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ABSTRACT 
 
Concentrated photovoltaics (CPV) is an alternative 

solution to save the material cost of solar photovoltaic (PV) 
systems. However, CPV requires an expensive, complex, 
bulky, and heavy solar tracker that allows following sun’s 
position. These bulky and heavy mechanical trackers 
significantly increase the installation cost of the CPV 
systems as well as require high power consumption for the 
operation. These issues make CPV systems difficult to be 
used on a residential rooftop. In this paper, we present an 
electrowetting-driven solar tracker (EST) for a CPV rooftop 
application. Solar tracking principle of the EST is based on 
an electrowetting effect which does not require any 
mechanical tracking components. By eliminating such 
bulky and heavy mechanical solar tracking parts, total cost 
and power consumption of the CPV system are 
dramatically reduced, resulting in a high-efficiency 
concentrated solar power system on a rooftop.  
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1 INTRODUCTION 
 
Solar PV systems have attracted as promising clean 

energy alternatives to traditional electricity generation 
sources, such as coal or natural gas-burning power plants. 
One biggest obstacle to the widespread deployment of PV 
systems is that they are not cost competitive with traditional 
sources [1, 2]. A CPV technology, which uses additional 
optics to concentrate a large amount of sunlight onto a 
small cell, could be a solution to reduce the PV cost. One 
key component of the CPV is a solar tracker that enables to 
orient the optics toward sun’s position. However, current 
CPV solar trackers are very expensive, complex, bulky, and 
heavy (loaded weight about ~3000kg for dual-axis 
trackers), because they consist of many mechanical moving 
parts such as motors and supporting frames [3]. Not only do 
such complex and heavy mechanical trackers increase the 
CPV installation cost, but also require high power 
consumption for operation. These issues greatly prevent 
CPV from being installed on for a residential rooftop. 

In this paper, we report an electrowetting-driven solar 
tracker (EST) for a CPV rooftop application. The EST 

system consists of an array of tunable liquid prisms. An 
apex angle of each prism is actively controlled by 
electrowetting, enabling to re-direct incident sunlight for 
solar concentration without any bulky and heavy 
mechanical solar trackers. Our EST can provide several 
unique advantages over conventional mechanical trackers, 
including (1) low power consumption in the range of ~mW; 
(2) low cost and simple supporting hardware that can save 
space and weight of the trackers; (3) adaptive solar tracking 
without any mechanical moving parts; and (4) quiet 
operation for a residential rooftop application. 

 

2 THEORY 
 
Electrowetting is one of the promising approaches that 

can effectively handle micro/meso-scale liquid droplets. Its 
advantages include, extremely low power consumption, 
rapid response time, no mechanical pump for fluidic 
transport and easy implementation. Due to these unique 
characteristics, it has been used for wide applications such 
as lab-on-a-chip [4, 5], on-chip cooling [6-8], electronic 
paper [9], and tunable optical lens [10].     

An elecrowetting principle can be explained by a 
Young-Lippmann equation [11], describing that the contact 
angle of a droplet sitting on a solid surface can be 
dominantly controlled by the electric voltage drop across a 
dielectric layer: 
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where c is the specific capacitance, t is thickness of the 
dielectric layer, γ is the surface tension between two 
immiscible fluids, θ0 and θ represent the contact angles 
before and after an external voltage application. In EST, the 
contact angle (θ) is the angle of an aqueous droplet on the 
sidewall surface.  
 

3 DEVICE STRUCTURE AND WORKING 
PRINCIPLE 

 
A schematic of the EST device and its working principle 
are illustrated in Figure 1. The sidewall of a single liquid 
prism module consists of a hydrophobic and dielectric layer 
deposited on a ITO substrate: 120 nm thick aluminum oxide 
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(Al2O3) and 50 nm thick hydrophobic (FluoroPel PFC 
1601V, Cytonix) layers. A UV curable epoxy (Norland) 
was used to assemble the four sidewalls on the base ITO 
substrate and form a transparent cuvette. Two immiscible 
liquids (e.g. water and oil) are filled in the cuvette and then 
covered by a top transpent plate. The refractive indices of 
two liquids are denoted by nA and nB, respectively. The 
fluid-fluid interface naturally forms a curved-shaped 
meniscus in the cuvette due to the Laplace pressure. We 
apply bias voltages of VL in the left and VR in the right 
sidewalls and the base ITO substrate is grounded. An 
electrowetting effect controls the contact angles (θL and θR) 
of an aqueous droplet at each sidewall. As a result, the 
fluid-fluid interface keeps straight and its orientation 
determines an apex angle (φ), functioning as a tunable 
optical prism. Incident light can then be steered by using 
two immiscible liquids with high refractive index 
difference. An applied electric input varies in each of the 
sidewalls to continuously tune the apex angle of the liquid 
prism. Incident sunlight is then adaptively steered for daily 
and seasonal solar tracking without any mechanical moving 
parts. To increase an aperture area and a light refraction 
capability, a single liquid prism module is further stacked 
up and expanded to achieve a large-scale liquid prism 
panel. Figure 1(b) shows an example of the stacked dual 
prism. 

Figure 2 shows an electrowetting-driven solar tracking 
(EST) system installed for a CPV rooftop application. 
Incoming sunlight is assumed to be collimated beam. The 
EST system adaptively steers and re-direct it toward a 
Fresnel lens that is placed underneath the liquid prism 
panel. Then the sunlight is concentrated onto the small CPV 
cell. The integration with a Fresnel lens significantly 
increases an area reduction ratio. Unlike conventional CPV 
solar trackers, our EST system does not require any bulky 
and heavy mechanical moving components such as motors 
and supporting frames.  

 

4 OPTICAL LIQUID MATERIALS AND 
PERFORMACE ANALYSIS 

 
For the best performance of our solar liquid prism, 

optical liquid materials have to be carefully selected. There 
are several critical conditions that the liquid materials need 
to satisfy. First the refractive index contrast between two 
immiscible liquids shold be large to increase a prism 
refraction capability. Second they should be optically clear 
to minimize solar energy loss. Third both liquid materials 
have wide temperature range that they can stand without 
freezing and volatility. The last key condition is that the 
liquids should well response with an electrowetting effect. 
This would include the material properties such as surface 
tension, viscosity, density, and so on. 

We have further carried out an optical analysis of liquid 
prism to predict the performance and develop our solar 
tracking algorithm. The optical path of a single liquid prism 
is illustrated in Figure 3. The refractive indices are nair for 
air,  nA for Liquid A, and nB for Liquid B, respectively. The 
angles of incident and refracted light at each interface are 
denoted by α and β, and their subscripts of A and B indicate 
the Liquid A and B. An apex angle of the prism is denoted 
by φ, which is controlled by an electrowetting effect. Since 

 

 
Figure 1. A schematic of the EST device structure and its 
working principle. (a) A single liquid prism module 
consists of two immiscible liquids in a transparent cuvette. 
The cuvette sidewall is fabricated by coating a hydrophobic 
dielectric layers on a ITO substrate. An elecrtowetting 
effect is induced by an applied bias voltage and determines 
an apex angle, φ, of the liquid prism. Then an incident light 
is steered due to the refractive index difference between 
two liquids. (b) By stacking up and expanding a prism 
module, a large-scale liquid prism panel is achieved. 

 
Figure 2. An electrowetting-driven solar tracking (EST) 
system for CPV rooftop application. A single liquid prism 
is further stacked up and expanded to achieve a large-scale 
liquid prism panel. The integration with a Fresnel lens 
allows CPV technologies to be used for a residential 
rooftop application.  
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the angle of the final outgoing light must be perpendicular 
to the bottom prism surface for the high concentration of 
sunlight, the angle of βB is equal to the apex angle, φ, by the 
geometry. We apply the Snell’s law at each of the interfaces 
and obtain the incident angle (α) that can be re-directed by 
our liquid prism. The angle (α) is expressed as: 
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which is a function of the refractive indices and the prism 
apex angle. This equation provides us valuable information 
on solar tracking algorithm how large the prism apex angle 
(φ) is required. In other words, it tells us how much bias 
voltage is required to tilt the fluid-fluid interface. 

Figure 3(b) shows the prism performance regarding the 
tracking angle (α) that the liquid prism can adjust. First we 
assume that nB = 1.33 and an apex angle (φ) controlled by 
elecrowetting is 40°. The result is represented by a blue 
line. Incident sunlight angle almost linearly rises up with 
the increase of nB from 1.4 to 2.0. The next calculation 
assumes that nA is fixed as 1.33 and nB increase from 1.4 to 
2.0. The range (α) of incident sunlight that can be adjusted 
by the liquid prism is dramatically enhanced up to ±50° 
(see a red line). From these analytical results, one can know 
that the increase of nB, the refractive index of Liquid B 
located in the lower side of the prism, has effectively 
influence on the tracking range.   

Figure 4(a) shows an optical path in the dual prism 
achieved by overlapping two liquid prisms. We assume that 
the prism consists of water (nwater=1.33) and commercially-
available optical oil, SL-5267 from SantoLight that has the 

refractive index as high as 1.67. The dual prism is estimated 
to steer the incident sunlight with the tracking angle up to 
α=±70° at φ1= 40° and φ2=40°. 

 

5 EXPERIMENTAL RESULTS 
 
For the experiments, the cuvette was fabricated with the 

size of 1.0 × 1.0 × 2.0 cm3 and filled with de-ionized (DI) 
water and  silicone oil (Dow Corning). Because of the slight 
density difference between two liquids, water is located in 
the lower side. For the interface stability, we added 1 wt % 
of sodium dodecyl sulfate (SDS) surfactant into DI water 
and its surface tension was lowered from 73 mN/m to 8.6 
mN/m. Surfactant is also preferable to reduce the bias 
voltage  required for a given contact angle change. 
According to Eq. (1), the contact angle change is inversely 
proportional to the surface tension (γ) of an aqueous 
droplet. An electronic controller was designed to generate 
sqaure-wave ac voltage at low frequncy. This is because a 
long period application with a dc bias may cause 
irreversible polarization, resulting in damage on the 
dielectric layer. 

Figure 4 shows photographs of an electrowetting-driven 
liquid prism modulation. Before an ac bias voltage is 
applied to the prism, the fluid-fluid interface forms a curve-
shaped meniscus with the contact angle as large as 168° 
(Fig. 4a). To function as a tunable liquid prism, we applied 
various ac biases to the left and right sidewalls, while 
grounding the base substrate, to control the apex angle of 
the prism. The left sidewall was applied with 19Vac and the 
right with 48 Vac at 40Hz. Thus the interface orientation 
was controlled with an apex angle of φ = 22° (Fig. 4b). 
Figure 4(c) presents a photograph of the interface with φ = 

    
(a)                                                (b) 

Figure 3. (a) An optical path is created in a single liquid 
prism composed of Liquid A and Liquid B. (b) Optical 
analysis is conducted to predict the solar tracking angle that 
can adjusted by the liquid prism. The apex angle of the 
prism that is controlled by electrowetting is assumed to be 
40°. The blue line indicates the incident angle (α) as 
increasing nA, when nB is fixed as 1.33. Reversely, the red 
line represents α with the increase of nB, while nA is fixed as 
1.33. Solar tracking range (α) is considerably enhanced by 
the increase of nB, the refractive index of Liquid B located 
in the lower side of the prism. 

 
(a)                                                (b) 

Figure 4. (a) An optical path is created in a dual prism. It is 
fabricated by stacking two single liquid prisms and thus 
Liquid 1 and 3 is the same material, and Liquid 2 and 4 as 
well. (b) Performance of the dual prism is predicted. When 
the apex angles in the top and bottom prisms is controlled 
to φ1= 40° and φ2=40°, the dual prism can achieve wide 
tracking angle up to α=±70° without any bulky and heavy 
mechanical moving parts.  
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0°, which was achieved by applying 33Vac on the both left 
and right sidewalls. When 48 Vac and 19 Vac were applied to 
the left and right sidewalls, the interface was reversely 
controlled with an apex angle of φ = -21° (Fig. 4d). 
 

6 CONCLUSION 
 
Large portion of the installation cost in a CPV plant is 

associated with solar tracking systems, because they require 
complex, bulky, and heavy mechanical tracking 
components. These issues make CPV difficult to be used 
for a residential rooftop application. In this paper, we report 
a low-cost, non-mechanical solar tracking system for a CPV 
rooftop application. A proposed system consists of an array 
of tunable liquid prisms that are controlled by an 
electrowetting effect and enable to track incident sunlight 
without mechanical moving parts. By eliminating such 
complex and heavy mechanical solar tracking components, 
total cost and power consumption of the CPV system are 
significantly reduced. 

Optical analysis has been conducted to predict the prism 
performance and develop solar control algorithm. A solar 
tacking capability of the prism is greatly enhanced by 
increasing the refractive index of the liquid located in the 
lower side. The dual prism composed of two stacked single 
prisms can achieve wide tracking range up to ±70°. We 
have successfully demonstrated elecrtowetting-driven 
liquid prism modulation using water and silicone oil. The 
proposed electrowetting-driven solar tracking (EST) system 

would be an alternative solution that enables high-
efficiency concentrated solar power system on a rooftop. 
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Figure 4. Photographs of an electrowetting-driven liquid 
prism modulation. (a) Before applying ac bias voltage, the 
contact angle of water is 168° and the curve-shaped 
interface is formed. (b) 19Vac and 48 Vac are applied to the 
left and right sidewalls at 40Hz. (c) The equal voltage of 33 
Vac are applied and the interface is created with an apex 
angle of 0°. (d)  When 48 Vac and 19 Vac were applied to the 
left and right sidewalls, the interface orientation was 
reversely controlled with an apex angle of φ = -21°. 

Cleantech 2012, www.ct-si.org, ISBN 978-1-4665-6277-64




