered TENG and
the whole spherical TENG were first investigated when the
angle o was fixed at 90°, where the middle plane of the spherical
TENG coincides with the horizontal plane, and the triggering
direction of water waves is perpendicular to the middle plane.
Fig. 2a-c shows the output current, transferred charge and
output voltage of each multilayered TENG under the water
waves with a frequency of 1.0 Hz and Hy, = 2.5 V. As can be
seen, the outputs of the No. 5 TENG are the highest, because
the interaction of the copper ball and springs in this space can
bring sufficient material surface contact for each basic TENG
unit. The output current, transferred charge and the output
voltage reached 120 pA, 1.0 pC, and 280 V, respectively. As for
the No. 1-4 TENGSs, the movement directions of the copper
balls have an angle with the triggering direction of the water
waves, generating lower outputs than the No. 5 TENG. The
outputs of the No. 6 TENG are the worst, since the copper ball

This journal is © The Royal Society of Chemistry 2020

located directly below the TENG can only drive the basic TENG
units to contact and separate slightly. Then the six TENGs are
linked in parallel after separately connecting with rectifier
bridges. The typical electrical output performance of the whole
spherical TENG under the same water wave conditions is
shown in Fig. S2 (ESIT).

Fig. 2d-f presents the rectified output current, voltage and
peak power-resistance relationship as the water wave frequency
increases from 0.5 Hz to 2.0 Hz at a fixed H,,, of 2.5 V. It is
apparent that the output current and voltage both first increase
and then decrease, reaching the maximum values of 200 pA and
250 V at a frequency of 1.0 Hz. The output peak power also
arrives at the maximum value of 8.5 mW at the frequency
of 1.0 Hz and the matched resistance of 1.0 MQ, and the
corresponding power density is 4.81 W m > according to the
device volume. As the water wave frequency increases, the first
increase in the output performance is because of the increasing
velocity of the copper balls that enhances the pressing force
onto the multilayered TENGs. When the frequency is higher
than 1.0 Hz, it is easy to make the copper balls oscillate
unstably, and the shorter vibration period limits them to
sufficiently press the multilayered TENGSs. In fact, the optimum
frequency is mainly determined by the entire structure consisting
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Fig. 2 (a) Output current, (b) transferred charge, and (c) output voltage for each multilayered TENG under the water waves with a frequency of 1.0 Hz

and Hqyt of 2.5 V. (d) Rectified output current, (e) output voltage, and (f) output peak power—resistance relationship at various water wave frequencies at
fixed Hout Of 2.5 V. (g) Rectified output current, (h) output voltage, and (i) output peak power-resistance relationship at various water wave amplitudes at

fixed frequency of 1.0 Hz.

of copper balls and springs inside the device. Besides the water
wave frequency, the influence of the water wave amplitude on the
TENG outputs was also studied, as shown in Fig. 2g-i. At the
optimal frequency of 1.0 Hz, the output performance of
the spherical TENG is positively correlated with the wave
amplitude. In other words, larger water wave amplitude is more
beneficial to the working of the TENG, and then slight water
waves at small wave amplitude cannot fully drive the TENG due to
the device weight, leading to a lower output performance.
Subsequently, the influences of the orientation angle o
between the water wave triggering direction and the middle
plane on the output performance of the spherical TENG were
investigated. When the orientation angle changes, the rolling
direction of the inner copper balls will be changed, which
produces different pressing forces upon the multilayered TENG
as triggered by the water waves, leading to varied output
performances. The output current, output voltage and peak
power-resistance relationship with respect to the angle o are
shown in Fig. 3a-c. The angle « varies from 90° to 0°, adopting
an optimal water wave frequency of 1.0 Hz and the amplitude
Hyye of 2.5 V. We obtained the output performance at such
conditions by addressing the influences of the water wave
frequency and amplitude at different angles (Fig. S3 and S4,
ESIt). As the angle o increases, the peak values of the output

280 | Energy Environ. Sci., 2020, 13, 277-285

current and voltage both first decrease and then increase with
decreasing angle o, exhibiting the minimum values of 114.5 pA
and 196 V at an angle « of 45°. The output peak power also has a
minimum value of 4.0 mW at o = 45° with a matched resistance
of 1 MQ. When the angle o is 0°, the output performance is
approximately equal to that of o = 90°, where the maximum
peak power is 8.8 mW. The trend of the output performance
related with the angle o is summarized in Fig. 3d. The profiles
of current, voltage, and power are centro-symmetric with
respect to the angle of « = 45°. The reason is that the axis
around which the spherical TENG rotates when the angle o
changes is an axis of tetragonal symmetry. As a matter of fact,
when « arrives at 0°, the spherical TENG returns the same state
as o = 90° leading to a similar output performance and
constituting a cycle. Moreover, it can be clearly seen that no
matter which angle the spherical TENG presents in water
waves, the water wave energy conversion can always be realized.

For achieving efficient water wave harvesting and extensive
practical applications, a universal and autonomous power
management module (PMM) was implemented for the spherical
TENG. The circuit schematic diagram of the PMM is demon-
strated in the right side of Fig. 4a. The PMM is an AC-DC buck
circuit used for the impedance and voltage conversion of the
TENG, including a serial switch S, a parallel diode D, a serial

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Output current, (b) output voltage, and (c) output peak power—resistance relationship when the angle « changes from 90° to 0°. (d) Trend of
the output performance of the spherical TENG with the decrease of angle « from 90° to 0°.

inductor L (5 mH) and a parallel capacitor C (10 pF) in
sequence.”>”® In the PMM, the state of the switch S is auto-
nomously controlled by the voltage of the TENG with the self-
management mechanism, which is realized by a micro-power
voltage comparator and a metal-oxide-semiconductor field effect
transistor (MOSFET). The detailed circuit layout of the power
management module and its top-view photograph after packaging
are shown in Fig. S5 (ESIT). A comparison of the charging voltage
between the direct charging and managed charging processes for
charging a supercapacitor of 0.1 F was made, as shown in Fig. 4b.
The water wave frequency was fixed as 1.0 Hz and the amplitude
Hyye was 2.5 V. Through direct charging for 360 s, the voltage on
the capacitor hardly rises. However, the voltage increases from
0 to 0.64 V in the PMM with 100 times improvement in the
stored energy (inset of Fig. 4b). With the strategy of maximized
energy transfer, the autonomous and sequential switching of the
MOSFET inside the PMM corresponds with the previous studies
using a parallel switch to achieve maximized energy output cycle
(CMEO). Therefore, the PMM can maximally extract electrical
energy from the TENG and transfer it to the back-end capacitors,
significantly improving the charging speed and stored energy.*®
In addition, through the PMM, random and irregular electrical
outputs can be converted into a steady DC voltage, meeting the
voltage demands of common electronics.

Integrated with the PMM, we investigated the electrical
outputs of the power-managed spherical TENG with various
circuit connection manners between six multilayered TENGs
under the water waves. The schematic diagram for the parallel
and series connections is presented in Fig. 4a. The switch S in
the PMM has a threshold voltage. If the threshold voltage is set
as a high value that the TENGs in series connection can reach

This journal is © The Royal Society of Chemistry 2020

always, but the TENGs in parallel can reach occasionally, the
output voltage of the PMM-integrated spherical TENG will have
a faster increase for the series connection, as shown in Fig. S6
(ESIt). The series connection is conducive to the working of the
PMM at this time. In the next studies, we are focused on the
case that the threshold voltage of the switch S is lower than that
of both the TENGS in series and in parallel. The output voltage
on a load resistance produced by the power-managed spherical
TENG with the internal TENGs connected in parallel and in
series was measured, as shown in Fig. 4c and d. All the voltage
curves first rise rapidly in a short time and then reach steady
states. The steady and continuous DC output voltage is realized
on the resistor, because the switch in the PMM is not only used
for the maximized energy transfer but also for DC buck
conversion in the circuit, and the LC unit in the circuit plays
a role of low pass filter, which retains the DC component and
restrains the high frequency harmonic component in output
voltage.?® The stable DC voltage values at different resistances
are extracted in Fig. 4e, showing that the saturated voltage
increases with increasing resistance. Furthermore, the voltage
for the parallel connection manner increases from 0.31 V to
10.5 V as the resistance varies from 10 kQ to 1 GQ, while the
voltage for the series manner only increases from 0.22 V to
8.5 V. In this case where both the TENGs in two connection
manners can always reach the threshold voltage, the time
periods of the switch in the PMM turned on are nearly the
same, so that the higher current provided by TENGs in parallel
connection can realize a higher output voltage and translated
energy.

Then the charging performance of the spherical TENG with
the PMM to load capacitors was also compared for the parallel

Energy Environ. Sci., 2020, 13, 277-285 | 281
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Fig. 4 (a) Schematic diagrams for the parallel and series connections between the multilayered TENG units inside the spherical TENG, and the circuit
schematic diagram of the PMM. (b) Comparison of the charging voltage and stored energy between the direct charging and managed charging for
charging a supercapacitor of 0.1 F under the water waves at a frequency of 1.0 Hz and amplitude Hyy: of 2.5 V. (c and d) Output voltage on a load
resistance produced by the power-managed spherical TENG with the parallel and series connections, respectively. (e) Saturated DC voltage values with
respect to the load resistance. (f and g) Charging voltage on various load capacitors for the spherical TENG with the PMM in the parallel and series
connections. (h) Stored energy with the capacitance increasing from 47 pF to 10 mF for the two connection manners.

and series connections. As shown in Fig. 4f and g, for each
capacitance, the charging voltage first increases at a faster
speed, and then increases until saturated with a decreasing
charging speed. The charging speed for a smaller capacitance is
faster, and a higher charging voltage can be achieved during
the charging time of 60 s. We can also view that the charging
voltage for the parallel connection is higher. Fig. 4h charac-
terizes the stored energy with the capacitance from 47 pF to
10 mF for two connection manners. For the TENGs in parallel
connection, the stored energy gets a maximum value of
1.6 m]J at the capacitance of 470 pF. While the maximum stored
energy for the series connection is only 0.8 m], although the
matched capacitance under the two circuit connections is
identical. Therefore, the parallel connection is also more ben-
eficial for the energy storage, as well as the energy conversion.

Finally, the applications of the power-managed spherical
TENG for harvesting water wave energy were demonstrated. The
conception of utilizing the spherical TENG integrated with
the PMM to realize detection, display and alarm for marine
information including water temperature and water level is
illustrated in Fig. 5a. Here, we chose a digital thermometer and
a water level detection/alarm device to achieve the idea under

282 | Energy Environ. Sci, 2020, 13, 277-285

laboratory conditions. The internal multilayered TENGs in the
spherical device were connected in parallel, and the water wave
conditions with a frequency of 1.0 Hz and amplitude H,,, of
2.5 V were adopted. Fig. 5b is the voltage profile on the
thermometer powered by the spherical TENG integrated with
the PMM. The voltage on the thermometer can rapidly rise to
1.3 V within the charging time of 2 s, and the thermometer
starts to measure the water temperature and display the value.
Next, the thermometer is able to work constantly, since the
voltage value continues to fluctuate between 1.3 V to 2.0 V as
long as the water waves are generated. The photograph of
lighting up the liquid crystal display (LCD) screen of the
thermometer is presented in the inset. The experimental
process is recorded in Movie S1 (ESIt).

Besides the digital thermometer, the application of driving a
water level detection/alarm device was also shown, as in Fig. 5c.
The design of the device introduces five level float switches
aligned from low to high in a water tank for autonomous
control, containing three normally-off switches marked by S1,
S3 and S5 and two normally-on switches of S2 and S4. Above all,
the S1 and S2 are linked in series to control an LCD and a light
emitting diode (LED) simplified as L1 in Fig. 5c. The S3 and S4

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) Framework for the integrated self-powered marine information detection/display/alarm system driven by the power-managed spherical
TENG. (b) Application demonstration for powering a digital thermometer. The voltage profile on the thermometer and the photograph of the PMM and
the LCD screen are shown. (c) Application demonstration for driving a water level detection/alarm device. The voltage on the detection/alarm device,
schematic connection between the switches and the device, and photographs of the LCD display for water level detection and the LED lit-up as an alarm

are shown.

in series are employed to control L2 accordingly, while S5 is the
switch of L3. Afterward, the three parts are connected in
parallel and driven by the power-managed spherical TENG.
The charging process takes 13 s before the water level rises to
5 cm, and the voltage varies from 0 to 3 V. When the water level
reaches 5 cm, the normally-off switch S1 is submerged to be
turned on. As a result, LED 1 is lit-up to give an alarm, and the
LCD 1 displays the value of the water level. After the water level
rises a little more, the L1 is extinguished, because the normally-
on switch S2 is submerged to be turned off. The working
principles of lighting up L2 and L3 when the water level
respectively reaches 10 cm and 15 cm are similar. The experi-
mental process is shown in Movie S2 (ESIf). By continuous
water waves, this device can autonomously measure the water
level and provide an LCD display and alarm, which is of great
significance for marine warning.

Conclusions

In summary, we designed and fabricated a spherical TENG
device by integrating six spring-assisted multilayered TENGs for

This journal is © The Royal Society of Chemistry 2020

harvesting multidirectional water wave energy and then inte-
grated it with the PMM. The influences of water wave frequency
and amplitude on the output performance were investigated,
showing that the maximum outputs of 80 pA, 250 V, and
8.5 mW were obtained at the orientation angle of 90° under
the wave conditions of 1.0 Hz and Hy, of 2.5 V. Then the output
performance of the spherical TENG with respect to the orientation
angle was studied, proving that the energy conversion could
always be achieved regardless of the angle reflecting the triggering
direction. Furthermore, by integrating with the PMM, a steady
and continuous DC voltage can be generated on the load resistor,
and the stored energy could be greatly improved by 100 times for
charging a supercapacitor of 0.1 F. The circuit connection manner
between internal TENGs in the spherical device was also found
to affect the power-managed output voltage. Finally, a digital
thermometer and a water level detection/alarm device were
successfully driven by the power-managed spherical TENG,
demonstrating the broad application prospects toward large-
scale blue energy harvesting. Our study demonstrates a typical
example of how to build a self-charging power pack that can
effectively use random energy in a regulated manner, which is
the future of battery technologies for the internet of things.
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Experimental
Fabrication of the spherical TENG device

First, we divided the acrylic spherical shell with a diameter of
15 c¢m into six identical spaces by eight fan-shaped acrylic sheets
of suitable sizes. Second, we fabricated the multilayered TENGs
inside the spherical TENG. A Kapton strip (27 cm X 4.5 cm) was
divided equally into six squares and then shaped into a zigzag
structure, which was used as the substrate of the multilayered
TENG. Copper foils (4 cm x 4 cm) and FEP films (4 cm X 4 cm)
bonded with other copper foils were alternately adhered on both
sides of the Kapton strip, forming five basic TENG units. The Cu
side of each FEP-Cu film was attached to a foam block (4.5 cm x
4.5 cm x 1 mm) to achieve sufficient contact and separation of the
triboelectric materials. For the tribo-materials (FEP), we injected
electrons onto their surfaces through corona discharge technology at
5 kv for 5 min. After that, the five polarized TENG units were directly
linked in parallel. Next, two circular acrylic sheets with a diameter of
7 cm and a thickness of 1 mm were applied to sandwich the
multilayered TENG. Four flexible springs with a length of 4 cm
placed over screws were stuck between the two acrylic sheets to
support the structure. After repeating this structure to six copies, they
were separately placed in the six spaces of the acrylic spherical shell
together with six copper balls (120 g), composing the spherical TENG
that can harvest water wave energy in various directions. Finally, we
sealed and waterproofed the spherical TENG using the tile cement
for working in the water environment.

Electric measurements of the TENG device

The water waves applied in this work were generated by a series of
wave pumps (rw-20 JEPOWER TECHNOLOGY Inc.) and controlled
by a function generator (AFG3011C Tektronix Inc.). The output
current and transferred charge of the spherical TENG and the
voltage managed by the PMM were measured by a current
preamplifier (Keithley 6514 System Electrometer), while the
output voltage directly produced by the TENGs was measured
by a digital oscilloscope (Agilent InfiniiVision 2000X).
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