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Abstract – This paper, presents a model to predict the energy 

output from reverse electrowetting energy harvesting system 
with use of cost-effective materials. Reverse electrowetting on 
dielectric allows energy to be harvested from spontaneous 
aperiodic mechanical movements, where conventional energy 
harvesting approaches are not suitable for due to low energy 
conversion efficiency and frequency .  
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I. INTRODUCTION 

 
 Тransformаtion of environmental to electrical energy is 
known as energy harvesting. The notion of energy 
harvesting dates back centuries ago, especially conversion 
of the energy from mechanical movement and wind. In 
recent years, a lot of scientific studies are focused on 
methods to convert mechanical vibrations and vibration-
induced jitter to electrical energy [1]–[4]. However, the 
developed methods i.e. piezoelectric and electromechanical, 
have small energy conversion efficiency [5]. This limits the 
use of mechanical energy harvesting solutions mainly to 
devices with low consumption. In addition, piezoelectric 
harvesters are not suitable for vibrations with low 
frequencies (bellow 40 Hz) and are tightly coupled to the 
resonance frequency, which makes them unsuitable for 
harvesting energy spontaneous aperiodic movements.  
 Recently, the scientific community drew its attention to 
an interesting usage of a century old phenomenon i.e. 
electrowetting (EW) [6]. The traditional use of EW include 
micro- and nano-fludics, variable focal length control and 
electronic displays [7], in contrast the reverse 
electrowetting-on-dielectric (REWOD) [8] enable design of 
mechanical energy harvesting system with high conversion 
efficiency, high power density at low-frequencies of 
mechanical vibration over a wide range of actuation 
frequencies. For example in [8] designed and realized 
energy harvesting devices able to capture mechanical energy 
with frequency between 0.5 Hz and 350 Hz with energy 
conversion efficiency up to 75 %. To achieve this, the 
authors employ a complex set of technological processes to 
deposit a thin-film hydrophobic layer, with thickness in the 
range of tens of nanometers, and rare materials.  
 This paper presents a mathematical model of mechanical 
energy harvesting system based on reverse electrowetting-
on-dielectric constructed with accessible and cost-effective 
materials. The model will predict the ability of the proposed 
system to convert mechanical vibrations to electrical energy. 

II. REWOD’S MODEL AND EQUATIONS 
 
 The electrowetting phenomenon is defined as “the change 
in solid-electrolyte contact angle due to an applied potential 
difference between the solid and the electrolyte” [9]. 
Consequently, the reverse electrowetting is when external 
mechanical actuation causes a change in capacitance 
between electrode and dielectric and the excessive charges 
flow throughout the load. The concept behind REWOD is 
shown on Fig. 1, the liquid droplet is placed between 
electrode and dielectric layer covered with hydrophobic 
layer. The electrode and dielectric layer are connected to 
external bias voltage and the load. As the electrode moves 
the droplet change its area and thus changes the capacitance 
and if the external bias is held constant excessive charges 
flow in the load.  

Fig. 1 Electrowetting operation principle 

The classical description of contact angle (without external 
voltage) is defined in Eq. 1 
 cos ଴ߠ = ௦௔ߛ − ௟௔ߛ௦௟ߛ 	,	 (1) 

where γsa is the interface tension between solid and air, γsl is 
the interface tension between solid and liquid and γla is the 
interface tension between liquid and air. The values of 
interfaces tensions depend on the used materials for liquid, 
dielectric and surrounding environment (in the presented 
case - air) and temperature.  
 The capillary free energy Ecap is given by the Young 
equation,  
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ሻߠ௖௔௣ሺܧ = ௦௔ߛ௦௔ܣ + ௦௟ߛ௦௟ܣ + ௟௔ߛ௟௔ܣ − ܸΔܲ, (2) 

where Asa is the area of solid/air interface, Asl is the area 
solid/liquid interface, and Ala is the area liquid/air interface, 
V – liquid droplet volume, and ΔP is Laplace pressure. Thus, 
Ecap depends on ΔP, as shown Eq. 1 and 2, given the constant 
temperature and droplet volume. 
 Laplace pressure ΔP is the differential pressure between 
the outside and the inside of a curved surface, i.e the outside 
and the inside of a liquid droplet, and depends on both the 
surface tension and the geometry of the droplet. ΔP is given 
by the Young-Laplace-Gauss equation, 

Δܲ = ௟௔ߛ 	൬1ݎଵ +   (3)	ଶ൰,ݎ1

here r1 and r2 are the main radii of curvature of the liquid 
droplet.  
 When external voltage is applied, the contact angle is 
described with Young-Lippmann equation, 

 cos ௒௅ሺܷሻߠ = cos ߠ + ఢబఢ೏ଶఊ೗ೌௗ 	ܷଶ,	 (4) 

where ϵd is the relative permittivity of the dielectric layer, ϵ0 

is relative permittivity of vacuum and d is width of the 
dielectric layer.  
 The total energy Eel(θ, U) is a sum of capillary energy 
Ecap(θ) and electrical/electrostatic energy Eel(θ, U),  ܧ௧௢௧ሺߠ, ܷሻ = ሻߠ௖௔௣ሺܧ + ,ߠሺ	௘௟ܧ ܷሻ, (5) 

Yet, the electrical/electrostatic energy Eel(θ, U) depends on 
the total capacitance of the system Ctot(θ ) and the external 
applied voltage U, given by,  

,ߠሺ	௘௟ܧ ܷሻ = ሻܷଶ2ߠ௧௢௧ሺܥ−	 , (6) 

where the total capacitance Ctot(θ) is approximately given 
by,  

௧௢௧ܥ ≈ ߳଴߳ௗ ௟ௗ݀ܣ  (7) 

If the Laplace pressure is changed, as shown on the Eq. 1-
6, then the area liquid-dielectric will be changed and 
consequently the Ctot will be changed and if the constant 
external voltage is assumed then the excessive charges will 
flow throughout the load. Equations 1-6 show the 
transformation of the mechanical energy to electrical energy 
through a REWOD phenomenon.  
 

III. RESULTS AND DISCUSSION 
 

A. Model Verification 
 

 The Eq. 1-6 are codded in Matlab where ΔP is 
parametrized. Consequently, both the droplet main radii 
r1 and r2 and the capacitance Ctot are calculated in order to 
predict the energy output the REWOD system. 

Fig.  2 Contact angle saturation model 

The behaviour of the contact angle when external voltage 
is applied is shown on Fig.  2. The presented model exhibits 
identical behaviour as theoretical results given in [10]. The 
parameters of the model are: i) droplet volume – 50 µL, ii) 
thickness of the dielectric layer – 0.1 µm, iii) permittivity of 
the dielectric layer – 2.67, iv) permittivity of the liquid – 80, 
v) dielectric/air surface tension – 12.7 mN/m, vi) liquid/air 
surface tension – 72.8 mN/m, vi) liquid/dielectric surface 
tension – 47 mN/m. 

Furthermore the verification of the presented model is 
conducted against the experimental results found in [8]. 
Both the theoretical model predictions of the presented 
model and experimental results are shown on Fig.  3. The 
calculated root-mean-square-error is 10.93 % or 5.04 nJ 
mm-2, which is satisfactory result for the closeness of the 
proposed model with experimental data. 

The standard deviation of the model i.e. root-mean-
squared-error is calculated as follows, 

%,ܧܵܯܴ ≈ ට∑൫ா೎ೌ೗೎ିா೐ೣ೛൯మ௞ 	 . ଵ଴଴	∙	௞∑ா೐ೣ೛	,  (8) 

where Eexp  is data from the experiment and k = 6 is the 
number of experiment data.  

Experimental setup in [8] is as follows, a single mercury 
droplet with area of 1 mm2 is placed over the Cytop [11], a 
thin-film fluoropolymer. The Cytop, is deposited on top of 
tantalum pentoxide (Ta2O5) with thickness tens of 
nanometers and permittivity of 50. The Ta2O5 is coated with 
Cytop a to mitigate surface charge trapping. Mercury has a 
permittivity of 1.00074 and the capacitance of the plates, 
where droplet is placed is 16 nF cm-2. 

Fig.  3 Electrical energy per cycle per mm2, mercury droplet 
on cytop dielectric 
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B. Barium titanate REWOD model 
 
 The presented experimental configuration yields a high-
power at a small scale, but to achieve this, one needs a rare 
materials and precisely controlled technological processes. 
However, to achieve cost-efficiency and scalability one 
would trade the energy conversion efficiency and power 
density for use of abundant materials and processes. In order 
to achieve that, this paper theoretically study use of two 
distinct REWOD setups. First setup uses a barium titanate 
(BaTiO3) as a dielectric and second lead zirconate titanate 
(Pb[Zr ₁ ₋ₓTi ₓ]O3). For both setups first the energy for one 
cycle is calculated and  for stack of 50 droplets..  
 The stack consist of BaTiO3 covered with thin layer of 
paraffin [12], droplet of water with NaCl and electrode, the 
detailed parameters of the stack are shown in Table. 1. As 
the BaTiO3 dielectric constant is highly dependent on the 
particle size [13], ranging from 1501 to 50002, the combined 
dielectric constant of 254 is used throughout the model.  

TABLE 1. BARIUM TITANATE REWOD MODEL 
 

 Material Property Value 
Dielectric BaTiO3 Thickness 1 µm 
  Permittivity  200 
Hydrophilic 
layer  

Paraffin Thickness 0.2  µm 

  Permittivity 20 
Droplet Water with 

NaCl 
Volume 5 µL 

  Permittivity 78.9 

Fig.  4 Energy generated per cycle, power at 1 Hz oscillation  

Fig.  5 Capacitance of the REWOD BaTiO3 model

                                                 
1 When the particle size is <100 nm [15] 
2 When the particle size is 0.8 µm [16] 

 Fig.  4 shows the electrical energy generated from single 
droplet of one cycle or power generated from mechanical 
actuation with frequency of 1 Hz. The generated electrical 
energy is highly dependent on the capacitance Eq. 6, and as 
a result the capacitance is dependent on the droplet area 
shown in Fig.  5. 

The energy generated from one cycle for a voltage at 
saturation contact angle from the proposed setup with 50 
droplets will be 12.23 μJ.  
 
C. Lead zirconium titanate 
 
 Table 2 shows the parameters used for REWOD model 
with lead zirconium titanate, Pb[ZrxTi1-x]O3, PZT [14]. The 
calculations are performed for stack consisting of PZT, 
droplet of water with NaCl and electrode, the detailed 
parameters are presented in Table 2. The total dielectric 
constant, used throughout the calculations, of the stack of 
PZT and paraffin is 245.  
 

TABLE 2. LEAD ZIRCONIUM TITANATE REWOD MODEL 
 

 Material Property Value 
Dielectric PZT Thickness 1 µm 
  Permittivity  290 
Hydrophilic 
layer  

Paraffin Thickness 0.2  µm 

  Permittivity 20 
Droplet Water with 

NaCl 
Volume 5 µL 

  Permittivity 80 

Fig.  6 Energy generated per cycle, power at 1 Hz oscillation  

Fig.  7 Capacitance of the REWOD PZT model



The electrical energy generated per cycle is shown on Fig.  
6 and dependence of the stack on droplet area on Fig.  7. 
The generated energy for the setup of 50 droplets at external 
voltage at contact saturation angle is 16.62 μJ. 
 
D. Discussion 
 

The energy generation from REWOD is a straightforward 
process with intricate balance between material properties, 
physical dimensions and external circuitry. The electrical 
energy density is highly dependent on the capacitance 
between electrode and dielectric, as shown on the Eq. 6. The 
capacitance itself is proportionally dependent on the droplet 
area and inversely proportional to the thickness of dielectric 
layer. Increase of the dielectric thickness will decrease the 
generated energy due to the decrease in total capacitance 
Eq.  7.  

Another aspect of capacitance is permittivity of the 
dielectric, the higher the permittivity, the higher capacitance. 
However, increasing solely the permittivity of dielectric will 
decrease contact angle saturation and area of the droplet.  In 
order to achieve higher energy density, the higher 
capacitance is needed, so higher droplet area and thinner 
dielectric layer with careful consideration of the permittivity 
of the dielectric.   

Frequency behaviour and losses in scaling of the REWOD 
system with more droplets I parallel is another subject. Both 
will increase the energy output and make it useful for post-
processing and storing. However, the presented model does 
not explicitly include the frequency behaviour, due to the 
fact that additional loss mechanisms are at play. The 
presented model allows only some rough calculations when 
taking into account frequency and scaling.  
 

IV. CONCLUSION  
 
 The model presented in this paper, describes the behaviour 
of the energy generation from reverse electrowetting 
phenomenon. REWOD allows energy to be harvested from 
spontaneous aperiodic mechanical movements, which 
conventional energy harvesting approaches i.e. piezoelectric 
and electromechanical. REWOD is easily scalable, which in 
turns will increase energy output.  

The presented BaTiO3 and PZT setups with 50 droplets 
prove to harvest 12.23 μJ and 16.62 μJ respectively. When 
this is scaled with higher frequency and optimized 
geometrical shapes it would be enough the be powered with 
human locomotion and spontenous aperiodic mechanical 
actuations. 
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