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A B S T R A C T

This paper evaluates the effect of water-dielectric interfaces for wave impact energy harvesting at low frequen-
cies (0.7 Hz–3 Hz) on the output performance of Water-Dielectric Single Electrode Mode Triboelectric Nanogen-
erators (WDSE-TENG). The triboelectric effect is generated between water (with a net positive charge) and a
hydrophobic dielectric layer (with a net negative charge). Different WDSE-TENG configurations were tested us-
ing distinct hydrophobic materials. The water-fluorinated ethylene propylene (FEP) combination resulted in the
best output performance. On the contrary, an output performance reduction by a factor of 3.53 was measured
with seawater-dielectric interfaces. This can be compensated by increasing the contact area, with the best per-
formance obtained using silicone rubber compound (Acetoxy, Elastomer) utilizing a WDSE-TENG with two-di-
electric layer configuration. Employing seawater as a triboelectric material, the highest electrical output power
and power density of 79.18 mW and 0.344 mW/cm2 was generated with a grid of WDSE-TENG, comprising five
devices connected in parallel. The output voltage, current, transferred charge, stored energy and energy conver-
sion efficiency (ECE) values of the grid of connected WDSE-TENG devices were compared against a single device.
Such energy harvesters were able to power an ultrasonic range sensor and a one-way wireless transmitter for
motion detection, distance measurement, and monitoring weather conditions. The stored energy and generated
power were ~5.96 mJ and ~5.18 mW, respectively. Furthermore, the integration of the grid of WDSE-TENG with
a power management control circuit (PMCC) is able to increase the output power and hence offer the potential
to power up electronic devices with power consumption requirements between 1 mW and 100 mW. The results
demonstrate that the grid of WDSE-TENG offers an innovative energy harvesting approach using water as a tri-
boelectric material. The device can be used as an energy source for smart battery-less wireless sensing systems at
water-structure interfaces in aquaculture (e.g. for fish detection or water level measurement) and weather condi-
tion monitoring.

1. Introduction

The harvesting of renewable hydropower sources, generated from
water motion, has attracted great interest for many years [1,2]. In
particular, previous work has focused on collecting the energy gener-
ated by the random motion of shallow ocean waves at low frequen-
cies ranging from 0.5 Hz to 10 Hz, using hybrid devices combined with
triboelectric nanogenerators (TENG)-electromagnetic generators (EMG)
[3,4], and different TENG with solid-solid material interfaces in con-
tact under dry conditions [5–11], and water-solid interfaces [12–21].
Besides, harvesting breaking wave impact energy [22] have been re-
ported previously through the use of dielectric-metal contact-separation

mode triboelectric nanogenerators (DMCS-TENG) [23–25] with solid
materials in contact over a wide frequency range between 0.7 Hz and
252 Hz. Water-dielectric single electrode mode triboelectric nanogen-
erator (WDSE-TENG) operating under breaking wave contact at 1.2 Hz
has also been demonstrated [26]. Consequently, as triboelectricity ex-
ists when liquids are flowing or in contact with solid insulated mate-
rials [17,27–35], which creates an electric double layer (EDL) in two
steps called the Wang model [30,33]. Electron exchange between liq-
uid-solid interface due to contact electrification as the first step that
makes the atoms on the solid surface to be ions. The interaction be-
tween the solid-liquid interface ions as the second step, resulting in a
gradient distribution of cations and anions near the interface [30,33].
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Practically, electron exchange and ion adsorption occur simultaneously
and coexist in the liquid-solid interaction [30,32]. Specifically, the con-
tact electrification between hydrophobic surfaces and liquid solutions is
more likely to be dominated by electron transfer and the contact elec-
trification between hydrophilic surfaces and liquid solutions is likely
dominated by ion transfer [31]. This research work is aimed at an ex-
tended experimental study, analysis and optimization to exploit the liq-
uid-solid contact electrification for harvesting breaking wave impact en-
ergy, at low frequencies (0.7 Hz–3 Hz). Such energy can be potentially
harvested, exploited and improved using a grid of water-dielectric single
electrode mode triboelectric nanogenerators (WDSE-TENG). Such an en-
ergy harvester converts the external mechanical energy into electricity
by a combination of the triboelectric effect and electrostatic induction,
based on contact electrification between water and selected hydropho-
bic dielectric polymer layers due to their high negativity in the tribo-
electric series [36,37]. Such as polydimethylsiloxane (PDMS, with sili-
con-oxygen bonds), polytetrafluoroethylene (PTFE, with carbon-fluoride
bonds), silicone rubber compound (acetoxy elastomer, with silicon-oxy-
gen bonds), fluorinated ethylene propylene (FEP, with carbon-fluoride
bonds) and Polyimide (Kapton, with two acyl groups (C O), bonded to
nitrogen).

First, in order to evaluate the use of water as a triboelectric mater-
ial for TENG, single-electrode and split-electrode TENG prototypes were
fabricated and characterized. The generated output voltage, output cur-
rent, transferred charge and output power were measured to study the
contact electrification between water and the aforementioned dielec-
tric polymer films. Tap water, deionized (DI) water and sodium chlo-
ride (NaCl) solution with a concentration of 0.6 M, which is similar to
that in seawater, were compared when in contact with the hydrophobic
polymer films. This was achieved in a wave tank that generates break-
ing water wave impacts at frequencies and amplitudes between 0.7 Hz
and 3 Hz and 10 cm–12 cm, respectively. The aim was to find the op-
timum dielectric material to reach the highest output power from the
water wave impact. Second, a load resistance matching experiment was
performed with the objective being to obtain maximum output power
from the WDSE-TENG with a suitable selection of solid materials that
gives the highest performance from the proposed prototypes. Third, the
produced output performance and ability to charge a variety of capac-
itors with a single, and also a grid of five, WDSE-TENG prototypes in
a multi-unit parallel connection [38–40] to increase the current out-
put were characterized in seawater under breaking water wave impact
at the aforementioned frequencies. An enhancement in the performance
was achieved using a grid of energy harvesters. Finally, it was demon-
strated that the grid of WDSE-TENG has the potential to drive small elec-
tronic devices, such as an ultrasonic range sensor for detecting objects
during a short period (~1 s). Furthermore, we aim to solve the chal-
lenge that this system and many self-powered systems based on TENG
have, in that they are not able to work continuously. A power manage-
ment control circuit (PMCC) was used, which allows the output power
performance of the grid of WDSE-TENG to meet the power consump-
tion requirements from 1 mW to 100 mW [41,42] for electronic de-
vices. This demonstrates an alternative and novel approach for energy
harvesting of ocean wave impact for autonomous monitoring applica-
tions requiring self-powered systems in liquid environments. Potential
use cases include systems at structure-water interfaces in aquaculture for
fish detection, measurement of the water levels at smart fish farms at
small and big scales harvesting breaking water wave energy in areas be-
tween ~145 cm2 to ~18 m2, and sensor systems that monitor erosion in
coastal defence systems.

2. WDSE-TENG prototypes fabrication and electrical
characterization measurements set-up

2.1. Fabrication

The fabricated WDSE-TENG prototypes have a triboelectric active
area of 7 cm × 4 cm and three different configurations, as depicted in
Fig. 1, using hydrophobic dielectric layers with high negativity in the
triboelectric series [36]. For the first sample of a WDSE-TENG, a dielec-
tric layer was bonded onto a copper electrode (thickness (t) = 100 μm)
with conductive acrylic glue (Electrical resistance through
glue = 0.003 Ω, and t = 25 μm). The other exposed side of the cop-
per layer was insulated with black PTFE tape to protect it from the wa-
ter to prevent a short circuit (Fig. 1 a). With this device configuration,
the contact electrification occurs at the face of the dielectric layer in
contact with water. A number of different dielectric layers were tested,
namely PTFE (t = 100 μm), FEP (t = 25 μm), Silicone rubber com-
pound (t = 150 μm), Kapton (t = 127 μm), and PDMS (t = 125 μm).
For the second configuration, a Cu layer (t = 100 μm) was completely
insulated within silicone rubber layers on both sides to protect it from
the water (Fig. 1 b) and to increase the contact area to produce contact
electrification on both faces of the device when water contacts it. Addi-
tionally, using the second configuration, a copper layer was insulated on
one side with a layer of PDMS and the other side with a layer of PTFE us-
ing conductive acrylic adhesive to test the combination of two different
materials in contact electrification with water at the same time. For the
electrical characterization, the electrode of each sample was connected
to an external load of 10 MΩ.

The third configuration comprised two copper layers (split electrode)
with an active area of 2.5 cm × 3 cm per layer, and a separation dis-
tance of 8 mm, which were bonded with conductive acrylic adhesive on
a dielectric layer of either PTFE (t = 100 μm) or PDMS (t = 125 μm).
The other face of the device was insulated with a layer of silicone rub-
ber to protect it from short-circuit in contact with water (Fig. 1 c). The
contact electrification is produced on both faces of the device when it
contacts the water and the two electrodes (E1 and E2) were connected
to an external load of 10 MΩ for electrical characterization. The objec-
tive of implementing a split electrode design commonly called the free-
standing mode [43] is to increase the overall charge transfer relative to
a WDSE-TENG.

2.2. Electrical characterization

The WDSE-TENG output voltage, output current, charge transfer
and output power of the prototypes were characterized in a break-
ing water wave generator tank in order to replicate the conditions
of the mechanical energy generated by ocean wave impact. A hybrid
stepper motor (RS Pro 535-0502) attached with an acrylic panel of
20 cm × 20 cm (t = 8 mm) is used to generate the wave motion in
the water tank at different frequencies. The water wave breaks with
frequencies from 0.7 Hz to 3 Hz and amplitudes between 10 cm and
12 cm (See Fig. S1 in the supplementary information document). The
WDSE-TENG devices were placed at the wall on the right side of the
tank where the water wave breaks against the dielectric triboelectric
layer, which generates interchange of triboelectric charges between both
surfaces as shown in Fig. 2 a and Fig. 2 c. DI water, tap water and
0.6 M NaCl solution (artificial seawater) were used in contact with the
WDSE-TENG devices. Therefore, a practical load resistance matching
analysis with load resistances varying between 100 Ω and 100 MΩ con-
nected to the energy harvester prototype was performed to obtain the
maximum output power as depicted in Fig. 2 b.

Additionally, the rectified output performance and the ability to
charge a variety of capacitors varying from 4.7 μF to 470 μF for 85 s
with a single device (Fig. 2 a), and a grid of five WDSE-TENG devices
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Fig. 1. Two-dimensional schematic and digital images of the three configurations of fabricated WDSE-TENG prototypes a) WDSE-TENG with one dielectric layer, b) full device covered
with two dielectric layers and c) split electrode-two dielectric layers. Molecular structure of d) FEP, e) PTFE, f) Silicone rubber (Acetoxy, elastomer) and PDMS and g) Kapton.

Fig. 2. a) Digital image of the single WDSE-TENG attached and under breaking water wave impact in the water wave impact generator tank. b) Circuit diagram of the WDSE-TENG for
the load matching and charging of different capacitors. c) Digital image of the grid of five WDSE-TENG devices attached and under breaking water wave impact in the water wave impact
generator tank.

connected in parallel were tested as illustrated in Figs. 2 c and Fig.
10 a. Every WDSE-TENG device was connected to a full wave bridge
rectifier (using BAS 40 diodes) for the electrical characterization of the
grid of such devices. Furthermore, a durability test was performed to
the WDSE-TENG energy harvester under breaking water wave impact
through different periods from 30 min to 210 min and number of cycles
of operation. Moreover, the grid of energy harvesters was used to drive

electronic devices including an HC-SR04 ultrasonic ranger by storing
and discharging electrical energy using capacitors. Finally, a PMCC unit
was developed using the grid of WDSE-TENG as a source and this im-
proved its energy extraction to have a direct wave impact-to-electrical
conversion.

All the WDSE-TENG prototypes and connection wires were insu-
lated to avoid short circuit conditions when the devices are in contact
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Fig. 3. a–g. Working mechanism of the WDSE-TENG with one-dielectric layer by the contact electrification of dielectric layers with breaking water wave impact.

Fig. 4. a–g. Working mechanism of the WDSE-TENG with two-dielectric layers by the contact electrification of dielectric layers with breaking water wave impact.

with water. The output voltage and current measurements of the
WDSE-TENG energy harvesters were performed using an Agilent Tech-
nologies N6705B Power analyzer (10 measurements performed for each
sample). The output power was calculated from these measurements.
Furthermore, the transferred charges were calculated by integrating the
output current peaks generated during the impact of the water waves
over the devices, and the charge of different capacitors (4.7 μF–470 μF)
by the energy harvesters were obtained with a Tektronix TDS 2014C dig-
ital oscilloscope (10 measurements performed for each sample).

3. WDSE-TENG working mechanism through water-dielectric
interfaces for electricity generation

Fig. 3 a-g and Fig. 4 a-g illustrates the working mechanism of the
WDSE-TENG with one-dielectric layer and two-dielectric layers config-
uration due to contact electrification and ion interaction between the
breaking water wave and the hydrophobic dielectric layers. Before the
dielectric layers make contact with water (Fig. 3 a and Fig. 4 a), no

charge transfer and ion adsorption occur. When the water wave starts
to make partially contact against the dielectric layers (Fig. 3 b and
Fig. 4 b), the electron exchange and ionization of the surface groups
on the dielectric layers will cause the dielectric layer to be negatively
charged [44] and create a positively charged EDL on the contact sur-
face of the water wave to maintain electrical neutrality [30–33,45,46]
(Fig. 3 c and Fig. 4 c). As the water wave breaks down and moves
off the dielectric layers, the positive charges in the EDL can be carried
away with the water and the negative charges can remain on the sur-
face of the dielectric layers. The negative electric potential difference
between the electrode and the load resistor to ground attains equilib-
rium as electrons flow to ground (Fig. 3 d and Fig. 4 d) due to the
triboelectric charges on the dielectric layers, which can be retained for
hours or even days [47]. When another water wave is partially im-
pacting/contacting the negatively charged dielectric layers in a short
period (~0.0008 s) of the impact motion process (See Fig. S2 in the
supplementary information document), the negative charges will attract
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Fig. 5. a–g. Working mechanism of the split-electrode WDSE-TENG with two-dielectric layers by the contact electrification of dielectric layers from breaking water wave impact.

Fig. 6. The average instantaneous output voltage, output current and transferred charges of the WDSE-TENG with different configurations and materials in contact with (a–c) DI water,
(d–f) tap water and (g–i) artificial seawater.

counter ions from the water to form another positively charge EDL, and
establishes a positive electric potential difference. Therefore, electrons
will flow from ground and load resistor to the electrode (Fig. 3e and
Fig. 4 e) that produces an instantaneous current peak until a new equi-
librium is reached (~0.29 s, Fig. 3 f and Fig. 4 f) (See Fig. S3 in
the supplementary information document). When the water wave breaks
down (~0.0103 s) and leaves the dielectric layers, a negative electric
potential difference will be established between the electrode and load
resistor to the ground and another new equilibrium is achieved (Fig. 3
g and Fig. 4 g). Once the following water wave contacts with the di

electric layers of the WDSE-TENG (Fig. 3 a-g and Fig. 4 a-g), power
generation cycle repeats itself.

Additionally, the working mechanism of the WDSE-TENG with
split-electrode and two-dielectric layers configuration is depicted in Fig.
5 a-g. No charge transfer and ion adsorption take place before the con-
tact electrification between the dielectric layers and water (Fig. 5 a).
Subsequently, the water wave starts its contact over the WDSE-TENG,
and this results in electrical neutrality with negative charges on the di-
electric layer surface, which also creates a positively charged EDL on the
water (Fig. 5 b). This generates an unbalanced electric potential differ
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Fig. 7. Comparison of the output power calculated for each of the three WDSE-TENG prototypes when exposed to 10.5 cm amplitude waves at 1.2 Hz (with a 10 MΩ load).

ence between E1 and E2 that drives the movement of electrons from E2,
through the load resistance to E1 as the water wave is partially impact-
ing the WDSE-TENG energy harvester (Fig. 5 b). This process produces
an instantaneous negative current (Fig. 5 b). Therefore, once the water
wave fully impacts the device dielectric layers, induced electrons move
back from E1 to E2, through the load resistance as the electric poten-
tial distribution changes toward equilibrium which produces an instan-
taneous positive current (Fig. 5 c). As the water wave breaks down and
moves off the dielectric layers, the positive charges in the EDL can be
carried away with the water and the negative charges can remain on
the surface of the dielectric layers (Fig. 5 d). Once the following wa-
ter wave starts impacting with the dielectric layers of the split-electrode
WDSE-TENG with two-dielectric layers (Fig. 5 e), another cycle of oper-
ation is completed (Fig. 5 f-g). The water wave after the impact with the
dielectric layers of the WDSE-TENG prototypes should not leave residual
water on the dielectric hydrophobic layers surface, in an ideal situation
to generate the maximum electrical output.

4. Experimental results and discussion

4.1. Water-dielectric triboelectric materials selection and optimization

The comparison of the three configurations for the WDSE-TENG en-
ergy harvester prototypes according to their electrical output perfor-
mance measurements in contact with DI water, tap water and seawa-
ter with a frequency and amplitude of impact of 1.2 Hz and 10.5 cm
is shown in Fig. 6 a-i (See Fig. S2 in the supplementary information
document). In contact with DI water, the devices had a maximum out-
put voltage (VRMS), output current (IRMS) and transferred charges rang-
ing from 3.06 V to 7.36 V, 1.87 μA–5.06 μA and 5.41 nC–13.70 nC (Fig.
6 a-c), respectively. As a result, a maximum output power between
5.71 μW and 22.42 μW was calculated (Fig. 7). In contact with tap wa-
ter, the maximum output power was between 2.88 μW and 19.72 μW
and this was calculated from the measured VRMS (1.47 V–5.76 V) and

IRMS (1.04 μA–4.80 μA), along with transferred charges of 4.98 nC–9.93
nC (Fig. 6 d-f). The output performance using tap water was reduced by
a factor of 1.46 compared with the DI water (Fig. 7).

The WDSE-TENG with one dielectric layer using FEP (t = 25 μm)
in contact with tap water and DI water produced the highest out-
put performance (Fig. 7). The prototype with two dielectric layers of
silicone rubber produced the next highest output performance, likely
due to the large contact area (VRMS, IRMS and power of 5.76 V–6.21 V,
2.74 μA–3.04 μA and 15.83 μW–18.77 μW, respectively). However, the
output performance decreased for the WDSE-TENG with split-electrode
with two dielectric layers due to the reduced active area of
2.5 cm × 3 cm. Furthermore, the configuration of the WDSE-TENG with
two distinct dielectric layers of PDMS and PTFE have shown relatively
poor output power performance from 3.30 μW to 6.14 μW (Fig. 7).

Moreover, the output power for the water-dielectric energy har-
vesters was reduced by a factor of 4.20 and 2.86 when they were in
contact with seawater compared with the DI and tap water, respectively
(Fig. 7). The maximum output voltage, current, transferred charge and
output power values were 3.75 V, 2.37 μA, 4.63 nC and 8.89 μW with
the two dielectric layer configuration using silicone rubber compound
(t = 150 μm) with a Cu electrode as depicted in Fig. 6 g-i and Fig.
7. For the one dielectric layer configuration using silicone rubber, a
maximum output power of 4.76 μW (Fig. 7) was obtained, with cor-
responding output voltage, current and transferred charge values of
4.93 V, 0.96 μA and 3.98 nC, respectively. The reduction in the perfor-
mance of the WDSE-TENG energy harvesters indicated that they are af-
fected by the electrolytes in water. This is due to the fact that dielec-
tric materials cannot completely elude the adhesion of water droplets
after it is separated from the water wave impact. Once there are elec-
trolytes in water, more positive charges including dissolved ions will
remain on the dielectric films, resulting in the partial screening of the
tribo-charges on the films [36,44,48–51]. In the near future, this is-
sue could be solved by the creation of superhydrophobic dielectric
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Fig. 8. a) Instantaneous output voltage, b) current and c) transferred charges of a single WDSE-TENG with two-dielectric layers of silicone rubber compound. d) Instantaneous output
voltage, e) current and f) transferred charges of the grid of five WDSE-TENG devices through different breaking wave impact frequencies (0.7 Hz–3 Hz) with a load resistance of 3.8 MΩ.
g) Load resistance matching analysis to obtain the highest output power performance with the WDSE-TENG devices. h) Charging performance of a single WDSE-TENG energy harvester,
and i) a grid of five WDSE-TENG energy harvesters connected in parallel to different capacitors (4.7 μF–470 μF) tested in the water generator tank.

Fig. 9. a) Average instantaneous output power, energy and energy conversion efficiency of a single WDSE-TENG with two-dielectric layers of silicone rubber compound over 15 seconds.
b) Average instantaneous output power, energy and energy conversion efficiency of the grid of five WDSE-TENG devices through different breaking wave impact frequencies (0.7 Hz–3 Hz)
and amplitudes (10 cm–12 cm) with a load resistance of 3.8 MΩ, for 15 s. c) Maximum average instantaneous output current generated by the WDSE-TENG during different periods and
cycles of operation from 30 min to 210 min and ~2160 cycles to ~15120 cycles under breaking water wave impact.

layers or by changing the dielectric film with a specific functional group
to counter the ions with opposite charges that remain on the contacted
surfaces [49] during water wave impact.

The results show that the reduction in the performance of the
WDSE-TENG can be compensated by increasing the contact area of the
devices operating with seawater to obtain a better output performance
(Fig. 7). Consequently, as the WDSE-TENG energy harvesters must be
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Fig. 10. a) Electrical circuit diagram of the grid of WDSE-TENG energy harvesters under breaking water wave impact to charge the 47 μF and 470 μF capacitors to power-up b) the wireless
transmitter to turn on c) a therma-hygrometer and d) an ultrasonic range sensor (Ocean water wave adapted from Ref. [59]).

working in seawater conditions under breaking water wave impact, the
selected devices for further characterization were the ones composed
with two dielectric layers composed of silicone rubber (Fig. 7. The se-
lected devices generated the highest power performance of 8.90 μW un-
der seawater conditions due to the effective contact area of 46 cm2 (Fig.
1 b), compared with the other energy harvesters with active areas of
28 cm2 and 27.2 cm2 (Fig. 1 a and 1 c). The performance of the tri-
boelectric liquid-solid interfaces used for the WDSE-TENG energy har-
vesters, arranged according to the output performance under breaking
water wave impact is summarized in Table 1. The most negative ma-
terial generating significant electron transfer effect in contact with DI
water and tap water was FEP (See Table S1 in the supplementary infor-
mation document). On the contrary, the most negative dielectric mater-
ial with the seawater-dielectric interface interaction was Silicone rubber
compound (Fig. 7), which means that the charge transferred using this
water-dielectric interface is the highest from the selected triboelectric
materials, with the objective being to reach the highest electric output
performance in the proposed WDSE-TENG energy harvesters in seawa-
ter conditions. Nevertheless, the WDSE-TENG devices comprising FEP,
PTFE, Polyimide and PDMS layers in contact with seawater show weak
electron transfer effect, which means that ion adsorption effect domi-
nates the contact electrification with those polymers [34,35].

Table 1
Comparison of the level of positive and negative triboelectric water-dielectric interfaces in
terms of ease of losing or gaining electrons through breaking seawater wave impact.

4.2. Grid/single WDSE-TENG output performance electrical
characterization under different breaking water wave impact frequencies
and potential battery-less applications

The WDSE-TENG with two-dielectric layers comprising silicone rub-
ber compound exhibit maximum output power and power density of
9.65 mW and 0.21 mW/cm2, respectively. These values were obtained
with a load resistance of 3.8 MΩ, selected from a load resistance match-
ing characterization under breaking water wave impact at 3 Hz with
an amplitude of 12 cm (Fig. 8 g). Further, the grid/single WDSE-TENG
tested in seawater through different breaking water wave impact fre-
quencies (0.7 Hz–3 Hz) and amplitudes (10 cm–12 cm) show a linear in-
crease in their overall output performance by a factor of 3.29 and 2.54
as the frequency of impact increases as illustrated in Fig. 8 a-f (See
Table S2 in the supplementary information document). Such increase is
attributed and proportional to the total mechanical energy of the break-
ing water wave impact (2) consisting of potential and kinetic energy
that contacts on the WDSE-TENG devices. Which rises from 50.76 J to
73.10 J that produces an increase in the friction between the liquid-solid
interface [35,52–54] (Fig. 4 e) increasing the electron exchange and
ion adsorption that occurs simultaneously [30–33] as the frequency
and amplitude of impact rises (See Fig. S4 in the supplementary infor-
mation document). The maximum rectified output power of the single
WDSE-TENG device increases from 1.21 mW to 9.76 mW (Fig. 9 a-b),
with corresponding maximum instantaneous output voltage, current and
transferred charge values of 56.84 V–130 V, 21.31 μA–74.67 μA and
41.79 nC–169 nC, respectively (Fig. 8 a-c).

In comparison, the grid of five energy harvesters connected in par-
allel, with a total active area of 230 cm2, showed an overall enhance-
ment by a factor of 6.14 in the average rectified instantaneous out-
put performance with an increasing output voltage, current and trans-
ferred charges from 205.63 V to 298 V, 90.52 μA–265.78 μA and
144.9 nC–469.70 nC, respectively (Fig. 8 d-f). Consequently, the grid
of energy harvesters generated a maximum output power and power
density of 18.61 mW–79.18 mW (Fig. 9 a-b) and 0.081 mW/cm2 to
0.344 mW/cm2 (3.8 MΩ load). Furthermore, the output performance
enhancement was verified by charging different capacitors
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(4.7 μF–470 μF). The maximum voltage reached by the single unit of
WDSE-TENG was 11.18 V, compared with the grid of WDSE-TENG de-
vices that reached a maximum value of 25.73 V, when charging a capac-
itor of 4.7 μF for 85 s as illustrated in Fig. 8 h and Fig. 8 i.

Additionally, the average energy conversion efficiency (ECE) η of one
WDSE-TENG energy harvester and a grid of WDSE-TENG composed of
five devices was calculated. The ECE is defined as the ratio between
the electric energy (Eelectric) delivered to the load resistor of 3.8 MΩ
and the mechanical energy (Ewaterwave) applied by the breaking water
wave impact on the single/grid of WDSE-TENG devices. A time period
of 15 s was considered when calculating Eelectric for different frequencies
(0.7 Hz–3 Hz) and amplitudes (10 cm–12 cm). The Eelectric released for
the single and grid WDSE-TENG energy harvesters were from 0.6 J to
4.84 J and 9.23 J–39.28 J, respectively as shown in Fig. 9 a-b. These
values were estimated using the following equation:

(1)

where I is the average instantaneous current generated by the devices
and R is the load resistance. The total mechanical energy of the water
waves was between 50.76 J and 73.10 J consisting of potential energy
and kinetic energy [55]:

(2)

Where g is the acceleration of gravity, ρ is the density of seawater
(1036 kg/m3) [56], and A is the wave amplitude (from 10 cm to 12 cm.
Consequently, the overall η of the single/grid of WDSE-TENG energy
harvesters rise linearly between 1.18% and 6.62% and 18.19% and
53.74% as depicted in Fig. 9 a-b, calculated by Ref. [57]:

(3)

Moreover, analyzing the potential to scale up the energy harvesting
of breaking water wave on an area of 18 m2, where the water wave
breaks with amplitudes between 0.3 m and 4 m [58] using a grid of
WDSE-TENG. This could be possible with the fabrication of big wa-
ter-dielectric triboelectric-structure interfaces composed with 7200 en-
ergy harvesters connected in parallel, which could have the potential
to generate an average output power, and energy of ~30.63 W and
~15.20 kJ, respectively. Consequently, estimating the breaking of a wa-
ter wave with an amplitude of 4 m that generates the energy of 78.4 kJ
(2) impacting over the big proposed interface. The big-scale grid of
WDSE-TENG could have an ECE of 19.38% (3), collecting breaking wa-
ter wave impacts in big-scale with different amplitudes in the aforemen-
tioned area. Besides, a durability test was performed on the WDSE-TENG
device composed of two silicone rubber dielectric layers under break-
ing water wave impact with a frequency and amplitude of ~1.2 Hz and
~10.5 cm, over different periods of 30, 60, 90, 120, 150 and 180 min.
Based on the number of cycles of operation and the rectified output cur-
rent of the WDSE-TENG energy harvester. The results show that the en-
ergy harvester maximum average output current is stable over 150 min
and ~10800 cycles of operation under the impact of water waves as il-
lustrated in Fig. 9 c. Subsequently, the performance decreases linearly
as the operation time increases from 150 min to 180 min and 210 min
with a decrease by a factor of 1.27 and 1.55, respectively (Fig. 9 c).
The average maximum instantaneous current decreased from ~27.14 μA
(60–150 min) to ~21.21 μA and ~17.41 μA (180–210 min) as the cycle
of operation increases from ~12960 to ~15120, respectively. Although
under ~10800 cycles of operation, the WDSE-TENG performance was
stable, further investigation is required to improve the energy conver-
sion efficiency and device durability to withstand the harsh environmen-
tal conditions of the ocean and liquid environments.

Besides, due to the improvement of the breaking water wave energy
harvesting through the implementation of the grid of WDSE-TENG de-
vices charging different capacitors (Fig. 10 a), some applications were
demonstrated. First, the grid of WDSE-TENG energy harvesters was used
to power a one way wireless 433 MHz transmitter (Seeed Studio RF link
kit part no. 113990010) to send a signal to the receiver to turn on a
therma-hygrometer with a transmission distance from 2 m to 8 m as
shown in Fig. 10 b-c. This was achieved after charging a 47 μF capacitor
between 129 and 370 s, resulting in a voltage of 3.19 V–9.81 V across
the capacitor, and then using the stored electrical energy to power up
the transmitter. To transmit at longer distances, more energy can be
stored by charging suitable capacitors for a longer time. The energy
stored in the capacitor for the grid of WDSE-TENG devices, and the
power generated for the capacitor during the discharging process for
powering the wireless transmitter were between 193.56 μJ and 2.24 mJ,
and 322 μW to 3.73 mW, respectively (Fig. 11 a and Fig. 11 c).

Furthermore, an ultrasonic range sensor (HC-SR04) for detection of
objects was powered by charging a 470 μF capacitor for 570 s (Figs. 10
d and Fig. 11 b) using the grid of energy harvesters. The range sensor
was able to track the movement of a plastic sheet located at a distance
of ~30 cm over a short period (~1 s) as illustrated in Fig. 10 d. The
energy stored in the capacitor for the grid of energy harvesters and the
power supplied by the capacitor to power up the ultrasonic ranger sen-
sor were 5.96 mJ and 5.18 mW, respectively. This demonstration con-
firmed that the grid of energy harvesters using a liquid-solid interface
was able to drive typical electronic devices found in wireless sensor sys-
tems.

Finally, energy transfer with a pre-storage capacitor (Ct) was used
to store the energy from the grid of WDSE-TENG and to maintain the
optimal voltage across the diode rectifier bridge in order to optimize
energy extraction. This was achieved using a flyback converter circuit
that gives more design flexibility [60]. Therefore, a LT8303 micropower
high-voltage insolated flyback converter was integrated to the grid of
WDSE-TENG to form a power management control circuit (PMCC) [60]
as shown in Fig. 11 d-e. The objective of the PMCC is to maintain the
voltage constant across the diode rectifier, when the temporary capaci-
tor (4.7 μF) reaches approximately 5 V after 12.8 s (Fig. 11 f). This is
achieved by transferring one part of the energy stored in Ct to the stor-
age capacitor (Cs, 100 μF) through the flyback converter (Fig. 11 f).
Harvesting the breaking water wave impact for 200 s, the storage ca-
pacitor reached a maximum voltage of 2.64 V with a stored energy of
16.37 μJ, as shown in Fig. 11 f. This power conversion principle enables
the utilization of multiple WDSE-TENG connected in parallel using one
coupled inductor and only one PMCC (Fig. 11 d-e). This system is able
to improve the output power of the water-dielectric energy harvesters
with the potential to power up electronic devices such as autonomous
wireless sensor nodes for detecting fish and measuring water levels at
smart fish farms.

5. Conclusions

In summary, this research work has demonstrated the potential of
WDSE-TENG devices as an innovative and alternative approach for har-
vesting mechanical energy from breaking wave impact forces at the
structure-water interfaces using water as a triboelectric material. This
contributes to existing energy harvesting studies that are focused on
shallow water wave energy harvesting employing liquid-solid interfaces
[3–21].

Firstly, by comparing WDSE-TENG composed of different device con-
figurations and five hydrophobic dielectric materials in contact with
DI water, tap water and seawater, the ideal energy harvester config-
uration and the liquid-solid interface was found in order to enhance
the output performance of the proposed energy harvesters. The perfor-
mance of the DI/tap water-FEP WDSE-TENG were the most promising.

9



UN
CO

RR
EC

TE
D

PR
OO

F

U.T. Jurado et al. Nano Energy xxx (xxxx) xxx-xxx

Fig. 11

Capacitor charging and discharging process for powering the a) wireless transmitter to power-up the therma-hygrometer, and b) ultrasonic range sensor under the breaking water wave
impact with a frequency of 1.2 Hz. c) Energy stored in the 47 μF capacitor for the grid of WDSE-TENG devices, and the power supplied by the capacitor during the discharging process for
powering the wireless transmitter to turn on a therma-hygrometer. d) Integration of the grid of WDSE-TENG with an LT8303 micropower high-voltage insolated flyback converter to form
a power management control circuit (PMCC). e) Digital image of the PMCC circuit with the grid of WDSE-TENG. f) Energy transfer from Ct to Cs from harvesting the breaking water wave
impact for 200 s.

On the other hand, a reduction in the performance of the WDSE-TENG
with seawater-dielectric interfaces was observed, but it was demon-
strated that this can be compensated by increasing the contact area
of the devices to enhance the output performance. Consequently, the
WDSE-TENG energy harvester comprising two-hydrophobic silicone
rubber compounds showed the highest electrical output working in sea-
water conditions under breaking water wave impact. Secondly, it was
demonstrated that an improvement in the power output by a factor of
6.14 for the seawater-dielectric energy harvesters was possible. This was
achieved using a parallel connection of a grid of five WDSE-TENG de-
vices with a coverage area of 230 cm2 compared to a single WDSE-TENG
device. The ability to charge different capacitors was demonstrated, and
the output voltage, current, transferred charges, output power and ECE
values respond with linear and proportional increase as the water wave
impact energy rises, increasing the liquid-solid interface friction, elec-
tron exchange and ion adsorption [30–33,35,52–54] as the frequency
varies from 0.7 Hz to 3 Hz, with amplitudes between 10 cm and 12 cm.

Thirdly, the grid of WDSE-TENG devices has the potential to drive
low-power electronic devices with stored energy levels between 2.24 mJ
and 5.96 mJ, and they generate power in the range 3.73 mW–5.18 mW,
which is sufficient to power an ultrasonic range sensor, and also to
power a wireless transmitter. Finally, the integration of the grid of
WDSE-TENG devices with a PMCC allows the device to achieve power
levels from 1 mW to 100 mW [41,42] for powering electronic devices
continuously using a TENG. Further investigation is required to ex-
plore the integration of superhydrophobic materials, surface pattern-
ing modification to enhance hydrophobicity, utilization of normalized
thickness values, and more efficient energy coupling to

withstand the seawater conditions utilizing the WDSE-TENG energy har-
vesters that have a stable electrical output under ~10800 cycles of op-
eration during 150 min, measured through a durability test. The inte-
gration of the grid of WDSE-TENG offers an innovative approach that is
able to work in liquid environments and hence provide an energy source
for self-powered wireless sensing systems at water-structure interfaces.
Potential applications include fish detection for smart aquaculture, wa-
ter level measurements, weather condition monitoring, and sensor sys-
tems that monitor erosion and weathering in coastal defence systems.
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