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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Low frequency (1–5 Hz) motion energy 
harvesting using high surface area 
electrodes. 

• Highest reported REWOD power density 
(4.8 μW/cm2) without bias voltage. 

• Experimentally supported capacitive 
theoretical modeling. 

• Demonstration of increasing power 
density with shrinking pore size 
electrodes. 

• Power density increased by ~23 times 
compared to planar electrodes.  
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A B S T R A C T   

Reverse electrowetting-on-dielectric (REWOD) is a novel energy harvesting technology with a significant 
advantage over other energy harvesting technologies due to its effective performance at a low-frequency range 
and not requiring resonance frequency of solid structures. However, REWOD energy harvesting based on planar 
electrodes has a limited surface area and therefore a lower power output. In this work, we present a novel 
approach for enhancing power output from a REWOD energy harvester by significantly increasing the total 
available surface area using perforated silicon wafer electrodes. Without applying any external bias voltage, 
maximum current and voltage densities per unit planar area were measured to be 3.77 μA/cm2 and 1.05 V/cm2, 
respectively, for a 38 μm pore-size electrode at 5 Hz modulation frequency. RMS power density output was 4.8 
μW/cm2, which is ~23 times higher than that from our prior work on planar electrodes showing the significance 
of porous electrodes in REWOD energy harvesting. A simple capacitive theoretical model validating experimental 
results was developed and justified. The novelty of this work lies in the combination of a bias-free approach to 
REWOD energy harvesting coupled with significant enhancement in electrode surface area per planar area to 
increase the output power density.   
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1. Introduction 

Manipulating a liquid droplet with an applied electrical field has 
long been studied and is known as electrowetting-on-dielectric (EWOD). 
In recent years, a new approach to energy harvesting that is related to 
EWOD has been demonstrated and it is termed as reverse electrowetting- 
on-dielectric (REWOD) energy harvesting [1,2]. In REWOD, the kinetic 
energy of liquid motion is converted into electrical energy as a liquid 
droplet is periodically deformed between two dielectrically coated 
electrodes under the application of an external mechanical force, 
inducing a periodic change in electrode-electrolyte interfacial area. This 
periodic change in the interfacial area induces a change in the electrical 
capacitance at the liquid-solid interface and forces electrical current to 
flow back and forth across a load resistor to generate electrical power. 
For low frequency motion activities such as walking and running, 
REWOD energy harvesting has been demonstrated to be advantageous 
compared to other existing energy harvesting technologies such as 
vibration-based electrostatic energy harvesting, electromagnetic energy 
harvesting, piezoelectric energy harvesting, and triboelectric nano-
generators (TENGs) [3–7]. Unlike most energy harvesters with the 
exception of TENGs, REWOD energy harvesting is highly efficient at 
harvesting energy at lower frequencies (<10 Hz) and does not require 
resonance of solid structures. TENG has been demonstrated to efficiently 
perform at a low frequency range (0.25 Hz–5 Hz), which is the typical 
frequency range for several human motion activities [7,8]. However, 
TENGs generally require electrodes to undergo continuous solid-solid 
friction contributing to material deterioration, directly affecting the 
lifespan and reliability of the generators [9,10]. Even though efforts 
have been made to minimize the friction by introducing liquid and 
conductive cushioning materials in between electrodes, the underlying 
friction principle by which TENG operates, is unavoidable, thus 
imposing an obstacle to the reliability and longevity of this technology 
[11]. Hybrid-type TENG has also been reported with high power density. 
Wang et al. reported a hybrid type of energy harvester that works based 
on a combination of three different energy harvesting techniques: 
piezoelectric, electromagnetic, and TENG [12]. However, since all three 
energy harvesting techniques in principle work differently, it would not 
be very reliable, especially for the application of low frequency motion 
energy harvesting. REWOD works based on the principle of energy 
conversion from mechanical modulation of microliter volume of liquid 
droplets into electrical energy and does not require a resonance of solid 
structures. As a result, REWOD has an ability to directly utilize a very 
broad range of mechanical forces and displacements of microliter vol-
ume of liquid droplets into electrical energy unlike many other energy 
harvesters including TENG. In summary, a parametric comparison of 
various input parameters and output power densities of the energy 
harvesting technologies discussed above are presented in Table S1. 

Much of the REWOD energy harvesting research reported to date 
have shown the efficacy of this energy harvesting technology to poten-
tially power various electronics that are integral to our everyday life 
[13–15]. However, most, if not all, REWOD research have used DC 
bias-voltage as a means to push REWOD generated current through the 
electric circuit to power up electronics. The bias voltage ranged from 
few Volts to tens of Volts, which directly increase the power density as 
compared to energy harvesters without bias voltage [1,2,13,15]. The 
concept of energy harvesting as a means to replace batteries or external 
bias sources then becomes compromised. In order to fully self-power 
electronics, the device should be battery/bias source free and be able 
to fully power-up the electronics. In addition, using a battery in an en-
ergy harvester is disadvantageous due to battery size, weight, and 
limited lifetime, asserting an obstacle to the modern design conception 
of mobility and sustainability. For this reason, we have taken the 
bias-free approach, using deionized water electrolyte as charge carriers, 
without the need for any external bias-voltage for REWOD energy har-
vesting. Note that the industrial grade DI water in its pure form is highly 
polar with very high resistance (~18.2 MΩ-cm) and cannot be used as 

charge carriers. However, when exposed to an open environment (lab-
oratory setting), the DI water quickly absorbs impurities that signifi-
cantly lowers its resistance making it a possible electrolyte [14]. In 
addition, as a novelty of this work, the available surface area per planar 
area of the electrodes is significantly increased making the energy 
harvester ideal for miniaturized electronic devices. Since wearable and 
implantable electronics in human health monitoring have greatly 
miniaturized over the years, the available surface area has become 
limited [16–19]. Our approach of REWOD energy harvesting with high 
surface area porous electrodes can overcome the challenges in these 
efforts by yielding high power density. 

The amount of current generation in REWOD primarily depends on 
the interfacial contact area between electrodes and electrolyte. Other 
important parameters include the dielectric material and thickness, 
surface charge density, and modulation frequency. These parameters 
directly or indirectly influence the capacitance in the dielectric material 
and therefore they also affect the AC current generation from the energy 
harvester. In our prior work involving planar electrodes, we explored an 
optimization route by configuring various combination of such param-
eters and demonstrated the feasibility of enhancing power density [20]. 
Increased current and power density was demonstrated using higher 
frequency modulation of electrolytes with higher molarity, thinner 
dielectric film of materials with higher dielectric constants, all in the 
absence of bias voltage. Accordingly, prior REWOD research has been 
focused on the use of planar electrodes which limits the interfacial area 
[13,20–22]. One way to increase the interfacial area is by increasing the 
number of electrolyte droplets [14,23,24]. However, the idea of 
increasing the interfacial contact surface area per unit planar area and 
hence increasing the current output is not limited to the number of 
fluidic droplets on planar electrodes. As proposed herein, another 
approach for increasing surface area is to use porous materials with high 
pore depth-to-diameter aspect ratio. 

One of the key parameters in this work that dictates electrolyte 
insertion and retraction to achieve maximum power density is the pul-
sating pressure. A pressure-based theoretical model showing a rela-
tionship between the solution of the Washburn equation and the 
associated electrical power generation has been previously reported, but 
no experimental work was performed to validate the model [25]. The 
Washburn equation describes the time-rate of pore filling with an elec-
trolyte under a time-dependent pulsating pressure, P(t) [26]. Prins et al. 
demonstrated fluid electroactuation wherein an applied voltage was 
used to control electrocapillary pressure in microchannels [27]. They 
predicted that smaller microchannel diameters lead to a higher pressure. 
A microhydraulic electrowetting actuator was demonstrated by Ked-
zierski et al. [28]. Their pioneering work focused on a capacitive energy 
conversion device using capillary pressure and electrowetting to 
reversibly convert electrical power to hydraulic power for 
micro-robotics and energy harvesting applications. Our work focuses on 
generating energy simply by applying pulsating pressure to generate AC 
voltage through interaction between high surface area porous electrodes 
and electrolyte and hence generate maximum power output without any 
applied bias source. 

The working mechanism of the high surface area REWOD energy 
harvesting, where AC voltage is generated by inserting and retracting 
liquid electrolyte in and out of micro-pores using pulsating pressure is 
illustrated in Fig. 1(a)-(b). Time variant pulsating pressure, P(t), at a 
given frequency is applied to insert and retract liquid electrolyte in and 
out of the micro-pore of the high surface area porous electrode. A pe-
riodic change in electrode-electrolyte interfacial area results in changing 
capacitance with respect to time and generates AC voltage. 

In this work, we have successfully generated AC power through 
REWOD energy harvesting using high surface area porous electrodes 
that we have fabricated. A device that can generate pulsating pressure 
was designed to insert and retract liquid electrolyte in and out of the 
pores. With precise control of the device, AC voltage was generated for a 
frequency range of 1–5 Hz with 0.5 Hz step. The original contributions of 
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this work are summarized as follows: (1) the fabrication and imple-
mentation of various porous electrodes to demonstrate high surface area 
REWOD-based energy harvesting, (2) an analytical capacitive model 
validating the experimental results that can be used to maximize the 
REWOD energy harvester’s power density, and (3) demonstration of AC 
voltage and current generation using pulsating pressure. REWOD energy 
harvesting without applied bias voltage using enhanced surface area 
porous electrodes and demonstration of the highest power density 
among REWOD works without bias voltage is the innovative aspect of 
this work. The proposed REWOD energy harvesting system and the 
approach we have taken in this work is highly efficient and can generate 
~23 times the RMS power density at 5 Hz modulation frequency 
compared to that of a planar electrode approach from our prior work 
[20]. At 3 Hz modulation frequency, the power density from this work is 
well enhanced from our previous work on planar electrodes (~8 times) 
and could be further improved considering a higher surface area mate-
rial such as denser pores or conductive porous carbon materials. As part 
of a practical application of REWOD energy harvester, our recent work 
in implementing charge amplifier and DC-DC converter integration into 
the REWOD energy harvester can produce sufficient DC power at low 
frequency (<3 Hz) to self-power wearable motion sensors [29–31]. The 
charge that is being generated by the REWOD is recorded and amplified 
by the charge amplifier, digitized by the analog-to-digital converter 
(ADC), and the digitized data is transmitted by the transmitter wire-
lessly, making the REWOD a self-powered wireless motion sensor. Many 
devices such as glucose sensor, intraocular pressure monitor, and 
intraocular temperature monitor require power supply in the range of 
0.27 μW–3 μW and a constant DC voltage of 1.2–1.5 V [32–35]. Our 
preliminary results show the capability of generating the range of power 
and voltage with implementation of highly efficient rectifier and voltage 
regulators. 

2. Design and theoretical modeling 

The REWOD harvester in this research is modeled as a capacitor 
consisting of conductive liquid electrolyte on one side, an insulating 
layer of a given thickness in the middle, and a conductive surface (doped 
Si) on the other side as shown in Fig. 1(a). The capacitance of this model 
is the combination of a constant capacitance and a time-varying 
capacitance due to how the electrolyte interacts with the electrodes. 
The constant capacitance CC is due to the constant presence of electro-
lyte at the top planar surface of the electrode. The time varying capac-
itance C(t) is due to the electrolyte insertion and retraction in and out of 

the pores because of the application of pulsating pressure. Therefore, the 
total capacitance at the electrode-electrolyte interface, CP(t) can be 
modeled as shown in Equation (1): 

CP(t) =CC + C(t) =
ε0εrAC

d
+

ε0εrA(t)
d

(1)  

where, ε0 = 8.85 × 10− 12 F/m is the vacuum permittivity, εr is the 
relative permittivity of the dielectric material, d is the total thickness of 
the dielectric layers, AC is the constant planar area, and A(t) is the 
variable electrode-electrolyte interfacial area within the pores. The 
proposed theoretical model also includes a resistor RP, and a current 
source IP(t) in parallel with the variable capacitor CP(t). Together, these 
represent the REWOD energy harvester, which, when placed in parallel 
with an external load resistance RL, complete the equivalent circuit 
model shown in Fig. 2(a). The accompanying Fig. 2(b) shows a cross- 
section of a porous electrode to illustrate which portions of the elec-
trode surface area give rise to CC and C(t). The dielectric layer thickness, 
d, depicted in the figure is the total thickness of the dielectric layer 
consisting of SiO2 and a layer of CYTOP, which is a hydrophobic fluo-
ropolymer commonly used in EWOD/REWOD. The permittivity, εr, 
given in Equation (1) is the effective relative permittivity of the SiO2 and 
CYTOP, which can be calculated using Equation (2) [36]: 

εeff =
d1 + d2
d1
εr1

+ d2
εr2

(2)  

where ϵr1 and ϵr2 are the relative dielectric constants of the hydrophobic 
layer (CYTOP) and dielectric layer (SiO2), respectively and d1 and d2 are 
the thicknesses of CYTOP and SiO2, respectively. Considering bulk ma-
terial properties, the dielectric constants used in the calculation of the 
effective capacitance are: ϵr1 = 2.1, and ϵr2 = 3.9 [37]. A parallel 
arrangement in the electrical model was used rather than a series 
arrangement to eliminate the complexity of requiring two different 
voltages across the resistor and capacitor in the model. Additionally, 
many piezoelectric and pyroelectric energy harvesting models assume a 
parallel arrangement with the current source [38,39]. 

IP(t) represents generated AC REWOD current, which is the rate of 
change of generated charge across the REWOD electrodes. CP(t) acts as a 
variable capacitor that changes periodically during the electrolyte 
modulation while electrical resistance, RP, occurs across the electrodes 
due to the electrical conductivity and thickness of the electrolyte, 
dielectric, and conductive layers along with the electrode-electrolyte 
interface. Thus, the resistance, RP can be modeled as shown in Equa-
tion (3): 

Fig. 1. (a) Working mechanism of high surface area reverse electrowetting energy harvesting with pulsating pressure, P(t). (b) Generation of REWOD AC voltage.  
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RP =
ρl
A

(3)  

where ρ is the resistivity, l is the total combined thickness of the 
conductive layer (doped Si), the dielectric layers (SiO2 and CYTOP), and 
the electrolyte (DI water), and A is the electrode-electrolyte interfacial 
area. 

The four different fabricated electrodes (later discussed in detail in 
the materials and fabrication section) have pore diameters of 38 μm, 50 
μm, 76 μm, and 100 μm with a fixed pore depth of 380 μm (through the 
Si wafer). These pore parameters were chosen to achieve four different 
approximate pore-length-to-diameter (L/D) aspect ratios of 10, 8, 5, and 
4, respectively. The pores are confined within a circular area of 3.14 cm2 

on the wafer surface (a circular area with 1 cm radius) and the number of 
pores varies with pore size diameter. In order to determine the total 
surface area available per planar area of 3.14 cm2, assuming smooth 
pore sidewalls, we first calculated the side-wall surface area of a single 
pore using the equation for wall surface area of a cylinder as shown in 
Equation (4): 

A= 2πrL (4)  

where r is the pore radius and L is the pore length. The area of a single 
pore was then multiplied by the total number of pores to find the total 
area occupied by the pores. The planar portion of the surface area, AC, 
was then determined by subtracting the pore cross-sectional areas from 
the total available planar area of 3.14 cm2. Table 1 summarizes the 
planar area (AC) and pore sidewall surface area (AP) for each electrode 
with a different pore size, the total number of pores, and the total surface 
area enhancement due to the presence of pores. 

The results from Table 1 shows that the surface area increases with 
the shrinking of the pore size since planar area, AC, for each pore 
diameter are approximately the same. Theoretically, the surface area 
distribution in the table for the given electrodes likewise suggests that 
the electrodes with the smallest pore size would have the highest 
capacitance due to the direct proportionality between the capacitance 
and the surface area. 

The effective dielectric permittivity, εeff from Equation (2), is 
calculated to be 2.73 using a total dielectric thickness, d of 200 nm (the 
thickness of the SiO2 layer is 150 nm and the thickness of CYTOP layer is 

~50 nm). Both components of the capacitance, CC and C(t), are calcu-
lated using Equation (1). The maximum theoretical capacitance 
assuming the electrolyte has fully covered the planar area as well as the 
entirety of the pore walls is given in Table 2. Referring to the constant 
area, AC, in Table 1, the constant portion of the capacitance, CC, in 
Table 2 for each pore size is almost identical and the only significant 
variation in capacitance is from C(t), further validating the hypothesis 
that as the pore size decreases, the overall capacitance increases, pri-
marily due to the increase in electrode-electrolyte interfacial area. 

3. Experimental section 

3.1. Materials and fabrication 

A schematic of the high surface area porous electrode fabrication 
process is illustrated in Fig. 3(a). A very low resistance (0.001–0.005 
Ω-cm), 100 mm diameter, 380 μm thick double side polished silicon 
wafer (University Wafers Inc.) was used to fabricate the porous samples 
with uniform pores. Si wafers were chosen as electrodes over metal 
electrodes because they are considered ideal for anisotropic plasma deep 
reactive ion etching (DRIE) to create uniform through pores. With metal 
electrodes, it would be very difficult to etch through-pores in micro-
meter (μm) scale. Each wafer sample had one of four different pore size 
patterns: 38 μm, 50 μm, 76 μm, and 100 μm in diameter, which were 
created using AutoCAD software within a circular area of 3.14 cm2 (1 cm 
radius). High resolution chrome masks were created for each of the pore 
size patterns. A representative mask pattern for the 38 μm pores is shown 
in Fig. S1. KL6008 positive photoresist (Kemlab Inc.) was spin coated on 
the wafers with appropriate spin coating speed, soft-bake time, and 
temperature to achieve the desired photoresist thickness according to 
the photoresist data sheet. Prior to spin coating of the photoresist, wafers 
were cleaned with acetone and deionized water. The spin coating was 
performed at 300 rpm for 5 s (spread cycle) and 600 rpm for 45 s (spin 
cycle). This process provided a desired photoresist thickness of ~10–12 
μm as required to protect the masked portion of the wafer during deep 
reactive ion etching (DRIE) later in the fabrication process. Wafers with 
photoresist were cured for 150 s at 105 ◦C on a hot plate. The cured 
wafers were exposed under the UV light for 45 s at 210 mJ/cm2 of 
exposure broadband. Subsequently, the UV-exposed wafers were 

Fig. 2. (a) RC model of proposed REWOD energy harvester in parallel with a load resistance, RL. (b) Schematic illustration showing the location on the porous 
electrode that give rise to CC and C(t). 

Table 1 
Summary of pore geometry and total surface area for four different electrodes 
that each have a different pore diameter.  

Pore 
diameter 
(μm) 

Number 
of pores 

Planar 
area, AC 

(cm2) 

Pore 
surface 
area, AP 

(cm2) 

Total 
surface 
Area 
(cm2) 

Surface area 
enhancement 
(%) 

38 51877 2.553 23.53 26.08 830 
50 29701 2.558 17.73 20.29 646 
76 12871 2.527 11.99 14.52 462 
100 4681 2.774 5.59 8.36 266  

Table 2 
Pore geometry and their total capacitance showing constant planar capacitance 
and maximum porous capacitance assuming the electrolyte fully covers the 
entire pore length during modulation.  

Pore 
diameter 
(μm) 

Constant planar 
capacitance, CC (μF) 

Maximum pore 
capacitance, Ct (μF) 

Total maximum 
capacitance, CT (μF) 

38 0.0363 0.3345 0.3708 
50 0.0364 0.2520 0.2883 
76 0.0359 0.1703 0.2062 
100 0.0394 0.0794 0.1188  
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immediately developed using 0.26 N TMAH developer for ~2 min, 
rinsed with deionized water, and nitrogen air dried. The pore patterns 
and the photoresist thickness of the developed wafers were verified 
using Alpha-Step D-300 stylus profiler (KLA Corporation). A represen-
tative profilometer image of a fully patterned Si-wafer sample with 
photoresist is given in Fig. S2(a). Accompanying Fig. S2(b) shows the 
profilometer scan to verify the photoresist thickness of ~10 μm. An SEM 
image of a fully patterned Si-wafer with photoresist ready for DRIE is 
shown in Fig. 3(b). 

The patterned wafers were etched to create through-pores using 
DRIE (Oxford 100 ICP) and deposited with SiO2 dielectric using plasma 
CVD (Oxford Plasmalab 80). This process was completed at the Uni-
versity of Utah Nanofab. The anisotropic plasma DRIE was performed in 
the presence of sulfur hexafluoride (SF6) at a flow rate of 80 sccm and 
octafluorocyclobutane (C4F8) at a flow rate of 90 sccm under a vacuum 
pressure of 7.5 × 10− 9 torr. The wafers were cleaned by rinsing in 
xylene, acetone, xylene, and isopropanol in that order for 10 s each for 
several cycles. Rinsed wafers were then etched in piranha solution, 
rinsed, and dried for a complete removal of all the unwanted particles on 
the wafer surface during etching. Etched porous wafers were subse-
quently deposited with 150 nm of SiO2 dielectric using plasma CVD. The 
thickness of the SiO2 was verified using an optical profilometer (Zygo 
NewView 5000). Fig. 3(c) shows the etched porous Si-wafer after SiO2 
deposition (the variation in pore density in Fig. 3(b) and Fig. 3(c) is due 
to two different batches of electrode fabrication). 

After SiO2 deposition, the wafers were coated with an additional 
layer of hydrophobic material. A fluoropolymer, CYTOP (CTL-809 M), 
and its solvent (CT-Solv. 180), both purchased from AGC Chemicals 
Company, were mixed together in a varying ratio by weight as shown in 

Table 3. The CYTOP concentrations were determined for the aspect ratio 
of our samples in reference to a similar work by Kedzierski et al. [28]. 
The porous wafers were dip-coated in the fluoropolymer solution. The 
drying process of the dip-coated wafers included 10 s of vertical drain, 5 
min of soft dry at 80 ◦C, and final dry for 12 min at 200 ◦C to ensure 
complete evaporation of the solvent. Both of the drying steps were 
performed with the wafer suspended 2 inches above the hot plate to 
prevent clogging of the pores. A small portion of the wafer was treated 
with hydrofluoric acid (HF) to remove the SiO2 and CYTOP coating at 
that small location to expose a conductive contact to connect to a copper 
wire. 

3.2. Measurement set-up 

A custom-built measurement set-up for high surface area REWOD 
energy harvesting is illustrated in Fig. 4 (physical test set-up is shown in 
Fig. S3). It consisted of a subwoofer for generating pulsating pressure 
through vertical displacement of a syringe attached to the subwoofer. 
The syringe plunger was attached to a 3D printed stage that sits over the 
sub-woofer dust cap so that as the subwoofer moves up and down, the 

Fig. 3. (a) Steps involving fabrication process. (b) Patterned photoresist on Si-wafer using photolithography with ~10 μm thick positive photoresist. (c) Etched holes 
using plasma deep reactive ion etching (DRIE). 

Table 3 
CYTOP concentration by weight percentage for various pore size electrodes.  

Pore diameter (μm) Aspect ratio (L/D) CYTOP concentration (wt. %) 

38 10 0.95 
50 8 1.1 
76 5 1.42 
100 4 1.72  
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syringe plunger moves along with it. The subwoofer was controlled by a 
signal generating mobile phone application (Audio Function Generator 
PRO). A communication cable from the subwoofer was connected to the 
audio jack of the mobile phone with the application to supply the si-
nusoidal signal at a given amplitude and frequency to produce modu-
lating subwoofer vertical displacement. This signal output from the 
application excites the subwoofer to move up and down at a desired 
frequency and amplitude. 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. Similar 
custom-made systems have been reported in prior energy harvesting 
research [40–42]. This was a simple, inexpensive method for generating 
low-frequency and relatively high amplitude oscillations. A custom 
wood enclosure provided a location to mount the subwoofer and also 
contained the power amplifier and the DC power source. 

The “System Volume” feature in the mobile application corresponds 
to the vertical displacement amplitude of the syringe plunger and hence 
the magnitude of the pressure generated. The pressure magnitude is 
higher for a higher frequency of oscillation at a fixed system volume. 
Pressure can be precisely controlled by adjusting the function generator 
amplitude for any given frequency in the application. Pulsating pressure 
generated in the form of sinusoidal peak-to-peak pressure for a fre-
quency range of 1–5 Hz with 1 Hz step size for a range of system volumes 
were measured using a pressure sensor (PASCO PS-320). The measured 
pressure values were approximately within the range of 1.5–16 kPa and 
the results are summarized in Fig. S4. This range of pressure is well 
within the range of Laplace capillary pressure (discussed later in this 
section) required for the insertion and retraction of electrolyte in and out 
of pores for all pore geometry sizes in this work. The Laplace capillary 
pressure is the pressure that is required for liquid to penetrate into the 
micropores. The equation for this pressure is P = 2γcosθ/r where γ is the 
surface tension between the electrolyte and the surrounding air, θ is the 
contact angle between the electrolyte and the CYTOP coating, and r is 
the pore radius. As an illustration, a representative sinusoidal pulsating 
pressure generated at 1 Hz frequency with a system volume of 65 is 
given in Fig. S5. Once the pulsating pressure generated by the sub- 
woofer system reaches the capillary pressure at a given frequency, the 
liquid electrolyte is inserted into and retracted out of the pores. This 
liquid movement results in a periodically changing electrode-electrolyte 
interfacial area, which results in a periodic change in surface charge and 
therefore AC voltage/current. 

The REWOD energy harvesting unit in Fig. 4 and also in Fig. S6 
consisted of hollow upper and bottom chambers. The upper chamber is 
an aluminum housing and acts both as a counter electrode as well as an 
airtight compartment to prevent pressure leakage during experiments. 
The bottom housing is a 3D-printed PLA fixture to support the porous 
electrode. The electrode was cushioned and sealed on either side with 
silicone gaskets with the same circular area to that of the porous section 
of the electrodes (3.14 cm2). Once the REWOD energy harvesting unit 
was securely set up then deionized (DI) water, which is used as an 
electrolyte in this work, was placed on the porous area of the electrode, 
AC voltage measurement using oscilloscope (Keysight InfiniiVision 
DSOX3014A) and RC measurement using AD5940 (an impedance and 
electrochemical front end by Analog Devices) were performed. DI water 
was used as an electrolyte so that it was easier to clean and dry the 
porous samples for multiple experiments. 

Before the actual measurements of the AC voltage began, several trial 
AC voltage measurements were performed by applying pulsating pres-
sure in small increments starting with a lower limit (~1.5 kPa) to 
observe any increase in the magnitude of the AC voltage. The optimum 
peak-to-peak pulsating pressures for all the pore size electrodes were 
determined experimentally in order to ensure there is neither excess 
pressure, causing electrolyte leakage from the bottom of the pores, nor is 
there insufficient pressure preventing electrolyte from contacting the 
entire pore walls. Applied pressure from the pulsating pressure device 
was gradually increased to realize a proportional increase in the 
magnitude of the AC voltage until the AC signal magnitudes dropped 
close to zero from the oscilloscope indicating electrolyte leakage 
beneath the porous electrode. The pressure right before the lamented 
signal was adopted as the optimum peak-to-peak pressure required for 
maximum electrode-electrolyte interfacial area and hence the maximum 
AC voltage generation. The process was repeated for all four pore sizes 
and the relevant peak-to-peak pressures were recorded. Theoretical 
capillary pressure as given by the Laplace capillary pressure equation 
where γ = 0.072 N/m and θ = 110◦ were calculated for all pore sizes in 
this work. These parameters to calculate the capillary pressure were 
adopted from work by Han et al. [43]. Table 4 summarizes the Laplace 
pressure and actual applied pressure required for optimum insertion and 
retraction of electrolyte in and out of the pores for all pore sizes. In the 
table, the peak pressure, which is slightly higher than the Laplace 
pressure for each pore, is half of the applied (peak-to-peak) pulsating 
pressure. It only requires half the magnitude of the peak-to-peak 

Fig. 4. (a) Measurement set-up of the high surface area REWOD energy harvesting. The inset shows pulsating pressure acting on a reservoir of electrolyte sitting on 
top of a porous electrode within an air-tight chamber. 
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pressure to either insert or retract the electrolyte into or out of the pores. 
The error percentage ranges from 7.2 to 10.2%, which is the percentage 
difference between the peak pressure and the Laplace pressure, and 
could be attributed to liquid pinning effects and slight air leakage in the 
experimental set-up and during the measurements. A representative plot 
of both the Laplace and experimental peak pressure with respect to the 
pore radius is given in Fig. S7. The close agreement of Laplace pressure 
and actual pressure is important because it provides verification that the 
electrolyte fills the pores, which is something that cannot be visually 
observed in our test set-up. 

4. Results and discussion 

4.1. AC voltage measurement 

AC voltage generation in REWOD is the direct result of periodically 
changing electrode-electrolyte interfacial area from an externally 
applied pulsating pressure, which forms a time-varying electrical double 
layer (EDL) capacitance. EDL capacitance is formed due to the polari-
zation of opposite charges at the interface between the electrode and the 
electrolyte. The capacitance at the electrode-electrolyte interface in 
REWOD is the result of the capacitance from the EDL at both the unin-
sulated top (aluminum housing) and the insulted bottom electrode. 
However, because the capacitance at the uninsulated electrode is much 
larger (C = εA/d, dbare≪dinsulated), it is therefore neglected in this work 
because its contribution to total capacitance is negligible when in series 
with the capacitance at the insulated electrode. The capacitance at the 
dielectric insulator is modeled as a simple capacitor with SiO2/CYTOP as 
dielectric in between the two conductive media (the very low resistance 
Si-wafer and the electrolyte). 

AC voltages for each pore size were measured for a frequency range 
of 1–5 Hz with 0.5 Hz step size using an oscilloscope (Keysight Infin-
iiVision DSOX3014A). AC voltage increases with increasing frequency 
showing almost a linear relationship between the voltage and the 

frequency. Increasing oscillation frequency increases the dynamics of 
the electrical charge transfer per unit time during the REWOD process 
resulting in a higher current (i = dQ/dt). Considering constant resis-
tance, increasing current also increases the voltage according to Ohm’s 
law. AC voltage is higher for smaller pores as expected based on the total 
surface area and the corresponding capacitance. Fig. 5(a) shows the 
peak-to-peak AC voltage (VP-P) for all pore sizes with respect to fre-
quency (Hz). Each measurement result is presented with an error bar 
representing + /− one standard deviation from the mean of three 
measured results. A representative plot of measured AC voltage vs. time 
over a 3 s time period for the 38 μm pore size electrode at 3.0 Hz is 
shown in Fig. 5(b). From the figure, it can be observed that the voltage 
signal has 0.17 V of DC offset (difference between the maximum positive 
and negative peak) and a peak-to-peak amplitude of 2.4 V. Additional 
representative plots of measured AC voltage vs. time over a 3-s time 
period for the remaining pore sizes at 3.0 Hz are given in Figs. S8- S10. 
The magnitude of the AC voltage from this work is significant realizing 
that no bias voltage has been applied in the experiment. Among the 
representative AC peak-to peak voltage plots, there is a range of DC 
offsets as evidenced by the difference between positive and negative 
peaks. Although the experiments were performed with high precision, 
the DC offsets for various pore size electrodes at different frequencies 
ranged from 10 mV to 430 mV but the DC offset was independent of 
frequency. In order to demonstrate the variations of the DC offset 
voltage, the DC offset voltages for all four electrodes and nine fre-
quencies of modulation are summarized as presented in Table S2. The 
DC offsets that are observed are primarily attributed to the constant 
portion of the capacitance (CC). For example, referring to Table 2, the 
constant capacitance that contributes to the DC offset in peak-to-peak 
AC voltage range from 36 to 39 nF. Mathematically, the occurrence of 
DC offset voltage in REWOD can be described as follows: With reference 
to Fig. 2(a) in the design and theoretical modeling section, the charge, Q, 
across the capacitor (CC) during oscillation is: Q = CCVout− DC, where Q =
∫

iCC (t).dt, yielding the relationship as given by Equation (5) between 
the constant portion of the capacitance (CC) and the voltage output in 
the form of DC offset. 

Vout− DC =
1

CC

∫

iCC (t).dt (5)  

4.2. RC measurements 

In the modeled REWOD energy harvester with RP and CP in parallel 
with IP(t) as a current source originating from the REWOD, CP(t) acts as 
a variable capacitor that changes periodically during the electrolyte 
modulation while electrical resistance, RP, occurs across the electrodes 

Table 4 
Experimental and theoretical (Laplace) pressure required for optimum insertion 
and retraction of electrolyte in and out of pores for all pore size electrodes during 
modulation.  

Pore diameter 
(μm) 

Laplace pressure 
(kPa) 

Applied peak pressure 
(kPa) 

Error 
(%) 

38 2.60 2.8 7.2 
50 1.98 2.1 5.9 
76 1.30 1.4 7.2 
100 0.99 1.1 10.2  

Fig. 5. (a) AC voltage with respect to frequency for all four pore size electrodes (dashed straight lines represent a linear fit of the data with error bars representing +
/− one standard deviation from the mean). (b) A representative AC voltage signal at 3.0 Hz frequency for an electrode with 38 μm pores during the first 3 s. 
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due to the electrical conductivity and thicknesses of the electrolyte, 
dielectric, and the conductive layers along with the electrode-electrolyte 
interfacial area. The RP and CP(t) were measured during modulation 
using an impedance and electrochemical front end (AD5940) by Analog 
Devices. An image of the device is given in Fig. S11. This measurement 
provided the total impedance of the system and phase angle for any 
given frequency of oscillation. For RP and CP in parallel, the equivalent 
impedance is given by Equation (6). The resistance, RP, is obtained by 
rearranging the equation for phase angle (Equation (7)). The equation 
for capacitance (Equation (8)) results from substituting Equation (7) 
into Equation (6) and solving for CP(t). 

|Z| =
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
1

RP

)2

+ (ωCP(t))2

√ (6)  

RP =
tan(φ)

− ωCP(t)
(7)  

CP(t) =
tan(φ)

ω|Z|
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + tan2φ

√ (8) 

In the above equations, |Z| is the absolute impedance, φ is the phase 
angle, and ω = 2πf is the angular frequency of the AC signal where f is 
the applied frequency of oscillation. RP and CP for all four pore sizes 
were computed from the measured impedance and phase angle for a 
frequency range of 1–5 Hz with 0.5 Hz step size. Computed RP results as 
shown in Fig. 6(a) suggest that the change in resistance either with pore 
size or the frequency was small. Additionally, there was no specific trend 
to the magnitude of RP with the pore size or the frequency. The relatively 
constant RP may be explained by examining Equations (7) and (8). 
Referring to Equation (8), capacitance decreases with increasing fre-
quency. Similarly, referring to Equation (7), an increase in frequency 
offsets the decrease in capacitance in the denominator potentially 
resulting in a nearly constant RP. Fig. 6(b) shows the total measured 
capacitance densities for all the pore sizes and oscillation frequencies 
used in this work. Capacitance decreased with increasing frequency for 
all pore sizes validating the relationship in Equation (8). 

AC current was computed from the measured values of AC voltage 
(VAC) and impedance (|Z|) using Ohm’s law (I = VAC/|Z|). The magni-
tude of the current with respect to frequency follows the same pattern as 
that of AC voltage (Fig. 5(a)) since the impedance for a given pore size 
remained fairly constant. Fig. 7(a) shows the peak-to-peak AC current 
for all pore sizes with respect to frequency. Each computed result is 
presented with an error bar representing + /− one standard deviation 
from the mean of three computed results. A representative plot of AC 

current vs. time for a 38 μm pore size electrode at 3.0 Hz frequency is 
shown in Fig. 7(b). From the figure, it can be observed that the AC 
current has 0.5 μA of DC offset (difference between the maximum pos-
itive and negative peak) and 8.4 μA of peak-to-peak amplitude. In 
accordance with the voltage vs. frequency, the AC current also shows 
almost a linear relationship between the oscillation frequency and the 
peak-to-peak AC current. Current also increases with shrinking pore 
size, which is purely due to the fact that the surface area increases with 
decreasing pore size. The maximum current of 11.83 μA for the total 
planar area of 3.14 cm2 was generated using an electrode containing 38 
μm-diameter pores at 5 Hz frequency, which corresponds to 3.77 μA/ 
cm2 of current density. The lowest current density was 0.6 μA/cm2 and 
was obtained with an electrode containing 100 μm-diameter pores at 1 
Hz oscillation frequency. 

The current densities presented here are more dependent on total 
electrode-electrolyte interfacial area than the pore size. The electrodes 
were fabricated to ensure that there is sufficient area between each pore 
to prevent breakage due to the fragile nature of the silicon wafers. Only a 
fraction of the 3.14 cm2 wafer area was used for pores. Referring to 
Table 1, only up to 0.59 cm2 of the 3.14 cm2 circular area was used for 
pores which is ~19% of the total available surface area. Since the 
capacitance and the resulting AC voltage/current are proportionally 
dependent on electrode-electrolyte interfacial area, more pores could be 
created to increase the power output. Presumably, if the pores were 
increased 3 times to cover ~57% of the total available surface area, 
power output could have been increased by 3 times although with a 
compromise in substrate strength. 

A comparison between measured and theoretical capacitance is 
presented in Table S3. Measured capacitances are higher by as much as 
35% compared to the theoretical capacitances calculated using Equation 
(1). SEM images (Fig. S12) reveal that the pores after DRIE were 
extremely rough. The higher measured capacitance is attributed to the 
roughness of the electrodes and therefore much higher surface area. 
Since the capacitance (C) is proportional to the electrode-electrolyte 
interfacial area (A), higher surface area contributed to the higher 
measured capacitance. In addition, the parasitic capacitance from the 
cables and connectors may also have contributed to the higher measured 
capacitance. Fig. 8(a) shows a comparison between the theoretical and 
measured capacitance densities for all pore sizes at 1 Hz oscillation 
frequency. A representative plot of measured capacitance density vs. 
time for a 38 μm diameter pore electrode at 1 Hz frequency is given in 
Fig. S13. 

The maximum power can be harvested when the source impedance 
of the REWOD (|ZS|) is matched with an optimal external load. 
Considering an optimal load such that |ZS| = |ZL|, the root mean square 

Fig. 6. (a) Computed resistances for 38 μm, 50 μm, 76 μm, and 100 μm diameter pores for a frequency range of 1–5 Hz with 0.5 Hz step. (b) Measured capacitance 
densities for 38 μm, 50 μm, 76 μm, and 100 μm diameter pores for a frequency range of 1–5 Hz with 0.5 Hz step. 
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(RMS) power density is calculated using Equation (9): 

PRMS =
V2

RMS

4|ZL|A
(9)  

where VRMS is the RMS voltage, |ZL| is an optimal external load, and A is 
the electrode-electrolyte interfacial area. Using RMS voltage of 1.175 V 
for a 38 μm pore electrode at 5 Hz oscillation frequency, calculated 
based on Fig. 5(a), and the corresponding impedance calculated based 
on resistance of 257 kΩ from Fig. 6(a), the RMS power with an optimal 
load is calculated to be 3.75 μW for the given planar area of 3.14 cm2 

which corresponds to 1.2 μW/cm2 of power density. Considering a 
voltage source of magnitude (VRMS-open) and an internal source imped-
ance |ZS|, the voltage is divided by half when actually harvesting on the 
optimal load |ZL|. Therefore, without an optimal load, the power density 
increases four times to 4.8 μW/cm2 as supported by Equation (9). 

One of the objectives of this work is to study how frequency and 
electrode pore size affect output power and thus the power density. RMS 
power densities for all pore size electrodes at all the modulation fre-
quencies are calculated and presented in Fig. 8(b). From the figure, it is 
observed that the power density increases with increasing frequency and 
shrinking pore size. Increase in power density with increasing frequency 
is in accordance with increase in voltage and current with increasing 
frequency since power is directly proportional to the voltage and the 
current. Likewise, increase in power density with shrinking pore size is 

primarily attributed to increasing electrode surface area with decrease 
in pore sizes. Power conversion efficiency from this work is determined 
to be 6.04%. A complete power conversion efficiency derivation with 
calculation is provided in the supplementary information section S1. 
Despite low power conversion efficiency, power density from this work 
is very well enhanced from our previous work on planar electrodes (~23 
times) and could be further improved considering a higher surface area 
material such as denser pores or conductive porous carbon materials 
[20]. Considering the absence of bias voltage and the proposed avenue 
to enhance the AC voltage generation, bias-free REWOD energy har-
vesting using high surface area materials could successfully lead to fully 
self -powered wearable motion sensors for applications such as wearable 
human health monitoring in real time. 

5. Conclusion 

REWOD energy harvesting using high surface area porous electrodes 
with uniform pores was performed with an objective of generating high 
power density output without any external bias source. Four different 
pore-diameter electrodes, 38 μm, 50 μm, 76 μm, and 100 μm, were 
fabricated on Si wafers with a fixed thickness. Understanding the aspects 
of capillary pressure was essential for complete insertion and retraction 
of electrolyte in and out of pores to generate maximum capacitance and 
maximum power output. Without any external DC bias voltage, AC 

Fig. 7. (a) AC current with respect to frequency for all four pore size electrodes (dashed straight lines represent a linear fit of the data with error bars representing +
/− one standard deviation from the mean). (b) A representative AC current signal at 3.0 Hz frequency for an electrode with 38 μm pores during the first 3 s. 

Fig. 8. (a) Theoretical and measured capacitance densities for all pore sizes at 1 Hz frequency. (b) Power density of the REWOD energy harvester without an optimal 
load with respect to increasing frequency and shrinking pore size (data is presented with error bars representing + /− one standard deviation from the mean). 
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voltage was generated and AC current was determined by computing RP 
and CP using a parallel configuration model and the results were vali-
dated through experimental measurements. The maximum voltage 
density was measured to be 1.05 V/cm2 and the maximum current 
density was computed to be 3.77 μA/cm2. The power density with 
optimal load was 1.2 μW/cm2 and without load the power density was 
4.8 μW/cm2. Power density from this work is very well enhanced to as 
high as ~23 times from our previous work on planar electrodes and 
could be further improved considering a higher surface area material 
such as one with denser pores or conductive porous carbon materials. 
Considering the absence of bias voltage and the proposed avenue to 
enhance the AC voltage generation, bias-free REWOD energy harvesting 
using high surface area materials could successfully lead to fully self- 
powered wearable motion sensors or other applications requiring a 
reliable, compact, and long-term power source. 
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