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Impact of substrate elasticity on contact angle
saturation in electrowetting†

Ioannis E. Markodimitrakis, a Dionysios G. Sema, a Nikolaos T. Chamakos, a

Periklis Papadopoulos bc and Athanasios G. Papathanasiou *a

The electrostatically assisted wettability enhancement of dielectric solid surfaces, commonly termed as

electrowetting-on-dielectric (EWOD), facilitates many microfluidic applications due to simplicity and energy

efficiency. The application of a voltage difference between a conductive droplet and an insulated electrode

substrate, where the droplet sits, is enough for realizing a considerable contact angle change. The contact angle

modification is fast and almost reversible; however it is limited by the well-known saturation phenomenon

which sets in at sufficiently high voltages. In this work, we experimentally show and computationally support the

effect of elasticity and thickness of the dielectric on the onset of contact angle saturation. We found that the

effect of elasticity is important especially for dielectric thickness smaller than 10 mm and becomes negligible for

thickness above 20 mm. We attribute our findings on the effect of the dielectric thickness on the electric field, as

well as on the induced electric stresses distribution, in the vicinity of the three phase contact line. Electric field

and electric stresses distribution are numerically computed and support our findings which are of significant

importance for the design of soft materials based microfluidic devices.

1 Introduction

Electrowetting-on-dielectric (EWOD) is already established as a
key methodology for active control of the apparent wettability1

and mobility of liquid droplets.2,3 Electrowetting, i.e. the electro-
static enhancement of solid wettability, has been utilized in
technological applications such as lab-on-a-chip devices,4–6 opto-
fluidic displays7,8 as well as liquid lenses9,10 and energy harvesting
systems.11,12 In a typical EWOD configuration, the application of
an electric voltage difference between an insulated metal sub-
strate (a flat metal electrode coated by a thin dielectric layer) and a
conductive liquid mass, e.g. droplets, introduces an excess of
electrostatic energy. The electrostatic energy, stored in the charged
liquid/insulated solid interface, favors increase of the total capa-
citance of the system and the spreading of the liquid, manifested
as a reduction of the apparent contact angle.13

The dependence of the apparent contact angle, yapp, on the
applied voltage, V, is stated by the electrowetting (EW) equation (also
known as Lippmann equation):13

cos yapp ¼ cos y0 þ
eoerV2

2dgLA
¼ cos y0 þ Z (1)

where y0 is the initial contact angle (commonly Young’s angle)
and gLA is the liquid/ambient interfacial tension. eo and er stand
for the permittivity of vacuum and the dielectric constant of the
insulating layer, while, d, denotes its thickness. The latter term, Z,
on the right-hand side of eqn (1) is the so-called dimensionless
electrowetting number that expresses the relative strength of
electrostatic compared to surface tension forces. The Lippmann
equation can be derived by minimizing the total energy of the
system. From this perspective, the dependence of the contact
angle on voltage can also be examined in terms of electro-
mechanical forces that are developed on the liquid surface, by
assuming a uniform electric field at the solid/liquid interface and
by neglecting the fringe fields near the contact line.14

The Lippmann equation has been proven accurate for a variety of
EW configurations when the applied voltage is low (commonly for
Zo 0.7). In the case, however, when the applied voltage surpasses a
threshold value, the apparent contact angle ‘‘deviates’’ from eqn (1).
In particular, contrary to Lippmann’s prediction indicating complete
wetting at sufficiently high voltage, the reduction of the apparent
angle reaches a limit; the limiting phenomenon is widely known as
contact angle saturation.14–16 Contact angle saturation sets a serious
limitation in any EW-based application.14

Several theories have been proposed for the mechanism of
saturation, however a unified theory is still missing. The most widely
accepted argument is that saturation originates from the divergent
electric field near the three-phase contact line (TPL). The wedge-like
shape of a droplet near the TPL induces singularities of the electric
field which may cause nonlinear material responses at high applied
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voltages.17,18 The list of the proposed theories includes charge
trapping in the insulating layer,19–21 ambient phase ionization22 or
liquid instabilities, such as micro-droplet ejection.22,23

An interesting aspect of this phenomenon has been high-
lighted by Chevalliot et al.24 In their work, it was experimentally
shown that the final (saturated) contact angle is invariant to
several parameters. In particular, the saturation angle was
reported to be independent of the thickness, type of the
dielectric, surface tension, ionic content of the liquid, or even
ambient phase.24 Thus, the lowest apparent contact angle that
can be achieved does not depend on the specific experimental
configuration or materials involved. Saturation usually sets
in at approximately 60–801 independent of the surrounding
medium (air or oil). Other groups have reported lower satura-
tion angles of about 15–301 using ionic liquids25 or glycols,17

however, these results have no impact on the fact that the
limitation of the electrostatic wettability enhancement is universal
for any EWOD configuration.

Several applications, such as microfluidics, involve soft
substrates. Recent advances in soft electrowetting26–29 raise
the question of testing whether the saturation angle shows a
similar invariance for deformable substrates. The combination
of bulk elasticity and capillary forces on deformable solid
surfaces has generated a plethora of observations that seem
to deviate from the classical understanding of wetting,30–34

like the Shuttleworth effect31,32 or the slower spreading dyna-
mics.30,34 Elastic substrates are deformed by capillary adhesion
forming a wetting ridge near the three-phase contact line
(Fig. 1 inset). In the case of a sub millimetric drop on a soft
substrate, the formed wetting ridge can reach a height of a few
microns that leads to a rise of the TPL and relocation of the
local force balance.30–34 As the droplet spreads, the motion of
the contact line is accompanied by the displacement of the
formed ridge, which induces further energy dissipation to the
system.30,34 Recent evidence26–29 has confirmed that the viscoe-
lasticity of the substrate is a primary factor in soft electro-
wetting that resists droplet spreading. The variation of the
elastic modulus of a given type of dielectric can affect
the contact angle modification.27 In a recent work, the shape

of the wetting ridge was also explored using confocal
microscopy29 in order to find an explanation for the observed
deviations.26,27 Contrary to expectations, the shape and height
of the ridge remained unaffected by the application of voltage.
However, the electrowetting number, Z, was less than 0.3.
Observations on the saturation phenomenon have not been
reported up to now.

While the elasticity determines the extent of deformation of
the dielectric substrate due to the developed stresses, the
dielectric thickness strongly affects the electric field and thus
the electric stresses distribution, especially near the TPL.
Chamakos et al.35 have computationally shown that the elec-
trostatic forces on a thick dielectric (d 4 150 mm) extend
beyond the solid/liquid interface to the liquid/ambient inter-
face, at a length scale proportional to the dielectric thickness
(d). In contrast, for thinner dielectrics (d o 10 mm), the field
distribution is sharper and the electrical stress is focused at the
vicinity of the TPL, explaining the deviation of the microscopic
contact angle from Youngs angle that is observed in electro-
wetting experiments on very thin insulators.36 These studies
have shown that the liquid profile at the TPL highly sharpens
due to high intensification of the electrostatic stress at that
region, as the dielectric thickness decreases to less than a few
tens of microns. For a relatively thin dielectric layer (d E 10 mm),
the local curvature of the liquid profile at the TPL increases
linearly with the applied voltage, while for a thicker dielectric
(d E 150 mm), curvature remains virtually unaffected by the
voltage.35

Here, we study the effects of both thickness and elasticity of
the dielectric layer on the contact angle saturation. We conduct
electrowetting experiments on poly(dimethyl siloxane) (PDMS)
elastomer films with varying Youngs modulus, up to the
saturation regime i.e. electrowetting numbers, Z E 1. In
addition, based on our previous computational and experi-
mental studies,35,37,38 we calculate the electric stress distribu-
tion along the TPL. The range of PDMS thickness is chosen in
order to highlight the effect of varying electric stress distribu-
tion, and our study is guided by previously performed
experimental36 and computational35 results. Furthermore, we
use two liquids, water and propylene glycol, to extend the
validity of our observations.

2 Material and methods
Fabrication

Crosslinked polydimethylsiloxane (PDMS) films were prepared
on 20 � 20 mm2 glass slides, covered with an indium-tin oxide
(ITO) layer with the conductivity of 6 O cm�2 (Fig. S1 in the
ESI†). The glass slides were first cleaned with plasma (air,
0.1 mbar, 5 s) and then hydrophobized with hexamethyldisila-
zane to improve adhesion of the PDMS layer. The elastic
modulus of the crosslinked PDMS has been determined by
using the Sylgard 184 silicone elastomer kit (Sigma-Aldrich)
with varying proportions of monomer to curing agent (Table S1
in the ESI†). The monomer/curing agent mixture was degassed

Fig. 1 Schematic of a typical EWOD setup. A liquid droplet exhibits an
apparent contact angle equal to the initial angle, y0, at zero voltage that is
reduced when voltage is applied. Inset: Schematic of electrowetting on a
soft dielectric layer and the formation of the wetting ridge near the TPL
(not to scale). The size of the ridge is in the order of Bg/E, where E is the
elastic modulus of the dielectric layer.34
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and applied to the glass slides by spin coating at varying speed
and duration. All samples were then cured at 60 1C for 20 h.
Uncrosslinked molecules were extracted by immersing the
samples in ethanol for 24 h and finally the samples were dried
in a vacuum for 12 h. The final thickness was estimated by
weighing the samples before and after the application of PDMS,
with a Mettler Toledo precision balance (0.1 mg), using the
density of 0.97 g cm�3. The elastic/Youngs modulus is obtained
from the literature.39,40

Experimental setup and methods

Contact angle and hysteresis measurements are performed on a
commercial goniometer/tensiometer (ramé-hart model 100)
equipped with an automated dispensing system. Contact angle
hysteresis (i.e. the difference between advancing and receding
angles of a droplet) is determined by the adding/removing
volume method. A droplet of 7 mL is deposited via the micro
syringe of the dispensing system and rests for 20 s on the
sample. With the micro syringe immersed in the drop, its
volume is then increased in steps of 0.1 mL s�1. The advancing
contact angle is measured after each volume increment as the
volume increases up to 12 mL. The receding contact angle was
measured by decreasing the volume of the droplet with the
same rate to a final volume of 2 mL.

The electrowetting experiments are carried out in a classical
EWOD setup as depicted in Fig. 1 using water and propylene
glycol sessile droplets with mineral salts. In these experiments,
DC driving voltages were applied by employing a high-voltage
DC-amplifier (EMCO model 4200). A droplet of 10 � 1 mL is
gently pipetted on the examined sample surface. The applied
voltage increases step wisely, up to the saturation onset. In each
step, the droplet rests for 2.5 s and its shape is analyzed by
using the DROPImage Advanced software (provided by ramé-
hart). For each data set, at least four electrowetting cycles were
performed.

3 Results and discussion

Electrowetting experiments were performed on dielectric films
of different elasticity and thickness. We used elastomer films
with an elastic modulus of 1.7 MPa, 500 kPa, 100 kPa and
40 kPa, as well as three dielectric thickness cases (50 mm, 20 mm
and 7 mm).

It is necessary here to clarify that the elasticity of the
substrate affects the contact angle hysteresis, the static and
the dynamic one. Soft substrates, like the soft elastomer
examined in this work, can be substantially deformed under
the capillary action, forming a wetting ridge near the TPL.34

This ridge acts as a pinning site and affects the macroscopic
contact angle and spreading dynamics.30–34 Our static contact
angle and hysteresis measurements accord with the latter
observations showing that the advancing apparent contact
angle and the hysteresis increase as the substrates’ elastic
modulus decreases. It is assumed that the ratio of the mono-
mer to the curing agent of the films under study does not affect

the surface chemistry, i.e. the material intrinsic wettability (see
the ESI†). Therefore, the increase of the apparent contact angle
measured is solely due to substrate elasticity. Tables, graphs
and more information supporting these measurements can be
found in the ESI.† In the main text, all values shown are
advancing apparent contact angles, unless otherwise stated.

In what follows electrowetting experiments are presented. In
the first case, electrowetting experiments were conducted on
50 mm thick elastomer films, the thickest dielectric in this work.
In this set of experiments, two films were examined, (a) a rigid-
like and (b) a soft film with a Youngs modulus of 1.7 MPa and
40 kPa, respectively. The latter values are the extreme values of
elasticity under study. In Fig. 2a, we present the dependence of
the apparent contact angle on the applied voltage. We observe
that the initial contact angle (for V = 0) is higher at the softest
dielectric. This difference, initially almost 101, is clearly visible
at low electrowetting numbers, Z, though it gets smaller and
almost vanishes at Z = 0.75, at the saturation regime. This trend
is observed for both liquids tested, water and propylene glycol.
The saturation angle is E541 (for water) and E461 (for propyl-
ene glycol), respectively, independent of the elasticity of the
substrate (see Fig. 2a).

In contrast, elasticity starts to play a role on a thinner
(d = 7 mm) PDMS substrate. In Fig. 2c, measurements for two
additional intermediate elasticities are presented, namely for
500 kPa and 100 kPa. Therein it is shown that the contact angle
difference between the softest and the hardest substrates is
maintained, even in the saturation regime. In particular, the
hardest dielectric shows similar contact angles at saturation as
in the previous case (with dielectric thickness 50 mm), whereas
in the case of the softest dielectric, saturation is reached at
considerably larger angles (821 and 701 for water and propylene
glycol, respectively). Interestingly enough, a film with the
intermediate elasticity of 100 kPa reached saturation at angles
between those of the softest and the hardest dielectric (i.e. 681
for water and 591 for propylene glycol), whereas the film with
E = 500 kPa reached a saturation angle similar to the hardest
dielectric. So, it seems that for a given dielectric thickness, i.e.
d = 7 mm, there is a certain elasticity value, E, where the
saturation angle starts to deviate from one of the hard
substrates.

Similarly, for a given elasticity value, E, one can find a
thickness value, d, that affects the saturation angle. In
Fig. 2b, we show the results for an intermediate thickness of
d = 20 mm. Once again, the initial apparent contact angle values
(for V = 0) show a slight increase with decreasing elasticity.
Here, only the softest sample (E = 40 kPa) demonstrates a
saturation angle slightly different from that of the rest of the
samples studied, E601 for water and E511 for propylene glycol.
Compared to the thinner film (d = 7 mm, Fig. 2c), it can be seen
that the contact angle difference between the two extreme
elasticity cases (E = 1.7 MPa and E = 40 kPa) is much smaller.
This behavior reveals that for this given dielectric thickness, the
effect of elasticity is not so pronounced.

Considering the applicability of the Lippmann equation to
elastic dielectrics, we observed that its predictions are accurate
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enough for thick dielectrics, regardless of the elastic modulus,
but deviate from the experimental measurements on thin, soft,
ones. The thin (d = 7 mm), but rigid-like substrates (E = 1.7 MPa
and 500 kPa) are well addressed, but not the two low-elasticity
substrates (E r 100 kPa) of the same thickness. More specifi-
cally, the 7 mm thick soft film with an elastic modulus of
100 kPa shows a slight deviation from the prediction of
Lippmann, above Z E 0.55–0.6 (see the ESI†). For the softest
film (E = 40 kPa), there is a significant deviation even at low
voltages (see Fig. 2c).

In order to gain more insight on the effect of the dielectric
thickness and elasticity on the contact angle saturation, we
calculated the shape of the drop and the distribution of the
electric field near the TPL using a continuum-level computa-
tional methodology that was proposed by our group,41,42 as well
as employed by other researchers.43 The shape of entire
droplets results from the equilibrium of electrostatic and
interfacial forces. Special attention is given at the coupling of
the electric field distribution and the solid/liquid or liquid/
ambient interfacial shape. In our formulation, we consider that
the liquid and the solid phases are separated by an intermedi-
ate layer (with thickness dmin) stabilized by the presence of the
disjoining pressure (see Fig. 3 and the ESI†). The thickness,
dmin, is a model parameter and is chosen to be sufficiently
small as compared to other system dimensions. In particular,
when the distance between the solid and and liquid, d, is equal
to dmin, the repulsive (steric forces and electrostatic interac-
tions) and attractive forces (van der Waals interactions) coun-
terbalance each other.41,42

The computation of the electric field distribution enabled
the computation of the distribution of electric stresses at the
vicinity of the TPL. For simplicity, the substrate is considered to
be rigid and flat, i.e. no deformation of the solid is considered.
The full coupling of the stress and solid deformation is
intended for the following study. The details of the numerical
model are presented in the ESI.†

We performed computations for thicknesses, d, ranging
between 5 mm and 50 mm. In Fig. 3, the electric stress distribu-

tion, Pel ¼
1

2
eoerE2, is shown for d = 5 mm and d = 50 mm

respectively, and for Z = 0.8. The model predicts a curved liquid
interface near the TPL, which resembles the interface at a
liquid/wetting ridge interface (Fig. 1b). The electric stress is
always normal to the conducting liquid interface. It is evident
that the maximum of the electric stress, as indicated by the
color map, is located at the vicinity of the TPL. However, with a
careful look, one can see that the maximum is located on the
right of the horizontal part of the liquid interface for the case of
the thin dielectric (d = 5 mm), thus the vector of the maximum
stress points almost vertically. For the case of the thick dielec-
tric (d = 50 mm), however, the maximum stress is located clearly
in part of the interface that is not horizontal (see Fig. 3b). The
vector of the maximum stress has a horizontal component
which is not negligible. This is the component of the electric
stresses that makes the droplet spread, decreasing the (macro-
scopic) contact angle. The model predicts an apparent contact
angle of E70 degrees for both thin and thick films compared to
the 65 degrees predicted by the Lippmann equation.

Fig. 2 Dependence of the apparent contact angle on the applied voltage for (a) 50 � 3 mm, (b) 20 � 2 mm and (c) 7 � 1 mm thick films. Electrowetting
experiments were conducted with (first row) water (gLA = 0.072 N m�1) and (second row) propylene glycol (gLA = 0.041 N m�1). The Lippmann equation is
plotted for each corresponding initial contact angle, y0, with a thickness of 50 mm, 20 mm and 7 mm, respectively (eo = 8.854 � 10�12 F m�1, er = 2.65).
(The discontinuity observed in (a) for the hardest dielectric at high voltages is a result of lateral movement of the contact line).
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We, then, evaluated the total horizontal, Felr, and total vertical,
Felz, component of the electrostatic force, derived from the electric
stress distribution, Pel, over the entire surface of the droplet. The
corresponding quantities read as: Felr ¼ 2p

Ð
sPeln � rds, and

Felz ¼ 2p
Ð
s
Peln � zds, respectively, where, n, is the unit vector

normal to the droplets free surface, and, r, and, z, are the unit
vectors in the radial and vertical direction, respectively.38 The
integral of the radial component of the Maxwell stress, Felr, over
the liquid surface represents a macroscopic radial force favoring
droplet spreading. The dependence of the macroscopic radial and
vertical forces on the electrowetting number, Z, for selected
dielectric thicknesses, d, ranging from 5 mm to 50 mm is shown
in Fig. 4a. As expected, the macroscopic forces, radial or vertical,
increase with Z. In particular, the radial component is computed
to be independent of the thickness of the dielectric (data shown in
Fig. 4a, left axis), when Z is fixed. This is in line with the
predictions of the Lippmann’s equation which wraps up the
electrowetting force with the electrowetting number, Z. However,
the vertical component of the electric force (see data shown in
Fig. 4a, right axis) is computed to depend on the thickness, for
fixed, Z. And the dependence is weak for thick dielectrics, namely,
for d = 50 mm and d = 20 mm, however it is strong for d = 5 mm.
Thus, the thinner the dielectric the stronger the vertical compo-
nent of the electric force. Another interesting aspect of the force
distribution in the vicinity of the TPL is the ratio of the total
electrostatic force responsible for droplet spreading, i.e. the
magnitude of the horizontal component over the total electro-

static force. This ratio defined as,
Felr

Fel
, is calculated at the TPL for

various thicknesses (see Fig. 4b). We found that
Felr

Fel
sharply

increases for thicknesses up to d = 20 mm. This tendency appears
to flatten for higher thicknesses up to d = 50 mm, as shown in
Fig. 4b.

Fig. 3 Electrostatic pressure distribution, Pel, in the ambient phase and
along the droplets free surface for the different dielectric cases (a) d = 5
mm and (b) d = 50 mm (Z = 0.8). The arrows follow the electric field vector
(are normal to the droplets free surface) and correspond to the direction-
ality of the electrostatic pressure distribution along the liquid-ambient
interface at the three-phase contact line (TPL).

Fig. 4 (a) Effective horizontal (read in the left y-axis) and vertical (read in the right y-axis) component of electrostatic force, Fel, calculated over the entire
surface of the droplet, as a function of the electrowetting number, Z. (b) The ratio of the horizontal component of the electrostatic force over the total electric
force, Felr/Fel (%), calculated at the vicinity of the TPL, for selected values of dielectric thickness, d, for Z = 0.8. (Arrows are placed in (a) as a guide to the eye).
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Felr

Fel
¼
Ð
TPLPel n � r dsÐ
TPLPel n ds

(2)

Interestingly enough, the ratio, Felr/Fel, for d = 50 mm is 1.5 times
the one that corresponds to d = 5 mm. In Fig. 5, the electrostatic
pressure distribution in the vicinity of the contact line is once
again presented, for three dielectric thickness cases, and for
Z = 0.8. As expected, the electrostatic pressure peaks at the contact
line. On the left of the peak, the almost horizontal part of each
curve corresponds to the uniform electrostatic pressure at the
solid/liquid interface. The direction of the electrostatic pressure is
practically vertical there. And the magnitude is higher for the
thinnest dielectric studied (i.e. for d = 5 mm). A careful look at the
three distributions reveals that the electrostatic pressure is highly
focused around the TPL and in particular for the case of the thin
dielectric. The thicker the dielectric the wider the peak form,
supporting that pinning could be stronger for thin dielectrics.

As a consequence, the thickness of the dielectric strongly
affects the force balance in the vicinity of the three-phase
contact line, where the capillary and elastocapillary forces
compete with their electrostatic counterparts. When highly
elastic solids are considered, this force balance can influence
the pinning phenomena due to localized solid deformation. In
the case of a thin dielectric, the direction of the electrostatic
forces would favor pinning of the contact line at the soft solid
surface ridge limiting the liquid advancement due to an
increased vertical component of the electric forces (see discus-
sion for Fig. 4). Thus saturation angles are higher and devia-
tions from eqn (1) initiate at lower values of the electrowetting
number. Conversely, in the case of a thick dielectric, the
electrostatic forces having a pronounced horizontal component
and a wider distribution favor TPL advancing, thus decreasing
the contact angle. The effect of thickness becomes more

pronounced as the elastic modulus, E, gets smaller, i.e. for
softer materials. For high values of E, as Fig. 2 shows, electro-
wetting behavior seems to be independent of the dielectric
thickness, when 7 mm r d r 50 mm.

For the softest film examined here, a deformation with a
height of E1 mm is expected (estimated by B g/E). Interest-
ingly, the calculation of the force acting in the vicinity of the
TPL pointed out an important aspect of the subsequent stress
distribution. For thin dielectric films the vertical component of
the electric stress is significantly higher compared to thick ones
(see Fig. 3). And this is probably attributed to the higher contact
angles at saturation, observed for thin dielectrics, due to
pinning of the TPL induced by the vertical electrostatic force.
In summary, in accordance with previous studies,35,38 our
computations showed that the electric field distribution could
strongly affect the electrowetting performance especially for
deformable solids. Thus, experimental and computational
results are consistent.

4 Conclusions

In this work, we studied the effect of elasticity and thickness of
the dielectric substrate on the contact angle saturation in
electrowetting. Our experiments showed that when dielectrics are
used that are thinner than 20 mm and softer than E o 100 kPa,
then saturation sets in for lower applied voltages and higher
contact angles, than in the case of rigid dielectrics. To support
our experiments, we performed continuum level computations by
accounting for the coupled electric field and liquid interface shape
of entire droplets. Of particular interest was the electric field and
electric stress distribution near the three-phase contact line (TPL).

We found a dependence of the electric stress distribution on
the dielectric thickness. For thick dielectrics, electric stresses
point mostly in the horizontal direction, whereas for thin
dielectrics the electric stresses point mostly in the vertical
direction. Vertical stresses in the vicinity of the TPL favor
vertical deformation when soft substrates are used. We, then,
speculated that this deformation enhances contact line pin-
ning, thus favors electrowetting limitation in high contact
angles. Considerably more work will be needed to determine
whether the latter argument is correct, requiring a comprehen-
sive study of the ridge shape under high voltages using confocal
microscopy.

The insights gained from this study may also be of assis-
tance to recent research in soft electrowetting, highlighting the
effect of elasticity on the apparent contact angle as well as its
correlation with dielectric thickness. As far as their viscoelasti-
city and their effect on spreading dynamics are concerned, soft
substrates could be potentially used in applications such as lab-
on-a-chip devices. Regarding that electrowetting on soft thin
substrates can lead to a much lower contact angle modification
which restricts their performance, thickness must be seriously
considered. The dielectric thickness is an important geometri-
cal feature that must be taken into consideration when a soft
substrate is used in an EWOD configuration.

Fig. 5 Electrostatic pressure distribution along the droplets free sur-
face in the vicinity of the three-phase contact line for different dielectric
thicknesses, and for Z = 0.8. The horizontal part at the left side
corresponds to the solid/liquid interface, the peak corresponds to the
TPL, and the right part corresponds to the liquid/ambient interface,
respectively. (A local magnification of the right part of the curves is
shown in the inset).

Paper Soft Matter

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ar
ch

 2
02

1.
 D

ow
nl

oa
de

d 
on

 1
0/

1/
20

24
 8

:1
9:

29
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D0SM02281K


This journal is © The Royal Society of Chemistry 2021 Soft Matter, 2021, 17, 4335–4341 |  4341

Author contributions

I. E. M. performed the experimental work and prepared the
manuscript, D. G. S. performed the computational work,
N. T. C. supervised the computational work and contributed
to the writing of the manuscript, P. P. prepared and characterized
the samples and the corresponding parts of the manuscript and
A. G. P. supervised the team and revised the manuscript.

Conflicts of interest

The authors declare no conflict of interest.

Acknowledgements

The authors kindly acknowledge funding from the European
Research Council under Grant Agreement No. 755412 (project
Hydropho-Cheap: Commercialization of a Novel Method for
Fabricating Cheap Tailor-Made Superhydrophobic Surfaces).

References

1 G. Manukyan, J. Oh, D. Van Den Ende, R. G. Lammertink
and F. Mugele, Phys. Rev. Lett., 2011, 106, 014501.

2 S. K. Cho, H. Moon and C.-J. Kim, J. Microelectromech. Syst.,
2003, 12, 70–80.

3 A. R. Wheeler, Science, 2008, 322, 539–540.
4 R. B. Fair, Microfluid. Nanofluid., 2007, 3, 245–281.
5 H.-H. Shen, S.-K. Fan, C.-J. Kim and D.-J. Yao, Microfluid.

Nanofluid., 2014, 16, 965–987.
6 E. Gogolides, K. Ellinas and A. Tserepi, Microelectron. Eng.,

2015, 132, 135–155.
7 J. Heikenfeld, K. Zhou, E. Kreit, B. Raj, S. Yang, B. Sun,

A. Milarcik, L. Clapp and R. Schwartz, Nat. Photonics, 2009,
3, 292–296.

8 M. Jin, S. Shen, Z. Yi, G. Zhou and L. Shui, Micromachines, 2018,
9, 159.

9 B. Hendriks, S. Kuiper, M. V. As, C. Renders and T. Tukker,
Opt. Rev., 2005, 12, 255–259.

10 K. Mishra, D. Van den Ende and F. Mugele, Micromachines,
2016, 7, 102.

11 T. Krupenkin and J. A. Taylor, Nat. Commun., 2011, 2, 1–8.
12 T.-H. Hsu, J. Taylor and T. Krupenkin, Faraday Discuss.,

2017, 199, 377–392.
13 F. Mugele and J.-C. Baret, J. Phys.: Condens. Matter, 2005,

17, R705.
14 F. Mugele, Soft Matter, 2009, 5, 3377–3384.
15 H. Moon, S. K. Cho, R. L. Garrell and C.-J. C. Kim, J. Appl.

Phys., 2002, 92, 4080–4087.
16 A. Quinn, R. Sedev and J. Ralston, J. Phys. Chem. B, 2005, 109,

6268–6275.
17 F. Mugele and J. Heikenfeld, Electrowetting: fundamental prin-

ciples and practical applications, John Wiley & Sons, 2018.

18 P. Teng, D. Tian, H. Fu and S. Wang, Mater. Chem. Front.,
2020, 4, 140–154.

19 H. Verheijen and M. Prins, Langmuir, 1999, 15,
6616–6620.

20 A. Papathanasiou and A. Boudouvis, Appl. Phys. Lett., 2005,
86, 164102.

21 A. I. Drygiannakis, A. G. Papathanasiou and A. G.
Boudouvis, Langmuir, 2009, 25, 147–152.

22 M. Vallet, M. Vallade and B. Berge, Eur. Phys. J. B, 1999, 11,
583–591.

23 F. Mugele and S. Herminghaus, Appl. Phys. Lett., 2002, 81,
2303–2305.

24 S. Chevalliot, S. Kuiper and J. Heikenfeld, J. Adhes. Sci.
Technol., 2012, 26, 1909–1930.

25 M. Paneru, C. Priest, R. Sedev and J. Ralston, J. Am. Chem.
Soc., 2010, 132, 8301–8308.

26 R. Dey, A. Daga, S. DasGupta and S. Chakraborty, Appl. Phys.
Lett., 2015, 107, 034101.

27 R. Dey, S. DasGupta and S. Chakraborty, Microfluid. Nano-
fluid., 2017, 21, 48.

28 S. Kumar, P. Kumar, S. DasGupta and S. Chakraborty, Appl.
Phys. Lett., 2019, 114, 073702.

29 R. Dey, M. Van Gorcum, F. Mugele and J. H. Snoeijer, Soft
Matter, 2019, 15, 6469–6475.

30 B. Andreotti and J. H. Snoeijer, Annu. Rev. Fluid Mech., 2020,
52, 285–308.

31 B. Andreotti and J. H. Snoeijer, EPL, 2016, 113, 66001.
32 J. H. Snoeijer, E. Rolley and B. Andreotti, Phys. Rev. Lett.,

2018, 121, 068003.
33 M. Van Gorcum, S. Karpitschka, B. Andreotti and J. Snoeijer,

Soft Matter, 2020, 16, 1306–1322.
34 L. Chen, E. Bonaccurso, T. Gambaryan-Roisman, V. Starov,

N. Koursari and Y. Zhao, Curr. Opin. Colloid Interface Sci.,
2018, 36, 46–57.

35 N. T. Chamakos, M. E. Kavousanakis and A. G.
Papathanasiou, Langmuir, 2014, 30, 4662–4670.

36 F. Mugele and J. Buehrle, J. Phys.: Condens. Matter, 2007,
19, 375112.

37 M. E. Kavousanakis, N. T. Chamakos, K. Ellinas, A. Tserepi,
E. Gogolides and A. G. Papathanasiou, Langmuir, 2018, 34,
4173–4179.

38 N. T. Chamakos, D. G. Sema and A. G. Papathanasiou,
Micromachines, 2019, 10, 93.

39 E. Gutierrez and A. Groisman, PLoS One, 2011, 6,
e25534.

40 I. Johnston, D. McCluskey, C. Tan and M. Tracey,
J. Micromech. Microeng., 2014, 24, 035017.

41 N. T. Chamakos, M. E. Kavousanakis, A. G. Boudouvis and
A. G. Papathanasiou, Phys. Fluids, 2016, 28, 022105.

42 N. T. Chamakos, D. G. Sema and A. G. Papathanasiou, Arch.
Comput. Methods Eng., 2020, 1–20.

43 J. Du, Y. Zhang and Q. Min, Colloids Surf., A, 2021,
609, 125649.

Soft Matter Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ar
ch

 2
02

1.
 D

ow
nl

oa
de

d 
on

 1
0/

1/
20

24
 8

:1
9:

29
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D0SM02281K



