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ABSTRACT: We present a concept of a wetting defect of
continuously variable strength based on electrowetting, along
with a capillary force sensor adapted for the characterization of
macroscopically heterogeneous surfaces. Patterned electrodes
submerged under an insulating layer are used to generate
potential wells for drops of electrically conductive liquids on
the solid surface, with a well depth that scales with the
diameter of the drop and square of the applied alternating
(AC) voltage. We characterize the strength of the electro-
wetting trap and the hysteretic motion of the drop along the
surface, using a simple force sensor based on optical imaging of
a thin bendable capillary. A force resolution of approximately
0.1 μN is achieved.

■ INTRODUCTION

Drops on solid surfaces are a ubiquitous sight, encountered
among others on windscreens of cars in the rain, on airplane
wings, and in printing, coating, and cleaning technology.
Frequently, it is difficult to remove these drops because they are
held back by heterogeneities on the surface. In particular, for
small drops, gravity and drag by an airflow may not be strong
enough to overcome the pinning forces. In other applications,
such as microfluidic lab-on-a-chip systems,1,2 spray painting,
and pesticide deposition,3 the opposite may be desirable, the
sticking of drops to surfaces at certain locations. The surface
heterogeneities can be either of topographic or of chemical
nature. If their characteristic lateral scale is small compared to
the size of the drop, microscopic random pinning forces ensue
that lead to contact angle hysteresis.4,5 If their lateral scale is
comparable to the drop size, however, they give rise to localized
discrete pinning sites, to which the entire drop can adhere.
Such discrete pinning sites give rise to a complex energy
landscape, in which the drop can adjust its shape to reach some,
usually local, minimum of its energy. The evolution of the drop
shape under external forcing is usually characterized by
sequences of discrete transitions of the morphology of the
entire drop.6,7 Depending on their size, shape, and profile, such
localized defects can lead to very strong pinning forces,8,9 and
drops may even break apart if forced to depin.
Characterizing pinning due to localized defects is also much

more difficult than in the case of microscopic random pinning
forces. In the latter case, contact angle hysteresis measurements
have been used extensively to characterize the strength of the

heterogeneity. These measurements are based, for example, on
drop shape analysis or drop sliding on inclined planes.10−15

Such measurements provide the mean value of microscopic
pinning forces averaged over the length scale of the drop. A
meaningful interpretation of such measurements requires a
separation of length scales with microscopic pinning forces that
are homogeneous on the global scale of the drop. Mesoscopic
heterogeneity leads to substantial distortions of the three-phase
contact line and complex interactions between adjacent
defects.10−13 In this case, the roughness of the contact line
provides a suitable measure of the defect strength. For well-
ordered defects, mesoscopic heterogeneity can also result in
globally anisotropic wetting properties of the surface, as, for
instance, in the extreme case of surfaces with one-dimensional
wettability patterns.14 Individual localized wetting defects on
the global scale of the drop can usually not be analyzed with the
aforementioned techniques. For this kind of heterogeneity, in
principle, a full three-dimensional characterization of the drop
surface would be required to understand the pinning forces.
However, this approach is generally rather tedious and
restricted to numerical studies15 or to very specific geometries
as, for instance, in Klingner and Mugele.16 On the other hand, a
very detailed description of energy landscapes and precise drop
morphologies is often not required. From a practical
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perspective, a global measure such as the maximum retention
force is often sufficient to characterize a defect.
In this Article, we present a novel technique to design

localized wetting defects of continuously variable strength
based on electrowetting (EW), as well as a capillary force
sensor to characterize them. The tunable EW defects are based
on patterned substrates submerged under an insulating layer as
usual in EW. We develop a physical model based on energy
minimization to characterize the strength of the tunable EW
defects and compare the results to experimental measurements
using our capillary force sensor. The latter makes use of the
bending of a thin capillary.17−19 Optical imaging of the
deflection of the capillary in a conventional contact angle
goniometer setup is used to measure the forces experienced by
a drop attached to the lower end of the capillary as it is dragged
across the surface of interest.

■ EXPERIMENTAL SECTION
We first describe the capillary force sensor and its operation on
macroscopically homogeneous surfaces with a well-defined contact
angle hysteresis. The force sensor consists of a capillary glass tube with
a typical length of several centimeters and an (outer) diameter of order
100 μm (see Figure 1a). A wide range of such capillaries are

commercially available from Vitrocom Inc. The bending stiffness of the
capillaries is calibrated by mounting them horizontally and by imaging
the deflection upon attachment of aqueous drops of varying sizes;
these drops are created by pumping water through the capillary, so the
spring constant is for a filled capillary. For a typical capillary of 5 cm
and an outer diameter of 170 μm (wall thickness 20 μm), we obtain a
spring constant of kc = 16.3 mN/m (see Figure 1b). During operation
of the sensor, the capillary is mounted vertically, and the drop is again
created by pumping liquid through it. It is imaged from the side along
with the drop and the surface with a long-distance variable zoom lens
with a magnification ranging from 0.65 to 6 times. The substrate of
interest is mounted on a motorized linear translation stage with a
maximum translation range of 50 mm with a maximum speed of 0.5
mm/s. The deflection δ (see Figure 1a) of the capillary is extracted
from the video frames using a straightforward image processing
routine written in Matlab. For typical zoom settings, the resulting
sensitivity is approximately 50 nN/pixel, depending on the spring
constant of the capillary. In practice, mechanical vibrations and/or air
flow typically limit the force resolution of our setup to approximately
100 nN. Mounting the entire setup on an inverted microscope allows
for additional bottom view imaging in the case of transparent
substrates. This enables a precise characterization of the drop−
substrate interface.
The substrates in our experiments consist, unless otherwise noted,

of an adhesive tape (Scotch Pressure Sensitive, consisting of

polypropylene and a glue layer) glued onto an ITO (indium tin
oxide) coated glass substrate. Prior to the experiments, we coat this
surface with a thin film of silicone oil (viscosity: 5 mPa s) to achieve a
very low contact angle hysteresis of 3° (θA = 95 ± 2°, θR = 92 ± 2° as
measured by a contact angle goniometer). The oil layer is applied by
gently rubbing a dust-free tissue soaked in silicone oil over the surface,
followed by doing the same with a dry tissue. Consistent with the
specifications of the manufacturer, we find an effective thickness d of
the compound glue/polypropylene/oil layer of 39 μm at a dielectric
constant ε = 2. This value is determined by measuring the EW
response cos θ(U) = cos θy + η of the system following standard
procedures.20 Here, η = εε0U

2/2σd is the dimensionless EW number,
with εε0 being the dielectric permittivity of the substrate. The EW
defect is generated by etching a gap of width a into an ITO layer prior
to applying the adhesive tape (see below in Figure 4). An alternate
(AC) voltage (frequency: 1 kHz; root mean square (RMS) voltage U
= 0−375 V) is applied between the resulting two separated electrodes.
This corresponds to a maximum EW number of ηmax = 0.44.

■ RESULTS AND DISCUSSION
To test and calibrate the device, we measure the force upon
periodically translating a drop of (originally) 30 μL back and
forth along a homogeneous substrate (i.e., without EW defect)
over a distance of approximately ±2 cm. The force curves
shown in Figure 2a display well-defined plateau values of the

force upon dragging in one direction and the opposite force
upon moving in the opposite direction. Typically the data
display a slight but continuous decrease during the first few
cycles of drop motion. We attribute this effect to a gradual
evolution of the surface during the first cycles of wetting,
possibly in combination with evaporation effects; we find that
the radius of the drop reduces by about 2% over the course of
the experiment. If we replot the data as a function of the
displacement x of the drop with respect to the solid surface, we

Figure 1. (a) Schematic setup (inset) of the device and side view
snapshot of a drop being dragged across the surface. (b) Capillary
deflection versus drop weight yielding calibration of the spring
constant of the capillary (here: 16.3 mN/m).

Figure 2. Hysteresis force on homogeneous substrate. (a) Force versus
time upon translating the stage back and forth. Positive and negative
force values correspond to drops moving toward right and left,
respectively (drop volume, 30 μL; substrate, oil-impregnated
polypropylene tape). (b) Force versus drop position on the surface
(extracted from data in (a)). After reversal of the sliding direction,
plateau values of friction force (dashed lines) are only reached once
the capillary has traversed the drop. (c) Hysteresis force (plateau
values of friction force) versus drop diameter. (d) Hysteresis force
versus electrowetting number on Teflon film. Dashed line is a guide to
the eye indicating the expected decrease in hysteresis with increasing
AC voltage for small η. Drop volume: 5 μL.
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obtain a hysteresis loop; see Figure 2b. The hysteresis loop
displays well-defined plateaus for the phases of continuous
dragging both in the positive and in the negative direction.
During these phases of well-defined pulling, the capillary
adheres to the drop at some fixed location close to the foremost
apex of the advancing contact line approximately 100−200 μm
above the substrate (see Figure 1). Upon reversing the
translation stage, the capillary changes its position with respect
to the drop until it eventually ends up in a symmetric position
close to the opposite contact line. The trajectory of the capillary
as it moves from one stable pulling position to the other can be
complex and involve bending perpendicular to the pulling
direction. The width of this poorly defined region (from about
−5.5 to −3 mm for the positive force branch and +5.5 to 3 mm
for the negative force branch in Figure 2b) corresponds to the
width of the drop. (Because the drop morphology changes,
relating the forces extracted from the deflection of the needle to
drop-sample friction forces would require a full characterization
and analysis of the actual drop shape at any moment during this
phase, which is outside our present scope of developing a
simple sensor. We therefore disregard these transient phases in
our further analysis.) To avoid any bias between forward and
backward motion, we determine the friction force Ff of the
sliding drop as one-half the height of the hysteresis loop
between the two dashed lines in Figure 2b. Figure 2c shows this
force for a series of drops of various base diameter D between 1
and 6 mm. The force is found to increase linearly with the
diameter, as expected on the basis of earlier work on sliding
drops:3,21−25

σ θ= ΔF c w cosf (1)

Here, σ is the surface tension of the drop and w is the width of
the drop perpendicular to the direction of motion. From our
bottom view images, we find that the drop−substrate interface
is not appreciably deformed under the conditions of the present
experiments such that w = D = 2R. c is a prefactor of order 1
that depends on the details of the drop shape (see El Sherbini
200625 for an overview and references there). For a hardly
deformed half-spherical drop, Dussan and Chow found c = 1.21

For the present surface, the contact angle hysteresis is Δ cos θ
= 0.05, as determined by conventional contact angle
goniometry. Using the surface tension of water, we hence
expect a relation Ff = c w 3.7 × 10−3 mN/m, suggesting a value
of c ≈ 0.85 for the present experiments. We note, however, that
the exact value is rather sensitive to small errors in the
measurement of the advancing and receding contact angle,
which only differ by 3 ± 1° in the present experiments (see
above). Given the uncertainty of the hysteresis measurement,
we conclude that the data are consistent with c = 1 within error
and do not allow one to distinguish between the competing
expressions described in El Sherbini et al.25

Notwithstanding the uncertainty regarding the exact value of
c, it is worthwhile to note here that our data in Figure 2c clearly
confirm the linear increase of the friction force with the drop
diameter as predicted in eq 1, in agreement with similar
capillary-based sliding drop results in the literature.19 This
linear relation has been challenged recently by Tadmor and co-
workers,26−28 who argued that the approximate linearity
observed in many drop sliding experiments on inclined planes
is an artifact caused by the simultaneous variation of the
tangential and normal components of the gravitational force in
inclined plane experiments, and that the true retention force
should be independent of the drop size. Our measurements

clearly avoid that artifact. Yet, we still recover the linear relation
reported in the inclined plane experiments.
In Figure 2d, we show another test demonstrating the

sensitivity of our device. In this case, we applied a varying AC
voltage U between the ITO electrodes submerged under the
insulating polymer layer, functioning as two coplanar electro-
des.29 Conventional contact angle hysteresis measurements
under AC-EW have shown that the contact angle hysteresis is
effectively reduced under these conditions, because the
alternating electrostatic force pulling on the contact line helps
the drop to overcome microscopic pinning forces.23,30 For
small voltages, the reduction of the contact angle hysteresis is
expected to scale linearly with the EW-number. As shown in
Figure 2d, this effect can indeed be detected by our capillary
force sensor. (Note that this experiment was performed on a
PTFE (Teflon) film with thickness d = 10 μm that provides a
larger initial hysteresis (θa = 117 ± 2°, θr = 84 ± 2°) than the
oil-lubricated adhesive tape samples.)
In Figure 3, we provide another example of a force

measurement, now on a superhydrophobic surface consisting

of a plasma-treated SU-8 surface with nanoroughness similar to
the work of Gnanappa et al.31 By reducing the drop to just a
small cap protruding from the capillary, we can limit the
diameter of the drop−substrate interface to a few tens of
micrometers. In this case, the friction force is reduced to just 1
μN. We expect that this approach will be of considerable
interest to probe the pinning and depinning of drops at
individual pillars on microstructured superhydrophobic surfa-
ces.
Having established the sensitivity of our capillary sensor, we

now consider the tunable EW defects and their properties. As
explained above, the specific EW defect consists of two
insulator-covered electrodes separated by a small gap of width
a. The drop then forms two parallel plate capacitors C1/2(x) =
εε0A1/2(x)/2d with the two underlying electrodes (see Figure
4a and b). Here, A1/2(x) denotes the overlap area between the
drop and the respective electrode, which depends on the
position x of the center of mass of the drop with respect to the
center of the gap. As the drop moves from one electrode to the
other, A1,2 varies from 0 to A (and vice versa), while the sum A1
+ A2 = A = πR2 remains constant, if we neglect the finite value
of a. The areas can be conveniently expressed as a function of
the angle φ as A1,2 = R2(π/2 ± (φ + sin(2φ)/2)), where φ is
given by x = R sin φ (see Figure 4a). Being electrically
conductive, the drop capacitively couples the two electrodes
such that the entire system can be represented by a simple
equivalent circuit with the two capacitors C1(x) and C2(x) in
series. The potential of the electrically floating drop adjusts

Figure 3. Friction force versus time upon dragging a micrometer-sized
drop over a superhydrophobic surface with nanoscale roughness
illustrating force resolution of <1 μN.
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itself accordingly such that the voltage between the drop and
the electrodes 1 and 2 is given by ΔU1/2(x) = C2/1(C1 + C2)U,
respectively. The resulting electrostatic contribution to the free
energy of the entire system then reads:

φ= − = −ση ·E C x U A g
1
2

( ) ( )el
2

(2)

where C(x) = C1(x)C2(x)/(C1(x) + C2(x)) is the resulting
capacitance that depends on the drop position x. For x < R,
C(x) can be conveniently expressed in terms of the
dimensionless function g(φ) = ((π/2)2 − (φ + sin(2φ)/2)2)/
π2 using elementary geometric relations. This results in a
symmetric potential well with a depth Emin = −Aση/4 as shown
in Figure 4c. The corresponding electrostatic trap force is given
by

π
φ φ φ φ= − = ση +f

E
x

Rd
d

4
cos ( cos sin )el

el
(3)

The trap force reaches its maximum at value fel,max ≈ 1.16 σRη
at a drop position xmax/R ≈ 0.67. Because η is of order 0.1−1,
eq 3 implies that the maximum pinning force of the EW trap is
comparable to a chemical wetting defect with a contact angle
contrast of several tens of degrees. The stiffness of the trap
(linearized for small deflections) is

π= = ση=k f xd /d 8 /xel el 0 (4)

For the surface tension of water (σ = 72 mN/m), this results in
a stiffness kel ≈ 180 η mN/m. Note that, unlike the energy and
the force, the spring constant turns out to be independent of
the drop size. (A small correction of order a/R appears if the
finite gap width a is taken into account.)
Figure 5 shows force curves measured for drops moving back

and forth across the EW defect. Next to the plateau values of
the force, time traces for a single drop recorded at voltages of
100, 300, and 375 V (Figure 5a, left to right) show sharp peaks
as the drops are being pulled out of the potential well formed
by the defect. Video sequences (see Supporting Information)
also show that the drop displays instabilities both upon entering

and upon leaving the trap. Plotting the measured force versus
the drop position, we recover the same constant friction force
as discussed above when the drop is far away from the defect (|
x| > 3 mm). As the drop reaches the edge of the defect (point A
in Figure 5b), it is dragged into the potential well and “jumps”
to position B. As the stage is moved further, the drop is
gradually pulled out of the trap leading to an initially linear
increase in the force as indicated by the dashed line. The slope
of this line indicates the stiffness kel of the trap. For larger
deflections, the force increases more gradually and eventually
reaches a maximum. Upon approaching the maximum force
(point C), the drop slightly deforms, as can be seen in Figure
4a and the Supporting Information. The maximum deformation
in the present experiments is approximately L/w|max ≈ 1.1, with
L the length of the drop along the direction of translation. At
point C, the drop again becomes unstable and snaps rapidly out
of the trap toward point D. From point D onward, the drop is
again dragged smoothly across the surface at a constant force
until the direction of the stage is reversed. The appearance of
instabilities, such as the snap-off, is typical for mechanical
systems with competing spring constants where a softer spring
(here: the capillary) is used to probe the force of a stiffer spring
(the EW defect). Because kel can be tuned externally, we can
tune the absence or presence of the mechanical instability by
adjusting the strength of the defect with respect to the capillary.
To quantitatively characterize the EW defect, we extract both

the maximum force Fmax and the spring constant kel of the trap
for a series of drop volumes ranging from 5 to 20 μL. As
expected, Fmax indeed increases linearly with U

2 (see Figure 5c).
Moreover, Fmax scales linearly with the diameter of the drop, as
expected on the basis of eq 3. Experimentally, we find a slightly
weaker voltage-dependence of Fmax than predicted by the

Figure 4. Drop on an EW trap. (a) Bottom view of the drop being
pulled out of the trap by a capillary (position indicated by arrow). The
slightly darker horizontal band (marked by dashed lines) close to the
top shows the gap between the electrodes. Dashed circle indicates
effective circle. (b) Schematic side view of a circular drop passing an
EW trap. (c) Electrostatic energy in the trap versus the lateral drop
position in normalized units for increasing EW number of 0.1, 0.2, 0.5,
and 1 (top to bottom).

Figure 5. (color online) Drop trapping at EW defect. (a) Force versus
time upon passing the trap in the forward and backward direction for
U = 100, 300, 375 V (left to right; drop volume: 10 μL). (b) Force
versus drop position displaying mechanical instabilities upon entering
and leaving the trap for the 375 V data from (a). Dashed line: Linear
approximation for small deflections yielding the electric trap stiffness
kel. (c) Maximum trapping force versus square of applied voltage for
various drop sizes increasing along arrow in inset (black, 5; red, 10;
blue, 15; green, 20 μL). Inset: Raw force data in μN versus U2 in units
of [1000 V2]. Main panel: Normalized force versus U2. Dashed line:
Expected maximum force (eq 3). (d) Normalized trap stiffness versus
EW number. Symbols: Experimental data, now grouped according to
EW number. Solid line: Prediction of eq 4. Dotted line: Modified eq 4
including finite gap width.

Langmuir Article

dx.doi.org/10.1021/la4015724 | Langmuir 2013, 29, 9944−99499947



model. We attribute this deviation to the finite deformation of
the drop within the trap. Figure 5d shows the trap stiffness kel
(normalized by the surface tension), as extracted from the
initial slope of the force curves, for drops ranging from 5 to 20
μL. Within the experimental resolution, the data follow a linear
relation independent of the size of the drop. The solid line
represents the expectation based on eq 4 using the
independently measured EW response of the drop. In this
case, the slight underestimation of the slope is presumably
caused by the neglect of the finite gap width a in our simplified
model. Reintroducing a ≈ 500 μm into our model, we find an
increase of the slope by approximately 10%, in very good
agreement with the experimental findings (see dashed line in
Figure 5d). The simple electrostatic model thus describes the
behavior of the trap rather well.

■ CONCLUSION
In summary, our simple capillary force sensor is able to detect
capillary forces caused by contact angle hysteresis on
homogeneously rough surfaces as well as localized pinning
forces due to wetting defects with a resolution of order 0.1 μN.
We anticipate that the resolution may ultimately be further
increased by improving vibration isolation, protection from air
currents, as well as higher resolution optical imaging. Our
results also demonstrate that EW defects are a flexible tool for
the trapping and release of drops. Our measurements
demonstrate that simple electrostatic considerations provide a
quantitative description of the tool. The maximum pinning
forces are of the same order of magnitude as surface forces. We
anticipate in particular fruitful applications in the area of drop-
based microfluidics with channels, where traps of arbitrary
shapes can be generated using specific lithographically designed
electrode patterns to control and guide drops in desired
directions.
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