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THE BIGGER PICTURE Harvesting open ocean energy can be used to power devices that need to be de-
ployed in the ocean without access to the power grid, such as Internet of Things (IoT) devices for environ-
mental monitoring. Triboelectric nanogenerators (TENGs) have been explored for energy harvesting in
open ocean environments, but most TENGs suffer from wear and tear issues due to specific working mech-
anisms. Droplet-based TENGs have received attention due to their advantage of having a low friction nature,
enabling durable and sustainable energy harvesting from slow mechanical energy resources. However, most
droplet-based devices can only harvest mechanical energy along a single direction, which is not favorable for
unpredictable open ocean environments. Here, we report a floatable-droplet-based TENG harvesting natural
wave energy from all directions. Our TENG outperforms conventional floatable TENGs in power and charge
densities, opening up an avenue for ocean energy harvesting.

SUMMARY

There has been a surge of interest in droplet-based triboelectric nanogenerators, facilitating the durable and
sustainable harnessing of slow and periodic mechanical energy resources. A major challenge faced by most
of these devices is the concurrent achievement of high electrical outputs and omnidirectionality, which ham-
pers their immediate implementation in real-world slow and periodic energy harvesting scenarios. We pre-
sent a floating-droplet-activated electricity generator featuring asymmetric electrodes together with the
switching of an internal circuit, with a current output of ~107.6 pA, a power density of 1.2 kW/m?3, and a charge
density of 31.2 mC/m®. When multiple devices were parallelly integrated, the current output reached 1.2 mA
at a waving frequency of 0.28 Hz. Furthermore, the omnidirectionality and stability of the device have been
examined, demonstrating that our device is applicable in any marine conditions and can harvest sustainable
and extensive energy from natural vibrations.

INTRODUCTION mechanical energy resources. However, most devices have strug-

gled to simultaneously achieve a high output voltage of >300 V and

Triboelectric nanogenerators (TENGs) exploit low-frequency me-
chanical stimuli with an energy conversion efficiency as high as
70.6% ' and can convert ambient mechanical energy into elec-
tricity. Numerous architectures, such as ball-embedded,*'?
liquid-activated,*'® pendulum-employed, '’ ~2° and spring-assis-
ted®'2* types, have succeeded in harvesting mechanical energy
with low frequencies to date. Droplet-based TENGs have the
advantage of a nearly frictionless triboelectric interface,”® enabling
durable and sustainable energy harvesting from slow and periodic

Gheck for
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an output current of >100 pA. Much effort has been devoted to
boosting the output using different strategies: by optimizing the
droplet position,”® dielectric materials,?”*® droplet injection
speed,’® droplet contact area,®° and electrode design®'* and
precharging the droplets.>**° State-of-the-art droplet-based elec-
tricity generators have achieved instantaneous output voltages
and currents up to approximately 2,000 V and 4,000 pA,* with
the help of liquid droplets in direct contact with an electrode.
Although TENGs with solid-solid interfaces have strived to achieve
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Figure 1. Overview of the FDEG

(A) Schematic of the floating-droplet-activated
electricity generator (FDEG). The insets show the
thickness (bottom left) and hydrophobicity (bot-
tom middle) of the contact-electrification layer
(FEP) and an optical image of the device (bottom
right).

(B) The output currents measured from the FDEG
with three different configurations for electrical
connections (in dark gray: single-electrode
configuration to the circular electrode, in blue:
single-electrode configuration to the ring elec-
trode, and in red: closed-loop configuration) under
the same waving frequency of 0.28 Hz and DI
water droplet volume of 2.4 mL.

(C) Schematic diagram of the working principle of
the FDEG.

(D) Equivalent circuit model of the FDEG.
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omnidirectional energy harvesting in light of the unpredictable na-
ture of low-frequency mechanical stimuli,**"% %25 most droplet-
based devices can only harvest mechanical energy along a single
direction, limiting their direct application in practical slow and pe-
riodic energy harvesting.

We present a floating droplet vibration-activated electricity
generator characterized by the disparity in capacitance on the
electrodes. The switching of the internal circuit, in conjunction
with the difference in capacitance, facilitates the dramatical in-
crease in the output voltage and current magnitude while main-
taining consistent charge generation. This simple design exhibits
practical advantages for wave energy harvesting from the
perspective of omnidirectionality, cost, performance, and scal-
ability, which could potentially serve as an individual unit of
TENG toward large-scale open ocean energy harvesting.

RESULTS AND DISCUSSION

Design and fabrication of the FDEG

The floating-droplet-activated electricity generator (FDEG) is
composed of two layers (Figure 1A, middle). The inside layer is a
thin electricity generator comprising a circular fluorinated ethylene
propylene (FEP; Figure 1A, bottom left) film along with ring and cir-
cular Cu electrodes at the circumference and center, respectively.
The outside layer is a supporting acrylic hemispheric bowl, keep-
ing the electricity generator afloat and being rocked by the water
waves (Figure 1A, middle). A deionized (DI) water droplet, which
serves as a counter-contact electrification material, is embedded
on the top of the FEP layer, in which the hydrophobicity of the FEP
layer facilitates the rolling of the droplet during movement (Fig-
ure 1A, bottom middle). The ring electrode positioned on the top
of the FEP layer allows direct contact with a droplet, while the cir-
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B ator is bonded to the acrylic bowl surface

to seal the surface, protecting the circular
electrode from getting wet (Figure 1A, bot-
tom right).

The asymmetric exposure of electrodes to water is a critical
factor in providing sharp voltage and current outputs. Figure 1B
shows the current output of the FDEG with a closed-loop config-
uration, in which the droplet bridges the ring and circle elec-
trodes, allowing charge flow throughout the FDEG internal circuit
system. A DI water droplet of 2.4 mL was oscillated over the FEP
surface, driven by a swing motor with a frequency of 0.28 Hz (Fig-
ure S1). The FDEG yields an instantaneous current output of
22.80 + 1.68 pA, which is approximately 760 and 20 times
greater than the values obtained from single-electrode configu-
rations with either circular or ring electrodes only, respectively.
The FDEG has shown no noticeable current output when the
droplet rolls over the FEP surface. Upon touching the ring elec-
trode with the droplet, the current rises to 25.3 A (Figure S2A),
as the droplet turns on the switch of the internal closed-loop cir-
cuit in the FDEG. Then, there is a drop in the current with a full
width at half maximum (FWHM) of 0.16 ms, indicating rapid
charge redistribution throughout the closed loop. Note that an
instantaneous increase in the current has also been achieved
in the single-electrode configuration with the ring electrode
(FWHM = 0.193 + 0.003 ms), whereas the single-electrode
configuration with the circle electrode shows a slow charge
redistribution (FWHM = 220 + 24 ms), implying that direct con-
tact between the ring electrode and the droplet plays an essen-
tial role in instantaneous output. For the separation current peak,
a gradual increase up to 0.102 pA, followed by a steady
decrease, was found when the contact area with the ring elec-
trode started to decrease (Figure S2B). As seen in Figure S3,
the transferred charges increase to 16.56 + 0.39 nC at the
moment of contact and then drop to zero after separation, sug-
gesting that the amount of total transferred charge after satura-
tion remains the same over the course of cycling.

'external
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The working mechanism of FDEG
When a water droplet touches either the FEP layer or ring elec-
trode, the surface of the FEP layer or ring electrode accepts
the negative charge from the droplet according to the triboelec-
tric series.®® The power generation process of the FDEG can be
divided into four stages, as shown in Figure 1C. During the first
stage (stage I), the droplet bridges the ring electrode and FEP
layer on top of the circular electrode, switching on a closed-
loop circuit and then switching off the circuit at the moment of
separation from the circular electrode. During the second stage
(stage ll), the droplet slides toward the center of the FEP layer
and reduces the contact area with the ring electrode while initi-
ating an overlap with the circle electrode, gradually switching
on the circuit. The circuit is switched off again when the droplet
is separated from the ring electrode. At the third (stage lll)and
fourth (stage IV) stages, the process of switching on and off
repeatedly occurs. In the on state, the charges (Q) are trans-
ferred through the external load (R) between two electrodes to
balance their established potential. From the circuit perspective
(see Figure 1D), the FEP layer on top of the circular electrode acts
as a capacitor, Cgep, Where the surface charge develops after
contact electrification, with the droplet acting as the top plate
and the circular electrode acting as the bottom plate. The elec-
trical double layer that forms at the interface between the droplet
and the ring electrode can be considered a variable capacitor,
Cg4, whose value differs according to the contact area, while
the droplet acts as the resistor and switch.

The circuit can be written as a capacitor discharging model
with two capacitors and resistors (see Note S1). The time-depen-
dent discharging current curve can be expressed as

— (Cq+Crep) ¢
©CdCrep (Rwater *Rsurtace *Rexternal)

_ QuCrep+QrepCy
Cd CFEP (R water +R surface +R extemal)

(th
(Equation 1)

where Ry aters Rsurface, @Nd Rexternas indicate the resistances of the
water droplet, FEP surface, and external load, respectively.
Given that the droplet makes a point contact with the electrode
at the moment of switching on (stages 1 and 3), the capacitance
of Cyis several orders of magnitude less than that of Crgp so that
the magnitude of the current and the discharging time can be
Simp“ﬁed as Qd/(Cd(Rwater + Rsurface + Rexterna/» and Cd(Hwater +
Rsurface + Rexternal), respectively. Considering the high surface
charge, Qq, on the ring electrode together with the small Cg, a
current peak and discharge occur when the droplet is in contact
with the ring electrode. The equation fits the peak data very well,
as shown in Figure S4. The fitted value of C, was determined to
be 1.79 + 0.5 pF, which is two orders of magnitude lower than
that of Crep and is consistent with the predictions of the circuit
model. After the droplet makes complete contact with the ring
electrode (stages 2 and 4), the capacitance of Crezp becomes
negligible compared with that of C, while maintaining contact
with the ring electrode, as the electrical double layer is much
thinner than the FEP layer; therefore, the magnitudes of the cur-
rent discharge time can be approximated as Qrep/(Crep(Rwater +
Rsun‘ace + Rexterna/» and CFEP(Rwater + Rsurface + Rexternal)v respec-
tively. The Crep was found to be two orders of magnitude greater
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than that of C; when the droplet makes contact, yielding a low
current output and slow discharge compared to the outputs dur-
ing stages 1 and 3. The gradual decrease in the contact area with
respect to the ring electrode leads to a slow increase in the cur-
rent peak while separating. We estimated the amount of charge
transfer based on the proposed equivalent circuit model
(see Note S2), and the charge transferred from each electrode
at stages 1 and 3 can be written as

_ CoQrep+CrerQq a

AQring = Equation 2

Qiing CyiCrr nd (Equation 2)
CyQrer+CrerQ .

BQue = - GO 0s quaton )

where Qrep and Qg are the charges stored in Crep and Cyg,
respectively. According to Equations 2 and 3, the negative
charges migrate from the ring to the circle electrodes at stages
1 and 3 and travel back to the ring electrode at stages 2 and 4.
The charge was measured in single-electrode configurations,
where the measured charges were set to be half of the charge
stored in each capacitor,®” and the fitted values of Cy and Ceep
(Figure S4) were applied to Equations 2 and 3. The value of |
AQying| = |4Qqircie| Was determined to be 14.1 nC, comparable
to the charge amount measured for the FDEG (Figure S3).

Optimizing the instantaneous output in FDEG

The magnitude of the outputs in the FDEG could be tuned by ad-
justing various parameters in the equivalent circuit model, such
as the resistances, capacitances, charges, and switches in the
closed-loop circuit. We examined the variation in the current
peak as a function of droplet volume (Figures 2A and S5). The
magnitude increases from 0.4 to 22.8 pA with an increase in
the droplet volume from 0.1 to 2.4 mL, but a further increase in
the droplet volume results in a decreased current peak value.
The maximum peak occurs when the droplet size approximately
matches the separation distance between the ring and circle
electrodes. The peak values in response to differing droplet vol-
umes suggest that the output peak can be manipulated by the
resistance in the closed-loop circuit, in addition to capacitances
and their charges. As depicted in Figure 2B, small droplets with
respect to the gap lead to greater surface resistance, whereas
decreasing water resistance and decreasing charge develop
on the ring electrode surface. With a further increase in droplet
size, the water bridge fully covers the gap (Figure S6), after which
the output peak starts to rely only on water resistance. We modi-
fied the aforementioned model with variable resistances and
charges (Note S3), and the model fit the experimental data, as
shown in Figure 2A. To gain insight into the device scaling factor,
we varied the length ratio of the gap-to-electrode diameter while
matching the droplet size with the gap length (Figure S7) to rule
out the effect of surface resistance. We found that the current
peak exhibited a maximum value of 22.80 pA when the length ra-
tio was approximately 0.7, which we attributed to the trade-off
tendency between water resistance, Ryawer, and Qg with
increasing droplet size. This suggests the particular length ratio
of a gap to a circular electrode when scaling up the device,
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(A) The instantaneous output currents as a function of the DI water droplet volume employed in the FDEG.
(B) Schematic of droplet behaviors differing in volume on the device surface and related parameters in the equivalent circuit.
(C and D) Output current (C) and generated charge (D) measured from the control device with similar capacitance on two electrodes for comparison, demon-

strating the importance of a significant difference in capacitance.

(E) The output current yielded from the device featuring continuous switching on over the course of oscillation, highlighting that the process of instantaneous
switching on and off is a critical factor in engendering an outstanding instantaneous output current.

demonstrating a voltage and current of 178.4 V and 100.7 pA,
respectively, when the device scaled up by ~57% (Figure S8).
We postulate that the large difference in C4 and Cggp in the
closed-loop circuit is critical for inducing an increase in the cur-
rent output. We designed a controlled closed-loop device with a
ring electrode underneath the FEP layer to increase the capaci-
tance of the ring electrode to a value similar to that of the circular
electrode. No apparent instantaneous increases in peak density
were observed when a droplet of 2.4 mL was rolled over the de-
vice (Figure 2C). We calculated the capacitance of the ring elec-
trode as 0.216 nF using Equation 1 and the charges measured for
the single-electrode configurations (Figure S9), which is two or-
ders of magnitude larger than that of the ring electrode in the
FDEG. The magnitude of the current peak is 456-fold less than
that of the FDEG, while the amount of transferred charges is
only 2.4 times less than that of the FDEG (Figure 2D), implying
that similar capacitances of Cy and Cgep in the control device
substantially reduce the current output. We found that the pro-
cess of switching plays an important role in the current peak,
as the charge accumulated in the ring electrode can be dis-
charged over the course of the switching process. We prepared
a device in which the switch of the circuit was always on while the

4 Device 3, 100653, April 18, 2025

droplet touched the ring electrode as a proof of concept by fully
covering the bottom surface of the FEP layer with the circle elec-
trode. Although instantaneous current peaks in the range of
0.3-1 pA occur at the moment of contact with the ring electrode,
the magnitude of the peaks is low and independent of the differ-
ence in droplet volume (Figure 2E). The reduction in peak magni-
tude may arise as a result of continuous balancing in charge
developed in both electrodes while switching on. The fast
switching of the circuit, which can be done by rapid oscillation,
facilitates the boost of the current output (Figure S10), corrobo-
rating the importance of switching in yielding an increase in the
current output.

Salt dependence of the instantaneous peak in the FDEG

The current peaks in the FDEG can be generated by aqueous
droplets other than DI water. Figure 3A shows that a peak can
reach 67.10 + 13.78 pA when tap water is used, and an approx-
imately 4-fold decrease (15.23 + 8.42 uA) in the value is observed
when seawater is used. We tested the FDEG using 50 different
types of solutions, each containing a different salt type (LiCl,
NaCl, MgCl,, Na,COs, and Na,SO,4) and concentration (0.01,
0.05, 0.1, 0.5, 1, 5, 10, 50, 100, and 300 mM), which gives rise
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Figure 3. Effect of salinity on the instantaneous peak

Load resistance (Q)

Power density (W/m?®)

(A) Instantaneous current peaks from the FDEG in contact with tap, pond, river, DI, and sea waters.
(B) Current output in the presence of differing concentrations of salts containing the same anion but varying cations. Cation mobility determines the intensity of the

current output.

(C) Current output in the presence of differing concentrations of salts containing the same cation but varying anions, in which an increase in anion mobility gives

rise to a decrease in current output.

(D) Salt addition to weak Bronsted acids, rendering the FDEG capable of producing the instantaneous current peak.
(E) Current output, voltage, and power from the FDEG in contact with 0.5 mM Na,SQO, solution as a function of load resistance. The power was normalized to the

droplet volume used.

(F) Normalized charge and power densities of the FDEG (data from E) compared with literature data for state-of-the-art droplet-based TENGs, including

unidirectiona®:'3:14:33:42:43

to variations in C, and Q. As shown in Figures 3B and 3C, the
peaks reach their maximum values at concentrations of 1 and
0.5 mM for droplets containing salts with monovalent and diva-
lent anions, respectively. These values decrease with increasing
concentration. Interestingly, the quantity of cations influences
the amplitude of the instantaneous current peak prior to attaining
the maximum current value, as well as the concentration at
which the maximum current value occurs. The ion mobility is
also responsible for determining the current peak beyond the
critical concentration.

We attribute this behavior to the nature of the electrical double
layer formation.® At low concentrations, elevating the concen-
tration allows more cations to approach the negatively charged
Cu surface to form an immobile Stern layer, which refers to an
ion layer where ions are closest to the charged surface, affording
the electrical double layer more charge to be stored. After estab-
lishing the compact Stern layer, both anions and cations migrate

and omnidirectional*>*' modes. The power was normalized to the droplet volume used.

competitively to immobile cations in the diffuse layer. As the ion
concentration increases, the charge retained within the electrical
double layer is predominantly neutralized by anions, which is
attributable to their mobility compared to that of cations.* Fig-
ure S11 illustrates the correlation between the charge produced
by the Na,SO, droplet and the behavior of the peak instanta-
neous current as a function of salt concentration. The capaci-
tance of the electrical double layer seems to display minimal vari-
ance, as shown in Figure S12. These observations suggest that
the Qg factor affects the observed behavior of the peak. We
found that the addition of salt to weak Bronsted acids, such as
acetone, isopropanol, and ethanol, helps endow electricity gen-
erators with the ability to produce a sharp current peak (Fig-
ure 3D), suggesting that feeding cations into the solvent facili-
tates the storage of more charges in the electrical double layer.

To investigate the output power from the FDEG with salt drop-
lets, variable resistors and aqueous droplets of 0.5 mM Na,SO,4

Device 3, 100653, April 18, 2025 5
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Figure 4. Practical applications of the FDEG
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were tested. The current amplitude decreased from 107.6 +
12.2 pA with increasing external load due to the ohmic loss,
whereas the output voltage exhibited the opposite trend, reach-
ing up to 310.8 + 14.9 V at a load of 5 GQ (Figure 3E). The
corresponding output power density reached a maximum of
~1,190.6 W/m?, in which the output power density was normal-
ized by the droplet volume used, at an external resistance of 1
MQ. To our knowledge, this droplet-volumetric power density
is higher than that reported to date for droplet-based TENGs
that harvest omnidirectional wave energy (Figure 3F).**' More
importantly, our FDEG has been shown to outperform other
droplet-based TENGs in terms of droplet-volumetric charge
density (31.2 mC/m®), which is advantageous for practical
applications.® 314334243 \WWhen our FDEG is tilted and lifted by
waves, the potential energy of the device is converted into elec-
trical energy, corresponding 10 Epotentiar = Mgh and Egjectricar =
[ 2(t)Rdt, where m is the mass of the device, g is gravitational
acceleration, and h is the height difference. /(f) and R denote
the time-variable current and external load resistance of each cy-
cle, respectively. We estimated the energy conversion efficiency
as 1 = 83.4% using the relation N = Egjectricar’ Epotentiais Which is
comparable to the value reported for TENGs.'®*

Application demonstrations and durability tests

The symmetric device architecture of our FDEG resulted in sta-
ble energy harvesting from omnidirectional waving motions (Fig-
ure 4A), which is beneficial for open water wave energy harvest-
ing, where wave conditions are seldom controlled (Figure S13;
Video S1). We evaluated capacitor charging with our FDEG
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and rectifying unit, and capacitors of
0.22,0.47,0.68, 1, and 4.7 uF were stably
chargedto 1V within7.7,16.8,24.5, 44.3,
and 213.2 s, respectively (Figure 4B). The
rectified electrical output of the FDEG of-
fers powering of 80 light-emitting diodes
(LEDs) (Figure S14), and the electrical
outputs of more than 11,000 cycles
showcase its stability when in contact
with tap water (Figure 4C). To verify the
long-term stability of our FDEG upon
exposure to extreme conditions, we
tested the current output of the device af-
ter storing it in a convection oven for
over 3 months at 60°C. As shown
in Figure S15, the current output of FDEG was stable over a
12 h test after being in the oven for 3 months. This stability is
due in large part to the inert nature of the FEP polymer,*® which
minimizes the degradation of the device even upon exposure to
extreme conditions. The output current and charge generated
can be improved by the parallel connection of multiple FDEGs,
achieving up to 1.2 + 0.1 mA and 0.4 uC, respectively, with 12
FDEGs (Figure 4D). Leveraging the charge generated from our
FDEGs with a power management circuit consisting of a rectifier
and a capacitor, we retarded the discharge time of the capacitor
by up to 1 V compared to the discharge time without the FDEG
device, and the capacitor maintained a constant voltage of
0.5 V even during continuous discharge (Figure S16), enough
to power a calculator.

We investigated the performance of our FDEGs against
random fluctuations of water in a plastic bath to simulate realistic
wave conditions (Figure S17). Teflon tape was used to cover the
FDEG as a customized lid (Figure S18A), and the device main-
tained its ability to float with the increased weight. The lid pre-
vents the evaporation and leakage of droplets (Figure S18B)
while also preventing the external water from permeating into
the FDEG (Video S2). For the test, we applied a linear sliding
force to the bath to create linear waves in the water. Although
the current output exhibited a large variation in the range of
10-120 pA, the current observed was large and stable enough
to power the LEDs and an electronic clock (Figures 4E and
S19; Videos S3 and S4).

Through the examination of the acrylic bowl geometry, we
calculated that the minimum tilting angle that could produce

Connecting
clock
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Table 1. Design parameters and inertial characteristics for
calculations

Draft/m 0.044
Pontoon mass/g 10.21
/g M2 27.04
lyy/g m? 27.04
l,./g m? 46.82

instantaneous power is determined to be approximately 46.4°
(Figure S20A). Computational fluid dynamics (CFD) simulations
were employed to gain insight into the tilt angle of the acrylic
bowl upon exposure to the wave with a frequency and amplitude
of 0.25 Hz and 0.7 m, respectively. When exposed to oscillating
mild waves with an amplitude of 0.6 m, the acrylic bowl has been
found to be tilted between 0° and 48.24° (Figure S20B). The tilt-
ing angle would increase to 64.2° when the wave amplitude was
increased to 1.6 m (Figure S20C). Given that 90% of all waves are
expected to be greater than an amplitude of 1 m if a steady wind
of 55.56 km/h blew for 24 h over a fetch of 547 km,® we believe
our FDEG will be mostly operational upon exposure to the typical
ocean wave. More importantly, due to the size and inertia of
droplets, a much lower tilting angle (~24°) is required to make
our FDEG operational in empirical conditions (Figure S20D),
enabling our FDEG to harvest wave energy with an even lower
amplitude of 0.1 m. Our results demonstrate the potential of
our FDEGs for harnessing natural wave energy as a renewable
power resource for self-powered electronics.

Conclusion and outlook

We presented a FDEG constructed from asymmetric electrodes
on a contact-electrification layer and a liquid droplet that outper-
forms conventional droplet-based electricity generators in terms
of power and charge density. The difference in capacitance
formed on each electrode, together with the switching of the cir-
cuit by the moving droplet, enhances the magnitude of the
output current, while the amount of charge generated remains
similar. Additional ion injection into the droplet improved the
amount of charge generated, leading to an output power density
of up to 1,190.6 W/m® and a charge density of 31.2 mC/m?,
breaking previous records for droplet-based TENGs. The poten-
tial of FDEGs for natural vibration energy harvesting was tested
under realistic environmental conditions. These demonstrations
of omnidirectionality, stability, and scalability can help enable
these FDEGs to continuously power electrical devices, even un-
der low-frequency mechanical stimuli.

The networks of FDEGs, constructed by linking millions of de-
vice units, are predicted to be a feasible strategy to realizing such
a commercial power generation. With a single unit producing a
power density of around 1.2 kW/m?® under a wave frequency of
0.25 Hz, the FDEG network over 10 square kilometers with
10 cm intervals is expected to generate enough electricity of
MW scale for a town. This trait particularly suggests that such
a network could serve as a cost-effective energy platform
beyond current renewable energy technologies, such as tidal,
wind, and solar energy, given that minimum manufacturing and
maintenance costs are required for TENG networks.*’ Future
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refinement and development of the FDEGs can help propel this
toward commercial-scale power generation. The device size
needs to be upscaled, and its droplet volume and salt concentra-
tion need optimization while keeping both cost and environ-
mental implications in mind. The salt concentration is also
needed to consider the phase transition temperature to secure
a wide working temperature range. Despite the added lid fitted
on the FDEG demonstrating minimal droplet leakage over a
period of 140 h, there is room for enhancement in the stability
of the FDEG performance. This can be achieved through
comprehensive sealing of the device lid via device engineering,
as the device’s droplet evaporation may be influenced by real-
world weather conditions such as temperature, humidity, and
wind. The device outlined in this study, with future advance-
ments, holds significant potential for progressing sustainable
and widespread energy harvesting technologies from natural vi-
brations, including but not limited to open ocean waves,
pendulum swings, and cantilever oscillations.

METHODS

Fabrication of the FDEG

The basic structure of the FDEG comprises a thin FEP film with a
diameter of 72.3 mm (FEP, Taizhou Chenguang Plastic Industry)
along with ring (width of 3 mm) and circular Cu electrodes at the
circumference and center, respectively. The adhesive ring elec-
trode was attached to the top of the FEP layer, while the adhe-
sive circle electrode was located underneath the FEP layer.
The FDEG was positioned on the inner surface of an acrylic hemi-
spheric bowl! with a diameter of 70 mm and depth of 15 mm, al-
lowing the electricity generator to float and be waved. All FDEGs
were washed with ethanol three times to remove the precharges,
followed by mild annealing at 80°C overnight. A liquid droplet
sliding off the top of the FEP layer serves as a counter-contact
electrification material.

Characterization methods

An oscilloscope (Agilent DSO-X-2012A) equipped with a pream-
plifier (SRS SR-570) was utilized to measure the output voltage
and current from the FDEG. The voltage and current of the
FDEG were measured with high-impedance (100 MQ) and low-
impedance (50 Q) probes, respectively, without connecting
external loads. A digital multimeter (Keithley 6514) was used to
analyze the generated charge. The wettability and surface
morphology of the FEP films were investigated using a Kruss
DSA20E easy drop contact angle measurement system and a
field-emission scanning electron microscope (Hitachi S4800),
respectively. The electronic calculator and clock were directly
connected to either individual or parallelly combined nanogener-
ators with a power management circuit featuring a rectifier and a
capacitor.

CFD calculations

The hydrodynamic model of the FDEG was established using
SolidWorks 2023 and then imported into ANSYS-AQWA to
analyze its response to regular waves. The model size was
similar to that used in the experimental tests, with the specific
design parameters and inertial characteristics shown in Table 1.
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The FDEG was placedina50 x 50 x 5 m?® water domain, the wa-
ter density was set to 1025 kg/m?® to mimic seawater density, and
the gravitational acceleration was set to 9.8 m/s?. Aregular wave
response was applied to the system, with a frequency of 0.25 Hz
to simulate typical wave frequencies and a wave amplitude of 0.1
m. During the simulation, the total duration was setto 10 s, witha
time step of 0.001 s. Subsequently, ANSYS-AQWA was used to
perform a time-domain analysis to simulate the angular response
of the FDEG oscillations.
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