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A B S T R A C T   

Powering marine distributed buoys sustainably and cost-efficiently has always been challenging in the ocean 
environment. Triboelectric nanogenerators (TENG), thanks to their robustness, high efficiency and low cost in 
energy harvesting, has provided a novel solution to the long-term electrical power supply for a series of 
distributed systems (including buoys). In this study, a wave energy harvesting sandwich-like TENG (S-TENG) has 
been proposed. In the on-land forced motion experiments, the S-TENG yields much superior performances 
compared to previous tower-like TENG in terms of the power density. The studies also reveal that the electrical 
output increases linearly even with larger number of parallel connected S-TENG layers. Consequently, a buoy 
integrated with 7 parallel connected S-TENGs is studied through systematic wave basin experiments and the 
relevance of most hydrodynamic parameters (including wave height, frequency, direction as well as mooring 
system) have been revealed. The presented wave basin experiments are original in wave energy harvesting TENG 
research practice and prove to be very helpful in that they simulate the most close-to-real ocean environments in 
the lab. The studies are concluded with a 12 W high-brightness LED lit up on a navigation supporting buoy. This 
study has set a benchmark of achieving self-powered buoy with TENG, which can be extended to other marine 
distributed systems such as sensors and small robotics.   

1. Introduction 

As over 90% of trade in volume conducted by marine transportation 
and the ocean exploitation increasing rapidly, marine distributed sys-
tems are becoming more and more important [1–5]. Buoys with a va-
riety of functions are the common marine distributed systems (such as 
navigation supporting buoys, a and sensor buoys). For example, navi-
gation supporting buoys, equipped with illumination devices to be easily 
recognized, provide important in-place supports to navigation safety 
[6]. On observation that the traditional battery-powered buoys have 
always been accompanied by disadvantages like short service time as 
well as pollution risks [7,8], developing renewable energy sources to 
power the marine buoys is greatly preferable. Wave energy is regarded 
as a promising renewable energy source and it is very accessible for the 
scenarios of marine distributed systems [5,9–11]. Currently, wave en-
ergy harvesting is mainly performed by the electromagnetic generator 

(EMG) [11–13], but EMGs are not the best alternative to power every 
marine distributed system considering their weights, costs and effi-
ciencies (especially when the wave frequency is relatively low) [4]. 

Triboelectric nanogenerator (TENG), based on coupling of tribo-
electrification effects and electrostatic induction, has been created to 
harvest ambient mechanical energy effectively [4,14–22]. Studies have 
shown that by extracting energy from miscellaneous sources like 
low-frequency wave [23], flow-induced vibration [24] or low-speed 
wind [25], a variety of applications can be powered by the essentially 
low-cost, flexible TENGs, which makes it particularly valuable for 
microsystems [26–28]. Recent progresses on TENG have realized some 
very interesting functions, such as wearable sensing [29], 
trajectory-tracking [30] and wireless electric energy transmission [31]. 
Compared with EMG, TENG yields higher output performance at low 
frequencies, which is practically helpful in wave energy harvesting [4, 
20,32–53]. Previously, a few studies have been conducted on wave 
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energy harvesting TENG in aspects of structure design, material treat-
ment or system optimization. Xu et al. developed a tower-like TENG 
which is capable of harvesting arbitrary-directional wave energy [47], 
though the space utilization of the harvester could be further optimized 
and output performance produced by multi parallel connected units 
needs more investigation. Xi et al. have presented a self-powered 
intelligent buoy system (SIBS) powered by a multi-layered TENG. 
However, effects of hydrodynamic parameters such as the wave height 
and frequency (which have great influences) have not been studied. 

In this study, a wave energy harvesting sandwich-like triboelectric 
nanogenerator (S-TENG) has been first proposed. Each layer of the S- 
TENG is compactly designed like a sandwich with two acrylic plates 
coated with aluminum electrode and polytetrafluoroethylene (PTFE) 
balls inside. Each S-TENG unit consists of 10 parallel connected layers 
(thanks to their stackable feature) to increase electrical output. On-land 
forced motion experiments reveals that the total electrical output in-
creases linearly with the number of parallel connected S-TENG units 
(from 1 to 7). Based on this feature, a self-powered buoy is designed, 
which has integrated 7 hexagonally arranged S-TENG units (10 layers 
each) as the power module. The relevance of the electrical outputs to 
different hydrodynamic parameters (including wave frequencies, wave 
height, wave direction and mooring styles) is investigated systematically 
though wave basin experiments, which is original for a TENG integrated 
(self-powered) marine devices. By continuously lighting up a high- 
brightness LED (which is close to the function of the navigation sup-
porting buoy), the TENG proves to be promising in achieving a self- 
powered marine distributed system. 

2. Results and discussion 

2.1. Device structure and working principle 

The scenario in which the self-powered TENG buoy works as a 
navigation support is shown in Fig. 1a. The self-powered buoy (see 

Fig. 1b and c) consists of 7 hexagonally arranged S-TENG units (70 
layers in total) in parallel connection as the power module, a cylindrical 
acrylic sealing shell (40 cm height and 35 cm diameter) as the frame-
work structure and a clump weight as the ballast. The S-TENG units 
inside are of 20 cm height and 10 cm diameter and have been fixed 
rigidly through packing tape to make the electrical outputs in-phase 
(Fig. S1). At the bottom of the sealing case, a 15 kg ballast weight is 
deployed to balance the floating status of the self-powered buoy. The S- 
TENG has been designed on top of our previous work. Fig. 1d presents 
the schematic diagram of one layer of the S-TENG: the PTFE balls roll 
freely under the excitation of ocean waves which rub with two pairs of 
aluminum electrodes adhered on the surface of the substrate acrylic 
plate. The distance between the upper and lower acrylic plate is deigned 
to be slightly larger than the diameter (10.5 mm) of the PTFE pellet to 
ensure free rolling (with the help from a 3D printed brace of 10.6 mm 
height). Experiments have shown that the electrical output of S-TENG 
decreases with the distance between the upper and lower acrylic plate. 
As the distance increases from 10.5 mm to 13.5 mm, the transferred 
charge and the output current both drop slightly (around 10%). As 
larger distance means less chances for the PTFE balls to contact with the 
Al electrodes, the distance between the two plates will depress the 
triboelectric effects. 

The working principle of the S-TENG is shown in Fig. 1e. Under the 
wave excitations, the PTFE balls moves freely in-between the two pairs 
of Aluminum electrodes. After multiple contacts with the Al electrodes, 
the PTFE balls will become negatively charged. Due to the electrostatic 
induction, an equivalent amount of positive charges will occupy the Al 
electrodes. As the PTFE balls move to the left/right part, positive charges 
are induced on the left/right electrodes. The electrons will flow (through 
the external circuit) from the left/right electrode to the right/left elec-
trode, therefore a transient current is generated. Practically the S-TENG 
is capable of harvesting wave energy from the heave (vertical) motion as 
well (since the buoy moves not only horizontally but also vertically). 
The way it works is as the PTFE balls bounce inside, they keep contacting 

Fig. 1. The structure of the self-powered buoy and the working principle of the S-TENG. (a) The schematic diagram of the integrated self-powered buoy as navigation 
support along sea lanes. (b) The details of the self-powered buoy, with 7 hexagonally arranged S-TENG units (10 layers each) in parallel connection and a clump 
weight as ballast. (c) The photograph of the fabricated self-powered buoy. (d) The internal structure of one S-TENG layer. (e) The working principle of the S-TENG 
and the charge distribution in each stage. 
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with the upper electrodes, therefore produce electrical outputs. 

2.2. Output performance of a single S-TENG Unit (10 layers) 

In this subsection, the output performances of one S-TENG unit 
(stacked by 10 layers in parallel connection) have been studied sys-
tematically through (on-land) forced motion experiments. As shown in  
Fig. 2a, a linear motor is adapted to accurately force the translational 
motion of the TENG unit at different frequencies (0.4 Hz<f<2 Hz) and 
to different amplitudes (50 mm<A<130 mm). The frequency is varied 
from 0.4 Hz to 2 Hz to properly simulate various wave frequencies. 

It is clearly shown in Fig. 2b that when the wave frequency f in-
creases (the amplitude A is 130 mm), the short-circuit current Isc in-
creases before it reaches the maximum value of 11.94μA at 2 Hz. The 
transferred charge Qsc yields different trend (see Fig. 2c): the transferred 
charge Qsc increases as f increases from 0.4 Hz before it reaches the peak 
value of 0.70μC at 0.8 Hz. Qsc remains nearly constant as f increases to 
1.2 Hz but as f further increases to 2.0 Hz, Qsc decreases slightly. The 

reason is that the natural frequency of the S-TENG unit is within the 
0.8–1.2 Hz range so large Qsc is achieved. As the wave frequency in-
creases further, the output Qsc decreases. It needs to be mentioned that 
the voltage of a whole S-TENG unit is exceeds the measurement range of 
a Keithley 6514 electrometer (refer to Fig. S2), therefore the voltage is 
not presented in Fig. 2. 

The relevance of the output performance to the amplitude is shown 
in Fig. 2d and e. The amplitudes are simulated by the stroke distances of 
the linear motor. At 2 Hz frequency, it is observed that Isc increases as 
the amplitude A increases from 50 mm to 130 mm, and Isc achieves peak 
value of 12.28μA when A is 130 mm. Larger amplitude always indicates 
more energy, thus larger Isc is produced through TENG. Qsc remains 
almost constant as A increases, which indicates the PTFE balls have been 
fully activated and charged. By compiling a series of experiments results, 
Fig. 2f presents the dependence of the output current on both the 
amplitude and the frequency of the S-TENG. The output current of the S- 
TENG will be promoted with higher amplitude and frequency. 

Ocean waves come from various directions so the output perfor-

Fig. 2. The electrical output performances of one S-TENG unit (10 layers) under different wave frequencies, amplitudes and directions. (a) The schematic diagram of 
a single S-TENG unit moving reciprocally with the linear motor. (b) The short-circuit current Isc measured under different frequencies (c)The transferred charge Qsc 

measured under different frequencies. (d) The short-circuit current Isc measured under different amplitudes (e) The transferred charge Qsc measured under different 
amplitudes. (f) A 3D graph of the output current at different wave frequencies and amplitudes. (g) The diagram showing the angle α between the wave direction and 
the electrode direction. (h) The directional map of the short-circuit current Isc. (i) The directional map of the transferred charge Qsc. 
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mances under varied wave directions are studied. Fig. 2g shows the 
definition of the angle α between wave direction and the electrode di-
rection. The influences of the angle α on the electrical output of S-TENG 
unit are shown in Fig. 2h and i. The maximum average value of Isc and 
Qsc is obtained when the angle α is 90◦. That indicates the optimal 
electrical output is acquired when the PTFE balls moves perpendicularly 
to the gap of the two electrodes. As α deviates from the perpendicular 
direction, both Isc and Qsc decrease. Even when the balls moves parallel 
with the gap (α = 0◦), the output remains nonzero, which indicates the 
S-TENG can harvest wave energy from all directions (though with very 
different efficiencies). 

In addition, the charging capabilities of an S-TENG unit with respect 
to different electrical parameters have also been investigated. The 
charging performance of different capacitors at 2 Hz frequency is shown 
in Fig. 3a. A 47μF capacitor could be easily charged up to 12.56 V in 
300 S and the charging rate decreases with the capacitance (A 470μF 
capacitor could be charged to only 1.20 V in 300 S). The charging rate is 
also very relevant to the wave frequency (see Fig. 3b): a 100μF capacitor 
could be charged up to 6.73 V under 2 Hz frequency wave in 300 S, then 
the charging gets slower as f decreases. Higher frequency wave contains 
more power, leading to higher charging rate. However, there will be a 
top roof for the electric output as the frequency increases. At certain 
frequency, the transferred charge Qsc and the short-circuit current Isc will 
both reach maximum values as the charges on the PTFE balls (as the 
electrets) have been fully activated by the triboelectric effects. 

Fig. 3c presents the output current and power density for an S-TENG 
unit under different loads. The power reaches its peak (25.22 mW) when 
the external resistance equals the internal impedance (according to 
Ohm’s Law) while the power density reaches 34.65 W/m3. This is an 
impressive improvement from our previous work on a Tower-like TENG 
(i.e. T-TENG), as the power density yields a significant increase (by 
226.89%). On one hand, the S-TENG structure has greatly improved the 
utilization of inner space. On the other hand, the mechanism that two 
pairs of electrodes contacting with PTFE balls also increase the electrical 

output. The demonstration of one S-TENG unit powering a thermometer 
is shown in both the video demonstration Supp.V1 and Fig. 3d. A 100μF 
capacitor is adapted to storage electricity and to power the thermom-
eter. Under the condition of 1 Hz wave frequency and 130 mm ampli-
tude, after 370 s excitation, the capacitor is charged to 4.5 V, which is 
capable of powering a thermometer. 

2.3. Output characteristic of 7 S-TENG units (70 layers) 

A variety of studies have revealed that the total TENG electrical 
output can be promoted by increasing the number of the parallel con-
nected TENG units. However, as the AC electrical output produced by 
different TENG unit has different phase, a rectifier bridge is needed in 
the circuit, which adds to the energy loss as well as to the circuit 
complexity. To secure in-phase AC output, the S-TENG structure stacks 
the electrodes of each layer in the same direction. We have investigated 
the output of multiple parallel connected TENG units as the unit number 
increases from 1 to 10. Additional study remains necessary as the unit 
number increases further may lead to floating instability, which in turn 
reduces the TENG’s efficiency. 

A forced motion platform is established to study the output charac-
teristics of large number of parallel connected TENGs (see Fig. 4a). This 
platform consists of a linear motor adapted to simulate the translational 
motion under wave excitations. A flatbed cart (made of a 80 cm × 30 cm 
plank and four 1-inch straight directional wheels as a carrier) is con-
nected with the linear motor through a 3D printed connector. 7 S-TENG 
units (70 layers total) are fixed rigidly (through screw) onto 7 3D printed 
pedestals on the flatbed cart. The electrode of each S-TENG unit is ar-
ranged to be perpendicular to the moving direction of the cart (wave 
direction α = 90◦) to acquire the optimal output performance, and all of 
the 70 S-TENG layers are connected in parallel without rectifier bridge. 
The corresponding equivalent circuit diagram is shown in Fig. S3. To 
simulate motions under real ocean wave, the frequency of the linear 
motor is set as 1 Hz and the amplitude is set as 130 mm. After the flatbed 

Fig. 3. The capacitor charging capability of a single S-TENG unit. (a) The diagram of a S-TENG unit charging different capacitors for 300 s under the same 2 Hz 
frequency. (b) The diagram of a S-TENG unit charging a same 100 μF capacitor for 300 s under different frequencies. (c) The output current and power density for a 
single S-TENG unit under different resistances. (d) The image of a S-TENG powering a thermometer by charging a 100μF capacitor. 
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is fully actuated, the 7 S-TENG units are connected to the circuit one by 
one so that the corresponding short-circuit current Isc and transferred 
charge Qsc are measured. 

It is clearly shown in Fig. 4b that with the number of parallel con-
nected S-TENG layers increasing, the average output Isc increases 
correspondingly from 5.44 μA (10 layers), 9.48 μA (20 layers), 14.78 μA 
(30 layers), 19.56 μA (40 layers),23.99 μA (50 layers), 29.87 μA (60 
layers) to finally 35.98 μA (70 layers). The variations of the short-circuit 
current Isc with the number of S-TENG units (see Fig. 4c) satisfies a linear 
fitting. Similar to Isc, the average transferred charge Qsc yields an 
increasing trend (see Fig. 4d, 4e) with the parallel connected S-TENG 
units increasing from 0.68 μC (10 layers), 1.36 μC (20 layers), 1.98 μC 
(30 layers), 2.66 μC (40 layers), 3.48 μC (50 layers), 4.20 μC (60 layers) 
and finally to 4.81 μC (70 layers). The transferred charge Qsc also yields 
linearly correlation with the number of the parallel connected S-TENGs. 
It’s worth mentioning that the electric output yields no ceiling as the 
number of layer increases. Provided consistent direction of the elec-
trodes on each layer, the output current from each layer will be in-phase 
(for effective superposition). Thus increasing the number of layer is an 
effective approach to further increase the electric output. 

The dependence of the output current and power density on the 
number of the S-TENG units (from 1 to 7) as well as on the resistance of 
the load is experimentally studied. As shown in Fig. S4, the internal 
impedance decreases with the number of the parallel connected S-TENG 
units increasing. The max power output P for different parallel con-
nected S-TENG units is calculated with the equation P = I2R, where R is 
the internal impedance and I is the corresponding current. The variation 
of the maximum power output and the number of parallel connected S- 
TENGs appears to be linearly correlated (see Fig. 4f), which means 
integrating more S-TENG units together could promote the total elec-
trical output efficiently. 

2.4. Output performance of the integrated self-powered buoy in ocean 
engineering wave basin 

As it has been verified that the electrical output will increase linearly 
with the number of the parallel connected S-TENG layers (from 0 to 70 

layers, without a rectifier bridge), by integrating with multiple S-TENG 
units (as the power module), an ocean buoy is capable of sustainably 
converting wave energy into electricity to power itself. Thus, a self- 
powered buoy consists of an acrylic sealing shell, 7 hexagonally ar-
ranged S-TENG units and a clump weight is fabricated. The diameter and 
height of the buoy is 350 mm and 400 mm, respectively. The buoy 
weighs 21.58 kg, including 6.58 kg S-TENG units (0.94 kg each×7) and 
a 15KG shell together with the clump weight. 

In order to figure out the actual (in-water) performances of the self- 
powered buoy, an advanced wave basin is utilized. As shown in Fig. 5a, 
the wave basin is of 50 m length, 3 m width and 1 m depth. A linear 
wave maker is located at one end of the basin while a wave damper (to 
eliminate the reflected waves’ disturbance on the results) is located at 
the other end of the basin. Since the cylindrical buoy will rotate along 
the z axis if anchored by a single point mooring system (which disturbs 
the angle α between the wave direction and the electrode direction), the 
self-powered buoy is anchored in the middle of the basin through a 
double point mooring system (see Fig. 5b). However, the performances 
of the self-powered buoy under the single point mooring system is also 
experimentally studied, as shown in Fig. S5. 

As far as hydrodynamics is concerned, a classical frequency-domain 
expression has been developed by Ogilvie et al. to describe the six de-
grees of freedom (surge, sway, heave, roll, pitch, and yaw) motions of a 
floating wave energy converter (e.g. the self-powered buoy): 

− ω2{[M] + [μ] }{ξ} − iω{[B + BPTO}{ξ} + [K]{ξ} = {fex} (1)  

Where {ξ} is the motion vector, [M] is the mass matrix, [μ] is the added 
mass matrix, [B] is the radiation damping matrix, [BPTO] is the linearized 
damping matrix representing the contributions from the power take-off 
(PTO), [K] is the stiffness matrix and fex is the wave excitations. Practi-
cally, the pitch motion is the major degree of freedom that drives the 
translational motions of the PTFE balls in the wave basin experiments 
(though other degrees of freedom, like surge and heave, also make some 
contributions). Therefore, the decoupled pitching equation can be used 
to approximate the dominating motion (pitch) of the S-TENG that gen-
erates electricity: 

Fig. 4. Output characteristics of 7 S-TENG units (70 layers total) connected in parallel without rectifier bridge. (a) The forced motion experimental platform. (b, c) 
The variation of the short-circuit current Isc with the number of TENG units. (d, e) The variation of the transferred charge Qsc with the number of TENG units. (f) The 
variation of max power output with the number of TENG units. 
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[M55 + μ55(ω) ]ξ̈5 + [B55(ω)+BPTO]ξ̇5 + K55ξ5 = fex,55(ω) (2) 

By taking the complex expression for the harmonic motion ξ =
A∙e(iωt+θ)and the complex expression for the harmonic velocity ξ̇ = iωA∙ 
e(iωt+θ) into Eq. (2), the decoupled pitching velocity can be written as: 

ξ̇5 = iωξ5 =
fex,55(ω)

i
[

ω(M55 + μ55) −
K55
ω

]

− (B55 + BPTO)

(3) 

It can be observed that the pitch amplitude will become maximum 
when ω(M55 +μ55) = K55

ω , which yields the natural frequency ω5,n of the 
floating body: 

ω5,n =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
K55

M55 + μ55

√

(4) 

According to Eqs. (3) and (4), when the device resonates, the velocity 
of the device will be in phase with the wave exciting force. The response 
amplitude operator (RAO), the ratio between the response amplitude 
and the input amplitude, for the pitch motion of the self-powered buoy 
can be evaluated as: 

RAO =
|ξ5|

Awave
=

fex,55(ω)

| − ω2(M55 + μ55) − iω(B55 + BPTO) + K55
⃒
⃒ (5) 

The industry standard hydrodynamic software, ANSYS AQWA, has 
been employed to analyze the motion of self-powered buoy. The nu-
merical results are correlated with the model tests: as shown in Fig. 5c, 
the pitch motions at 10 wave frequencies (from 3.34 rad/s to 9.52 rad/s) 
have been measured in the experiments. The natural pitching frequency 
of the buoy is 6.03 rad/s (0.96 Hz), which is consistent with the RAO 
depicted in Fig. 5c. The numerical RAOs are slightly higher than the 
experimental RAOs around the natural frequency. This is because 
sometimes the viscous damping correction in the numerical model is 

slightly lower than the (experimental) viscous damping when incident 
wave is present. However, the viscous damping we have applied was 
achieved from the (calm water) free decay test in the basin, which is the 
standard, most reliable practice to determine the viscous damping cor-
rections in current hydrodynamics. 

Wave basin experiments have demonstrated clearly the practical 
power generation capacity of the self-powered buoy integrated with 7 S- 
TENG units. This is the first time for a TENG integrated buoy to be tested 
comprehensively (under multiple sea states and two mooring systems) in 
an advanced wave basin. The wave basin is the core test facility for the 
State Key Laboratory of Coastal and Offshore Engineering of China. The 
waves are generated by the hydro-servo irregular wave maker system 
that provides high precision, while the wave damping on the other end 
of the wave basin to effectively eliminate the disturbance from the 
otherwise reflected waves. It is worth mentioning the actual operations 
are usually accompanied by issues unexpected before the wave basin 
tests. Mooring is one of the critical issues in the ocean as most of the 
floating systems are positioned by the corresponding mooring system. In 
fact, when the buoy is moored by a sign single mooring line system, 
parametric wave excitation will induce dynamic instabilities (in this 
case, unexpected yaw around the z-axis). This phenomenon was elimi-
nated (to make the measurement clearer but it can be also utilized) after 
two-line mooring system was adopted. 

Under the wave generated by the wave maker to simulate the actual 
ocean scenario, a 12 W high-brightness LED (1 W each) is lit up by the 
buoy (see Fig. 5d and the video demonstration Supp.V2). It indicates 
that self-power could be realized with the S-TENG for a small but 
practical marine distributed system (since illumination device takes the 
majority, if not all, of the power of the navigation supporting buoy). 
Similar studies should be extended to other small marine distributed 
systems such as sensor buoys and intelligent robotics. In fact, that the 
majority of the marine sensors work with similar power ranging from 
10− 2 W (e.g. wave logger ~ 0.01 W, sonic wave sensor ~ 0.02 W) to 100 

Fig. 5. The wave basin experiments of the self-powered buoy (a) The photograph of the advanced wave basin. (b) The self-powered buoy installed in the wave basin. 
(c) The pitch response amplitude operator (RAO) correlations between hydrodynamic analysis software and the wave basin experiments. (d) A 12 W high-brightness 
LED lit up by the self-powered buoy (through harvesting wav energy). 
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W (e.g. pressure sensor ~ 0.7 W, low-cost sensor buoy system ~ 2.5 W), 
the essentially robust and cost efficient S-TENG is a competitive 
approach to achieve battery independence for them. 

To study how the output performance of the self-powered buoy 
varies with different wave parameters, a series of experiments are car-
ried out in the wave basin. As the natural frequency of the self-powered 
buoy is 6.03 rad/s(0.96 Hz), the wave frequencies selected for the wave 
basin tests (0.77 Hz, 0.96 Hz, 1.15 Hz, 1.33 Hz and 1.52 Hz) are around 
the natural frequency. The experiments adopt linear waves of either 
4 cm height or 6 cm height. The optimal electrical output is acquired at 
the wave frequency of 0.96 Hz with the wave height of 6 cm (as ex-
pected see Fig. 5a and b). The maximum short-circuit current Isc reaches 
20.91 μA and the maximum transferred charge Qsc reaches 2.22 μC, 
which is quite desirable for a wave energy harvesting TENG. Fig. 6. 

The electrical outputs under different wave heights are shown in 
Fig. 5c and d, in which the wave maker generate waves with the same 
frequency of 0.96 Hz but different heights. It turns out that the average 
output Isc under the of 4 cm wave is 17.01μA, lower than the average 
output Isc 18.75 μA under 6 cm wave. But the average output Qsc under 
4 cm and 6 cm wave height condition turns out to be fairly close 
(2.18 μC and 2.16 μC). The reason is that larger wave height accom-
panies higher velocity to induce larger short-circuit current. However, 
either 4 cm height or 6 cm height wave have fully driven the maximum 
charges from the rolling PTFE balls. Therefore, no obvious difference in 
output Qsc can be observed. This is consistent with what we have found 
from the single S-TENG unit’s forced motion experiments. 

Fig. 5e and f show the electrical outputs at different wave fre-
quencies. Though the output Isc is relatively small at the frequency of 
0.77 Hz, Isc can be maximized as f increases to 0.96 Hz (the natural 
frequency of the buoy). After the natural frequency, as the wave fre-
quency increases, the output Isc decreases. The output Qsc under 
different wave frequencies yields similar trend: the maximum output Qsc 
is acquired at the natural frequency of the buoy (0.96 Hz) though the 

output Qsc remains almost same as wave frequency increases to 1.15 Hz. 
As the wave frequency increases further, the output Qsc gradually de-
creases. This can be explained by the fact that when the self-powered 
buoy resonates under the wave excitation, the most intensive pitch 
motion drives the S-TENG to the maximum electrical output. However, 
it’s determined by the characteristic of the S-TENG that once it is fully 
activated, the output transferred charge will have no major variation. 

3. Conclusions 

In this study, a sandwich-like triboelectric nanogenerator (S-TENG) 
for wave energy harvesting has been proposed. This compact S-TENG 
(with PTFE pellets inside two acrylic plates coated with aluminum 
electrode), can be easily stacked into parallel connection. The S-TENG is 
investigated through systematic on-land forced motion experiments 
while an S-TENG integrated is first investigated through systematic 
wave basin experiments. 

In the forced-motion experiments, the produced power density of S- 
TENG reaches 34.65 W/m3, which records a 226% increase from the 
previously studies T-TENG. In addition, the total electrical output in-
creases linearly with the number of the parallel connected S-TENG units 
(up to 70 layers). This characteristic actually forms the basis of a self- 
powered buoy (as the electrical output could be promoted by simply 
integrating more TENG layers). Consequently, a self-powered buoy 
consisting 7 hexagonally arranged S-TENG units is fabricated and tested 
in an advanced wave basin. The optimal electrical output of the self- 
powered buoy is achieved when the wave frequency matches the 
buoy’s natural (pitching) frequency: the short-circuit current can reach 
20.91μA while the transferred charge can reach 2.22μC. It means that 
the generated electricity is capable of lighting up a 12 W high-brightness 
LED directly. The S-TENG integrated buoy has set a benchmark of 
achieving self-powered marine devices, which is critical to a series of 
marine agenda including promoting navigation safety at sea lanes. 

Fig. 6. Studies of performance sensitivity to the hydrodynamic parameters. (a) The photograph of the wave basin and the self-powered buoy installed in the basin. 
(a) The short-circuit current Isc under 0.96 Hz wave frequency and 6 cm wave height. (b) The transferred charge Qsc under 0.96 Hz wave frequency and 6 cm wave 
height. (c) The short-circuit current Isc under different wave heights. (d) The transferred charge Qsc under different wave heights. (e) The short-circuit current Isc at 
different wave frequencies. (f) The transferred charge Qsc at different wave frequencies. 
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4. Experimental methods 

4.1. Fabrication of S-TENG unit 

The acrylic plate of a single layer S-TENG is of 5 mm thickness and 
10 cm diameter. Two aluminum electrodes with a thickness of 50 µm 
and an area of 6 cm × 4 cm are parallel attached onto two sides of the 
acrylic plate. PTFE balls with 10.5 mm diameter are filled between two 
acrylic plates and they are produced by 3 M company. Each S-TENG unit 
consists of 10 layers stacked S-TENG in parallel connection and acrylic 
block shell. The acrylic block shell has 10 cm diameter and 20 cm 
height. There are four AC output copper ends in an S-TENG unit, one 
pair at the top and the other pair at the bottom. 

4.2. Fabrication of self-powered buoy 

The buoy consists of 7 S-TENG units as the power module, an iron 
plate as the ballast and an acrylic shell as the frame structure. The S- 
TENG units integrated inside are in parallel connection to make the AC 
electrical output in-phase and the they are fixed through packing tape. 
The ballast iron plate is 15KG with 30 cm diameter and 5 cm thickness. 
The acrylic shell (with 40 cm height and 35 cm diameter) consists of a 
cover on the top of a barrel. The gap between the barrel and the cover is 
sealed by PTFE tape. At the bottom of the acrylic two stainless steel 
mooring hooks are attached with 3 M VHB tape. 

4.3. Characterizations and measurements 

A Keithley 6514 system electrometer is employed for measuring the 
short-circuit current Isc and the transferred charge Qsc. (but not the open- 
circuit voltage of a S-TENG unit as it is beyond the range of Keithley 
6514). An adjustable speed linear motor (US-52) has been adopted to 
perform the forced motion experiments. The charging and discharging 
performance of S-TENG unit was measured using a commercial ther-
mometer and a capacitor (100 μF, 25 V). The advanced wave basin be-
longs to the State Key Laboratory of Coastal and Offshore Engineering, 
Dalian University of Technology. 
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