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Abstract—A unique method for capturing energy from
mechanical electrolyte modulation is known as reverse
electrowetting-on-dielectric (REWOD). Prior REWOD stud-
ies relied on rigid electrodes which demand a high bias
voltage to maximize harvested power, hindering the advance-
ment of self-powered wearable health-monitoring sensors.
In addition, the amount of energy harvested via the REWOD
technique can be improved to a greater extent with the
utilization of a high-dielectric (high-k) metal oxide (HDMO)
layer on flexible electrodes. In this study, two distinct sets of
electrodes that are flexible are utilized for harvesting energy
with the REWOD phenomenon. The samples were coated with
HDMO layers, namely, hafnium oxide (HfO2) and manganese
dioxide (MnO2), respectively. The material deposition on a
polyimide sheet is employed via a sputtering-based physical
vapor deposition (PVD). The utilization of MnO2 samples with
the proposed flexing REWOD test measurement generated 476.21 µW/cm2 an utmost power density value with an
encapsulated electrolyte between electrodes.

Index Terms— Bias-free, electro-mechanical modulation, electrolyte impingement, encapsulated electrolyte, energy
harvesting, flexible electrodes, flexible reverse electrowetting-on-dielectric (REWOD), high-dielectric, REWOD.

I. INTRODUCTION

REVERSE electrowetting-on-dielectric (REWOD) has
emerged as a promising technology for energy-harvesting

applications, offering the potential for self-powered systems
without the need for an external bias voltage. Electrowet-
ting, a well-studied phenomenon, involves the variation in
surface tension of an electrolyte on a planar structure when
an electric field is applied [1], [2], [3]. Electrowetting-on-
dielectric (EWOD) is the term used to describe electrowetting
that occurs on a dielectrically isolated surface, and it has
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found diverse applications. However, a seminal work by
Krupenkin and Taylor [4] introduced the concept of reversing
the premise of EWOD by harnessing the mechanical modula-
tion of liquid droplets for electrostatic energy creation, giving
rise to the REWOD phenomenon. This intriguing phenomenon
has attracted considerable attention from researchers, with
numerous recent studies exploring its potential for energy
harvesting from electrolyte impingement [5], [6], [7]. The
advancement of healthcare monitoring, particularly in wear-
able and implantable sensors, has revolutionized the field of
human health tracking [8], [9], [10], [11]. Wearable tech-
nology has enabled continuous monitoring of various health
parameters, offering valuable real-time data for clinicians [12],
[13], [14], [15]. However, traditional wearable sensors rely
on batteries, which present limitations in terms of device
longevity, performance, and safety concerns associated with
battery replacements and electrolyte leakage [16], [17], [18],
[19], [20]. To overcome these limitations, energy-harvesting
technologies have been explored as alternatives. Triboelectric
nanogenerators (TENG) exhibit potential within the lower
frequency spectrum but suffer from mechanical degradation.
It is to be noted that TENG harnesses the triboelectric
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phenomenon, wherein electricity is generated when two mate-
rials come into contact and subsequently separate. This
generation occurs as a result of electron transfer driven by
variations in their electronegativities [21], [22], [23], [24]. This
specific mechanism, which entails material contact and sepa-
ration, is fundamentally different from the REWOD approach.
REWOD predominantly relies on the mechanical modulation
of an electrolyte and subsequent alterations in capacitance
without direct electrode–electrode interaction. There is an
electrolyte bridge between two electrodes, and the REWOD
energy generator relies fully on the electrolyte modulation
mechanism.

Additionally, other techniques, such as electromagnetic and
piezoelectric approaches, face challenges in terms of the
frequency range, material degradation, and radiation safety
concerns [25], [26], [27], [28]. In light of the limitations
of existing energy-harvesting technologies [29], [30], [31],
[32], [33], [34], there is a critical need for a reliable and
long-lasting energy harvester that operates in a low-frequency
range (1–5 Hz). REWOD, based on its unique electrostatic
energy-harvesting mechanism, has emerged as a potential
solution. Unlike other techniques, REWOD is independent
of solid structure resonance, making it suitable for low-
frequency applications. Additionally, the enhancement of
design resilience and relaxation of spatial constraints are
achieved through the incorporation of multiple electrodes, each
with a two-drain architecture for a solitary energy collec-
tor [35], [36]. A mechanical force is applied to the electrolyte
between conductive and dielectric electrodes and as such the
REWOD generates voltage through variations in electrical
capacitance. The periodic impingement of the electrolyte under
external mechanical force enables the mechanical energy of
the modulated electrolyte to convert into electrical energy.
The REWOD mechanism notably has shown successful oper-
ation at low frequencies, offering promising prospects for
capturing energy through physical human activity. In addition,
to enhance energy harvesting and improve system effective-
ness in REWOD, it is crucial to investigate the impact of
high-dielectric (k) metal-oxide (HfO2 and MnO2) coating on
flexible electrodes. These coatings have shown the potential
to significantly increase the harvested energy by enhancing
voltage generation during the REWOD process. Our research
explores the potential of REWOD-based energy harvesting
with flexible electrodes. In our initial investigation, we suc-
cessfully demonstrated the flexibility of the REWOD-based
approach without the need for a bias voltage. Building upon
this, our subsequent exploration focused on incorporating
high-dielectric materials into a flexible REWOD device. This
innovative integration has proven to significantly enhance
current and power outputs, surpassing those of other zero-bias
REWOD devices. The outcomes of this study position us at the
forefront of advancing applications in flexible REWOD energy
harvesting, laying a foundation for cutting-edge technologies
in the near future. Therefore, conducting a comparative study
to explore the effectiveness of high-k metal oxide layers is
essential for advancing REWOD-based energy harvesting and
unlocking its substantial potential.

II. EXPERIMENTAL SECTION

A. Flexible Electrode Fabrication
The fabrication process involves the utilization of a poly-

imide sheet to create electrodes of two separate kinds. The
selection of a 0.1-mm-thick polyimide sheet is based on
its flexible nature. The sheet is divided into 12 equal-sized
portions, each with an area of 35 × 35 mm2. Among these
portions, six are coated with chromium (Cr) and titanium (Ti)
layers, each with 50- and 150-nm thickness, respectively. For
the remaining six samples, in addition to the Cr and Ti layers,
high-dielectric materials, specifically HfO2 (dielectric value
(κ) ∼= 25) and MnO2 (dielectric value (κ) ∼= 101), are applied
with a thickness of 100 nm each. It is important to note that the
HfO2 and MnO2 coatings were individually applied to separate
sets of samples for subsequent comparison. The deposition of
these coatings onto the polyimide sheet is achieved using a
sputtering-based physical vapor deposition (PVD) technique.
The two-layer coated samples without dielectric coating serve
as the top electrode, while the previously described three-layer
coated samples with the dielectric layer are used as the bottom
electrode.

The sputtering-based EBPVD material coating is executed
through the advanced AJA 1500 sputter system, manufactured
by AJA International. The material characterization involved
a meticulous approach for four distinct materials: chromium
(Cr), titanium (Ti), hafnium dioxide (HfO2), and manganese
dioxide (MnO2). For chromium (Cr), a precisely calibrated
50-nm coating was achieved with a 40% power setting from
a 500-W source (equivalent to 200 W), under the vigilant
control of a deposition pressure set at 5 milli-Torr (mT). The
sputtering process was thoughtfully propelled by an argon
gas flow rate of 20 standard cubic centimeters per minute
(sccm), and the target-to-substrate distance was meticulously
maintained at 60 mm to ensure uniformity. A deposition rate
of 6.84 nm/min was meticulously upheld, ultimately yielding a
pristine Cr coating atop a polyimide sheet substrate. Titanium
(Ti) was subjected to a highly precise sputter deposition
process resulting in a 150-nm coating. This level of control
was realized with a 30% power setting of the 500-W source
(equivalent to 150 W) and a controlled deposition pressure
of 3 mT. The argon gas flow rate, set at 20 sccm, was
conscientiously maintained throughout the process, and the
target-to-substrate distance was sustained at 60 mm to ensure
uniformity. A deposition rate of 3.45 nm/min was vigilantly
regulated, culminating in a high-quality Ti coating on top of
Cr coating. For the HfO2 samples, hafnium dioxide (HfO2)
measuring 100 nm in thickness, was attained with a power
setting of 80% from the 500-W source (equivalent to 400 W)
under a precisely regulated deposition pressure of 10 mT.
A carefully controlled argon gas flow rate of 30 sccm facil-
itated the sputtering process. The target-to-substrate distance
upheld at 80 mm, assured precision and uniformity in coating
distribution. With a deposition rate of 7.5 nm/min, an impecca-
ble HfO2 coating was meticulously deposited on top of the Ti
coating. For the MnO2 samples, a manganese dioxide (MnO2)
coating, meticulously set at 100 nm in thickness, was achieved
through a carefully controlled process. A power setting of
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Fig. 1. Fundamental REWOD process visualization wherein displace-
ment of the electrodes owing to the impingement of the electrolyte is
expressed as ∆h = h1 – h2.

Fig. 2. Graphical illustration of the measurement system for the
REWOD energy harvester in the configuration where the electrodes are
maintained parallel with each other.

70% from the 500-W source (equivalent to 350 W) was finely
adjusted, in conjunction with a controlled deposition pressure
of 8 mT. The argon gas flow rate, set at 25 sccm, was precisely
monitored. The target-to-substrate distance was consistently
maintained at 70 mm, ensuring uniformity in the coating distri-
bution. With a deposition rate of 6.0 nm/min, a highly precise
and well-defined MnO2 coating was meticulously achieved on
top of Ti coating. A trinocular stereo microscope (AmScope
1140) is employed for visual inspection to ensure the consis-
tency of the coating after the deposition process is completed.
Additionally, an in situ scanning electron microscope (SEM)
nanomechanical instrument, Hysitron PI 89 SEM PicoIndenter,
is utilized to precisely estimate the overall coating thickness.

B. Measurement Setup
The depiction in Fig. 1 effectively illustrates the pivotal role

of the electrolyte impingement mechanism in the REWOD
process. The measurement setup is graphically visualized and
depicted in Fig. 2. A 50-µL volume of pure deionized water
is employed as the electrolyte and positioned between the
top and bottom flexible electrodes. The bottom electrode is
supported by a stand and placed on a mechanical oscillator
to facilitate vertical displacements, while the top electrode
remains fixed. Fig. 3(a) illustrates the electrolyte modulation
effect, leading to charge generation at electrolyte–electrode
interfaces, and Fig. 3(b) shows its equivalent lumped element
circuit representation as presented in our prior work [1].

Fig. 3. Parallel configuration and lumped element model of the REWOD
energy harvester. (a) Cross-sectional view of REWOD configuration. (b)
Equivalent lumped element model for parallel configuration REWOD.

Fig. 4. Flexible sample with three-layer coating. (a) Illustrative visualiza-
tion. (b) Fabricated flexible samples utilized in the REWOD experiment.

The components of the parallel setup are a resistor (RP ),
a variable capacitor (CP ), a variable current source (IP ), and
a load (RL ). The variation in the capacitance between the top
and bottom electrodes is represented by a variable capacitor
(CP ), resistance generated across the electrolyte–electrode
interface is (RP ), and IP represents the generated alternating
current on the REWOD electrodes. Factors such as electrical
conductivity, the distance variation of the electrode–electrolyte
interface, as well as the electrolyte modulation, all contribute
to CP to behave as a capacitor whose value varies over
time. Fig. 4(a) portrays a graphical representation of two-layer
metals-only coated samples and three-layer coated samples
with a high-dielectric metal-oxide layer, and Fig. 4(b) presents
the fabricated flexible samples, portraying metal contacts at the
edges of the three-layer coated samples to facilitate connec-
tions for the collector and ground probe during measurements.

Oscillation frequencies ranging from 1 to 5 Hz are
applied to the mechanical oscillator using a mobile or
iPad-controlled frequency generator application. During the
electrolyte impingement process, ac peak-to-peak voltage
recordings are measured using a Keysight oscilloscope (DS0×

3014A). Fig. 5(a) presents the REWOD measurement setup
for harvesting energy, and Fig. 5(b) shows the electrolyte
bridge between the top and bottom electrode configuration, the
bottom electrode is placed on a support stand which is attached
to a mechanical oscillator. Fig. 5(c) portrays the collector and
ground probes connected to the metal contacts of the top and
bottom electrodes. The collector probe is connected to the top
electrode, while the ground probe is connected to the bottom
electrode. Furthermore, the collector and ground probes are
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Fig. 5. (a) Energy-harvesting REWOD measurement configuration.
(b) Side-wise picture portraying the droplet bridge between the top
and bottom electrodes. (c) Top view showing the ground and collector
connections.

connected to an impedance analyzer (AD5940) to analyze
resistance and capacitance variations resulting from changes
in the surface area caused by the electrolyte impingement
procedure.

III. FLEXING EXPERIMENT FOR ELECTRODES

The two-layer (Cr and Ti) and three-layer (Cr, Ti, and
HDMO) coated fabricated flexible samples were subjected
to a bending test with a special 3-D printed fixture that is
designed to bend the samples. The objective was to evaluate
the durability and resilience of the coated layers applied
to the polyimide substrate. Subsequent to the bending test,
a visual inspection was conducted on the flexible electrodes.
Remarkably, the coating on the polyimide substrate exhibited
no signs of deterioration, even after undergoing multiple
bending cycles. To execute the flexing REWOD examination,
a setup was established involving a stepper motor, an Arduino
microcontroller board, and a 3-D-printed model incorporating
a manipulable pedal. The 3-D-printed configuration included a
support structure to secure the stepper motor and an adjustable
pedal affixed to the arm of the motor. During the evaluation,
the flexible electrode was positioned on the apparatus, and the
Arduino microcontroller was employed to command the step-
per motor’s motion. The motor’s rotation spanned from 0◦ to
90◦, and potentially beyond. The stepper motor, interconnected
with an Arduino microcontroller, is controlled via programed
instructions. The extent to which the motor should be rotated
is instructed via a straightforward Arduino program that is
preloaded in the microcontroller which takes the input value
starting from 0◦ to 360◦. The program pertains the motor’s
rotation extent to the input provided.

The flexing REWOD test sample consists of top and bottom
electrodes that are sealed together with an electrolyte situ-
ated inside the enclosed space. The top and bottom flexible
electrodes were each independently linked to two copper
wires that were extended outward which served as the col-
lector and ground terminals, respectively. Fig. 6(a) portrays a
cross-sectional illustration of electrolyte confinement within
the flexing test sample. The lower electrode’s conductive
portion is connected to a copper wire and securely bonded

Fig. 6. Preparation of flexing samples. (a) Visualization of the cross
section of the REWOD flexing sample. (b) Placement of the electrolyte
into the slot created by DST. (c) Copper wire extensions to the enclosed
flexing sample. (d) Final REWOD flexing test configuration.

using epoxy, which undergoes a curing process lasting 24 h.
Around the lower electrode, a double-sided tape (DST) serves
as a support structure to contain the electrolyte, as shown
in Fig. 6(b). The boundary of DST is subsequently coated
with UV-curable adhesive and cured by exposure to UV light
to ensure a proper seal. Once the adhesive has solidified,
a 50-µL electrolyte is introduced into the space enclosed
by the DST. Similarly, the upper electrode is connected to
a copper wire in a manner resembling the lower electrode.
To establish a complete seal and prevent electrolyte leakage,
the uncoated side of the upper electrode is affixed with a larger
DST. This arrangement positions the coated side of the upper
electrode to fully enclose the space between the two electrodes,
as illustrated in Fig. 6(c). The bend test sample is supported
on the aforementioned 3-D printed structure as demonstrated
in Fig. 6(d).

IV. RESULTS AND DISCUSSION

A. AC Voltage Measurements
The ac voltage generated by the REWOD setup was mea-

sured using a Keysight oscilloscope (DS0 × 3014A) and
analyzed using the Analog Devices software. The measure-
ments were conducted within a frequency range of 1–5 Hz
with a step size of 1 Hz. An almost linear relationship was
observed between the ac peak-to-peak voltage and frequency.
The samples coated with an HfO2 metal-oxide layer produced
ac voltage values with the REWOD set up in the range of
526–934 mV. A 50-µL electrolyte with 0.33-cm2 interfacial
area between the electrode and the electrolyte with a 2-mm
displacement variation between the electrodes was utilized to
obtain these voltage ranges for all three considered flexible
electrodes. Similarly, the samples coated with MnO2 generated
ac voltages in the range of 1034 V–2002 mV. Fig. 7 presents
all the voltage plots. Specifically, Fig. 7(a) corresponds to
voltage variation versus frequency for nonbending REWOD
measurement with HfO2 samples, and Fig. 7(b) corresponds
to voltage variation in the time domain for a 1-s inter-
val. Similarly, Fig. 7(c) and (d) corresponds to nonbending
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Fig. 7. Voltage plots in the time and frequency domains. (a) and (b) In
the case of HfO2 utilized as an HDMO layer. (c) and (d) In the case of
MnO2 utilized as an HDMO layer. (e) Three flexing test trials with the
HfO2 sample at 5-Hz modulation frequency. (f) Three flexing test trials
with the MnO2 sample at 5-Hz modulation frequency.

REWOD measurements with MnO2 samples. Fig. 7(e) shows
the three voltage test trials with HfO2 samples based on the
flexing REWOD test, and Fig. 7(f) presents three voltage test
trials with MnO2 samples based on the flexing REWOD test.
It is observed that the voltage plots followed an increased
trend starting from 1 to 5 Hz in the nonbending REWOD
experiments. The flexing test trials exhibited a remarkable
degree of similarity across all three trials conducted for both
HfO2 and MnO2 samples.

B. RC Measurements
The REWOD system model comprises a current source

represented by IP and is accompanied by parallel capacitance
CP and resistance RP . The presence of electrical resistance
RP between the electrodes is influenced by various factors,
including the conductivity of the electrolyte, electrolyte thick-
ness, displacement between the two electrodes, conductive
and dielectric layers, and the electrode–electrolyte interfacial
area. During the electrolyte impingement process, the analog
front-end device AD5940 measures the overall impedance
magnitude (|Z |) and phase angle (8) of the system.

RP and CP indicate the system’s resistance and capacitance,
respectively, which are estimated utilizing (1) and (2). The
absolute impedance (|Z |) is given as in (3) and ω = 2π f

Fig. 8. RC variation over frequency: (a) and (b) HfO2 with conventional
REWOD, (c) and (d) MnO2 with conventional REWOD, (e) and (f) flexing
test with the HfO2 sample, and (g) and (h) flexing test with the MnO2
sample.

represents the oscillation frequency of the ac signal, as previ-
ously detailed in our earlier work [1].

The variation plots for all the RC measurements are
depicted in Fig. 8. Specifically, Fig. 8(a) and (b) repre-
sents HfO2 with the nonbending REWOD setup, while
Fig. 8(c) and (d) corresponds to MnO2 with the nonbending
REWOD setup. Fig. 8(e) and (f) corresponds to trials carried
out with the HfO2 sample based on the flexing REWOD test,
and likewise, Fig. 8(g) and (h) corresponds to flexing test
trials with the MnO2 sample. Notably, it is observed that the
resistance values measured during the bend test trials were
consistently lower than those attained through the nonbending
REWOD setup. In contrast, the capacitance values exhibited
an increased trend when subjected to the bend test. The
capacitance increase in the flexing test might be attributed to
the reduced distance between the electrodes in the bend test
as compared to the nonbending REWOD test configuration.
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Fig. 9. Current plots in the time and frequency domains. (a) and (b)
In the case of HfO2 utilized as an HDMO layer. (c) and (d) In the case
of MnO2 utilized as an HDMO layer. (e) Three flexing test trials with the
HfO2 sample at 5-Hz modulation frequency. (f) Three flexing test trials
with the MnO2 sample at 5-Hz modulation frequency.

For all three flexible electrodes in each case scenario, the
capacitance and resistance values were almost similar and
followed the same pattern. The capacitance generated with
the HfO2 samples ranged from 18 to 71 nF for the frequency
range of 1–5 Hz, similarly, with the MnO2 samples generated
capacitance ranged from 184 to 758 nF. It is observed that
the capacitance generated with the MnO2 coated samples has
≈10.5 times higher capacitance generation when compared to
the HfO2 coated samples. The peak-to-peak ac current with
the HfO2 samples generated by the conventional REWOD
setup is 471.37 nA and that of MnO2 samples is 659.92 nA.
However, the resistance measured across the top and bottom
electrodes for the considered samples needs to be essentially
the same in each case scenario because all of the flexible
electrodes employed have the same metal covering, and the
RC measurements supported this notion

RP =
tan (8)

ωC p
(1)

CP =
tan (8)√(

1
RP

)2
+

(
C pω

)2
× |Z | × ω

(2)

|Z | =
1√(

ωC p
)2

+

(
1

RP

)2
. (3)

C. Flexing Test Measurements
The utilization of HfO2 as an HDMO layer with REWOD

flexing configuration has generated 45.27 µW of power
with a voltage maximum of 155 mV between the peaks and
292 µA of current maximum between alternating peaks at
a 5-Hz frequency of operation. Similarly, the MnO2 samples
generated a 310 mV of voltage maximum and 507 µA of
current maximum values resulting in 157.15 µW of power.
This might activate the wearable biosensors with typical
nanowatt level power requirement [41]. The power density
produced during the flexing test is around 118 times more
than in the scenario with flexible electrodes with the typical
REWOD configuration. This is observed as the flexing
REWOD test yielding a relatively low resistance value of
1 k� at 5 Hz compared to the 7-k� resistance observed in the
nonbending REWOD planar structure scenario. Furthermore,
the flexing REWOD test generated a capacitance of 16.89 µF,
approximately 21 times greater than the 758-nF capacitance
generated with the standard REWOD setup, which is the
primary factor contributing to the higher current observed
during the bending test. The elevated capacitance observed
during the bending test leads to a corresponding increase in
current, and this heightened current is the primary contributor
to the augmented power generation in the bend test owing to
P = V × I , where the power generated is directly proportional
to the ac current produced. Also, in the flexing measurement,
the separation between electrodes lies within the range of
0.5–1 mm. This distance is four times closer than the electrode
distances in the typical REWOD setup scenario, where the
distances range from 2 to 4 mm. This resulted in the electrode
and the electrolyte having a larger surface area in contact dur-
ing the bending experiment, which may also be accountable for
the enhanced capacitance generation, leading to a subsequent
increase in current and eventually greater power generation.
As the distance between the electrodes decreases, it is
anticipated that the capacitance between them will rise, and
this expectation aligns with the corresponding measurements
of resistance (R) and capacitance (C). Higher power density
generation in the flexing REWOD test case has been supported
by all of the aforementioned factors.

The current generated with HfO2-coated samples in the
flexible bend test is ≈103 times greater than the current
produced by a typical REWOD setup in which the samples
were not bent. Similarly, it is observed that the flexing test with
MnO2 samples generated ≈118 times more in comparison
with the standard REWOD test. The elevated current mag-
nitude observed during the bend-test scenario is the principal
contributor to the increased power generation in this specific
configuration.

The present study is compared with related previous stud-
ies by taking into account the parameters listed in Table I,
comprising the type of energy harvester, maximum frequency
modulated, externally applied bias voltage, and power density
(µW/cm2). The flexing REWOD proposed in this work oper-
ates in the range of 1–5 Hz. Although Krupenkin et al. [4]
and Yang et al. [6] demonstrate that their energy-harvesting
mechanism can produce ultrahigh power densities, it was
implemented with the utilization of comparatively high bias

Authorized licensed use limited to: Univ of Texas at Dallas. Downloaded on August 30,2024 at 00:15:39 UTC from IEEE Xplore.  Restrictions apply. 



9486 IEEE SENSORS JOURNAL, VOL. 24, NO. 7, 1 APRIL 2024

TABLE I
COMPARISON WITH EARLIER STUDIES

voltages in earlier works that made this possible. In [1],
the REWOD energy-harvesting procedure utilized rigid and
rough electrodes. Although it demonstrated a 3.18 µW/cm2 of
high power density, the limitation lies in the fact that these
rigid electrodes cannot support the scalability of research for
energy harvesting through human motion, due to structural
constraints. The REWOD harvester comprises a top electrode,
a bottom electrode, and an electrolyte (deionized water in this
work) in between both electrodes. Energy is generated through
mechanical modulation of the electrolyte, which varies the
electrolyte–electrode interfacial area and thus creates capaci-
tance variation. As a result, it generates alternating current and
alternating voltage between both electrodes and thus the power
is generated. The harvested power is intended to be temporar-
ily stored in a capacitor, and once a sufficient energy level is
attained, it is envisioned to be transferred via connected wires
to a wearable biosensor to activate it. This innovative approach
envisions the placement of a flexing sample within the shoe
sole, strategically harnessing human pressure during walking
to induce modulation of deionized water confined between top
and bottom electrodes. This orchestrated movement activates
the REWOD mechanism, paving the way for efficient energy
harvesting. In this envisaged scenario, the connected wear-
able sensor draws its power from this ingeniously integrated
REWOD mechanism, illustrating the potential of a symbiotic
relationship between energy-harvesting and biosensing tech-
nologies. This innovative, self-sustaining energy-harvesting
technique substantially reduces the need for frequent bat-
tery replacements, representing a noteworthy advancement
in sustainable technology. Therefore, there is a critical need
to employ flexing electrodes to pave the way to flexible
bias-free REWOD-based energy generation research. Previous
work utilized a PDMS substrate, which is flexible but lacks
thermal stability compared to the polyimide substrate used in
our study. Furthermore, the utilization of PDMS substrate in
earlier research resulted in some inconsistency in coating with
EBPVD technique [39].

Huynh et al. employed 1.2 V of external voltage bias
to achieve a 0.096-µW/cm2 power density value in their
research. In contrast, our study achieved a power density of
4.01 µW/cm2 with the conventional REWOD system with the
MnO2 sample for a modulation frequency of 5 Hz with an
electrode displacement of 2 mm, without utilization of any
bias voltage, utilizing an electrode–electrolyte interface area of

0.33 cm2. Our flexible electrode-based REWOD flexing test,
featuring a 65◦ bend angle, yielded an electrode–electrolyte
interface area of approximately 1.2 cm2, and the estimated
power density is 476.21 µW/cm2.

Unlike prior research which utilized a polydimethylsiloxane
(PDMS) substrate, this study employs a Kapton polyimide
substrate with electron beam PVD (EBPVD) coating. Visual
examination under an AmScope 1140 microscope revealed
superior coating uniformity compared to 3-D-printed PDMS.
Kapton was chosen for its high thermal stability (>200 ◦C)
during EBPVD. We simplified the fabrication process by
eliminating the need for an extra 3-D ink printing stage,
making the procedure more efficient [39].

REWOD measurements are devoid of direct electrical con-
nections to data probes. ac voltage and current data are tied to
electrolyte modulation. The Keithley Series-2400 tool offers
precise measurements in all four quadrants with noise filters,
ensuring low noise and high accuracy. This eliminates the
electrical noise in Figs. 7(b)–(f) and Figs. 9(b)–(f).

The power density achieved utilizing the MnO2 samples
with the conventional REWOD is ≈9 times higher than that
of the value generated with HfO2, and ≈2K times greater
than our prior work with Al2O3 [40]. In addition, for the
flexing test case, the MnO2 samples harvested power density
≈3.5 higher than the HfO2 case, and ≈9.5K times greater than
the aforementioned Al2O3 case. The comparison among test
case scenarios that are carried out indicated that the samples
coated with MnO2 layer which has dielectric value (κ) ∼= 101,
as aforementioned, produced significantly high power density
when compared to HfO2 (κ ∼= 25) and Al2O3 (κ ∼= 9). The
aforementioned comparative analysis of the considered test
case scenarios paves a path in the direction of advancement
in flexible electrodes based on bias-free energy-harvesting
applications. It is observed that the high dielectric-coated
flexible electrodes have shown a high potential to harvest
energy without any external bias voltage.

V. CONCLUSION

This study employs two distinct HDMO-coated flexible
electrodes to achieve REWOD principles for energy harvesting
without the need for external bias voltage. The implementa-
tion involves utilizing flexible electrodes for REWOD-based
energy harvesting. The voltage and current outputs from
these flexible electrodes highlight significant potential for
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energy harvesting via flexible electrode technologies. The
proposed experiment involves bending the REWOD structure
with the electrolyte enclosed between the electrodes, result-
ing in a power density of 476.21 µW/cm2, which is ≈118
times compared to the power density attained through the
nonbending REWOD modulation experiment conducted in
this study. These findings indicate the prospective ability of
flexible REWOD electrodes to contribute to human-motion-
driven energy harvesting, without the need for additional bias
voltage. In conclusion, this study presents an improvised initial
stage in the development of a single electrolyte-encaptured
REWOD flexing sample with the goal of characterizing arrays
of REWOD structures in the near future. For the initial
demonstration, test case scenarios based on a single flexing
REWOD sample with HDMO layer coating are evaluated.
Future endeavors will focus on creating HDMO-coated array
structures involving enclosed droplets. This approach aims
to enhance the contact area between the electrode and the
electrolyte, leading to increased capacitance. Consequently,
higher voltage and current outputs are anticipated, leading to
higher generated energy.
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