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ABSTRACT: Surface wettability is usually evaluated by the
contact angle between the perimeter of a water drop and the
surface. However, this single measurement is not enough for
proper characterization, and the so-called advancing and
receding contact angles also need to be measured. Measuring
the receding contact angle can be challenging, especially for
extremely hydrophobic surfaces. We demonstrate a reliable
procedure by using the common needle-in-the-sessile-drop
method. Generally, the contact line movement needs to be
followed, and true receding movement has to be distinguished
from “pseudo-movement” occurring before the receding angle
is reached. Depending on the contact angle hysteresis, the
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initial size of the drop may need to be surprisingly large to achieve a reliable result. Although our motivation for this work was the
characterization of superhydrophobic surfaces, we also show that this method works universally ranging from hydrophilic to

superhydrophobic surfaces.

B INTRODUCTION

It has been known for a long time that the leaves of the lotus
plant repel water to keep themselves clean, an effect now
known as superhydrophobicity."”” This refers to a surface that
repels water almost perfectly and causes sessile drops to assume
a near-spherical shape together with a low roll-off angle.> Two
surface wetting states are connected to superhydrophobicity: a
roughness-induced fully wetting Wenzel state* and a composite
wetting Cassie—Baxter state,” where an air cushion is trapped
below the roughness features. The term “superhydrophobic”
has been around for at least four decades,® yet it still has not
been unambiguously defined. Most commonly, superhydro-
phobic surfaces are defined by having an apparent contact angle
(CA, 0) higher than 150° with a roll-off angle (i.e., sliding/slip
angle) less than 10°.° However, this definition is found
incomplete in two ways. First, it does not tell which CA should
be measured (probably the most stable contact angle (MSCA,
0,), which is thermodynamically the most stable CA). Second,
the roll-off angle depends on the drop size and the type of
surface roughness.'”"' We interpret superhydrophobicity such
that the lowest measurable (static) CA, i.e., the receding contact
angle (RCA, 0,) is higher than 150°. Correspondingly, the
highest measurable CA is called the advancing contact angle
(ACA, 6,). This interpretation ensures that the second
requirement for a low roll-off angle is automatically met for
drops larger than ca. 10 yL, as it lowers the amount of work for
adhesion,"! W ~ cos 6, — cos 6,.

Both the ACA and the RCA are (quasi-)static contact angles,
i.e, the speed of the moving contact line is kept so slow that it
does not affect the CA and thus any dynamic effects are
suppressed.'>"® The difference of the ACA and the RCA, Af =
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0, — 0, is called contact angle hysteresis. However, this hysteresis
value reflects no physical quantity. In addition, cos 6, — cos 0,
has been used to describe hysteresis,14 yet its value is difficult to
comprehend, as it ranges from —2 to 0. Hence, we propose to
define a “hysteresis percentage” value as A8, = (cos 6, — cos
0,)/2 X 100%, which ranges from 0%, for no hysteresis, to
100%, for maximum hysteresis. It is linearly proportional to the
work of adhesion, W ~ A#,, so the hysteresis values can be
directly compared with each other to see how movement is
facilitated on a specific surface—unlike with Af. No simple
universal equation exists to extract the MSCA from the ACA
and the RCA," although previously the MSCA was found to
approximately follow cos 6, = (cos 6, + cos 6,)/2."*"> This
approximation together with the hysteresis percentage leads to
cos 0, = cos O, — AOy and cos 6, = cos O, + Ab,.
Furthermore, it is always necessary to report both the ACA and
the RCA and also to describe what kind of measurement was
used, as the tilting plate experiments tend to yield different
results compared to the needle-in-the-sessile-drop method."'®

The most common method for measuring contact angles is
probably the sessile drop method, also known as the goniometer
method, i.e., a drop of liquid is suspended on a surface and the
CA is measured either using a goniometer or a (semi)automatic
computer image recognition technique. In computerized
analysis, the points of contact (the triple line) are first
identified. This is a highly delicate process where small
variations can lead to large errors in the measured CA—
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especially for high CA surfaces."’™'? Then, the perimeter of the
drop is analyzed and a theoretically calculated shape of a drop is
fitted into the data. The theoretical shape can be a sphere or an
ellipse, yet most typically a Young—Laplace fit based on
axisymmetric drop shape analysis®® is done for high CA
surfaces. It has also been pointed out that small variations in the
focus and lighting conditions can lead to variations of several
degrees in the measured CA."”

Using the sessile drop method, the ACA and the RCA can, in
principle, be easily measured. To measure the ACA, a needle is
used to deposit a small drop (e.g,, 1 L) on the surface while
leaving the needle inside the drop (Figure la). More liquid is
then slowly pumped into the drop, which causes the drop to
grow. At first, the CA increases (Figure 1b) until suddenly it
saturates to a certain value (Figure 1c). This happens at the
moment when the contact line starts to advance, i.e., the CA

a) Initial drop

b) CA increases,
contact line stays stable

c) CA remains stable (ACA),
contact line advances

d) CA decreases,
contact line stays stable

e) CA remains stable (RCA),
contact line recedes

f) Distorted drop

Figure 1. Illustration of a model CA measurement. (a) Small drop is
deposited on a surface. (b) Liquid is pumped into the drop and
volume increases while the contact line is not advancing. (c) ACA is
reached and the contact line starts to advance. The volume is still
increased. (d) Liquid is pumped out of the drop and volume decreases,
while the baseline does not recede. The CA decreases, because the
RCA has not been reached. (e) The RCA is reached and the drop
baseline recedes. The CA does not change during this phase. (f) The
drop size reaches the same magnitude as the size of the needle and/or
the size of the roughness features on the surface. The drop shape is
strongly distorted and often the CA decreases or increases rapidly.
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reaches the largest possible value the surface can uphold. This
value is the ACA and it can usually be measured with precision
and repeatability. To measure the RCA, the opposite should be
done: slowly pump liquid out from a sessile drop (Figure 1d,e).
Unfortunately, RCA measurements on high CA surfaces turn
out to be difficult. Often the measured RCA can seem to be a
monotonic function of the drop size. We noticed that this may
be due to the contact line not properly receding even though
small changes could be observed.

We report a reliable procedure to measure the RCA using the
needle-in-the-sessile-drop method with commercially available
equipment and quantify how large size of droplets should be
used for the measurements when the hysteresis is either known
or can at least be estimated. The control of the initial drop
volume in the RCA measurements is an especially important
factor when the surface is “adhesive”, which implies that there is
large contact angle hysteresis, and thus large drops should be
used.

B EXPERIMENTAL SECTION

An Attension Theta optical tensiometer with automated liquid
pumping system was used for the contact angle measurements.
Purified (Milli-Q) and degassed water was used as the probe liquid.
Experimental conditions are described in detail in the Supporting
Information.

We selected six surfaces for the experiments. Surface (1) was a Si
wafer with a nanorough silicone layer. It exhibited a high ACA and
remarkably large hysteresis and was thus quantified as an “adhesive
hydrophobic” surface. Surface (2) was a Si wafer with silicone
nanofilaments® ~>* grown on the surface. It had a high ACA and
moderate hysteresis. Surface (3) was similar to (2), but the surface was
further passivated with a perfluorinated silane. This superhydrophobic
sample had a high ACA and extremely low hysteresis. Surface (4) was
a silicon wafer treated with a commercial superhydrophobic coating
(Glaco Mirror Coat “Zero”), which created a fractal surface of
hydrophobized silica nanoparticles. The ACA for this surface was high
with low hysteresis. Surface (S) was a standard polystyrene Petri dish.
Surface (6) was a Si wafer without any treatment. Contact angle
measurement data are visualized in Figure 2. Details of the
measurements, tabulated contact angle data, and further character-
ization can be found in the Supporting Information.

B RESULTS AND DISCUSSION

Contact angle measurement data from surface (1) are shown as
a demonstration. This sample was chosen as it demonstrated
the volume-dependent behavior most clearly, although the
results were generalizable to diverse other surfaces as shown
later. To measure the ACA, liquid was pumped into a sessile
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Figure 2. Contact angles and hysteresis range visualized for the
surfaces. The hysteresis percentage, A6y, which visualizes the work of
adhesion, is the length of the bar with 100% being from 0° to 180°.
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Figure 3. Contact angle measurement of surface (1), which is a high contact angle surface with extremely high hysteresis. Part of the data for drop
sizes less than ca. 2 L has been removed, because it could not be fitted with the algorithm used by the software. (a—c) The Young—Laplace fitted
CA (the mean from both sides of the drop) as a function of time along with drop volume (determined from fit) and baseline length. The shadowed
areas show the ACA measured when the baseline is advancing (blue) and the RCA measured when it is receding (red). The red and blue arrows
indicate examples of where the baseline advances or recedes. The black arrow shows an example of a region where the RCA should not be
determined, because the baseline is not properly receding. (d) Magnified regions from a to ¢ for the initial drop volumes of 10 L (left) and 60 uL
(right). Magnified locations are marked in a—c with rectangles. The RCA is not reached in the left figure, but is clearly visible in the right. (e) Photos
from different phases of the CA measurement for ACA drop volumes of 10 uL (left) and 69 uL (right). There is a clear difference between the
photos of the receding drops, while the advancing drops show the same CAs. (f) The CA plotted as a function of drop volume. The arrows indicate
measurements to different maximum volumes. (g) shows schematically how the measured CA cannot recede to the RCA if the initial volume is too

small.

drop and the CA was simultaneously recorded at roughly 3—10 magnified region in Figure 3d and the 6/V plot (Figure 3f)

fps. These data are plotted both as a function of time (Figure show this more clearly. Green arrows mark the receding
3a) and as a function of volume (Figure 3f). In the plots there experiments and there is an RCA “plateau” at 33°, after which
are 7 subsequent ACA measurements, where each time the final the CA does not decrease anymore. In the baseline length vs
volume is increased (Figure 3b). The CA saturated quickly to time plot (Figure 3c), there was a clear point where the baseline
the ACA in each case. This was due to the initial volume of the started to recede abruptly (marked with a red arrow) and it
drop being small—on the order of 2 uL—and thus, the ACA corresponded exactly with the onset of the RCA plateau. A
was reached at a relatively small volume, which was in this case close inspection showed that there was always a slight decrease
less than 10 L. This could be seen more clearly in the 8/V plot in the baseline length before the turning point (i.e., just before
(Figure 3f), where the paths leading to the ACA (marked with the red arrow in Figure 3c). This pseudo-movement of the
black arrows) saturated early depending on the initial drop contact line is explained qualitatively with the following
volume. Using this method, the ACA could usually be reliably experiment: a 120 uL drop was allowed to freely evaporate in
measured without problems and the measurements were often ambient conditions (without needle in the drop) and the time-
possible even for surfaces exhibiting “stick and slip” behavior. dependent behavior was measured (see Supporting Information

Measuring the RCA was done by decreasing the volume of a Figure S3). We observed that at first the baseline length
sessile drop. In this case, the 6/t plot (Figure 3a) showed that increased very slightly, and when the RCA was reached, it

for initial volumes less than ca. 30 pL the measured “RCA” started to recede. During the initial evaporation phase (before
reached a value that was dependent on the initial volume. For receding), there are two competing phenomena: the drop size
sufficiently high volume, the lowest measured value saturated. A decreases due to evaporation and thus acts to decrease the
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Figure 4. Evaluation of the measured contact angle data to the Young—Laplace model and both of the theoretical models visualized. (a) The solid
lines represent results from solving the Young—Laplace equation. The data (symbols) correspond well with the Young—Laplace equation. Note that
there are no fitting variables, but the curves come from the ACA and the RCA alone. (b) Advancing drop volume needed to reach the RCA at 5 yL
calculated using the spherical cap approximation. The colored regions show how well the spherical cap approximation follows the Young—Laplace
solution: the green regions deviate less than 50%, while the red regions deviate more. The spherical cap model performs well for surfaces with an
ACA lower than ca. 120° or when there is small hysteresis. (c) Same as b, but solved by integrating the Young—Laplace equation. The numbered

circles show where each of the surfaces are located on the graph.

baseline length; and due to vibrations, the CA relaxes toward
the MSCA, which increases the baseline length. When liquid
was pumped out of the drop, it effectively made the former
process faster, which could explain why the contact line initially
receded slightly during needle-in-the-drop measurements, yet
advanced during evaporation experiments. In conclusion, the
initial slow receding movement of the contact line, before the
RCA plateau was reached, was caused by the liquid pumping
action and could be considered an artifact.

Figure 3e shows photographs from an RCA measurement.
First, the drop volume was 10 xL and the CA was at the ACA
(129°). When the drop volume was reduced to S uL, the CA
reached the value of 96°, which was not the real RCA, as the
contact line was not yet properly receding. Next, the drop
volume was increased to 69 yL and the CA was at the ACA.
Now, decreasing the drop volume to 10 uL gave a completely
different result of 33°, which was the real RCA value. Figure 3g
shows the size-dependent behavior schematically on a 8/V plot.

“Stick and slip” behavior (see Supporting Information Figure
S6) during the RCA measurements was detrimental, as the time
when the baseline was receding between the jumps was so short
that the CA could not be measured. Often, sticking also
occurred only on one side of the drop, which skewed the drop
shape so much that an axisymmetric fit was impossible. For this
reason, it is important that the RCA is reached at a high enough
volume. We determined that 5 yL is often an adequate lower
limit for the RCA plateau, but if the “stick and slip” behavior is
pronounced, an even higher volume might be necessary.
Furthermore, the standard deviation of an RCA measurement
could be narrowed down by using a longer plateau region. The
RCA for surface (1) was determined as 32.6° + 1.6° with an
advancing drop volume of 30 uL and 32.5° + 0.6° for 70 uL
(error is the standard deviation from a single experiment).

To calculate the drop size needed for a reliable RCA
measurement, we first consider a simple model for small drops
where the effect of gravity is neglected (i.e, Bond number,
pgL?*/y < 1).In this case, the drop is represented by a spherical
cap. For a spherical cap drop with a contact angle of 6 (here,
can be any CA), the volume is given by

V= %Ra’(x3 —3x+2) where x = cos 0

(1)

Now let us assume that the drop has reached its ACA with
volume V, and diameter of the circle contacting the substrate is
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L. Next the volume of the drop is reduced. The drop contact
area diameter does not change until the RCA is reached. At that
point, drop volume is V.. Using L = 2R sin 6, eq 1 can be
reformulated to

A

L’ (x> = 3x, +2)7'(1 — 2,22

24V, _
= (x> = 3, +2)(1 - 1)
@)
where the subscripts a and r refer to either advancing or
receding drops. Equating the advancing and the receding drop
contact diameters leads to a linear relation between the two:

V. = f(x, x)V, where (3)
f ) = (x, — 1)%(x, + 2)(1 — &,2)>?
VT (k= 12+ 2) (1 — )7 @)

If both the ACA and the RCA are known, eq 3 can be used to
calculate what the minimum initial advancing drop size should
be to reach the RCA plateau at a certain volume. For example,
if we assume that the RCA should be reached at V, = 5 uL, we
get ca. V, = 85 uL for the advancing drop volume for surface
(1), and V, = 800 L for surface (2). The spherical cap model
exaggerates the volume needed for the advancing drop for high
contact angles, yet shows the principle qualitatively and can still
be used when the ACA is lower than ca. 120° or the hysteresis
is low (see Figure 4). Similarly calculated advancing drop
volumes for all the ACA/RCA combinations can be found in
Figure 4b. To achieve more accurate results, drop volumes were
calculated by solving the Young—Laplace equation in the
axisymmetric case using discretization along the drop
perimeter”® and numerical integration (details are given in
the Supporting Information). As seen from Figure 4a, the
results from the Young—Laplace model matched well with the
experimental data. Note that the curves were not fitted, but the
parameters (ACA, RCA) were given by the CA measurements.

To make predictions about the minimum volume of the ACA
drop, we assumed that the RCA plateau should be reached at 5
uL. Thus, the ACA volume was calculated for all (8, 6,) pairs
using both spherical cap and Young—Laplace models. The
results are plotted in Figure 4b,c, which, for example, shows
that, if expected hysteresis is less than 10°, an advancing drop
volume of 10—15 uL should be adequate in most cases, yet if
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expected hysteresis is 30°, the advancing drop volume should
be at least 20 uL. Figure 4b also shows how the spherical cap
model compares to the Young—Laplace model. For small
hysteresis, the spherical cap model can be used, yet it fails for
both high ACAs and low RCAs. Black line represents the limit
where the spherical cap model deviates from the Young—
Laplace model by more than 50%.

To test the model we used six different surfaces, which
spread over the entire contact angle range. Figure 4a shows
how the model corresponds with each surface. Surfaces (1),
(2), and (5) follow the Young—Laplace calculations well.
However, with surfaces (4) and (6), there is a decreasing trend
at large volumes. The model seems to function best when there
is a substantial amount of hysteresis, yet it is irrespective of the
actual contact angles. Surface (3) was a special case, as it had
extremely low hysteresis and is strictly the only one we would
qualify as superhydrophobic. To gain an accurate measurement,
we could not use large drop volumes, as the initial CA decrease
phase could not be found, but the contact line started to recede
immediately. This artifact was mostly due to the poor spatial
resolution of the camera at that magnification. By using smaller
drops with volumes of less than 5 uL, both the ACA and the
RCA of surface (3) could be measured, when the magnification
of the camera was adjusted to a higher value. The measured
data followed the theoretical curve (the inset in Figure 4a) well,
which confirmed that the model performs well also for
superhydrophobic surfaces and with smaller drop volumes.
However, we would advise using larger drop volumes whenever
possible to minimize the problems related to “stick and slip” or
inhomogeneities of the surface. This also reduces the standard
deviation of the RCA measurement.

All of the measured surfaces were exclusively in either the
Cassie-Baxter or Wenzel wetting state and did not show
transitions during the experiments. However, there are
numerous examples where a surface exhibits both Cassie-
Baxter and Wenzel behavior degending on, for example,
pressure exerted on the surface,”>** drop size,”**’” or impact
velocity.”®~>* Therefore, we simulated a contact angle measure-
ment where the drop started in Cassie-Baxter state, yet
transitioned to the Wenzel state at a critical pressure (see the
Supporting Information). The results were exactly the same as
with only the Cassie-Baxter or Wenzel state, but the surface
switched between the two. Repeated cycles of measurement
thus gave first the Cassie-Baxter values and then the Wenzel
values. The model yields accurate results also for these surfaces,
yet care has to be taken to identify whether such a transition
occurs.

In conclusion, we have shown that the RCA can be reliably
measured from different surfaces with varying contact angles
and hysteresis using the needle-in-sessile-drop method: Deposit
a small drop on the surface and leave the needle inside the
drop. Continuously record the CA using a Young—Laplace
based fit. Increase the drop volume. Use eq 3 or Figure 4c as a
guideline to determine the final volume. Decrease the drop
volume slowly until ca. 2 yL. Find the “plateau” regions and
determine the ACA and the RCA together with standard
deviation.

The initial size of the drop is the key to a successful RCA
measurement. This is clearly demonstrated for a surface with
both a high ACA and large hysteresis, yet surfaces with low
hysteresis exhibit similar behavior. For the RCA measurements,
the contact line should recede long enough to reach a narrow
standard deviation and we consider S yL as a reasonable lower

g
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limit. Furthermore, eq 3 and Figure 4c can be used as guidelines
when planning CA measurements, when there is a reasonable
guess for the hysteresis. From the figure, one can note that in
many cases it is not sufficient to use drop sizes less than 10 uL,
yet sometimes even values up to SO uL are needed. The
method is not restricted to needle-in-the-drop experiments and
applies also to freely evaporating drops. It is even possible to
measure surfaces, which exhibit a wetting transition during the
experiment.

B ASSOCIATED CONTENT

© Supporting Information

Detailed experimental procedures along with contact angle
measurement data for all surfaces. Scanning electron micro-
graphs of the surfaces. Solving the Young—Laplace equation.
Numerical integration algorithm for solving the Young—
Laplace equation. Explanation of the stick and slip behavior.
Details of the simulated contact angle measurements and an
example of how to identify a wetting transition during an
experiment. This material is available free of charge via the
Internet at http://pubs.acs.org.
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