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This paper presents the optimum thickness of a hydrophobic layer for operating voltage reduction in
electrowetting-on-dielectric (EWOD) systems by investigating the effects of thickness on the surface
wettability and hysteresis using atomic force microscopy (AFM). To investigate the surface wettability,
the thicknesses of Cytop and Teflon layers coated with different weight percentages of Cytop and Teflon
solutions are precisely measured by AFM. The contact angles of deionized water droplets on the Cytop
and Teflon layers of different thicknesses are measured using an optical microscope from the side. The
results of the contact angle measurements of deionized water droplets on Cytop layers indicate that layers
thicker than 3 nm maintain an angle of approximately 110°; the contact angles of the drops on Cytop layers
thinner than 3 nm abruptly drop and decrease as the layer becomes thinner. The Teflon layers show a
similar trend to the Cytop layers, except that the critical thickness is larger (7 nm). The contact angle
hysteresis for different thicknesses of Cytop and Teflon layers is investigated by the tilting plate method.
The results reveal that for thin hydrophobic layers, the contact angle hysteresis is over 10° but decreases
as the layer thickness increases. When the layers are thicker than 12 nm, the contact angle hysteresis
is reduced by approximately 4° for Cytop and 7° for Teflon and becomes saturated. To investigate the
effect of aging on the surface wettability and hysteresis, the film stability of Cytop and Teflon layers is
separately tested. The initial contact angles are reduced about 1.2% for Cytop and 1.6% for Teflon within 1
day and then maintained up to 10 days, while the initial contact angle hysteresis is increased about 117%
for Cytop and 39% for Teflon within a day and then maintained up to 10 days, regardless of the thickness
of the Cytop and Teflon layers. Based on the results of the surface wettability and hysteresis, an optimum
hydrophobic layer thickness of 12 nm is established. Finally, the thickness effects of the hydrophobic
layer on the operating voltage in EWOD actuation are tested. As expected, the operating voltage for thin
hydrophobic layers is lower than that for thick layers. For the Cytop layer, the saturation voltages for
12 nm, 500 nm, and 1500 nm are 80V, 100V, and 120V, respectively. Similarly, for the Teflon layer, the
saturation voltages for 12 nm, 600 nm, and 1600 nm are 90V, 110V, and 130V, respectively. The relative
differences in the saturation voltages for both materials with respect to thickness are approximately the
same.
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1. Introduction

In recent years, research interests have been increasing with
regard to the applications of lab-on-a-chip and biochip systems
for blood sample preparation, real time polymerase chain reaction
(PCR), and safety and efficiency testing for new drugs [1-3]. The
most important technology in the development of the systems is
microfluidics, which handles extremely small fluid volumes, down
toless than picoliters. With respect to fluid mechanics, the Reynolds
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number (Re=pVL/u, where p, V, L, and p are the density, mean
velocity, characteristic length, and dynamic viscosity of a fluid,
respectively) is a reference parameter to characterize flows and
identify the dominant governing forces [4]. As the size of a fluidic
system decreases, the Reynolds number linearly decreases, while
the viscous forces become more dominant. As a consequence, the
fluid pumping techniques commonly used in macrochannels may
become inefficient for driving fluid plugs in microchannels because
of the extremely high resistance of the viscous forces [5,6].

As alternatives, various microfluidic manipulation technologies
have been developed that are mainly based on capillary forces and
electrokinetic methods, such as electrophoresis, electroosmosis
and dielectrophoresis [7,8]. Electrowetting-on-dielectric (EWOD)
is another method of microfluidic manipulation in the form
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Fig. 1. Electrowetting-on-dielectric (EWOD) principle: (a) initial state and (b) after voltage is applied between conducting droplet and electrode. The electrode is covered
with a hydrophobic dielectric layer, causing the droplet to spread over the surface because of the change in surface wettability.
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Fig. 2. Schematic diagram of experimental setup, which mainly consist of electrical and optical systems.
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Fig. 3. Contact angles of water droplets on Cytop and Teflon layers with different thicknesses measured by atomic force microscopy (AFM). Note that the images beneath
the droplets were captured by AFM during the layer thickness measurements.

Please cite this article in press as: ].B. Chae, et al., Optimum thickness of hydrophobic layer for operating voltage reduction in EWOD systems,
Sens. Actuators A: Phys. (2013), http://dx.doi.org/10.1016/j.sna.2013.11.001



dx.doi.org/10.1016/j.sna.2013.11.001

G Model
SNA-8545; No.of Pages9

J.B. Chae et al. / Sensors and Actuators A xxx (2013) XxX—XXx

@ Contact angle (°)
O Thickness (nm)
120 1 103 107 063 038 032
o © o o o
100 - o
o~ 0.70
o 80 1
g 3.46
> 60 -
8 ® o
£ 1 361
S 491
o L —
20 7 ........................ g
0.24.-0.63 081 1.99
o L&ty o 151
0.01 005 01 05 07 09 12
‘Weight percent (wt%)
@ Contact angle (°)
OThickness (nm)
048 090 066 0.79
120 - 105 %9’ @ o @ 120 (b2) —_
100 - O | 100
- 4.19
o
E 7 5.08 - % ?
B !
60 1 - 60 5
f;; 0(3?1 E )
5 404, : -40 E
o..
20 - 17y 293 O
0105026 o O 216
0 a3 Q

0.01 005 0.1 02 04 07
‘Weight percent (wt%)

0.9

Fig. 4. Contact angles of water droplets and thicknesses of thin layers with respect to weight percentages (wt%) of Cytop and Teflon. Note that the number near each data

indicates the standard deviation.

of discrete fluids (most commonly, droplets) without channel
networks [9,10]. This is fundamentally different from other
existing methods that make use of complicated microchannels.
EWOD is known to be one of the most efficient and feasible
microfluidic technologies owing to its advantages, such as its use
of extremely small fluid volumes, low power consumption, and
fast response time [11]. Many research groups have investigated
the electrowetting principle and developed useful applica-
tions for liquid lens, electrowetting displays, and light guides
[12-15].

However, a bottleneck for the commercialization of applica-
tions based on the EWOD technology is the use of high voltages.
In many previous studies, a thick dielectric layer (>10 wm) was
used, so obtaining a significant contact angle change required a
high voltage (>200V) [16,17]. This is much higher than the voltage

used for most mobile electronic devices, such as smart phones and
PDAs, because they currently operate at less than 15V. To reduce
operating voltages in EWOD, some research groups have applied
a thin dielectric material with high dielectric constants, and oth-
ers have applied multiple dielectric layers with a two-level-metal
electrode [18-20]. However, none of them have focused the thick-
ness effects of the hydrophobic layer for the purpose of voltage
reduction.

Most research groups have used two separated materials for
the dielectric and hydrophobic layers, because EWOD actuation
requires an initial high hydrophobic surface (110-120) [21].
Various organic and inorganic materials, such as Parylene and
silicon dioxide, have been used for dielectric layers, whereas two
materials, Cytop and Teflon, have been widely used for hydropho-
bic layers in EWOD platforms [22]. Although the hydrophobic
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Fig. 5. Contact angle hysteresis with respect to the thickness of Cytop and Teflon layers based on the tilting plate method. Note that the number and bar near each data

indicate the standard deviation and error bar respectively.

and dielectric layers were sequentially deposited on the electrode
and acted as parallel capacitors during EWOD actuation, the
thickness effects of the hydrophobic layer have been often
neglected, because the thickness and the dielectric constant of
the hydrophobic layer were both smaller than the corresponding
parameters of the dielectric layer. However, research groups are
applying thin dielectric polymer-based materials, increasing the
importance of the thickness effects of the hydrophobic layer. In this
paper, we present the investigation of the surface wettability and
the hysteresis of hydrophobic layers, Cytop and Teflon, for different
thicknesses using atomic force microscopy (AFM) for the purpose
of operating voltage reduction in EWOD systems. Note that a

preliminary report on this work was presented at the International
Conference on Micro Electro Mechanical Systems held in Taipei,
Taiwan [23].

2. Theoretical background

About a hundred years ago, Gabriel Lippmann discovered the
electrocapillary phenomenon in which the interfacial tension of
mercury in an electrolyte solution could be modified by apply-
ing electric potentials between the mercury and the solution [24].
However, the electrolysis caused by the flow of electric current
through electrolyte solutions obstructed the development of this
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Fig. 6. Contact angles of water droplets on Cytop and Teflon layers for different thicknesses with respect to time.

technology into practical applications. A century later, Berge et al.
[25,26] introduced an electrode covered with a thin hydropho-
bic dielectric layer in a sessile water droplet test. They achieved
not only a large modification in the contact angle, but also a
reversible droplet operation with minimal electrolysis. This process
is called electrowetting, or to be precise, electrowetting-on-
dielectric (EWOD) [27,28]. EWOD modifies the surface wettability
of an electrode coated with a thin hydrophobic dielectric layer via
an applied electric voltage. Hence, EWOD actuation encourages a
conductive liquid droplet to expand on the insulated electrode sur-
face by converting the applied electrical energy into mechanical
energy, as shown in Fig. 1.

When a voltage is applied between a conductive droplet and a
dielectric layer-coated electrode, the system acts as a capacitor, so
that electric charges are built up near the solid and liquid interfaces
in the dielectric layer. From a thermodynamic perspective, the sur-
face energy decreases because of the accumulated charges around
the three-phase contact line (TCL) under the applied electric field
[29,30]. Berge et al. [25,26] also derived the relationship between
the applied voltage and the change in contact angle by substituting
Lippmann’s equation with a voltage-dependent effective interfacial

tension into the classical Young’s equation for the droplet contact
angle as follows:

£0€16
cos 9:c0590+2 0°1°2 2

(e1dy + &2d1)y 0

where 6 is the contact angle under the externally applied electric
potential V, 8 is the equilibrium contact angle at V=0V, &g is the
vacuum permittivity, €7 is the dielectric constant of the dielectric
layer, &, is the dielectric constant of the hydrophobic layer, y is the
interfacial tension between the droplet and the surrounding fluid,
d; is the thickness of the dielectric layer, and d, is the thickness of
the hydrophobic layer. This equation shows that the contact angle
can be modulated by the applied electric voltage and is affected by
not only the thickness and dielectric constant of a dielectric mate-
rial but also the thickness and dielectric constant of a hydrophobic
material.

3. Fabrication of testing devices and experimental setups

In order to conduct EWOD-driven sessile droplet experi-
ments, testing chips were prepared by standard microfabrication
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Fig. 7. Contact angle hysteresis of Cytop and Teflon layers for different thicknesses with respect to time.

processes. First, rectangular silicon pieces (3cm x2cm) were
cleaned for 10 min in a heated piranha solution, blow-dried by
nitrogen gas, and dehydrated for 30 min on a hot plate. Second,
a 1.6-pm-thick polyimide (Durimide 7505, Fujifilm Co.) layer
was spin-coated (6000 rpm for 30 s) onto the silicon pieces as the
dielectric layer. Third, Cytop (CTL-809M + CT-Solv.180, Asahi Glass
Co., Ltd.) and Teflon (Teflon AF 1600®, DuPont + FC-40, 3M) layers
were also separately spin-coated on the top of the polyimide layer.
The thicknesses of the Cytop and Teflon layers were controlled by
changing the Cytop and Teflon concentration in the spin-coating
solution. The spin-coating parameters were 800 rpm for 20s for
the Cytop layers and 1000 rpm for 30 s for the Teflon layers. Finally,
a DI water droplet (5 wl) was placed on the top of each chip using
a syringe (600 Series MICROLITER™ Syringes model 62, Hamilton
Company) and a sharp tip for a ground electrode was placed
inside of the droplet using a three-dimensional traverse system
for EWOD driven sessile droplet tests.

For an electrical EWOD signal, a sinusoidal signal with 1kHz
was produced by a function generator (33210A, Agilent Co.) and
the signal was increased by a voltage amplifier (PZD700, Trek Co.),
as shown in Fig. 2. The signal was transmitted to the EWOD chip
through photo-coupled relays (PhotoMos®, AQW614EH, Aromat
Co.) controlled by a digital I/O board (DAQ pad-6507, NI co.) and

PC-based LabVIEW code. Experimental results were captured by a
charge coupled device (CCD) camera (EO-1312C, Edmund Optics)
integrated with a zoom lens (VZMTM 450i eo, Edmund Optics) and
saved in a personal computer.

4. Experiment results and discussion

Hydrophobic measurements of Cytop and Teflon layers were
carried out for different layer thicknesses by depositing different
weight percentages of Cytop and Teflon solutions on rectangular
silicon pieces (3cm x 2cm) with a spinner. The thicknesses of
each sample spin-coated with Cytop or Teflon layer were precisely
measured by AFM (XE-100, Park Systems Corp.), as shown in the
images beneath the droplets in Fig. 3. Note that for the measure-
ment reliability all tests in this work were repeated at least 5 times.
The contact angles of the DI water droplets (5 1) on the different
samples were separately measured by a microscope from the side,
as described in Fig. 2. The results of the contact angles for different
thicknesses of Cytop and Teflon layers were plotted in Fig. 4. The
contact angles of DI water droplets on Cytop layers thicker than
3 nm maintain an angle of approximately 110°; the contact angles
of the droplets on Cytop layers thinner than 3 nm abruptly dropped
and decreased as the layer thickness decreased. The Teflon layers
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Fig. 8. Snap shots of EWOD-driven water droplets on different thicknesses of Cytop and Teflon layers.

showed a similar trend to the Cytop layers, except that the critical
thickness was larger (7 nm). The contact angles of the DI water
droplets on the Teflon layers thicker than approximately 7 nm
maintain an angle of approximately 117°, whereas the contact
angles of the droplets on the Teflon layers thinner than 7 nm
abruptly dropped and decreased as the layer became thinner.

The investigation of the contact angle hysteresis of Cytop and
Teflon layers for different thicknesses was conducted via the tilting
plate method to obtain the optimum thickness of the hydrophobic
layer, as shown in Fig. 5 (insets). DI water droplets (5 pl) were dis-
pensed onsilicon pieces covered with different thicknesses of Cytop
and Teflon layers, and then the pieces were tilted by using a tilt stage
installed beneath the pieces until the droplets released and slipped
down. As the droplets sitting on the silicon pieces were tilted, the
advancing contact angle on the downhill side increased while the
receding contact angle on the uphill side decreased. Directly prior
to the droplets releasing, the difference between the advancing and
receding contact angles for each sample, i.e., the contact angle hys-
teresis, was measured by a microscope and plotted in Fig. 5. The
contact angle hysteresis of the water droplets on the Cytop layers
thinner than 3 nm was over 10°; it decreased as the layer thick-
ness increased. When the Cytop layers were thicker than 12 nm,
the contact angle hysteresis saturated at an angle approximately
4° smaller. The Teflon layers also showed similar results. When the
thickness of the Teflon layer was thinner than 7 nm, the contact
angle hysteresis was over 10°; when the thickness was larger than
12 nm, its value saturated at an angle approximately 7° smaller.

The film stability test was separately conducted to investigate
the effect of aging on the surface wettability and hysteresis of Cytop
and Teflon layers for different thicknesses. The results of the con-
tact angles of DI water droplets (5 pl) on Cytop and Teflon layers
of different thicknesses for different times - 1 h, 1 day, 5 days, and
10 days - were plotted in Fig. 6. The contact angles of the DI water
droplets were initially 110° for the Cytop layer and 117° for the
Teflon layer, reduced about 1.2% and 1.6% respectively within 1
day, and maintained up to 10 days, regardless of the thickness of
the Cytop and Teflon layers. The results of the contact angle hystere-
sis of Cytop and Teflon layers of different thicknesses for different
times were also plotted in Fig. 7. The contact angle hysteresis was
initially approximately 4° for the Cytop layer and 7° for the Teflon
layer, increased about 117% and 39% respectively within 1 day, and
maintained up to 10 days. Note that the thickness effect of the Cytop
and Teflon layers thicker than 12 nm on the contact angle hystere-
sis over time was also negligible within the range of measurement
errors.

Based on the results of the surface wettability and hysteresis,
the thicker hydrophobic layer emerges as a desirable option. How-
ever, a thicker layer requires higher voltages for EWOD actuation
and is therefore unsatisfactory for low voltage operation. Lastly, the
effect of the hydrophobic layer thickness on the operating voltage
in EWOD actuation was tested. Six different samples sequentially
deposited with a 1.6-pm-thick polyimide layer as the dielectric
layer and Cytop or Teflon layers of three different thicknesses as the
hydrophobic layers were prepared. Fig. 8 shows the snap shots of
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Fig. 9. Contact angles with respect to applied voltages to the Cytop and Teflon layers for different thicknesses. Note that the experimental and theoretical results are plotted

as symbols and lines, respectively.

EWOD-driven sessile droplet experiments of the six different sam-
ples. When a voltage was applied between the silicon pieces and
the ground electrodes placed inside of water droplets, the contact
angles of the droplets were modified. The experimental and theo-
retical (Lippmann-Young equation) results were plotted in Fig. 9.
As expected, the operating voltage for thin hydrophobic layers is
lower than that for thick layers. For the Cytop layer, the satu-
ration voltages for 12 nm, 500 nm, and 1500 nm are 80V, 100V,
and 120V, respectively. Similarly, for the Teflon layer, the satura-
tion voltages for 12 nm, 600 nm, and 1600 nm are 90V, 110V, and
130V, respectively. The relative differences in the saturation volta-
ges for both materials with respect to thickness are approximately

the same. Based on the results of the surface wettability, hystere-
sis, and EWOD tests, an optimum hydrophobic layer thickness is
determined to be 12 nm.

5. Conclusions

Electrowetting-on-dielectric (EWOD) is currently contributing
greatly in many areas, from microfluidics to optics. However, the
high-voltage requirement of EWOD is one of the critical issues
that must be resolved for the commercialization of potential
applications that are demanded in various industrial fields. This
study evaluates the optimum thickness of a hydrophobic layer for
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operating voltage reduction in EWOD systems. First, the surface
wettability of Cytop and Teflon layers with different thicknesses is
investigated by measuring the contact angles of DI water droplets
on hydrophobic layers. The results indicate that for both Cytop and
Teflon layers, the contact angles abruptly drop and continuously
decrease with thickness at the critical thickness of each layer; the
critical thicknesses are 3 nm and 7 nm for Cytop and Teflon, respec-
tively. Second, the contact angle hysteresis of Cytop and Teflon
layers with different thicknesses is investigated via the tilting plate
method. This experiment shows that the contact angle hysteresis
is over 10° for thin hydrophobic layers, but it decreases as the
thickness of the hydrophobic layer increases. Third, the effect
of aging on the surface wettability and hysteresis of Cytop and
Teflon layers is separately investigated. The results show that the
initial contact angles are reduced about 1.2% for Cytop and 1.6%
for Teflon within 1 day and then maintained up to 10 days, while
the initial hysteresis is increased about 117% for Cytop and 39% for
Teflon within a day and then maintained up to 10 days, regardless
of the thickness of the Cytop and Teflon layers. Based on the test
results, an optimum thickness of 12 nm for the hydrophobic layer
is suggested. Finally, the effect of the optimum thickness of the
hydrophobic layer on the operating voltage in EWOD actuation
is tested and confirmed. This study contributes to the voltage
reduction for future EWOD applications without system design
modifications.

Acknowledgement

This work is supported by the Fundamental Research Suppor-
ting Program (2011-0012100) of National Research Foundation of
Korea.

References

[1] A. Manz, H. Becker, Microsystem Technology in Chemistry and Life Sciences,
Springer, Berlin Heidelberg, 1998.

[2] G.M.Whitesides, The origins and the future of microfluidics, Nature 442 (2006)
368-373.

[3] S.Haeberle, R. Zengerle, Microfluidic platforms for lab-on-a-chip applications,
Lab on a Chip 7 (2007) 1094-1110.

[4] D.J. Beebe, G.A. Mensing, G.M. Walker, Physics and applications of microflu-
idics in biology, Annual Review of Biomedical Engineering 4 (2002)
261-286.

[5] P. Gravesen, ]. Branebjerg, O.S. Jensen, Microfluidics - a review, Journal of
Micromechanics and Microengineering 3 (1993) 168-182.

[6] C.-M. Ho, Y.-C. Tai, Micro-electro-mechanical-systems (MEMS) and fluid flows,
Annual Review of Fluid Mechanics 30 (1998) 579-612.

[7] T.M. Squires, S.R. Quake, Microfluidics: fluid physics at the nanoliter scale,
Reviews of Modern Physics 77 (2005) 977-1026.

[8] J. Voldman, Electrical forces for microscale cell manipulation, Annual Review
of Biomedical Engineering 8 (2006) 425-454.

[9] F. Mugele, ].-C. Baret, Electrowetting: from basics to applications, Journal of
Physics: Condensed Matter 17 (2005) 705-774.

[10] R.B. Fair, Digital microfluidics: is a true lab-on-a-chip possible? Microfluidics
and Nanofluidics 3 (2007) 245-281.

[11] S.K. Chung, K. Rhee, S.K. Cho, Bubble actuation by electrowetting-on-dielectric
(EWOD) and Its applications: a review, International Journal of Precision Engi-
neering and Manufacturing 11 (2010) 991-1006.

[12] B. Berge, J. Peseux, Variable focal lens controlled by an external voltage:
an application of electrowetting, The European Physical Journal E 3 (2000)
159-163.

[13] S. Kuiper, B.H.W. Hendriks, Variable-focus liquid lens for miniature cameras,
Applied Physics Letters 85 (2004) 1128-1130.

[14] R.A.Hayes, B]J. Feenstra, Video-speed electronic paper based on electrowetting,
Nature 425 (2003) 383-385.

[15] N.R. Smith, D.C. Abeysinghe, J.W. Haus, ]J. Heikenfeld, Agile wide-angle
beam steering with electrowetting microprisms, Optics Express 14 (2006)
6557-6563.

[16] HJJ. Verheijen, M.W ]. Prins, Reversible electrowetting and trapping of charge:
model and experiments, Langmuir 15 (1999) 6616-6620.

[17] E. Seyrat, R.A. Hayes, Amorphous fluoropolymers as insulators for
reversible low-voltage electrowetting, Journal of Applied Physics 90 (2001)
1383-1386.

[18] H. Moon, S.K. Cho, R.L. Garrell, C.-J. Kim, Low voltage electrowetting-on-
dielectric, Journal of Applied Physics 92 (2002) 4080-4087.

[19] S. Berry, J. Kedzierski, B. Abedian, Low voltage electrowetting using thin fluo-
roploymer films, Journal of Colloid and Interface Science 303 (2006) 517-524.

[20] Y.-Y. Lin, R.D. Evans, E. Welch, B.-N. Hsu, A.C. Madison, R.B. Fair, Low volt-
age electrowetting-on-dielectric platform using multi-layer insulators, Sensors
and Actuators B: Chemical 150 (2010) 465-470.

[21] S.K.Chung,Y.Zhao, S.K. Cho, Electrowetting-on-dielectric (EWOD) microfluidic
devices, Caister Academic Press, Norfolk, UK, 2009.

[22] H. Liu, S. Dharmatilleke, D.K. Maurya, A.A.O. Tay, Dielectric materials for
electrowetting-on-dielectric actuation, Microsystem Technologies 16 (2010)
449-460.

[23] J.B.Chae, ].0.Kwon, ].S. Yang, K. Rhee, S.K. Chung, Investigation on the thickness
effect of a hydrophobic layer for operating voltage reduction in EWOD systems,
in: The 26st International Conference on Micro Electro Mechanical Systems
(MEMS 2013), Taipei, Taiwan, 2013, pp. 1109-1112.

[24] M.G. Lippmann, Relations entre les phénomeénes electriques et capillaires,
Annales de Chimie et de Physique 5 (1875) 494-549.

[25] B. Berge, Electrocapillarity and wetting of insulator films by water, Comptes
rendus de I'’Académie des sciences. Série 2 317 (1993) 157-163.

[26] C.Quilliet, B. Berge, Electrowetting: a recent outbreak, Current Opinion in Col-
loid & Interface Science 6 (2001) 34-39.

[27] S.K. Cho, H. Moon, CJ. Kim, Creating, transporting, cutting, and merging liq-
uid droplets by electrowetting-based actuation for digital microfluidic circuits,
Journal of Microelectromechanical Systems 12 (2003) 70-80.

[28] M.G. Pollack, R.B. Fair, A.D. Shenderov, Electrowetting-based actuation of lig-
uid droplets for microfluidic applications, Applied Physics Letters 77 (2000)
1725-1726.

[29] K.H. Kang, How electrostatic fields change contact angle in electrowetting,
Langmuir 18 (2002) 10318-10322.

[30] T.B. Jones, On the relationship of dielectrophoresis and electrowetting, Lang-
muir 18 (2002) 4437-4443.

Biographies

Jeong Byung Chae received the Bachelor’s degree of mechanical engineering from
Myongji University in 2012. He currently is a graduate student in Myongji University
and his research interests lie on the optimization of EWOD (electrowetting-on-
dielectric) systems.

Jun O Kwon received the Bachelor’s degree of mechanical engineering from Myongji
University in 2012. He currently is a graduate student in Myongji University and his
research interests lie on the development of an electromagnetically driven micro-
robot swimming in blood vessels.

JiSun Yang received the Bachelor’s degree of mechanical engineering from Myongji
University in 2012. He currently is a graduate student in Myongji University and
his research interests lie on biomimetic robots and EWOD (electrowetting-on-
dielectric) applications.

Dohyun Kim is an assistant professor of Department of Mechanical Engineering at
Myongji University, Republic of Korea. After receiving B.S and M.S. degrees (mechan-
ical engineering) at Sogang University, Korea, he earned Ph.D. degree at University
of California, Los Angeles (electrical engineering), United States. He also worked
as a postdoctoral scholar at University of California, Berkeley (bioengineering).
His main research interests are microfabrication, microfluidics, BioMEMS, chemi-
cal/biochemical sensors, and protein chemistry.

Kyehan Rhee is a professor of the department of mechanical engineering at the
Myongji University in Korea. He received his Ph.D. degree from the University of Min-
nesota, Minneapolis, U.S.A and worked as a Post-Doctoral Fellow in the Pennsylvania
State University, State College, U.S.A. His research interests include hemodynamics,
microfluidics, polymer smart material actuators and their application in biomedical
devices. He serves as an editor of the International Journal of Precision Engineering
and Manufacturing and the Journal of Biomechanical Science and Engineering.

Sang Kug Chung is an associate professor of the department of mechanical engineer-
ing at the Myongji University in Korea. He received the Ph.D. degree in Mechanical
Engineering and Materials Science from the University of Pittsburgh in 2009 along
with the Graduate Research Excellence Award. He received the M.S. degree from
Pohang University of Science and Technology (POSTECH) and B.S. from Myongji
University. He had worked for the development of the world first Liquid Lens at Sam-
sung Electro-Mechanics from 2003 to 2009 and researched oil spills at Advanced
Fluids Engineering Research Center from 2000 and 2001. Upon joining the fac-
ulty at Myongji University in 2009, he has directed the Microsystems Laboratory.
His research is in microfluidics and MEMS, including design and fabrication of
micro/nano actuators and systems.

Please cite this article in press as: ].B. Chae, et al., Optimum thickness of hydrophobic layer for operating voltage reduction in EWOD systems,
Sens. Actuators A: Phys. (2013), http://dx.doi.org/10.1016/j.sna.2013.11.001



dx.doi.org/10.1016/j.sna.2013.11.001
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0005
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0005
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0005
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0005
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0005
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0005
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0005
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0005
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0005
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0005
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0005
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0005
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0005
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0005
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0005
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0010
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0010
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0010
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0010
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0010
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0010
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0010
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0010
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0010
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0010
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0010
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0010
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0010
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0010
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0010
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0015
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0015
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0015
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0015
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0015
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0015
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0015
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0015
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0015
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0015
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0015
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0015
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0015
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0015
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0015
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0015
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0015
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0015
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0020
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0025
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0025
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0025
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0025
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0025
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0025
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0025
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0025
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0025
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0025
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0025
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0025
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0025
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0025
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0025
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0025
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0025
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0025
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0025
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0025
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0030
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0030
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0030
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0030
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0030
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0030
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0030
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0030
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0030
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0030
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0030
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0030
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0030
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0030
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0030
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0030
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0030
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0030
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0030
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0035
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0035
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0035
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0035
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0035
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0035
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0035
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0035
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0035
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0035
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0035
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0035
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0035
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0035
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0035
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0035
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0035
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0035
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0035
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0035
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0040
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0040
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0040
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0040
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0040
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0040
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0040
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0040
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0040
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0040
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0040
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0040
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0040
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0040
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0040
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0040
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0040
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0040
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0045
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0045
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0045
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0045
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0045
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0045
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0045
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0045
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0045
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0045
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0045
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0045
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0045
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0045
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0045
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0045
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0045
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0045
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0045
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0050
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0050
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0050
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0050
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0050
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0050
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0050
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0050
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0050
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0050
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0050
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0050
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0050
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0050
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0050
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0050
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0050
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0055
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0060
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0065
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0065
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0065
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0065
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0065
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0065
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0065
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0065
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0065
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0065
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0065
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0065
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0065
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0065
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0065
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0065
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0065
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0065
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0070
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0070
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0070
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0070
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0070
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0070
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0070
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0070
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0070
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0070
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0070
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0070
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0070
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0070
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0070
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0070
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0075
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0075
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0075
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0075
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0075
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0075
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0075
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0075
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0075
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0075
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0075
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0075
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0075
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0075
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0075
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0075
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0075
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0075
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0075
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0075
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0075
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0075
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0080
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0080
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0080
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0080
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0080
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0080
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0080
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0080
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0080
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0080
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0080
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0080
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0080
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0080
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0080
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0080
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0080
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0080
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0080
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0085
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0085
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0085
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0085
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0085
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0085
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0085
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0085
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0085
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0085
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0085
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0085
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0085
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0085
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0085
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0085
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0085
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0085
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0085
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0085
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0085
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0090
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0090
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0090
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0090
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0090
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0090
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0090
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0090
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0090
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0090
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0090
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0090
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0090
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0090
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0090
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0090
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0090
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0090
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0090
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0090
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0090
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0095
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0100
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0105
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0105
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0105
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0105
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0105
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0105
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0105
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0105
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0105
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0105
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0105
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0105
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0105
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0105
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0105
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0105
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0110
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0110
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0110
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0110
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0110
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0110
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0110
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0110
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0110
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0110
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0110
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0110
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0110
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0110
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0110
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0110
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0110
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0110
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0110
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0110
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0115
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0120
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0120
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0120
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0120
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0120
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0120
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0120
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0120
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0120
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0120
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0120
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0120
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0120
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0120
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0120
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0120
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0120
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0120
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0120
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0120
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0125
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0130
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0130
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0130
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0130
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0130
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0130
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0130
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0130
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0130
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0130
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0130
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0130
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0130
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0130
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0130
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0130
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0130
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0130
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0130
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0130
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0130
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0135
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0140
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0145
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0145
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0145
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0145
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0145
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0145
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0145
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0145
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0145
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0145
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0145
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0145
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0145
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0145
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0145
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0145
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0150
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0150
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0150
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0150
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0150
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0150
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0150
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0150
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0150
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0150
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0150
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0150
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0150
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0150
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0150
http://refhub.elsevier.com/S0924-4247(13)00546-3/sbref0150

	Optimum thickness of hydrophobic layer for operating voltage reduction in EWOD systems
	1 Introduction
	2 Theoretical background
	3 Fabrication of testing devices and experimental setups
	4 Experiment results and discussion
	5 Conclusions
	Acknowledgement
	References

	Biographies

