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ABSTRACT

This paper presents a reverse electrowetting-on-dielectric
(REWOD) energy harvester integrated with rectifier, boost
converter, and charge amplifier that is, without bias voltage,
capable of powering wearable sensors for monitoring human
health in real-time. REWOD has been demonstrated to
effectively generate electrical current at a low frequency range
(<3 Hz), which is the frequency range for various human
activities such as walking, running, etc. However, the current
generated from the REWOD without external bias source is
insufficient to power such motion sensors. In this work, to
eventually implement a fully self-powered motion sensor, we
demonstrate a novel bias-free REWOD AC generation and then
rectify, boost, and amplify the signal using commercial
components. The unconditioned REWOD output of 95-240 mV
AC is generated using a 50 uL droplet of 0.5M NaCl electrolyte
and 2.5 mm of electrode displacement from an oscillation
frequency range of 1-3 Hz. A seven-stage rectifier using Schottky
diodes having a forward voltage drop of 135-240 mV and a
Jorward current of 1 mA converts the generated AC signal to DC
voltage. ~3 V DC is measured at the boost converter output,
proving the system could function as a self-powered motion
sensor. Additionally, a linear relationship of output DC voltage
with respect to frequency and displacement demonstrates the
potential of this REWOD energy harvester to function as a self-
powered wearable motion sensor.
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NOMENCLATURE
C Capacitance
&o Vacuum permittivity
&r Relative permittivity of dielectric material
A Electrode-electrolyte interfacial area
d Dielectric layer thickness
Cin Input capacitance
Vin Input voltage

Vour Output voltage
Ve.p Peak-to-peak voltage

Lieet Rectifier output current
Viect Rectifier output voltage
R Resistance

L Inductance

Ry Gain Resistance

Cr Feedback capacitance

1. INTRODUCTION

Portable health monitoring and motion tracking devices
have remarkably emerged over the last few years as a primary
source of continuous human health monitoring in real-time
during daily life activities such as walking, running, etc. [1].
Typically, these devices are powered by an external power
supply such as batteries. Although significant progress has been
made in increasing the capacity of the batteries and reducing the
power consumption of the devices, these systems still need rigid
lithium-ion batteries with frequent replacement or charging
process, which greatly limits their application and brings
inconvenience [2]. The fundamental approach to eliminate this
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issue is to integrate an energy harvester within the device itself
and self-power it without requiring any external power source.
Many energy harvesting technologies have emerged over the
years such as piezoelectric, electromagnetic, triboelectric
nanogenerator (TENG), and vibration-based energy harvesting
that have been well established [3-6]. Among these energy
harvesting technologies, TENG has been shown to efficiently
generate power at low-frequency range; however, the underlying
principle by which it operates (repeated contact between
oppositely charged surfaces) significantly limits its long-term
performance [7]. Other energy harvesting techniques have
certain limitations, particularly in applications where the input
frequency is at a lower range (< 5 Hz). Additionally, these energy
harvesting techniques require resonance of solid structures to
operate, which is typically over 50 Hz, making them quite
unsuitable for harvesting energy from human motion-related
activities.

Owing to the aforementioned limitations, energy harvesting
based on reverse electrowetting-on-dielectric (REWOD) has
been developed within the last decade [8], particularly due to its
advantageous operation at lower frequencies without friction and
not requiring resonance frequency. REWOD is opposite to
electrowetting-on-dielectric (EWOD) in which an electric field
applied to an electrolyte modifies the effective surface tension
and produces electrolyte movement [9]. In REWOD, applied
mechanical modulation changes electrolyte displacement and
thereby changes the electrode-electrolyte interfacial area,
generating alternating current.

Figure 1 illustrates an example of the REWOD
configuration wherein the top electrode is coated with a metal
layer that acts as a current collector. The bottom electrode is first
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FIGURE 1. REWOD configuration used for this study. Mechanical
force applied to either the bottom or top electrodes squeezes the
electrolyte, periodically increasing and decreasing the effective
interfacial area and generating alternating current

coated with a metal layer for conduction and then with a
dielectric layer (e.g. Al,O3) with an additional layer of
fluoropolymer (e.g. CYTOP) for surface hydrophobicity. An
electrolyte is sandwiched between the electrodes which upon
oscillation generates AC current due to a modulating electrical
capacitance and thus an AC voltage across the electrodes. The
formation of electrical capacitance is due to the capacitance from
both the electrical double layer (EDL) at the solid-liquid
interface and the dielectric insulator [10]. The total capacitance
can be modeled as: C=¢pe,4/d where g9 = 8.85%107'12 F/m is the
vacuum permittivity, & is the relative permittivity of the
dielectric material, 4 is the electrode-electrolyte interfacial area,
and d is the thickness of the dielectric layer. Two possible ways
the capacitance can be increased are by decreasing the dielectric
thickness or by using dielectric materials with high ¢.. However,
many high ¢ materials have high thermal instability and
resistivity. Dielectric materials such as Al,O3; are considered
ideal for REWOD applications [11].

One of the performance parameters of REWOD energy
harvester is the power density, which is the power generated per
unit area (W/cm?). Power density is one of the most important
parameters to consider in energy harvester design because
wearable sensors have become significantly miniaturized over
the years. There are two pathways to higher power density
REWOD energy harvester output. One is the application of bias
voltage in which an externally applied voltage induces high
current and therefore results in high power density. However, the
concept of “self-powered” is significantly compromised in that
scenario since the application of an external voltage source
would no longer make the device self-powered. On the other
hand, much lower power density is achieved without applying
any external bias voltage, but the power would not be sufficient
to power wearable sensors. Therefore, the small input voltage
from the REWOD could be rectified to convert the AC signal to
a DC voltage and then boosted and regulated to supply a constant
DC power by using a DC-DC converter. All of these components
could be integrated within the same device and hence power the
device without requiring an external voltage source. The
schematic in Figure 2 shows the input AC voltage from the
REWOD fed into the rectifier and voltage regulator to rectify and
regulate the DC power supply to the motion sensor. Eventually
implementing the REWOD electrodes on a flexible and
biocompatible material will allow the motion tracking device to
be worn on the ankle, thus harvesting energy from regular
physical activities. The figure also depicts the REWOD harvester
functioning as a motion tracking sensor, where the charge
amplifier amplifies the generated charge from the motion
activity. Typically, the generated AC voltage amplitude from the
REWOD lies in the mV range, lacking the capability of
distinguishing motion at various frequencies and displacements
due to low resolution. Amplifying the low amount of charge
allows to achieve improved signal-to-noise ratio (SNR) as well
as high dynamic range for the motion sensor. Having the charge
amplifier thus ensures an overall better resolution for the self-
powered motion sensor. An analog-to-digital converter (ADC)
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FIGURE 2. The block-level diagram of REWOD based self-powered
motion sensor integrated with charge amplifier and DC-DC converter

digitizes the amplified signal and finally a transmitter (TX)
transmits the data wirelessly to a remote receiver, which is the
eventual goal of this research.

Different architectures and design methods have been used
in the past to rectify a low input signal to a higher output power.
A self-calibrating energy harvester was developed by Stoopman
et al. that generated 1 V input signal at -26.3 dBm input power
that corresponds to 141 mVp_p input voltage [12]. Similarly, Yi
et al. designed and implemented a diode connected transistor-
based rectifier circuit to rectify a low input signal of 200 mV
[13]. However, the prior architectures worked only at MHz
frequency range. As the AC signal harvested from the REWOD
is fairly low in frequency and amplitude, an efficient low
frequency signal (<10 Hz) rectifying circuitry is required to
convert the AC signal to DC signal. The AC voltage from the
REWOD generated during electrode modulation due to motion
activity is fed into a charge amplifier to produce an output
voltage proportional to the generated charge [14]. Both the
standard commercial-off-the-shelf (COTS) and application-
specific integrated circuits (ASIC) approaches for sensor
integrated electronics (IE) have been considered in the literature
[15-17]. For complicated sensor IEs, e.g. pressure and tactile
sensors, the ASIC approach is preferred. Previously reported
charge amplifiers used in the transducers are not suitable for low-
frequency tracking sensors. For a low-frequency motion
detection, a feedback control technique is implemented with the
charge amplifier [18]. Feedback path provides good linearity
characteristics for low-bandwidth applications. In this paper, the
standard COTS-based system is implemented in the motion
detection circuitry, which is powered by the REWOD and the
associated energy harvesting circuit. The motion sensor will also
include the ADC and the TX to wirelessly transmit the motion
sensor data to a remote end. This paper focuses on the charge
amplifier and the energy harvesting circuit design along with the
transducer for the self-powered wearable motion sensor
application.

2. EXPERIMENTAL SECTION

2.1 Electrode Fabrication

Two dissimilar electrodes were fabricated using (single-side
polished) highly doped P-type silicon wafers with a diameter of
50.5 mm and a thickness of 0.38 mm (University Wafers Inc.).
Both wafers were first coated with a ~100-nm-thick titanium

adhesion layer. Before the deposition of dielectric material over
the titanium layer, a small portion of the wafer was covered with
Kapton tape to block the dielectric insulation and later removed
to enable current conduction. A 100-nm-thick dielectric material
(ALO3) was deposited on one of the wafers. Both the titanium
and dielectric materials were deposited using the NEE-400 dual
e-beam evaporator (Nanomaster Inc.). After each deposition,
thicknesses were verified using the Alpha-Step D-300 Stylus
Profiler (KLA Corporation). After a successful deposition of the
desired thickness of the dielectric, an additional layer of
hydrophobic fluoropolymer, CYTOP, was deposited. CYTOP
(CTL-809M), and its solvent (CT-Solv. 180), both purchased
from AGC Chemicals Company, were mixed in a volumetric
ratio of 1:3. The solution was spin-coated on the wafer over the
dielectric layer using Laurell WS-650MZ. Spin coating was
performed at 600 rpm for 5 seconds (spread cycle) and then at
3000 rpm for 50 seconds (spin cycle). The sample was dried at
room temperature for 15 minutes, pre-baked for 30 minutes at
80°C, and finally baked again for 60 minutes at 185°C to ensure
complete evaporation of the solvent. A complete dielectric
electrode sample is illustrated in Figure 3(a) showing the layered
electrode structure. An SEM image of the cross-section was
obtained using a field-emission scanning electron microscopy
(JEOL JSM-7001F), as shown in Figure 3(b) to confirm the
thickness and uniformity of different deposited layers.

Approximately 20 mL of 0.5M aqueous solution was
prepared using sodium chloride (Sigma Aldrich Inc.) and
deionized water and used as an electrolyte. Many REWOD
experiments in the past have used electrolytes that are either
expensive such as Galinstan or toxic such as mercury. Sodium
chloride solution was chosen as a charged form of electrolyte
which is not only a convenient form of electrolyte, but also cost
effective. However, in practical REWOD application, use of salt
solution as an electrolyte would not be feasible.

2.2 Measurement Set-up

The experimental setup for the AC signal (Vp.p) generation
and measurement is shown in Figure 4. It consisted of an XYZ
positioner stage with a long and lightweight acrylic beam
attached to it. The beam was used to hold the top electrode
stationary. The XYZ positioner was used to set a 4 mm gap
between the top and bottom electrodes before the modulation
started. Input oscillations were applied using a custom-built
subwoofer system that could be controlled with a signal
generating app (Audio Function Generator PRO). The shaker
system consisted of an 8-inch 800-W subwoofer (Pyle), a 400 W
amplifier (Boss CX250), and a 12-V power source (Apevia ATX
Raptor) attached to a power adapter cord. This method of
producing low-frequency and high-amplitude oscillations has
been used in prior published work [19]. A custom wood
enclosure provided a location to mount the subwoofer and
contained the amplifier and power source. A 3D- printed sample-
holding stage was placed over the subwoofer dust cap to provide
a flat surface to hold the bottom REWOD substrate. During the
electrolyte modulation between the electrodes, generated AC
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FIGURE 3. (a) Schematic of the dielectric electrode used in REWOD
energy harvesting. (b) A cross-sectional view of a fabricated sample
obtained by FE-SEM showing individual deposited layers

voltage at various subwoofer oscillation frequencies was
measured using an oscilloscope (Keysight InfiniiVision
DSOX3014A). The displacement amplitude for each subwoofer
frequency was determined by measuring the vertical distance
between the electrodes during the modulation using a slow-
motion cell phone camera and a ruler. For each frequency step,
the amplitude was adjusted in the function generator to replicate
the desired displacement.

AC voltage with respect to how much the droplet was
squeezed with varying electrode displacements in the vertical
direction at 2 Hz frequency was measured using the same set-up
as that of varying frequency. The bottom electrode substrate had
a constant oscillation of +/-1.25 mm. The initial gap between the
top and bottom electrodes ranged from 3.65 mm to 5.25 mm with
a step size of 0.2 mm and was precisely controlled using the
micrometer scale on the XYZ stage. The resulting droplet
deformation percentage in the y-direction, compared to initial
gap distance, was 24% to 34%.

2.3 Charge Amplifier

During REWOD operation, charge is generated due to the
electrode modulation. This charge was converted to an AC
voltage signal and amplified employing charge amplifier (CA)-
based IEs [16]. Any human physical activity producing charge
can be transmitted wirelessly after the conversion of the charge
to a voltage signal and amplification. As was previously
mentioned, though ASIC-based IEs are proposed in the
literature, this paper presents the standard COTS-based charge
amplifier to assess the generated charge from the REWOD. As
shown in Figure 5, the prototype includes INA126 amplifier
from Texas Instruments as the charge amplifier with a variable
gain range of 5 to 10,000 V/V [20]. The amplifier achieves a
low noise of 35 nV/VHz, while consuming 67.5 nW of power.
The CA converts the generated charge through an input
capacitor, Ci,, and produces an output voltage, V. at the output
node of the amplifier. V,, is directly proportional to the
generated current of the REWOD. V,,, can be obtained from the
feedback capacitor, Cr and the modulation frequency, f of the
electrode displacement using the following equation [21].

Oscilloscope
with Vpp
amplitude

Top and
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electrode with
electrolyte in
between

Subwoofer
y-displacement

XYZ stage
positioner

f - generator
application

FIGURE 4. REWOD measurement setup illustrating Vp.p generation at
1 Hz frequency. The inset shows an electrolyte droplet within the gold
dashed line being squeezed between top and bottom electrode substrates

I
Vout = RfETW:D (1)

Where Irewop is the generated current from the REWOD. The
amplifier gain was set by the feedback resistor, R. A load
capacitor was also connected to the output node in order to
replicate the input capacitance of the next stage of the system
that could either be a low-pass filter or an ADC. The input
capacitance (Cj;) was chosen to be 12 nF to eliminate any DC
components from the input AC signal. The gain resistor value
(Ry) was chosen to be 4.7 kQ, to set the CA gain as 24 V/V.

C
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FIGURE 5. Schematic of the charge amplifier
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FIGURE 6. Schematic of a 7-stage voltage-boosting rectifier

The proposed rectifier circuit is a seven-stage voltage-
doubler boosting rectifier circuit as shown in Figure 6 to achieve
an output voltage of seven times the input voltage [22]. It was
designed using SMS7630 Schottky diodes due to the low
forward-bias voltage of the Schottky diode architecture. A
single-stage voltage-doubler circuit diagram of the 7-stage
rectifier circuit consists of two diodes D;, D, and two capacitors
C; and C; as shown in the figure [16]. The architecture works as
a full-wave rectifier where D, operates during the positive half-
cycle and D; operates during the negative half-cycle of the input
AC signal. To reduce the ripple in the rectified output voltage of
the rectifier, the capacitor values were chosen in such a way that
the time constant was much larger than the period of the input
signal as shown in equations (2) and (3).

Irect
2mCVrect « f (2)
R.C>»T 3)

Where /..c: and Vier are the output current and voltage of the
rectifier, respectively, fis the frequency of the input voltage, R;
is the load resistance, C is the output capacitance, and 7 is the
time period of the input signal. The input and output capacitor
values (C;-C14) were chosen to be 10 pF to produce a smoother
DC signal at the output where the desired output current and
voltage were 4 mA and 700 mV, respectively. The desired
current values were chosen because of the current requirements
of the DC-DC converter which is within 2-3 mA. As the DC-DC
converter used in this work had a minimum threshold voltage of
700 mV, the minimum desired output voltage from the rectifier
was chosen to be 700 mV. The proposed seven-stage voltage
boosting rectifier circuit was designed such that it can rectify
as low as 70 mVp_p input voltage. To design the rectifier, the
SMS7630 Schottky diode by Skyworks with the minimum
forward voltage of 135 mV for 1 mA forward current was used.

2.4.2 DC-DC Converter

A COTS component, TPS61220 boost converter by Texas
Instruments was used as the voltage regulator in this work [23].
Figure 7 shows the DC boosting circuitry along with the internal
circuit of the TPS61220 boost converter. The TPS61220 is a
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Ri
.:1000 kil
-
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o VIN 10 pF
Viec® | - —
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% Device

10 yF control <R
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FIGURE 7. Circuit diagram of the TPS61220 DC-DC boost converter

highly efficient switching boost converter. To achieve high
efficiency, a synchronous boost topology was used as the power
stage. For the power switching, two actively controlled
MOSFETs, M; and M, having low on-resistance were
implemented. The input of the TPS61220 boost converter
receives varying DC voltages from the rectifier and provides a
constant DC voltage at the output. The output DC voltage of the
boost converter depends on the external resistor divider (R; and
R;) which would vary depending on the application
requirements. The input capacitor (C; in Figure 7) helps
eliminate the fluctuations in the input voltage of the regulator to
assist with the transient behavior. The output voltage, V,. was
regulated using a hysteretic current mode controller which keeps
the inductor’s (L) current constant at 200 mA. A feedback loop
and an external reference voltage source were connected to a
voltage error amplifier (4.) to drive the inductor current higher
by increasing the voltage across the inductor. During steady-state
operation, the inductor’s current charges the output capacitor (C:
in Figure 7) and flows into the load.

3. RESULTS AND DISCUSSION

As there was no bias voltage applied to the REWOD energy
harvester during the experiment, the AC voltage generated
within the REWOD due to the modulation of the electrolyte
between the electrodes was in the range of a few hundreds of
millivolts for the frequency range of 1-3 Hz. Figure 8 shows a
linear fit AC voltage plotted with respect to increasing
frequency. AC peak-to-peak voltage increases linearly with
increasing frequency between 1 to 3 Hz with an average slope of
~75 mV/Hz.

As the current increases linearly with increasing frequency,
so does the voltage, which satisfies Ohm’s law considering
resistance remains constant. The AC voltage per unit area (Vp.
p/cm?), was determined based on the maximum electrode-
electrolyte interfacial area during modulation for a 50 pL
electrolyte droplet and 2.5 mm displacement, which was
previously calculated to be 0.3 cm?. Thus, the AC peak-to-peak
voltage density (Vp.p/cm?) was found to be in the range of 0.32-
0.8 Vp.p/cm? for this work. The voltage generated across the
REWOD electrodes is the result of a continuous change in
capacitance and hence an alternating current along with the
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FIGURE 8. AC voltage output (linear fit) from the REWOD with
respect to the frequency (1 Hz to 3 Hz with 0.25 Hz step)

effective system resistance arising from the conductive layer,
dielectric layers (Al,O3 and CYTOP), and electrolyte.

With the increasing electrode-electrolyte interfacial area,
AC current increases resulting in an increase of AC voltage.
Interestingly, the increase in AC voltage with increasing
displacement was not as linear as with the increasing frequency,
rather almost parabolic. This is because the electrode-electrolyte
interfacial area is circular in geometry since the electrolyte is
sandwiched between the electrodes. As the circular contact area
increases with increasing droplet deformation (A = mr?), the AC
voltage increases almost parabolically. Figure 9 shows such
parabolic relation of increasing AC voltage with respect to the
increasing droplet deformation at a fixed oscillation frequency
of 2 Hz. From a 50 puL volume of electrolyte for the droplet
deformation percentage between 24-34 %, AC voltage was in the
range of 71 mVp.p to 422 mVpp. In terms of AC voltage per unit
area (Vp.p/cm?), the voltage density ranged from 0.39 Vp_p/cm?
to 0.97 Vpp/cm? for the given displacements. The range of AC
voltage from the REWOD is significant given the fact that it
completely arose within the electrode-electrolyte interface
without any external voltage source.

The generated AC voltage signal from the REWOD was
also applied to the charge amplifier in order to produce an
amplified output voltage while varying both the frequency and
the droplet deformation. An amplified voltage over varying
frequency band from 1 Hz to 3 Hz was determined to be between
2.3 Vpp to 5.8 Vp.p. The amplified output voltage proportionally
corresponded with the measured AC voltage output from the
REWOD in terms of linearity. The amplified peak-to-peak
voltage output with respect to varying frequency is shown in
Figure 10. Likewise, the amplified peak-to-peak voltage over the
droplet deformation range of 24-34% is presented in Figure 11.
With the increasing displacement, the amplified voltage
increased over the range, but didn’t follow a linear trend, rather

450 T T T T T T
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Vp.p (mV)
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50 1 1 1 1 1 1
24 26 28 30 32 34

Droplet deformation (%)

FIGURE 9. AC voltage output from REWOD with respect to droplet
deformation (24% to 34%) at 2 Hz oscillation frequency

increased parabolically agreeing with the increasing trend of
REWOD output voltage with increasing displacement. In order
to pass all the current through the feedback path of the CA, the
feedback capacitor (Cy) was chosen to be 500 pF.

The AC signal harvested by the REWOD was rectified using
the proposed rectifier. As the frequencies of interest were within
the range of 1 to 3 Hz, the corresponding rectified voltage output
is shown in Figure 12. The minimum harvested AC signal was
94 mVyp.p for the minimum 1 Hz frequency for which the output
rectified voltage was found to be 63 mV DC. Figure 12 shows
the simulated and measured output DC voltage of the rectifier
for different frequencies with step size of 0.25 Hz. The maximum
measured output voltage was 963 mV for the input AC voltage
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FIGURE 10. Amplified AC voltage output (linear fit) from the charge
amplifier with respect to frequency (1 Hz to 3 Hz with 0.25 Hz step)
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FIGURE 11. Amplified AC voltage output from the charge amplifier
with respect to droplet deformation (24% to 34%) at 2 Hz of oscillation
frequency

signal of 238 mVpp at 3 Hz frequency. The simulation of the
rectifier was performed using LTspice software. The diode
SMS7630 was created in LTspice by modifying the forward
voltage and forward current according to the data sheet. The
simulation results show higher voltage outputs compared to the
measured voltages. This is due to the fact that the simulation uses
the lossless ideal components to run the simulation. Figure 13
shows the rectified output voltage for the harvested AC voltage
from the REWOD energy harvester due to varying droplet
deformations. The minimum harvested voltage at 24 % droplet
deformation was 71 mVp-p for which the measured rectified DC
voltage was 98 mV at 2 Hz frequency. A maximum DC voltage
of 1.39 V was measured at 34% droplet deformation.

The commercially available DC-DC converter model was
simulated using LTSpice software as well. The voltage range of
the TPS61220 boost converter was 0.7 to 5 V, which requires the
minimum DC voltage output from the rectifier to be 0.7 V. The
measured voltage output of the boost converter is shown in
Figure 14 where 1 MQ load resistor was used. It can be seen from
the figure that the output voltage of the boost converter, V,,, was
a constant 3 V when the V., was within 0.7 V to 3.3 V range.
Above 3.3 V, V,u increased slightly to 3.3 V. The minimum
input voltage required for the DC-DC converter was achieved
when the rectifier input voltage was 200 mVp.p. As shown
earlier in Figure 11, for the input voltage of 200 mVp.p, the
rectifier could provide above 700 mV output for all three
oscillation frequencies. The DC-DC converter is able to generate
9 uW of DC power for an output load of 1 MQ. To put it into
perspective, the DC output power scales up to 30 pW/cm? in
terms of power density, which is significant considering the
volume of electrolyte used (50 pL) and 2.5 mm of electrode
displacement.
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FIGURE 12. Simulated (black line) and measured (red line) rectifier
output voltage with respect to frequency for output AC voltage from
REWOD

Finally, a summary of REWOD AC voltage with respect to
frequency and electrolyte droplet deformation along with their
corresponding output voltage are presented in Table 1 and 2.
Even though both the rectified and boosted output voltage
include measured as well as simulated results, REWOD output
AC voltage and amplified voltage include only the measured
results. In order to have a meaningful comparison among input
and output voltages, the summary tables include only the
measured results. Table 1 summarizes the input AC voltage with
varying frequencies and their corresponding voltage; amplified,
rectified, and boosted. Similarly, Table 2 summarizes the input
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FIGURE 13. Simulated (black line) and measured (red line) rectifier
output voltage at 2 Hz frequency with respect to droplet deformation
(24% to 34%) for output AC voltage from REWOD
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voltage of the boost converter

TABLE 1. Summary of input and output voltages with frequencies

Frequency (Hz) Vian(mV)  Vamp (V) Vreet (V) Vboost (V)
1.00 94 2.30 0.06 1.01
1.25 120 3.00 0.13 1.52
1.50 128 3.10 0.15 1.61
1.75 141 3.50 0.22 1.73
2.00 172 4.20 0.44 2.55
2.25 193 4.70 0.61 2.65
2.50 202 4.80 0.71 3.00
2.75 227 5.50 0.81 3.00
3.00 238 5.80 0.96 3.00

TABLE 2. Summary of input and output voltages with respect to
electrolyte droplet deformation (%)

“ for?;‘;gfrtl v VA@V) Vi (V) Vea (V) Voo (V)
2 71 1.63 0.10 112
25 104 235 0.24 175
26 125 2.83 0.36 2.10
27 139 3.16 0.41 248
28 159 3.58 0.49 2.63
29 192 434 0.70 3.00
31 245 551 0.96 3.00
3 328 7.3 112 3.00
34 422 95 1.39 3.00

AC voltage with varying electrolyte droplet deformation and
their corresponding voltages; amplified, rectified, and boosted.

4. CONCLUSION

In this work, REWOD based mechanical motion energy
harvesting was implemented without requiring any external bias
voltage. AC voltage across the electrodes due to AC current
generation with continuous charging and discharging of the
electrodes was measured with respect to varying frequency and
electrode displacements. The AC voltage from the REWOD with
respect to frequency (1 - 3 Hz) for 2.5 mm displacement was in
the range of ~95-240 mV for a 50 pL droplet of electrolyte.
Similarly, the AC voltage from the REWOD with respect to
droplet deformation from 24% to 34% due to varying electrode
displacements at 2 Hz oscillation frequency was in the range of
71 - 422 mV. This range of frequency and displacement align
very well with various human motion activities, but the voltage
is too low for practical applications. Therefore, the REWOD AC
voltage was converted to a constant DC power source using a
multistage rectifier, and a DC-DC boost converter. Likewise, the
rectified DC voltage of 0.7 V provided a constant 3 V of output
voltage through the boost DC-DC converter signifying that the
REWOD energy harvester with integrated charge amplifier and
boost converters can be used as a self-powered motion sensor. In
the future, a single unit device that comprises the REWOD
energy harvester and the components for power conditioning and
amplification could be integrated together and worn on an arm,
an ankle, or a knee, etc. for motion sensing to detect whether a
person is at rest, walking, or running as part of human health
monitoring in real time.
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