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Abstract 

Electrowetting (EW) is an effective way to manipulate small volume liquid in micro- and 
nano-devices, for it can improve its wettability. Since the late 1990s, electrowetting-on-dielectric (EWOD) 
has been used widely in bio-MEMS, lab-on-a-chip, etc. Polydimethlsiloxane (PDMS) is extensively 
utilized as base materials in the fabrication of biomedical micro- and nano-devices. The properties of thin 
PDMS films used as dielectric layer in EW are studied in this paper. The experimental results show that the 
thin PDMS films exhibit good properties in EWOD. As to PDMS films with different thicknesses, a 
threshold voltage and a hysteresis were observed in the EWOD experiments.  

Keywords: Electrowetting, electrowetting-on-dielectric, Polydimethlsiloxane (PDMS), contact angle, 
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The objective of Science is “to measure what is 
measurable and make measurable what is not”. 

 ⎯Galileo Galilei (1564-1642) 
 

 
1. Introduction 

Electrowetting (EW) is a well known 
method for improving wettability of surfaces, 
because of the large change of the contact angle 
for liquid droplet resulted from external electric 
field [1]. One advantage of EW is that 
hydrophilicity can be obtained without changing 
the chemical composition of a system. 
Additionally, the electrical control of the 
microfluidic motion is highly promising for 
microdevices and easy manipulations. 
Researches in the field of EW have attracted 
much interest. In fact, the mechanism of EW is 
similar to that of electrospinning [2-6]. 
 
 
* Corresponding author, Email: yzhao@imech.ac.cn  (Y.P 
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The most common configuration for 

experiments and practical applications in EW is 
that a typical dielectric layer (insulator film) of 
micrometer thickness separates the metal 
electrode from the electrolyte droplet. This 
popular experimental method is called EWOD, 
and is sketched in Fig. 1.  

In the current research about EWOD, the 
phenomena on different dielectric materials are 
studied [7-10], and the applications in 
micro-devices are developed fast [11-15]. The 
interpretation about the principle of EW also 
attracts much attention [16-18].  

 
Figure 1. EW behavior of a conductive liquid on 
an insulator film. The external voltage is applied 
between a thin Pt wine electrode and a well 
conductive membrane on the glass. 
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Polydimethylsiloxane (PDMS) is widely 
used as a base material for bio-MEMS/NEMS 
devices [19,20]. The well-known advantages of 
PDMS include: it is optically transparent, 
chemically inert, non-toxic and non-flammable. 
However, the disadvantage of the PDMS is that 
the surface of PDMS is inherently hydrophobic, 
and it is difficult to transfer and spread aqueous 
solutions [21]. A number of techniques have 
been utilized to hydrophilize the PDMS surface, 
including physical method, chemical method or 
a combination of both. Nevertheless, these 
methods do not satisfy the demands, because of 
the quick hydrophobic recovery, the complicated 
process or the chemical hangover [22-25].  

The objective of this paper is to study the 
properties of the PDMS films in EWOD. PDMS 
films of different thicknesses are fabricated. The 
EW effects on these films are prominent, and the 
phenomena influenced by the storage of 
electrostatic energy in PDMS are also found. 

2. Theory 

The contact angle θ  of a sessile droplet on 
the surface is calculated by the Young’s 
equation [26], deriving from the force 
equilibrium at the horizontal direction by the 
surface tensions in the solid-vapor ( svγ ), 
liquid-vapor ( lvγ ) and solid-liquid ( slγ ) 
interfaces: 

sv slcoslvγ θ γ γ= − .           (1) 

Through the study of Lippmann’s experiment 
about the interface between the electrolyte 
solution and hydrargyrum in 1875, slγ is a 
function of the electrode potential U , which is 
well known as the Lippmann’s equation [27,28] 

( )2
0

1
2sl sl H PZCC U Uγ γ= − − ,       (2) 

where PZCU  is the potential of zero charge, 0slγ  
the surface tension with no voltage application, 
and HC  the capacitance of the electric double 
layer (EDL) [10,29]. When Eq. (2) is inserted 
into Eq. (1), the contact angle change of the 
droplet placed directly on an electrode is 

( )2
0

1cos cos
2

H
e PZC

lv

C
U Uθ θ

γ
= + − .     (3) 

However, the EW on conductive surfaces has 
the limitation of the electron transfer from the 
electrode to redox-active species in the liquid 
[10], so the EWOD for the practical applications 
is used generally. At this case, the system can be 
described as two capacitors in series, composed 
by the capacitances of EDL HC and the 
dielectric layer dC . The order of EDL is at the 
Debye length with the typical value at 
nano-scale in electrolyte. The thickness of the 
dielectric layer is at micro-scale. So the 
dielectric layer thickness is usually much larger 
than the Debye length, and d HC C<< , the total 
capacitance dC C≈ . For a simple planar surface 
per unit area, the capacitance 0dC dεε= , here 
d is the thickness of the dielectric 
layer, ε and 0ε are the dielectric constants of the 
insulator film and vacuum, respectively. As the 
spontaneous adsorption of charge at the 
dielectric layer is small, PZCU  is set to be zero. 
Then, the surface tension at the dielectric layer 
surface with the applied voltage is [29] 

2
0

0
1
2

eff
sl sl

U
d

εε
γ γ= − ,          (4) 

where eff
slγ  is the effective solid-liquid surface 

tension, because the dielectric layer is 
considered as part of the solid-liquid interface. 
The effect to the solid-liquid surface tension 
containing the dielectric layer is different from 
EDL. The electric potential at the EDL 
influences the solid-liquid surface tension 
directly. When we substitute Eq. (4) into Eq. 
(1), the basic EW equation, which is called 
Lippmann-Young equation, is obtained for 
EWOD [29]: 

0cos coseθ θ η= + ,           (5) 

where ( )2
0 2 lvU dη εε γ= is the dimensionless 

EW number, measuring the ratio between 
electrostatic energy per unit area and the surface 
tension. 

In many EW experiments, the validity of 
the Lippmann-Young equation (Eq. (5)) is at the 
voltage which is not too high [29,30]. The 
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contact angle change is small or the contact 
angle does not decrease, when the voltage is 
over a critical voltage. This phenomenon is 
called the contact angle saturation [31,32]. The 
“modified” Lippmann’s equation [30] is used to 
fit the contact angle change from low to high 
voltage, 

( )
2

0

0 0

cos cos
cos cos 2 cos coss lv s

CUL
θ θ
θ θ γ θ θ

⎛ ⎞−
= ⎜ ⎟⎜ ⎟− −⎝ ⎠

, (6) 

where sθ  is the contact angle at saturation, L  is 
the Langevin’s function ( ) coth(3 ) 1/ 3L x x x= − . 
Eq.(6) is more suitable for the EW at saturation. 

The voltage can not be loaded very high in 
our experiments, because the breakdown 
voltages of the thin PDMS films are less than the 
critical voltages when the saturation occurs. So 
the Lippmann-Young equation is adapted in our 
experiments. 

3. Experimental 

3.1. Preparation of the thin PDMS films 

   The PDMS films were fabricated directly on 
the indium-tin-oxide (ITO) glass with the plates 
of 40 mm×40 mm×1.1 mm, on which the ITO 
layer was used as the electrode. The ITO glass 
must be cleaned carefully before the PDMS film 
was coated on it. The sonicleaning was carried 
out by thorough rinsing in high purity water, 
reagent acetone and ethanol for 5 minutes, 
respectively. When the plates were dry, the 
PDMS films (Sylgard 184, Dow Corning, USA; 
ratio of the base to curing agent =10: 1) were 
spread onto the ITO layer by spin coating. The 
PDMS material was vacuumed for ten minutes 
to remove the trapped air-bubbles beforehand. 
Films of different thicknesses were obtained by 
adjusting the rotation frequency of the spin 
coater (KW-4A). Then the PDMS films were 
dried in air at 75℃ for about 4 hours. 

3.2. Experimental details 

The contact angles were measured by the 
OCA20 system from Dataphysics, Germany. 
The diameter of the Pt electrode inserted into the 
droplet was 0.1 mm. A dc voltage was applied 

using the Power Regulator (WWL-LDG51). 
Droplets of deionized water with 0.1 M KCl 
were deposited to the film from a syringe with a 
diameter less than 2.7 mm, which was the 
capillary length [33] of water. In present work, 
the effect of the gravity was neglected in our 
experiments. The contact angles were measured 
in the voltage cycle from 0 V to the voltage just 
below the breakdown voltage of the PDMS film 
and back to 0 V. The increasing step was 20 V 
and the decreasing step was 40 V. The time for a 
cycle was about 4 minutes. 

4. Results and discussion 

The thicknesses of the PDMS films were 
measured by the Surface Profiler (Dektek A).Ⅱ  
The relationship between the rotating speed of 
the spin coater and the thickness is shown in Fig. 
2. Every data in the figure is the average value 
of three points chosen randomly. The thickness 
is decreased from tens of micrometers to several 
micrometers with the increasing rotating speed, 
and the thickness changes little when the speed 
is over 4500 circle/minute.   

 
Figure 2. Relationship between the film thickness 
and the rotating speed. 
 

According to previous researches, surface 
roughness can influence the contact angle [34]. 
The contact angle on rough surface is different 
from that on smooth surface. This relationship is 
described by the Wenzel equation [35], 

0cos cosRθ θ=  where R is the roughness factor, 
giving the ratio of actual to projected 
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solid-liquid contact area. Thus, the surface 
morphology of the PDMS film was investigated 
by atomic force microscopy (AFM, VEECO, Co. 
USA). The AFM images for the PDMS films of 
60.4 μm  and 44.7 μm thickness are shown in 
Figs. 3 and 4, respectively. The scanning region 
was in a square of 5μm 5μm ×  . The surface 
images for films of other thickness were not 
obtained, because the PDMS surfaces were too 
sticky to be tested. From the experimental results, 
the surface relief is less than 10 nm, which is 
very small compared with the diameter of the 
droplet. The EW experiments are regarded as on 
smooth PDMS surfaces. 
 

 
 
Figure 3. AFM image of the 60.4 μm  PDMS film 
(Data types are height). 

 
Figure 5 exhibits the images of a droplet on 

the PDMS film of 9.1μm  thickness. The upper 
image shows the contact angle when the droplet 
was freshly deposited on the PDMS film. The 
middle image shows the contact angle at the 
maximum voltage 360 V. The bottom image 
shows the contact angle when the voltage was 
reduced to zero. The contact angles in the three 
images are 110.1°, 46.9°, and 104.6°, 
respectively. The decrease of the contact angle is 
63.2°, so the effect of EW on this thin PDMS 
film is remarkable. The reversibility [36,37] of 

the EW process is very good because the contact 
angle almost turns back to the initial one, when 
the voltage is removed. 

In these experiments, the breakdown [8] of 
the PDMS film was observed. This phenomenon 
occurred frequently when the film was thinner 
than 5μm . Bubbles were produced by the 
electrolysis and the PDMS films were destroyed in 
varying degrees, as shown in Fig. 6. 
 

 
 
Figure 4. AFM image of the 44.7 μm  PDMS film 
(Data types are height). 

 
Figure 7 shows the variation of contact 

angle with the applied voltage on PDMS films 
of various thicknesses. The average value of 3-5 
groups of experimental results was adopted as 
the contact angle. During the EW experiments, 
the contact angle change on the PDMS films of 
tens of micrometers in thickness is more than 
30°, and the wettability converts from 
hydrophobic to hydrophilic. The contact angle 
change increases with the thinning of the films, 
and the largest value can reach more than 60°. 
As it is pointed out previously, the breakdown 
phenomena happened frequently when the film 
was thinner than 5μm . The thinnest film in these 
EW experiments was 7.7 μm . The reversibility 
is also visible on these PDMS films of different 
thicknesses, as all the contact angles come back 
to the hydrophobic situations. 



W. Dai and Ya-Pu Zhao. The nonlinear phenomena of thin polydimethylsiloxane (PDMS) films in electrowetting  523

 

 

 
 
Figure 5. Images of the droplet on the 9.1μm  
PDMS film at 0 V, 360 V, and back to 0 V. 
 

In Fig. 8, we show the cosine of the contact 
angle as a function of the square of the applied 
voltage. It is clear that there is a threshold 
voltage 0U  when the voltage is increasing. 
Before this threshold voltage, the change of the 
contact angle is very small, and after this 
threshold voltage, the contact angle changes 
obviously with the increasing voltage. If this 
threshold voltage is introduced in the 
Lippmann-Young equation, we can obtain an 
equation when the voltage exceeds this threshold 
voltage: 

 

 

 
 
Figure 6. Bubbles were produced in the 
electrolysis and the PDMS films were destroyed 
when the breakdown happened. 

( ) ( )20
0 0 0cos cos ,

2e
lv

U U U U
d
εε

θ θ
γ

= + −    ≥ .(7) 

From Fig. 8 we can clearly see that 
threshold voltage decreases as the PDMS film 
becomes thinner. In Fig. 9, the relationship 
between the thicknesses of the PDMS films and 
the threshold voltages is exhibited, and there is 
an approximately linear relationship between 
them. This threshold voltage might be 
determined by the electrostatic energy deposited 
in the films. The thicker the film is, the more 
electrostatic energy is stored, so the threshold 
voltage of PDMS film increases with its 
thickness. 

The hysteresis phenomena are also 
obviously noticed in Fig. 8 when the voltage is 
decreasing. The hysteresis effect would be 
weakened if the film became thinner. The reason 
of these phenomena is also attributed to the 
deposited electrostatic energy in the films. When 
the voltage is decreased, the stored energy is 
released. More energy is needed to release when 
the film is thicker and the energy released at 
solid-liquid interface is less, so the change of the 
contact angle is smaller. 
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Figure 7. The contact angle versus the voltage on PDMS films of different thickness. 
 

 
 

Figure 8. The cosine of the contact angle versus the squared voltage on PDMS films of different thickness.
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Figure 9. The relationship between the thickness of 
the PDMS film and the threshold voltage. 
 

6. Conclusion 

   In this paper, EW behaviors of the PDMS 
films of different thicknesses are studied 
experimentally. The contact angle is measured 
while a cyclic voltage is loaded. A large change 
of the contact angle is observed through EWOD, 
and the contact angle can almost return to the 
initial value. When the voltage increases, a 
threshold voltage is observed. This threshold 
voltage is approximately linear to the thickness 
of the PDMS film. When the voltage decreases, 
the hysteresis occurs. The hysteresis effect is 
weakened when the film becomes thinner. The 
determinant factor for these phenomena is the 
deposited electrostatic energy in PDMS films. A 
further systematic study of the hysteresis 
phenomenon in EWOD is needed [38]. 
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