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Highly Integrated Triboelectric-Electromagnetic Wave
Energy Harvester toward Self-Powered Marine Buoy

Chuanging Zhu, Mengwei Wu, Chang Liu, Cheng Xiang, Ruijiang Xu, Hengyi Yang,
Zhaoyang Wang, Ziyu Wang, Peng Xu, Fuzhen Xing, Hao Wang,* and Minyi Xu*

This paper proposes a highly integrated triboelectric-electromagnetic wave
energy harvester (TEWEH) that can efficiently collect wide-frequency wave
energy and realize a self-powered marine buoy. The innovative design of a
permanent magnet-polytetrafluoroethylene (PM-PTFE) ball ensures high
integration between the magnetic material forming the electromagnetic
generator (EMG) and the dielectric material forming the triboelectric
nanogenerator (TENG). In the condition of swinging (1 Hz and +30°), the
output of the TENG component can reach 230.25 V, 1.34 pA, and the average
output of the EMG is 2.30 V, 10.43 mA. Remarkably, even at an extremely low
frequency (0.2 Hz), the TEWEH maintains exceptional output. The output
power density of the TENG component and EMG component reach

13.77 W m~3 and 148.24 W m~3, respectively, which are much higher than in
previous work. The TEWEH can quickly charge the 330 pF capacitor to a
certain voltage, and then light up navigation mark lights and power
thermometers. A sealed TEWEH with circuits works as a self-powered marine
buoy that can transmit actual marine ambient temperatures to land. In
conclusion, the TEWEH has broad application prospects in the field of wave
energy harvesting and the self-powered marine Internet of Things.

1. Introduction

Oceans are abundant sources of renewable energy,!l such as
tidal energy,?! current energy,’! and wave energy.[*! Wave en-
ergy holds great promise as an energy resource because of its
high energy density and accessibility.l®’] Researchers are ac-
tively developing wave energy technology and expecting it to
power distributed marine devices such as the marine Internet
of Things (MIoT). Electromagnetic generators (EMGs) are the
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primary means for harvesting wave
energy.®12l  However, most EMGs
have complex structures, making their
integration with small-scale sensors
less desirable.’*' In addition, the
low frequency of ocean waves and
sometimes low-amplitude character-
istics are not favorable for EMGs (to
operate efficiently) and should be
supplemented by other alternatives.

The  triboelectric  nanogenerator
(TENG), invented by Wang et al. in 2012,
can effectively harvest mechanical energy
from the environment." It has been
widely studied for harvesting wind,1¢%]
vibration,[2°22] and wave energies.[*?’]
Zi et al. have systematically compared the
output performance of the EMG and the
TENG with low-frequency input.[®! The
power density of the EMG is proportional
to the square of the frequency, whereas
the power density of the TENG is propor-
tional to the frequency, indicating that
the TENG is more effective in harvest-
ing low-frequency mechanical energy,
such as wave energy. Considering TENG’s advantages of the
TENG material composition (mostly anticorrosive), good robust-
ness, and low cost, it has the potential to be an appropriate gen-
erator for various marine sensors and buoys.

On observing the output characteristics of the EMG (low volt-
age and high current) and TENG (high voltage and low cur-
rent), as well as their preference in the operating conditions, the
idea of triboelectric-electromagnetic harvesters with both EMG
and TENG integrated is proposed.[?**}] This idea not only ex-
pands the frequency range of energy harvesting, but also im-
proves the energy harvesting efficiency. In recent years, vari-
ous triboelectric-electromagnetic harvesters have been proposed
and studied.>**% Most studies have constructed the EMG and
the TENG separately and then attached them together. The de-
signs also reduce the output of both power generation modes
and in many cases significantly increase the generator volume.
Liao et al. developed a cubic-structure harvester by integrating
the TENG and the EMG together, which can improve the over-
all output performance by reducing the volume through an opti-
mized inner topological structure.[*! Xu et al. arranged the mov-
ing parts of the EMG and the TENG onto the same rotor, which
could simultaneously output under wave excitation.[*?! Yang et al.
placed deionized water and a magnet in a tube that can oscillate
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Figure 1. Application scenario and structure diagram of the TEWEH. a) Schematic of the TEWEH applied in wave energy harvesting and self-powered
MIloT. b) Schematic of the TEWEH integrated inside a buoy as the power supply. ¢) The internal view of the TEWEH’s structure.

under wave excitations, and the fluidity of the fluid effectively
reduces the structural volume; however, there is still a problem
with the low utilization rate of the liquid placement space.[**] Tt is
worth noting that the presence of TENG structures in these stud-
ies still created significant gaps between the magnets and coils in
the EMG, greatly affecting the output performance of the EMG.
Kim et al. designed a hybrid generator with a tubular structure
and innovatively arranged the TENG inside the EMG to reduce
the volume and gap. However, the sliding friction of the internal
cylindrical magnet challenged its durability, and the EMG could
not output at low frequencies (<1.5 Hz).I**] Therefore, itis critical
to fully integrate the TENG and EMG power generation compo-
nents and enable them to move effectively under low-frequency
wave excitation to achieve an efficient dual-mode output in the
same volume unit and to reduce or even avoid negative impacts
on each other.

Herein, we propose a highly integrated triboelectric-
electromagnetic wave energy harvester (TEWEH) that can
harvest wave energy under a wide frequency range and arbitrary
wave excitations. A TEWEH embeds a permanent magnet
(PM) ball into a polytetrafluoroethylene (PTFE) shell to form
a permanent magnet-polytetrafluoroethylene (PM-PTFE) ball,
which efficiently utilizes the space of the wave energy harvester
and significantly improves the output power density. As the
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PM-PTFE ball moved, the TENG and EMG components simul-
taneously generated electricity. The instability of the ball motion
allows the TEWEH to harvest wave energy of ultra-low-frequency
and extremely small amplitude. The output performance of the
TEWEH'’s TENG component and its EMG component were
systematically analyzed, and the power density was found to be
higher than that of previous harvesters.*14>%1 With appropriate
circuit management, the output of the TEWEH fully demon-
strates the advantages of combining the TENG component and
EMG component. In water tank testing, the TEWEH yields
a desirable output and easily powers common marine devices
such as navigation lights and thermometers. Finally, the TEWEH
demonstrated its capability to collect actual ocean temperature
data and transmit it to a receiver on land. Hence, the TEWEH has
broad application prospects in marine monitoring, navigation
support, and marine exploitation.

2. Results and Discussion

2.1. Configuration and Working Principle of the TEWEH
Figure 1a shows a schematic of the TEWEH utilized for wave en-

ergy harvesting and self-powered MIoT. The TEWEH can be de-
ployed extensively on the ocean in a grid-scale configuration. The
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harvested wave energy can power outlying islands or be trans-
ferred to a land grid. The appropriate number of TEWEHs on
each platform was determined based on the demands of the ac-
tual marine equipment. A self-powered MIoT can be achieved by
matching the TEWEH with the demand. Most importantly, the
sealed TEWEH could be independently placed on the sea surface
to function as a self-powered marine buoy. A photograph of the
single sealed TEWEH is presented in Figure Sla (Supporting In-
formation). The ends of the acrylic-sealed cabin were extended
to promote the stability of the TEWEH, in case it overturns due
to the rolling ball. The remaining space can accommodate the
placement of the sensors and circuits. This type of buoy has the
advantages of a simple structure, easy deployment, and strong
adaptability. The collected marine information can be received
through satellites or land-based radars.

The integration of the TEWEH as a power supply inside the
buoy is shown in Figure 1b. Because of the presence of magnetic
balls within the TEWEH, mutual attraction or repulsion can in-
fluence the output. Therefore, the TEWEHS were arranged at ap-
propriate distances between them. Figure 1c shows an internal
view of the TEWEH structure. The customized acrylic tube had
an inner diameter of 31 mm and an outer diameter of 35 mm.
Aluminum (Al) electrodes were attached to the inner perimeter,
whereas copper (Cu) wire coils were wrapped around the outer
perimeter. The ends of the coil served as output sites for EMG.

The effect of coil turns on the output of the EMG compo-
nent is shown in Figure S2 (Supporting Information). The volt-
age increased with the number of turns in the coil (a change in
the number of layers corresponds to a change in the number of
turns), but the current yielded the opposite tendency. While se-
curing the output voltage, the output current should be as large as
possible; therefore, we wrapped three layers of coils outside the
tube. The Al electrode features a 10 mm gap in the middle, divid-
ing it into left and right segments. The left and right segments of
the Al electrode were connected to the Cu wires, respectively, as
the output sites of the TENG. The PM-PTFE ball was formed by
embedding a 25 mm PM ball into a PTFE ball shell with an inner
diameter of 25 mm. The details of the PM-PTFE ball can be seen
in Figure S1b (Supporting Information). The remanence of the
PM-PTFE ball was measured using a Gauss meter.

The innovative design of the PM-PTFE ball ensured high inte-
gration between the magnetic material forming the EMG and the
dielectric material forming the TENG. At the same time, this de-
sign reduces the volume of the entire harvester, thereby enhanc-
ing the output power density. Because the TEWEH is excited by
waves, both the TENG and EMG operate simultaneously. Acting
as the moving part of the TEWEH, the ball (with its center of grav-
ity positioned at its geometric center) can move in wide-frequency
and arbitrary wave excitations, enhancing the adaptability of the
TEWEH to the marine environment.

The power-generation processes of the TENG and EMG com-
ponents in a TEWEH are independent of each other. There-
fore, they were analyzed separately. The working principle of
the TENG component is shown in four continuous steps in
Figure 2a, in which only the PTFE ball is drawn to clearly demon-
strate the process of power generation. Owing to the wave ex-
citation, the ball moved back and forth within the tube, while
the PTFE ball repeatedly made contact and separated from the
Al electrodes (left and right). Because of the difference in the
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triboelectric charging affinity between PTFE and Al, when the
PTFE ball is in the position depicted in Figure 2a(i), it is nega-
tively charged, whereas the left Al electrode in contact with PTFE
is positively charged (with the same amount of charge). When
the PTFE ball moved to the position shown in Figure 2a(ii), it
retained a significant amount of negative charge because of the
electret nature of PTFE. Upon contact between the PTFE ball and
the right Al electrode, electrons are transferred from the right
electrode to the left electrode through the external circuit, bal-
ancing the potential difference with the ball and generating the
current from left to right. When the PTFE ball was situated as de-
picted in Figure 2a(iii), the right electrode accumulated the same
amount of positive charge as the negative charge carried by the
ball. Similarly, as shown in Figure 2a(iv), when the ball moved to
the left under wave excitation, an external current was generated
from right to left. In actual cycles, the ball continuously moves
back and forth, resulting in the production of an alternating cur-
rent (AC) output in the external circuit. The potential difference
between the TENG electrodes was simulated using the COMSOL
software and is presented in Figure 2b(i-iv). This provides a clear
visualization of the potential difference that drives the current be-
tween the electrodes.

The TENG component in the TEWEH can be classified un-
der the freestanding triboelectric-layer mode, therefore its output
voltage (E,) can be described by Equation (1):

1
Et = _EQ+VOC (1)

Q, C, and V,_ represent the total transferred charge, capacitance,
and open-circuit voltage, respectively.

The working principle of the EMG component is illustrated
in four consecutive steps in Figure 2c. Similarly, only the PM-
PTFE ball is drawn in this section. In the figure, the PM ball is
simplified as a bar magnet. As shown in Figure 2c(iii), upon
wave excitation, the PM-PTFE ball initiated a rolling movement
from left to right. As the PM-PTFE ball initiates its rolling move-
ment, the accompanying magnetic field begins to rotate and in-
tersect the coil, thus generating an induced current. As indicated
in Figure 2c(iii-iv), when the rotation of the PM-PTFE ball ex-
ceeded 90°, opposing induced currents were produced within the
coil. Given that certain coil wires generate current while the re-
maining parts serve as random loads, coil selection is critical.
The corresponding magnetic field distributions at various PM-
PTFE ball positions were simulated using COMSOL, as shown
in Figure 2d(i-iv).

According to Faraday’s law of electromagnetic induction and
Ohm’s law, the output voltage (E,) and current (I) of the EMG
can be determined using Equations (2)—(5):

E=-n22_ _upw 2)
At
V' = vcos 0, cos 20, (3)
E, = —nBlvcos 6, cos 20, “4)
E, —nBlvcos 0, cos 20,

R R

C (4
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Figure 2. The working principle and output characteristics of the TEWEH. a) Schematic of the TENG component’s working principle. b) Simulation of
the potential difference across the electrodes under open-circuit conditions using COMSOL. c) Schematic of the EMG component’s working principle.
d) Simulation of the magnetic field distribution around the PM-PTFE ball using COMSOL. e) The output voltage with various ball types. f) Real-time

current output of the TENG component and the EMG component.

where n, @, B, ], and R, represent the number of turns, magnetic
flux, magnetic induction intensity, effective length of the coil and
internal resistance of the coil. The v and v’ represent the velocity
of the PM-PTFE ball and the tangential velocity of the PM-PTFE
ball as it rotates, respectively. Furthermore, 6, signifies the rota-
tional angle of the ball and 0, is the deflection angle of the ball,
as shown in Figure S3 (Supporting Information).

To determine the effect of structural design on output perfor-
mance, various types of balls were tested in the tube under wave-
swinging conditions of 1 Hz and +30°. As shown in Figure 2e,
when a single magnet ball was placed in the tube, the average out-
put voltage of the EMG was ~3.03 V. Incorporating a PTFE ball
did not notably influence the EMG output, yet it resulted in a high
voltage of 125.88 V from the TENG. When the PM-PTFE ball and
PTFE ball were implemented (as the final design of the TEWEH),
the EMG output exhibited a minor decrease, but the TENG out-
put voltage significantly increased to 223.37 V. This outcome can
be attributed to the greater weight of the PM-PTFE ball compared
to that of the PTFE ball, thereby increasing the surface friction.
The voltage output of the TENG significantly surpassed that of
the EMG. Thus, it is reasonable to achieve a high-voltage out-
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put from the TENG at the expense of a less than 1 V reduction in
the EMG output. Figure 2f shows the actual output current wave-
forms of the TENG and the EMG. The current from the EMG
was significantly higher than that from the TENG, highlighting
the necessity of EMG.

The TENG output exhibited a close correlation with the
schematic depicted in Figure 2a(i-iv), whereas the EMG output
displayed fluctuations. Due to the different masses of the two
balls and placed in front and back, they come into contact with the
other electrode one after another, resulting in no current change
during this period in Process II. The motion of the ball, with its
surface marked for enhanced observation of movement within
the tube, was captured using a high-speed camera. In this partic-
ular scenario, for clearer observation, the acrylic tube was devoid
of electrodes and coils. As shown in Video S1 (Supporting Infor-
mation), the motion process aligns with the working principle
diagram. In addition to rolling, the balls vibrated when in con-
tact with the tube wall. This phenomenon, combined with the
ball deflection angle 6, mentioned in Equation (5), results in ir-
regular variations in the magnetic field and, consequently, an ir-
regular EMG output. Therefore, for a streamlined analysis and
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Figure 3. The output performance of the TEWEH under horizontal excitation. a) Schematic of the horizontal excitation experiment system. b) |V,,,| and
|1asg| for the EMG component under different amplitudes at the frequency of 1 Hz. c) |V,,,| and |I,,| for the EMG component under different frequencies

at the amplitude of 100 mm. d) Q,, e) I, and f)

V,. for the TENG component under different amplitude at the frequency of 1 Hz. g) Q,, h) I, and

i) V,, for the TENG component under different frequencies at the amplitude of 100 mm.

comparison, the EMG output in the subsequent discussion uti-
lized the average value. Nonetheless, this has no impact on wave
energy harvesting, as both the TENG and EMG outputs are sub-
ject to rectification for applications.

2.2. Performance of the TEWEH

To evaluate the output performance of the TEWEH, an experi-
mental system was constructed to simulate horizontal wave exci-
tation. As depicted in Figure 3a, the system primarily comprises
a linear motor and a testing platform affixed to the front of the
motor. A photograph of the system is presented in Figure S4a
(Supporting Information). The TEWEH was secured on a test-
ing platform to ensure an interference-free magnetic field, with
the linear motor generating a horizontal reciprocating motion
with adjustable frequency and amplitude. Initially, the influence
of the frequency and amplitude on the EMG average output volt-

age (|V,,|) and current (|1,,,|) was investigated. At the frequency
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of 1 Hz, when the amplitude incrementally increased from 30
to 100 mm, the |V, | of the EMG escalated from 0.30 to 1.40 V,
and the |I,,,| rose from 1.10 to 10.04 mA. Upon maintaining the
amplitude at 100 mm and increasing the frequency from 0.2 to
1 Hz, the |V,,,| of the EMG increased from 0.32 to 1.40 V, and
the [I,,,| amplified from 0.83 to 10.04 mA. An important finding
is that the changes in |V,,,| and |I,,,| of the EMG are not propor-
tional, as this ratio represents the internal resistance of the EMG,
which constantly changes with the movement of the PM-PTFE
ball. This is because the structural resistance of the coil is con-
stantly changing with the ball’s movement, and is also affected
by the inductance of the coil.

The variations in the transfer charge (Q,.), short-circuit cur-
rent (I), and open-circuit voltage (V,.) of the TENG with in-
creasing amplitude at a frequency of 1 Hz are depicted in
Figure 3d—f. As shown in Figure 3a, the maximum displacement
of the ball within the tube was 90 mm. Consequently, when the
amplitude reached 100 mm, the output reached its apex, and Q,,,
and V, reached 69.15 nC, 0.55 pA, and 151.20 V, respectively.

SC’

© 2023 Wiley-VCH GmbH

85USD| 7 SUOWWIOD BA1TE81D) 8|qedl|dde auy Ag peusenob e S9oiLe YO ‘SN Jo S8|nJ 10) ARIqITaUIIUQ AS]IA UO (SUORIPUOD-PUE-SWIBIL0Y A8 |IM A eIq Ul UO//SdNY) SUONIPUOD Pue SWLB | 8y} 89S *[£202/80/TT] uo A%iqiauluo As|im ‘ABojouyos L O aIisu| uidieH Aq S99TOEZ0Z WLSe/Z00T OT/I0p/LI0d™A8 | i ARe g1 puljuo//SAny WOl pepeojumod ‘0 ‘0r89yTIT



ADVANCED “ENERGY
SCIENCE NEWS MATERIALS
www.advancedsciencenews.com www.advenergymat.de
a b 15 C
15 5
<o} A1 e <10 / Jag
El s EE s
g 51 138 % 5 }/ T 38
e S E =
30_ %\//% -2>30 /%/% 2>
{1 ;i/_ 1
10 15 20 25 30 02 04 06 08 1
Angle(°) Frequency(Hz)
100} +10 +15¢ +20° +30 1.5 +10°5 *15° iZO"E £25° . +30° : 250F +10° =15° +20° L E25% +30°
N ¥ A R i N ER G n g
g “H I A 11 TN £
= o |||{{[/lF RN AMARE| @150 il
& & il \z W o | (i1
& 40} ([ I T1T ‘—;100 L (I
S I I ‘ 5 Y = 5 Ittt
20p T H‘i “\ M 50|
0'; : H : ;‘ il ‘. e B i ; i . : o'i . . JJ.
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15
Time (s) Time (s) Time (s)
d e N .Iromomseare s | . Mo se oo
Mool 0-2Hz: 0.4Hz 0.6Hz: 0.8Hz: 1.0Hz 1.5 0.2Hz 0.4Hz : 0.6Hz : 0.8Hz : 1.0Hz 2500 0.2Hz 0.4Hz : 0.6Hz : 0.8
: : ‘Ann : 5 E 5 : ; T : ‘ARAAND
g (1AMl 2k | IR ==t 0y NRARAN
2 E I ( e §.°5~:)_Jt | 1] 2
~ 60f : f [ = o e
S I I \ £ oo 0 o &
T 40t 11 : } [l E.os B T = 5 : -
5 ; : : ; a - ] ; } g : I E t
20( | 5\5 0] | \\H‘ JU NI
o UUDUURIIINNY s T ol UL UULIILI
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Time (s) Time (s) Time (s)

Figure 4. The output performance of the TEWEH under swinging excitation. a) Schematic of the experiment system for swinging. b) |V,

Vg| and |Il1I)g|

for the EMG component under different angles at the frequency of 1 Hz. c) |V,,,| and |I,,4| for the EMG component under different frequencies at the
swinging angle of £30°. d) Q,, €) I, and f) V,, for the TENG component under different angles at the frequency of 1 Hz. g) Q,,, h) I, and i) V,, for
the TENG component under different frequencies at the swinging angle of +30°.

Considering the inter-electrode distance of 70 mm at both ends,
in extreme scenarios, both small balls require at least a 65 mm
stroke to complete a full cycle. When the amplitude was below
this value, the small ball moved back and forth several times and
constantly contacted and separated the two electrodes near the
midpoint to maintain stability. The experimental results corrob-
orated this observation; the output of the TENG component was
intermittent at amplitudes of 30 and 50 mm. Therefore, even at
smaller wave amplitudes, the TENG can still produce effective
output. Figure 3g-i illustrate the impact of frequency variations
on the output performance of the TENG while maintaining a con-
stant amplitude of 100 mm. Both Q, and V,, increased less with
the frequency, which is attributable to the limited area of the di-
electric material, resulting in an induced charge threshold. Con-
versely, the I climbed linearly with the frequency, because the
increased frequency led to accelerated charge transfer. The max-
imum frequency was determined to be 1 Hz, considering at typ-
ical marine environment wave frequency ranges of 0.1 Hz and
1 Hz. The TENG exhibited substantial output across most fre-
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quencies within this range. The additional output performance of
the TEWEH under varying amplitudes and frequencies is shown
in Figure S4b—d (Supporting Information).

An experiment system was designed to evaluate the influence
of varying swinging angles (+a) and frequencies on the output
performance of the TEWEH. Figure 4a presents a schematic of
this system, and a corresponding photograph is shown in Figure
S5a (Supporting Information). The TEWEH was affixed to the
testing platform with a steering engine that supplied swinging
torque via the axis system. |V,,,| and |I,,,| of the EMG vary with
the swinging angle and frequency, as shown in Figure 4b,c, re-
spectively. Maintaining the frequency at 1 Hz while increasing
the swinging angle from +10° to +30° resulted in the escalation
of the EMG’s |V, | from 1.19 to 2.30 V. Simultaneously, the |I,,,|
increased from 6.52 to 10.43 mA. Similar to the horizontal cases,
amplifying the swinging frequency also enhanced the EMG out-
put. With a swinging angle of +30° and a frequency increment
from 0.2to 1 Hz, the EMG’s |V, .| and | [,,,| increased from 0.90 V
and 4.49 mA to 2.30 V and 10.43 mA, respectively.

© 2023 Wiley-VCH GmbH
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The effect of the swinging angle on the TENG output was stud-
ied by maintaining the swinging frequency at 1 Hz. As shown
in Figure 4d,f, when the swinging angle spanned from +10° to
+20°, the TENG’s Q,, and V,, remained relatively stable at ~88.36
nCand 230.25 V, respectively. Once the swinging angle surpassed
+25°, they experienced a slight decrease to 85.28 nC and 225.65 V,
respectively. This trend can be attributed to the ball effectively
completing the entire stroke in all the tested cases. The surface
charge density reaches saturation, and as a result, Q. and the po-
tential difference between the electrodes attain their maximum
values and, hence, their constancy. However, once the swinging
angle exceeded +25°, it became sufficiently large to cause minor
gaps between the ball and electrode, which slightly reduced Q.
This phenomenon is observed in Video S1 (Supporting Informa-
tion) of the movement. As shown in Figure 4e, the I escalated
with increasing swinging angle, ranging from 0.66 pA at 0.2 Hz
to 1.34 pA at 1.0 Hz. This energy originates from the ball’s poten-
tial energy, which grows with the swinging angle and transforms
into the ball’s kinetic energy, subsequently amplifying the ball’s
acceleration and consequently leading to a current surge.

Furthermore, the effect of the swinging frequency on the out-
put performance of the TENG was studied, while the swinging
angle was held constant at +30°. As shown in Figures 4g,i, the
peak values of V,_ and Q, were relatively stable and experienced
a slight decline at 1 Hz. This was also because the TEWEH could
finish a complete stroke at all frequencies, whereas at 1 Hz, rapid
movement may give rise to gaps (between the ball and the elec-
trode). As shown in Figure 4h, the magnitude of I correlates
positively with the frequency, similar to the horizontal mode.
Most importantly, the TENG continued to yield satisfactory out-
put even at extremely low frequencies, such as 0.2 Hz. This also
indicated that TEWEH has an advantage in wide-frequency range
harvesting. Detailed output under diverse swinging angles and
frequencies is presented in Figure S5b—d (Supporting Informa-
tion).

Notably, the output of the TEWEH in swinging mode sig-
nificantly surpasses that in horizontal mode, making it desir-
able for wave energy harvesting. Specifically, the EMG’s max-
imum output escalated from 1.40 V and 10.04 mA to 2.30 V
and 10.43 mA, while the TENG’s maximum output rose from
69.145 nC, 0.553 pA, and 151.20 V to 88.36 nC, 1.34 pA, and
230.25 V. This performance enhancement in the swinging mode
was attributable to the ball’s ability to roll more fluid and swiftly,
provoking rapid magnetic field variations, thereby augmenting
the EMG output. This simultaneously enabled the ball to con-
tact the electrodes in all directions, which bolstered the output of
the TENG. We found that efficient integration of the TENG and
EMG through the ball structure is appropriate for wave energy
harvesting. The motion characteristics of the ball ensured that
the TEWEH operated even under a wide frequency range and ar-
bitrary wave excitations.

To use the TEWEH as a power source, its output power den-
sity and capacitor charging capability were tested. Utilizing the
swinging experiment system under 1 Hz and +30° conditions,
the 3.3 uF capacitor has been charged using the EMG compo-
nent, the TENG component, and the TEWEH, respectively. The
real-time voltage change in the capacitor was recorded for over
300 s. The charging circuit is shown in Figure S6 (Supporting
Information). As demonstrated in Figure 5a, the EMG compo-
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nent swiftly charged the capacitor to a certain voltage owing to its
high output current, but encountered difficulties in further in-
creasing the voltage. Conversely, the TENG component charges
the capacitor at a stable rate and relatively high voltage, which is
attributed to the high-voltage output characteristics of the TENG.
When charging the capacitor using the TEWEH, the EMG and
TENG components were rectified individually before being con-
nected in parallel to charge the capacitor. The TEWEH combines
the advantages of both generators, which not only charges the ca-
pacitor more rapidly (than the TENG-only case), but also charges
the capacitor to a higher voltage (than the EMG-only case). A
3.3 pF capacitor could reach 5.74 V within 11 s and 9.41 V af-
ter 300 s. The charging process for larger capacitors, shown in
Figure 5D, yielded a similar charging curve. In light of the ran-
domness and relatively low frequency of actual ocean waves, var-
ious frequencies were tested when charging the 330 uF capaci-
tor, as portrayed in Figure 5c. Remarkably, even at extremely low
frequency (0.2 Hz), the capacitor could be charged. This again
proved the advantage of the TEWEH in harvesting low-frequency
wave energy.

To assess the suitability of the TEWEH as a power source for a
self-powered MIoT, its output power was analyzed. The generator
can achieve its maximum output by matching the impedance. As
shown in Figure 5d,e, the power densities of the TENG and EMG
components were measured using the swinging experiment sys-
tem at 1 Hz and +30°. The TENG component exhibited an in-
stantaneous power density of 13.77 W m~ when matched with
a 9000 MQ resistor, whereas the EMG component demonstrated
an instantaneous power density of 148.24 W m~3 when matched
with a 500 Q resistor. Overall, the TEWEH achieved a minimum
output of 162.01 W m~3, which is sufficient to meet the power
requirements of most current marine sensing nodes.>"!

A comparison of the output power densities of the TENG-
EMG hybrid studies is shown in Figure 5f. The output power
density of the TENG component in the TEWEH was signifi-
cantly higher than those reported in previous studies, which
could be attributed to the advantages of the channel-type ball
structure.l’!! This TEWEH achieved a breakthrough in the out-
put power density of the EMG component compared with pre-
vious homogeneous harvesters. This is due to the reduced gap
between the magnet and coil, allowing the coil to capture the
magnetic field changes caused by any movement of the PM-
PTFE ball. The high output power density of a single TEWEH
makes it a more reliable power supply module and reduces the
volume, deployment difficulty, and maintenance cost of wave en-
ergy harvesting. The detailed data and comparison with more
state-of-the-art devices are summarized in Table S1 (Supporting
Information).>2-%!

2.3. Application Demonstrations of the TEWEH

A transparent sealed box with the TEWEH was placed in a wave
tank to simulate the wave-driven operation and evaluate the out-
put performance of the TEWEH. To verify the reliability of the
TEWEH, we simulated harsh wave conditions on a wave tank
and a six degrees of freedom platform, respectively. The spe-
cific layout and output details of TEWEH are shown in Figure
S7 (Supporting Information). As shown in Video S2 (Supporting
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Figure 5. The electrical output performance of the TEWEH. a) Charging the 3.3 pF capacitor using the TENG component, the EMG component, and
the TEWEH respectively. b) Charging various capacitors using the TEWEH. c) Charging the 330 uF capacitor using the TEWEH at different swinging
frequencies. The power density of d) the TENG component and e) the EMG component. f) Comparison of the power density between this study and
other hybrid wave energy harvesting studies. Images in (f) Reproduced with permission.[*1-*°] Copyright 2019, Wiley VCH, Copyright 2020, Elsevier,
Copyright 2016, ACS, Copyright 2022, Wiley VCH, Copyright 2021, Elsevier, Copyright 2022, Elsevier.

Information), the TEWEH’s output was stable (without leakage)
under the harsh wave conditions on the six degrees of freedom
platform. In addition, we found that the TEWEH maintained an
excellent output after 10 800 cycles, as shown in Figure S8a,b
(Supporting Information). The energy harvested by the TEWEH
was stored in a capacitor through the rectifier circuit and subse-
quently converted into an appropriate output for various sensing
devices via circuit management, as shown in Figure 6a. Naviga-
tion mark lights are electrical devices commonly used in marine
environments. As shown in Figure 6b and Video S3 (Support-
ing Information), the TEWEH effortlessly lit the red (left) and
green (right) navigation mark lights by charging a 330 pF ca-
pacitor. Similarly, as shown in Figure 6¢ and Video S4 (Support-
ing Information), the TEWEH was able to power a thermometer
after a brief charge of a 330 uF capacitor. The capacitor charg-
ing and discharging diagram for powering the navigation mark
lights and thermometer are shown in Figure S9a,b (Supporting
Information), respectively.
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Transmission of ocean information to receivers on land is im-
portant. To facilitate this, the TEWEH and the circuit module
(CZ]J-Al) were sealed in the same acrylic tube and deployed di-
rectly. The circuit module was equipped with a rectifier bridge, a
47 pF capacitor, a temperature sensor chip, and Bluetooth. The
AC output from the TEWEH is rectified, and the resulting DC
(direct current) power could charge the 47 uF capacitor. Once
the voltage reached 5.2 V, temperature records were transmitted
using Bluetooth. To ensure adequate buoyancy, the sealed tube
containing the TEWEH and the circuit module was placed in a
transparent sealed box. As shown in Figure S10 (Supporting In-
formation), this is a simple and self-powered marine buoy. The
testing site, as shown in Figure 6d, experienced a wind speed
of 10 m s~1. After swinging for ~280 s, the module success-
fully established a connection with a mobile phone on land. The
temperature was 26 °C initially, and 90 s later, the mobile phone
updated the real-time ocean temperature to 14 °C. The demon-
stration is shown in Video S5 (Supporting Information). In an

© 2023 Wiley-VCH GmbH
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Figure 6. The application of the TEWEH. a) The schematic circuit diagram of the TEWEH as a power source for various sensing devices. b) The TEWEH
lights up navigation mark lights. c) The TEWEH powers the thermometer. d) The TEWEH as a self-powered marine buoy deployed near Dalian Bay and

transmits measurements to the receiver.

actual marine environment, the TEWEH has completed wave en-
ergy harvesting and wireless data transmission. Other data can
be collected based on requirements, and the quantity and quality
of data transmission can be improved by adding more TEWEH
units.

3. Conclusion

In summary, a highly integrated tube-encapsulated triboelectric-
electromagnetic wave energy harvester (TEWEH) toward self-
powered marine buoy has been studied and demonstrated. The
innovative material design of the PM-PTFE ball enabled the
TENG to be highly integrated with the EMG, allowing both
types of generators to operate simultaneously. The output per-
formance of the TENG and EMG components was evaluated
separately using horizontal and swinging experiments. Remark-
ably, the TEWEH demonstrated efficient wave energy harvest-
ing capabilities even at low frequencies and amplitudes (an-
gles). The swinging excitation yielded more desirable output
results for the TEWEH, whereas the spherical motor design
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minimized the influence of the incident wave direction. The
TEWEH can take advantage of the high voltage (230.25 V)
of the TENG and high current (10.43 mA) of the EMG to
charge the capacitors better and faster. The more prominent
advantage is that the successful integration of the TENG and
EMG components in the TEWEH resulted in a reduced de-
vice volume, enabling a higher power density. Specifically, the
TENG component achieved an instantaneous power density of
13.77 W m~3, while the EMG component reached 148.24 W m~3.
The output of the TEWEH is much higher than those
of previously published hybrid structures, enabling it to
provide direct power to navigation lights and some sens-
ing devices easily after capacitor energy storage. In ac-
tual marine environments, the TEWEH achieved a signif-
icant milestone by successfully powering a Bluetooth tem-
perature module and wirelessly transmitting real-time ocean
temperature information to a receiver on land. However,
there are still some challenges in the TEWEH coil lay-
out, circuit management, and actual placement, which will
be the next issue to address. In conclusion, if deployed
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integrated with marine structures as a power network or
independently as a self-powered marine buoy, the TEWEH ex-
hibits tremendous potential for wave energy harvesting and self-
powered MIoT.

4. Experimental Section

Fabrication of the TEWEH: A 25 mm diameter PM ball was embed-
ded into a PTFE ball shell with an inner diameter of 25 mm and an outer
diameter of 30 mm, forming a PM-PTFE ball. The TEWEH consists of a
PM-PTFE ball and a PTFE ball (solid structure) with a mass of 72.09 g for
the PM-PTFE and 30.11 g for the PTFE ball. The material of the PM ball
was a NdFeB magnet (N48) because of its high magnetic field strength.
To construct the device, both the PTFE and PM-PTFE balls were placed
inside an acrylic tube with an inner diameter of 31 mm. Two 50 pm thick
Al electrodes were affixed to the inner surface of the acrylic tube, with pol-
ished enamel-insulated wires connected as output terminals. There was
a 1 cm gap between the electrodes. 0.3 mm diameter enamel-insulated
wires were twisted around an acrylic tube (outer diameter of 35 mm) in
three layers as a coil (21500 turns). The two ends of the acrylic tube were
sealed using 2 mm thick acrylic plates with diameters of 35 mm. The entire
device could be sealed with appropriately sized acrylic based on specific
requirements.

Measurements and Statistical Analysis:  The horizontal experiment sys-
tem was driven by a linear motor (LinMot PS01-37X120F-HP-C), whereas
the swinging experiment system was driven by a steering engine (Fashion
Star HA8-U25). The TENG component’s Q. I, and V,, are measured
using a precision impedance analyzer (Keithley 6514), whereas the output
voltage and current of the EMG component were measured using a desk-
top multimeter (Keithley DMM6500). The remanence of the PM-PTFE ball
was measured using a Gauss meter (TS500). The motion of the ball in-
side the tube is captured using a high-speed camera (Phantom v2012).
The harsh wave conditions were simulated by a six degrees of freedom
platform (TYSF-6-L450-300).

Supporting Information

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