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Abstract—In this paper, theoretical modeling and experimen-
tal validation of REWOD energy harvesting based on flexible
electrodes for self-powered sensor applications have been in-
vestigated. Much of REWOD’s research has focused on planar
electrodes that have an inflexible, rigid surface and use high bias
voltages to increase output power, which undermines the goals of
self-powered wearable motion sensors. This article implements
REWOD-based energy harvesting using two dissimilar flexible
electrodes. Electron beam physical vapor deposition (EBPVD)
is used to coat the material onto a polyimide film. A compar-
ative analysis between theoretical model data and experimental
measurement data has been conducted.

Index Terms—Energy harvesting, REWOD, flexible electrodes,
electrolyte impingement, electro-mechanical modulation.

I. INTRODUCTION

The growing need for self-powered wearable sensors has
necessitated the development of energy harvesting systems
capable of consistently and sufficiently powering these de-
vices. Within the last decade, among the many ambient energy
harvesting technologies that have been developed in recent
years are the well-known piezoelectric energy harvesters
(PEH), triboelectric nanogenerators (TENG), electromagnetic
energy harvesters, and other vibration-based energy harvesters
[1]. The lower frequency range (0.25–5 Hz), which is typ-
ical for many human motion activities, has been found to
be an effective operating range for TENG. Although other
energy harvesting technologies have advanced significantly,
the majority of them struggle to capture energy in the low-
frequency range (0.25–5 Hz) [2]–[5]. It has been suggested in
[6] to use flexible, fiber-based energy harvester (FBH), which
incorporate conducting fibers into garments and convert bio-
mechanical vibration energy to electrical energy. Traditional
wearable sensors have relied on batteries for power, which
reduces the device’s longevity, prevent gadget miniaturization
and also has certain safety issues like battery explosions and
electrolyte leaks [7], [8]. It is essential to develop energy
harvesters that are flexible, reliable, and sufficiently power
such sensors [9]–[12].

Recently, reverse electrowetting-on-dielectric (REWOD), a
novel method of electrostatic energy harvesting, has emerged

Fig. 1. The principle mechanism of REWOD based energy harvesting without
any external bias voltage. The mechanical modulation results in maximum
electrodes displacement of ∆l = l1 − l2.

in the preceding 10 years. Due to its independence from
solid structure resonance, REWOD, unlike many other energy
harvesting devices, has been demonstrated to function well at
low mechanical frequencies and can be implemented using
flexible structures. In REWOD, capacitance from both the
electrical double layer (EDL) and the dielectric insulator
results in capacitance at the electrode-electrolyte interface.
REWOD energy harvesting based on electrolyte impingement
is the topic of many recent research works [13]–[25].

The paper is organized as follows: section II presents
experimental procedure. Section III presents the theoretical
modeling, results and discussion is presented in section IV
and the concluding remarks are presented in section V.

II. EXPERIMENTAL SECTION

Two dissimilar electrodes were fabricated using polyimide
sheets. A portion of polyimide sheet was cut into two equally
sized samples. The first one was coated with chromium (Cr)
and titanium (Ti) with coating thicknesses of 50 nm and 150
nm, respectively. The second sample was coated with Cr-50
nm, Ti-150 nm along with the dielectric material Al2O3 with
coating thickness of 100 nm. The Electron-Beam Physical
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Fig. 2. (a) Fabricated flexible electrodes. (b) Flexible bend test sample made
with top and bottom electrodes with electrolyte enclosed within the slot made
in between 2 electrodes.

Vapor Deposition (EBPVD) technique has been utilized to coat
the materials on the polyimide sheet. The aforementioned 3-
layer coated sample was used as a bottom electrode and the
2-layer coated sample is used as the top electrode. The coating
was visually checked using a trinocular stereo microscope
(AmScope 1140) after the completion of the coating process to
ensure coating consistency.The conventional REWOD based
energy harvesting is as shown in Fig. 1, an electrolyte is
placed in between the top and bottom electrodes and the
bottom electrode is made to oscillate up and down and as a
result the electrolyte impingement takes place facilitating the
aforementioned REWOD mechanism.

The bend test sample consists of a bottom electrode attached
to a top electrode with double-sided tape and an electrolyte is
placed within an enclosed space between the two electrodes.
Copper wires are attached to top and bottom electrodes indi-
vidually and are extended out to facilitate connections for the
experimental measurements as shown in the Fig. 2(b). The
copper wires attached to the top and bottom electrodes act
as collector and ground terminals, respectively. The copper
wire is attached to the conductive portion of the bottom
electrode using epoxy which is cured for 24 hours as shown
in Fig. 3(a), Thick double-sided tape was used to border the
bottom electrode and create a support structure to confine
the electrolyte as shown in Fig. 3(b). UV-curable adhesive is
applied to the entire perimeter of the double-sided tape, and
then the adhesive is cured with UV light exposure as shown in
Fig. 3(c) to ensure a proper seal. Soon after the glue applied
is cured, an electrolyte of 50 µL is used to fill the volume
enclosed by the double-sided tape. The coated side of the
top electrode is aligned to enclose the space in between both
electrodes to complete the seal and for the electrolyte not to
leak-out as shown in Fig. 3(d). An additional polyimide sheet
is used as a support material for the bend test sample to place
on the aforementioned 3D printed structure as shown in Fig.
3(e).

III. THEORETICAL MODELING

This section theoretically shows how liquid surface area
changes when the REWOD sample is bent and how this
results in electrical current. As shown in Figure 4(b), The
REWOD sensor/energy harvester was modeled in 2D, having
two arcs of the same length l with endpoints that are a fixed
distance d between them. The dimension d1 is the thickness

Fig. 3. Implementation of bending test with the actual flexible bend test
sample.

of the adhesive that joins the opposing substrates to form the
REWOD sensor/harvester. It is assumed that the outer edges of
the adhesive remain co-linear with the radius of the outer arc
at all times. The arcs are treated as segments of perfect circles.
Assuming the outer arc is the driving arc, it has an input bend
angle of θ and a resulting radius R with the origin at the center
of the driving arc. The driven inner arc is described by its bend
angle and radius denoted as ϕ and r, respectively. The arc
length, l, radial distance between arcs at their endpoints, d1,
and the driving angle, θ, are all predetermined. The endpoint
coordinates of the outer and inner arcs are as mentioned below:

x1 = 0 y1 = −l/θ

x2 = −(
l

θ
) ∗ sin(θ) y2 = −(

l

θ
) ∗ cos(θ)

x3 = 0 y3 = −l/θ + d1

x4 = −(
l

θ
− d1) ∗ sin(θ) y4 = −(

l

θ
− d1) ∗ cos(θ)

(1)

where the outer arc radius R has been replaced with l
θ from

the equation for arc length l = Rθ.

Fig. 4. (a) Distance between inner and outer arcs shown in (b), which
represent the two opposing REWOD substrates shown in the unbent position
(dashed) and bent at an angle of θ.

The chord lengths for the inner and outer arcs are then found
using the distance formula.

cr =
√
(x4 − x3)2 + (y4 − y3)2 (2)

cR =
√
(x2 − x1)2 + (y2 − y1)2) (3)
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With the chord distances defined, ϕ is determined using
trigonometry based on the triangle formed by the inner arc
radius, the distance between the center of the inner arc and its
chord, and half of the chord length. This results in Equation 4,
which can be solved using a root-finding numerical method.

sin(
ϕ

2
) =

crϕ

2l
(4)

r is defined using the relationship between arc length (l),
radius, and angle of bend: r = l/ϕ. Then, the sagitta of each
arc is found as follows:

sr = r −
√
r2 − c2r

4
sR = R−

√
R2 −

c2R
4

(5)

This makes it possible to define the distance between the
arcs with Equation 6. Figure 4(a) shows the distances found
from values of θ that were used in the model.

dm = d1cos(θ) + sR − sr (6)

The surface area between the electrolyte and the bottom
electrode is the electrolyte volume divided by the distance
between the arcs: As = volume/dm. This approximation ne-
glects the varying gap between the two arcs. With As known,
it is possible to calculate the voltage output as the bend angle
varies. This calculation follows the general procedure detailed
in our previous publication [26] with a few modifications as
described below. The capacitance is C = ϵ0ϵAs/d2 where ϵ0 is
the permittivity of air and ϵ and d2 are the relative permittivity
and thickness of Al2O3. The equivalent impedance of the
REWOD sensor is

Zeq = (
1

Rp
+

1

Xc
+

1

RL
)−1 (7)

where Rp is the parallel resistance, RL is the load resistance,
and Xc is the capacitive reactance. The generated voltage
across the load is calculated using Equation 8 where Vdc

is an inherent dc bias voltage at the REWOD surface and
Vac = Vdcsin(2πft) is the ac component of the REWOD
voltage.

V = −[(Vdc + Vac)
dC

dt
+ C

dVac

dt
](
Xc

Rp
+ 1 +

Xc

RL
)Zeq (8)

TABLE I
DESIGN VARIABLES OF VOLTAGE GENERATION MODEL.

Specifications
Variable Description Value
Volume Volume of electrolyte 50 µL

l Arc length 16 mm
d1 Distance between top and bottom electrodes 2 mm
d2 Thickness of Al2O3 100 nm
ε0 Free-space permittivity 8.85×10−12 F/ m2

ε Relative permittivity of Al2O3 11
Rp Parallel resistance 383 kΩ∗

RL Load resistance 11 kΩ∗

f Bending frequency 5 Hz
Vdc Native bias voltage at REWOD interface 10 mV

*Resistance values were determined for [26].

IV. RESULTS AND DISCUSSION

The theoretical time domain voltage plot for one second is
presented in Fig. 5(a). The measured data manifested ≈ 30 mV
of dc offset that was also accounted in the theoretical model.
The measured time domain plots for the 3 different trials per-
formed are presented in Fig. 5(b). Table 1 summarizes the val-
ues used in the theoretical model. The implementation of the
bending test with the flexible samples generated a maximum
voltage value of 78 mV. The Analog Device impedance and
electrochemical front end (AD5940) measured the maximum
electrical resistance value of 9.8 MΩ, which is the electrical
resistance across the electrodes while the electrolyte enclosed
in between them is subjected to impingement process. Using
Ohm’s law, the maximum estimated current is 7.34 nA at 5 Hz
operating frequency and thus resulting in generation of 0.528
µW of power, which is ample enough to power up ultra low-
power bio-wearable chips, which typically would just need
nano-watt range of power to activate [27]. The offset in the
measured data is due to minute metal electrode impurities and
ionic concentration changes that occur as a result of epoxy
been used to connect the copper wire and electrode. The model
was not capable of predicting this and it was therefore added
to the model manually.

Fig. 5. (a) Theoretical generated voltage plot from a flexible REWOD sensor
being repeatedly bent from θ = 0 to 30 degrees at 5 Hz. (b) Measured time
domain voltage plots at 5Hz for 3 different trials.

V. CONCLUSION

REWOD energy harvesting using flexible electrodes was
performed with an objective to demonstrate the power gener-
ation without any external bias supply. The voltage generated
out of the flexible electrode based REWOD bend test has been
modeled and compared with the actual measured voltage data.
The theoretical estimation of voltage is in good agreement
with the measured data. As a future work, we plan to do
more fundamental research into the thickness effect of Al2O3,
quantity variation of electrolyte and composite of electrolyte.
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