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Abstract. Wearable biosensors play a crucial role in modern healthcare, providing continuous monitoring of
various physiological parameters. However, the reliance on batteries that require replacement introduces inter-
ruptions in the data acquisition process and patient discomfort, and for this reason, energy harvesting methods
that convert human body energy into electricity have attracted considerable research interest. In this paper, the
concept of an innovative hybrid energy harvester that combines piezoelectric and reverse electrowetting-on-
dielectric (REWOD) techniques is introduced. The key working principle revolved around the electrical double
layer present in the REWOD component and coupling it with a piezoelectric generator via an electret. By har-
nessing biomechanical vibrations with a piezoelectric material and the REWOD unit, the overall power output
of the harvester was enhanced. The proposed design was evaluated through numerical simulations and a series of
experimental tests. In the present work, experimental results on the influence of various design parameters on the
amount of generated power through the REWOD process are presented, thus contributing to the advancement
of self-powered, sustainable, wearable biosensors, enabling seamless and continuous data acquisition without

relying on external batteries.

1 Introduction and theoretical background

Modern healthcare relies extensively on implantable and
wearable biosensors to continuously monitor the physiolog-
ical data of patients. These devices can play a crucial role
among others in disease prevention, treatment of injuries,
and facilitating recovery (Gambhir Sanjiv et al., 2021). How-
ever, a significant drawback of biosensors lies in their re-
liance on batteries for power supply and batteries present in
biosensors pose challenges such as miniaturisation, poten-
tial electrolyte leakage, and costly replacement surgeries for
implantable devices (Ryu et al., 2021). For instance, wear-
able glucose biosensors require the battery to be periodically
changed, which introduces a discontinuity in data acquisition
and discomfort due to skin penetration.

These limitations can be addressed through the develop-
ment of energy harvesting devices. The human body has
multiple energy sources that can be effectively harnessed by

various transducers (Sobianin et al., 2022). These sources
include thermal energy, biochemical reactions, electrostatic
charges, and biomechanical forces. However, relying solely
on a single energy type may not yield optimal power output
or guarantee that the energy is constantly available. There-
fore, hybrid energy harvesters that combine multiple energy
generators can enhance overall performance.

The human body is potent with chemical, thermal, and
biomechanical energy types, all of which can be exploited
by nanogenerators (NGs), materials, and devices that pro-
duce electricity upon being excited. From a biomechanical
perspective, the human body has many points of concen-
trated pressure, bending, and angular movement. Piezoelec-
tric NGs (PENG) produce voltage when subjected to me-
chanical stress and combine ease and cost of manufacturing
with excellent electrical properties. This makes them an ex-
cellent candidate for hybridisation.
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Figure 1. Working principle of the EWOD phenomenon: when no
voltage is applied, the droplet of conductive liquid forms a liquid—
solid interface with the dielectric material. The CA at the interface
can be manipulated by applying voltage between the droplet and the
electrode.

Recently, considerable attention has been drawn to the
reverse electrowetting-on-dielectric (REWOD) phenomenon
(Boroujeni et al., 2020; Wu et al., 2020; Adhikari et al.,
2021). This is a prominent subclass of electrostatic gener-
ators (ESGs), which is based on the direct electrowetting-
on-dielectric (EWOD) phenomenon. The surface tension of
the solid-liquid interface can be changed by the applica-
tion of electrical voltage, which will rearrange the charges
and dipoles at the interface (Kim et al., 2020). This leads
to a change in the apparent contact angle (CA) between the
droplet and the electrode which increases the overlap area
(Fig. 1). The Young—Lippman equation relates the energy
of the droplet system and the external voltage (Mugele and
Baret, 2005) and describes a given EWOD system working
principle:
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where 6. is the equilibrium CA between two fluids at zero
bias, 017 is the surface tension at the interface between two
fluids or the interfacial energy, Cyreal = % is the areal ca-
pacitance, € and & are the dielectric and vacuum permittivity
respectively, d is the dielectric layer thickness, and V is the
applied potential difference. The capacitance of the system is
given by C = CyrealA, Where A is the area of overlap of the
droplet with the dielectric-coated electrode.

To avoid electrolysis of the liquid, a dielectric material
is used as an intermediate layer between the electrode and
the liquid (Mugele and Baret, 2005). The solid-liquid inter-
face is characterised by a Helmholtz electrical double layer
(EDL), where charges of the opposite polarities build up, thus
forming a capacitor. However, the capacitance of the EWOD
system is largely defined by the dielectric layer (Wei et al.,
2024). It is considered that the EDL is much smaller than the
dielectric capacitance. A droplet could potentially be a physi-
ological fluid (Srinivasan et al., 2004), and thus biomolecular
absorption should be taken into account (Yoon and Garrell,
2003).

REWOD works in the opposite manner compared to
EWOD, and when a droplet of a conductive liquid is pressed
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Figure 2. Working principle of the REWOD phenomenon: the ions
present in a liquid bind to a solid surface and are balanced by oppo-
sitely charged particles. When the droplet is squeezed, the surface
area covered by the liquid increases, which also increases the num-
ber of ions that are in contact with the solid surface, thus inducing
larger charge per unit of area. By repeating the cycle of wetting and
de-wetting of the solid surface, it is possible to generate electrical
current (Hsu et al., 2015).

in-between electrodes (Fig. 2), the overlap area changes and
this significantly changes the capacitance of the system, simi-
larly to a varying capacitor (Meninger et al., 2001). The EDL,
which is formed at both electrodes, contributes to the overall
charge carried by the system. By changing the overlap area
of the droplet, the charge Q (C) that is present on the elec-
trode starts to change, which apparently is the definition of
electrical current:

Y
= 2)

There are systems that use EWOD for the purpose
of microfluidics such as OpenDrop (Alistar and Gau-
denz, 2017) and pDroplet (https://github.com/CGrassin/
microdroplet_electrowetting, last access: 15 October 2025).
In these systems, the direct EWOD effect is employed to
navigate, disperse, and mix droplets of various origins. The
important information that was obtained from these projects
was how these systems tackle the issue of having a thin di-
electric layer deposited on top of an electrode. In puDroplet
this issue is solved via covering electrodes with stretched
Parafilm, which has a thickness of 12 um after stretching.
Furthermore, a thin layer of silicon oil is deposited on top to
enhance hydrophobic properties of the surface. In OpenDrop
a stretched PTFE foil (Teflon) is used for the same purpose,
while the hydrophobic properties were provided by spincoat-
ing a 200 pL FluoroPel solution.

For REWOD applications, usually a thin dielectric layer is
utilised. For example, similar works in the field use vapour
deposition techniques to deposit a dielectric layer of either
AlyO3 (Adhikari et al., 2022a; Yang et al., 2017) or SiO»
(Adhikari et al., 2022b). One way of overcoming the use
of complex deposition techniques is to refer to the solutions
used by OpenDrop and uDroplet. However, the films that are
produced in this way have a certain range of thickness values
and cannot be accurately controlled. Furthermore, such films
are prone to damage. In the practice of manufacturing PCB,
a thin dielectric layer, a solder mask, is used to cover all re-
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gions of the PCB but the dedicated contact pads. This layer is
10—15 um thick with a dielectric constant & = 3.8 and could
be used for the purpose of both EWOD droplet manipulation
or REWOD energy harvesting.

There is an emerging trend of using a so-called bias-free
REWOD, where no bias voltage is applied to the REWOD
electrodes (Adhikari et al., 2022b, 2021). Kakaraparty et
al. (2023), for instance, employed this concept to design a
REWOD unit with flexible dissimilar electrodes generating
6.059 uW. Schumacher et al. (2024) developed an encapsu-
lated flexible REWOD unit that is suitable for applications
where pressure or bending is the main source of displace-
ment with 5.77nW output, which could be scaled up. The
advantage of the bias-free method is that the REWOD har-
vester will not require any external input and thus it becomes
self-sufficient. Thus, the REWOD setup that was used in this
work did not have any external voltage applied to it.

In our previous work (Sobianin et al., 2023), we numer-
ically studied the possibility of hybridisation of REWOD
phenomenon and piezoelectric nanogenerator for the pur-
pose of harvesting energy of the radial artery pulsations.
Furthermore, another study of ours (Sobianin et al., 2024)
focused on the development of a piezoelectric energy har-
vester suitable for integration with wrist-mounted devices.
The work carried out in the current study focuses on the de-
sign of practical hybrid REWOD and piezoelectric energy
harvester and empirical data acquisition. Therefore, the same
low-frequency range of 60 to 150 bpm is used in this work
during the series of experiments to assess the output of the
synthesised energy harvester.

The objective of this study is to investigate the amount of
biomechanical energy produced by the human cardiovascular
system that can be harvested. More specifically, pulsations
from the radial artery serve as a reliable source of vibrations
that can be scavenged. The proposed hybrid energy harvester
combines piezoelectric and electrostatic generators to extract
energy from a time-varying radial artery pressure.

2 Experimental work

2.1 Description of the energy harvester

The hybrid energy harvester consists of two main parts: a
piezoelectric disc and a REWOD component. The piezo-
electric disc incorporating PZT-5H ceramics is commercially
available (RS components). The ceramics is deposited onto
a brass diaphragm (CuPbZn) and is coated with silver (Ag).
The REWOD component consists of a shared brass electrode
coated with an aluminised Teflon fluorinated ethylene propy-
lene (FEP) electret and a counter electrode (Cu). The counter
electrode is harnessed by a custom-designed printed circuit
board (PCB). Finally, the conductive liquid used in the sys-
tem is NaCl.

The working principle of the proposed hybrid energy har-
vester can be explained in the following way (Fig. 3). At the
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initial state, piezoelectric material and REWOD are at equi-
librium and there is no electron flow. When the PENG is ac-
tuated by external pressure, the sustained deformation causes
electron flow from one electrode to another, and one elec-
trode obtains positive potential. The FEP electret, which is
on top of the shared electrode, biases the REWOD compo-
nent and therefore prevents ions and counter ions in the EDL
from switching places (Erturun et al., 2021; Yang et al., 2012,
2014). The EDL which forms on top of the electret increases
the overall capacitance of the system and maximises charge
generation. At the same time, the REWOD counter electrode
becomes more positive. When the pressure is released and
the harvester moves back to its initial state, the process re-
peats itself with electrons moving in the opposite direction.

The REWOD experimental setup is derived from the
piezoelectric material exciter from our previous work (So-
bianin et al., 2023) where an oscillating piston driven by
a DC motor through a crankshaft causes the movement of
the upper electrode of a REWOD component. The cylinder
was shortened significantly, and the cap was made hollow
(Fig. 4a). The cylinder cap is screwed on top of the cylinder
until their bottom edges line up (Fig. 4b). The base of the
setup acts as a harness for the bottom electrode which has
the solder mask applied to it. It is possible to add a frame
with a dielectric film to this configuration if this is required.
The rest of the setup rests on support pillars. All parts are
tightly fixed together with two guiding screws. The top elec-
trode was fixed to the piston with a help of double-sided
sticky tape. The droplet of conductive liquid, 150 uL of 1M
NaCl, is deposited on top of the dielectric-coated electrode
and subsequently the rest of the setup is placed on the top of
it (Fig. 4c). When the droplet encounters the top electrode,
a capillary bridge is formed, and the shape of the droplet
changes (Fig. 4d).

For the data acquisition, a Rohde & Schwarz RTB2004
oscilloscope with 1x probes was used. The main acquisi-
tion parameters can be found in Table 1. Due to the highly
dynamic nature of a droplet-based experiment and its evapo-
ration rate, the results presented are obtained from five cycle
repetitions.

The sampling frequency of 2.1644kHz, as presented in
Table 1, is a derived value based on the set signal length
and number of data points during our experimental mea-
surements. It is provided for reference to characterise the
data acquisition parameters. The critical aspect was ensuring
high-quality and reliable data acquisition for accurately char-
acterising the prototype’s performance, which was achieved
through the combination of signal length and data points.

The so-called “baseline” case is the configuration of the
setup that served as a comparison for other cases when any
parameter was changed. All main entries are compiled in Ta-
ble 2.

The effect of the following parameters on the performance
of the REWOD experiment was investigated:
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Figure 3. Working principle of the energy harvester.
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Figure 4. (a) Schematic of the REWOD setup. (b) Photograph of the REWOD setup. (c¢) A droplet deposited on top of the dielectric-coated
electrode. (d) Formation of a capillary bridge.

initial distance between the electrodes, squeezed out from the two electrodes and values higher than
2.5 mm were too high for the droplet to come in contact with
the top electrode. It was found that at low frequencies there
were no significant differences between the height values.
However, as the actuation frequency increased, the differ-

amplitude of the piston displacement,

concentration of NaCl, and

— droplet volume. ence between the height values became more evident (Fig. 5).

Yet, voltage output for 1.5 and 2 mm seemed to converge to

2.2 Effect of the initial distance between the electrodes a value of 215uV. The overall trend was that the lower the

distance between the electrodes, the higher the output, which

The change in height or initial distance between the elec- can be explained through the greater change in droplet sur-
trodes was carried out by changing pillars. In this study, face area coverage as the distance decreases.

the effect of three initial distances between the electrodes
or height values were analysed (Fig. 5). It should be noted
that values lower than 1.5 mm resulted in the droplet being
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Table 1. Data acquisition parameters.
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Parameter  Signal Data Sampling Cycle Cycle Cycle repetitions  Total

length  points frequency range step per set sets
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Figure 5. Investigation of the influence of initial electrode distance on maximum voltage output. The initial distance between electrodes for
1.5, 2, and 2.5 mm setup configurations is illustrated at the top. The error bars represent 1 standard deviation.

Table 2. Baseline case parameters.

Parameter Value  Unit
Initial distance between electrodes 2  mm
Amplitude of piston displacement 1 mm
Concentration of NaCl 1 M
Droplet volume 150 uL

2.3 Study of the piston displacement amplitude

New crankshafts with different centrelines were manufac-
tured in order to provide the test with three different displace-
ment amplitude values. The studied values were 1.5, 1, and
0.5 mm displacement amplitudes (Fig. 6). Similarly to the
height study, the value of 2 mm was too high to be used as
it squeezed the droplet out of the actuation zone at the lowest
position and amplitude values below 0.5 mm were challeng-
ing to manufacture with the FFF method. As for the results,
higher values of amplitude modulated the overlapping area

https://doi.org/10.5194/jsss-14-249-2025

of the electrode and the conductive droplet to a much greater
degree, thus having larger capacitance variation, which in
turn induced higher voltage spikes (Fig. 6). It was observed
that higher amplitudes had a steeper increase after the 1.5 Hz
mark. This might potentially be related to how DCA works
at high frequencies. Furthermore, the 0.5 mm amplitude case
did not seem to have that high drop in performance as com-
pared to the 1.5 mm case.

2.4 Effect of the NaCl concentration

The concentration of ions in the liquid plays a key role in how
well it can conduct the current. Consequently, the baseline
concentration of 1 M of NaCl was compared to 0.5M, and
the subsequent result showed that the 1 M solution is better
suited to for the application of energy harvesting however the
output produced by the 0.5 M solution was quite close to that
of the baseline (Fig. 7). In practice, it means that it is possible
to reduce the quantity of NaCl required to one-half, while
the output power experiences a drop of only 13 uV, or 6 %

J. Sens. Sens. Syst., 14, 249-258, 2025
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Figure 6. Investigation of the influence of actuation amplitude on maximum voltage output. The highest and lowest position for 0.5, 1, and
1.5 mm amplitude value are illustrated at the top. The error bars represent 1 standard deviation.

as compared to the baseline value, which is important when
factoring in the manufacturing cost of the REWOD harvester.

2.5 Parametric study of the droplet volume

The droplet volume determines how many ions are in contact
at the same time and this dictates the charge which is present
on the dielectric-coated electrode. The larger the droplet, the
higher the output can become. For the present study, a range
of droplets from 100 to 250 pL. were investigated and the re-
sults are presented in Fig. 8. Furthermore, by decreasing the
droplet volume from 150 to 100 uL there was a small de-
crease in voltage from 216 to 169 uV, whereas an increase
in the droplet volume to 250 pL led to a maximum electrical
power output of 285uV (Fig. 8). Overall, it could be con-
cluded that the droplet volume and the voltage output for the
studied setup parameters had almost a linear relationship.

J. Sens. Sens. Syst., 14, 249-258, 2025

2.6 Power output comparison

The average power that is generated by the experimental
setup can be calculated as the maximum value of the square
of the RMS voltage. This calculation assumes that the given
signal consists of a pure sinusoidal wave and that the resis-
tance R =1 Q.

As a result, the average generated power of 143.36 nW
was obtained at 2.5 Hz with 2.5 mm displacement amplitude
among all other configurations (Fig. 9). It was observed that
this parameter played a significant role in the power out-
put. Furthermore, even at 1 Hz, 2.5 mm amplitude yielded
22.65 nW of power, which was similar to what other param-
eters generated only at 2.5 Hz. This demonstrates the impor-
tance of having large variations in capacitance, which can be
achieved by increasing the active surface area by using, for
example, porous electrodes (Ali et al., 2023).

Similarly, the next largest contributor to the power output
was the volume of the droplet. The initial distance between
electrodes seemed to reach a point of saturation where a fur-

https://doi.org/10.5194/jsss-14-249-2025
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Figure 7. Investigation of the influence of NaCl concentration on maximum voltage output. The error bars represent 1 standard deviation.

ther decrease in the distance beyond 2 mm was not as effec-
tive. Lastly, the influence of frequency on the output results
remained invariant of the studied parameter. This necessitates
investigation into self-oscillating systems and other means of
increasing the actuation frequency.

3 Discussion and limitations

This work presents a novel hybrid energy harvester designed
to convert biomechanical vibrations into electrical energy.
While the prototype demonstrates a proof-of-concept with an
average power output of 143.36 nW, it is crucial to address its
current limitations and future potential, particularly in com-
parison to established power sources and in the context of
wearable applications.

Firstly, regarding the energy density in comparison to
conventional batteries, especially coin cells, it is impor-
tant to clarify the distinction between an energy harvester
and an energy storage device. Typical CR2032 coin cells,
which are common lithium-manganese dioxide primary
(non-rechargeable) batteries, provide a nominal voltage of
3.0V and a typical capacity of 235mAh, with a typical
weight of 3.0g, according to the ENERGIZER CR2023
data sheet. This translates to an approximate gravimetric en-
ergy density of 198 Whkg~! for the CR2032. While these
primary cells are suited for low-drain, long-life applica-
tions, their electrochemical principles differ from recharge-
able lithium-ion (Li-ion) batteries.

In broader context, rechargeable lithium-ion batteries,
which are the leading technology for high-energy-density
applications like portable electronics and electric vehi-
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cles, typically exhibit gravimetric energy densities ranging
from 200 to 300 Whkg™! for standard chemistries (Niu et
al., 2024). Advanced Li-ion battery technologies, includ-
ing those utilising lithium-rich manganese-based cathodes
or silicon/lithium metal anodes, are pushing these bound-
aries, with some commercially available options reaching
around 300-360 Whkg~! for mass production (Li et al.,
2024). Furthermore, laboratory demonstrations and cutting-
edge research have achieved gravimetric energy densities ex-
ceeding 700 Whkg™! for full cells in rechargeable lithium
batteries (Li et al., 2024). The development of high-energy-
density lithium-ion batteries continues to be an active area
of research, focusing on optimising materials and mitigat-
ing degradation mechanisms (Manthiram, 2017; Vetter et al.,
2005). The advantage of our proposed harvester lies in its
continuous energy generation, eliminating the need for bat-
tery replacement, which is a significant benefit for long-term
wearable applications.

Secondly, concerning the mass and wearability of the har-
vester, the current experimental setup represents an early-
stage prototype. Its dimensions and weight are not yet opti-
mised for miniaturisation and seamless integration into truly
wearable devices. This initial study focused solely on vali-
dating the innovative hybrid concept combining piezoelectric
and REWOD techniques. Future iterations will prioritise sig-
nificant miniaturisation and mass reduction to ensure the de-
velopment of a lightweight, flexible, and comfortable device
that can be worn without hindering user comfort or mobility.
This will solidify the argument for battery independence in
practical contexts.

J. Sens. Sens. Syst., 14, 249-258, 2025
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Figure 8. Investigation of the influence of droplet volume on maximum voltage output. The pictures at the top illustrate the droplet volumes
of 100, 150, 200, and 250 uL. (e) The error bars represent 1 standard deviation.

Furthermore, while the generated power of 143.36nW is
modest, this work is fundamentally a proof-of-concept vali-
dating a novel hybrid energy harvesting mechanism. The pri-
mary objective was to demonstrate the synergistic effects of
combining piezoelectric and REWOD techniques for energy
conversion from biomechanical sources. This foundational
work lays the groundwork for future developments where
optimised materials and scaled-up designs are anticipated to
significantly enhance power output. The principle that any
usable energy from such a mechanism holds potential for fu-
ture scalability is key. Although the current output is insuffi-
cient for most complex wearable biosensors, which typically
require microwatts to milliwatts of power (Roy et al., 2022),
a scaled-up version could eventually power ultra-low-power
bioelectronic components. Examples include heart rate mon-
itors, glucose sensors and general low-power biomedical sig-
nal monitoring systems for wearable and implantable sen-
sors. The long-term vision is to evolve this technology to

J. Sens. Sens. Syst., 14, 249-258, 2025

support continuous monitoring applications with reduced re-
liance on traditional batteries.

Finally, we envision this energy harvester being integrated
into various wearable devices, primarily in wrist-mounted
applications. Building on our prior work (Sobianin et al.,
2024) on piezoelectric energy harvesters for wrist-mounted
devices, this hybrid design is specifically tailored to lever-
age biomechanical vibrations, particularly those originating
from radial artery pulsations in the wrist. This positioning
can be used for powering low-power, continuous monitoring
systems such as wearable glucose biosensors and other health
monitoring wearables that benefit from continuous on-body
power generation.

4 Conclusions and outlook

A series of experiments exploring the REWOD phenomenon
for energy harvesting were conducted. The contactless ex-
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Figure 9. Comparative power output results from REWOD para-
metric studies.

citer setup was used as a foundation for the REWOD exper-
imental setup. This modification was built around the bias-
free REWOD concept and using widely available PCBs to
create dielectric coating and electrodes. The baseline setup
featured a 1 M NaCl 150 uL droplet deposited on the solder-
mask-coated electrode. The initial distance between the elec-
trodes was 2 mm and the baseline actuation amplitude was
I mm, which yielded the maximum of 216 uV at 2.5Hz
(150 bpm). A study investigating the change in the initial dis-
tance between the electrodes from 1.5 to 2.5 mm showed that
the output voltage increases as the distance decreases; how-
ever the difference between 2 and 2.5 mm was not significant.
The amplitude influence study showed that an increase in the
amplitude to 1.5 mm actuates the droplet to a much greater
extent than the baseline value. This suggests the importance
of increasing the active surface area. The study of concentra-
tion of NaCl showed that the solution with only one-half of
the salt concentration had relatively good performance, only
dropping by 6 % from the baseline value. Finally, the effect of
the droplet volume was studied: the overall trend appeared to
be almost linear, where droplets with larger volume induced
higher voltage output.

The design concept of the PENG-REWOD harvester could
be improved further by making the chamber more flexible
and allowing more movement for the droplet, and the power
output could be increased through bias voltage. It might be
beneficial to couple the REWOD unit with a thermoelectric
energy harvester. In this case, the thermoelectric harvester,
which should be as close as possible to the skin, can be di-
rectly connected to REWOD electrodes since its output does
not need rectification.
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