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Effect of triple-phase contact line on contact angle hysteresis

YU Yang'", WU Qun', ZHANG Kai” & JI BaoHua'"

! Biomechanics and Biomaterials Laboratory, Department of Applied Mechanics, School of Aerospace Engineering,
Beijing Institute of Technology, Beijing 100081, China;
% Department of Engineering Mechanics, Tsinghua University, Beijing 100084, China

Received February 1, 2012; accepted March 28, 2012; published online April 18, 2012

Recent studies have shown that the triple-phase contact line has critical effect on the contact angle hysteresis of surfaces. In
this study, patterned surfaces with various surface structures of different area fractions were prepared by electron etching on a
silicon wafer. The advancing angle, receding angle and hysteresis angle of these surfaces were measured. Our experimental
results showed that while the geometry of microstructure and contact line have a minor effect on the advancing angle, they
have a significant effect on the receding angle and thus the hysteresis angle. We have shown that the effect of microstructure
and the contact line can be described by a quantitative parameter termed the triple-phase line ratio. The theoretical predictions
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were in good agreement with our experimental results.
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The contact angle hysteresis (CAH) is referred to as the
difference between the advancing and the receding contact
angles. It is a critical measure of the stickiness of a surface,
that is, the resistance to motion experienced by a droplet as
it rolls off or detaches from a surface. Studies of CAH, par-
ticularly on superhydrophobic surfaces, are critically im-
portant for understanding many biological and industrial
processes, such as biological wet adhesion [1-3], surface
treatment in medical devices and MEMS, microfluidics.
Recently, the interest in this field has expanded and much
progress has been made [4-19].

Contact angle (6, ) is a classic parameter in describing

the static wetting property of surfaces. It was firstly ex-
pressed on flat surface by Young [20] some 200 years ago

as, cosOy =y (rsy =) Where iy .75y, 75 are lig-
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uid-vapor, solid-vapor and solid-liquid interface energy,
respectively. For the surfaces with roughness (microstruc-
tures), there are two classic models for predicting their ap-
parent contact angle, that is the Wenzel model [21] and the
Cassie-Baxter model [22]. The Wenzel model is character-
ized by fully wetting of solid surface as expressed by
cos@, =rcosf,, where r is the ratio between the actual
surface area and the geometric projection. The Cassie-Bax-
ter model tries to explain the trapping of air between liquid
and rough surface as expressed by cos6@., = fcosb, + f

—1, where f'is the area fraction of solid-liquid interface.
Recent studies have shown that only the contact angle is
not sufficient for describing dynamic wetting behaviors of
surfaces. For example, Johnson and Dettre [4] reported that
the apparent contact angle differs from Young’s contact
angle when the droplet rolls along the surface. They defined
the contact angle at the front as the advancing angle (6,),
the rear as the receding angle (fy), and considered the dif-
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ference as the hysteresis angle (A@). Experimental results
have shown that the hysteresis angle is a critical parameter
of dynamic wetting properties.

The sources of CAH can be considered by two classical
categories. The first is thermodynamic including surface
roughness and surface heterogeneity and the second is ki-
netic hysteresis including surface orientation, surface de-
formation, liquid penetration and surface mobility [23]. The
surface roughness and surface heterogeneity are two of the
most common sources found in nature. Experimental ob-
servations have shown with exception to size [5,7,8,17,19,
24] (the characteristic dimension of the roughness), the
geometry of the triple-phase line [6,12,13,16] as the most
important for surface hysteresis. For example, Gao and
McCarthy [24] studied the effects of surface textures on the
hysteresis by preparing two kinds of polyester textiles. Oth-
ers have shown that the discontinuity of the triple-phase line
can significantly influence the hysteresis [8]. For under-
standing the roles of the triple-phase line, mathematic mod-
els were proposed. Extrand [9] suggested that the linear
fraction of contact line is a key parameter of hysteresis. Re-
searchers have also obtained the relationship among contact
angle, advancing angle and receding angle by considering
the contact line energy [11]. Choi et al. [17] suggested a
parameter named the differential parameter (¢;) into the
Cassie-Baxter equation to consider the influence of the
contact line. However, the mechanisms of how the contact
line influences the CAH are still elusive. In this paper, to
reveal the effect of the contact line because of surface
roughness of different geometries, a series of surfaces with
differing microstructures were prepared and the advancing
and receding angle of these surfaces were measured.
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Furthermore, a theoretical model considering the effect of
the contact line was used for comparison with the meas-
urements of the advancing and receding angles.

1 Materials and methods

1.1 Sample preparation and measurement

The samples of silicon wafers with microstructures are pre-
pared by electron beam etching as shown in Figure 1. The
microstructures are differed in shape (square pillars and
cylinder pillars), size (5.6-60 um), distribution (square dis-
tribution and hexagonal distribution), and area fraction
(0.0625-0.5625). Because silicon is a considered a hydro-
philic material, the samples were further coated with Octa-
decyltricholorosilane (OTS) in order to make the samples
show hydrophobicity. The contact angle on flat silicon wa-
fer coated with OTS was (107.3x1)°.

The contact angle, advancing angle and receding angle
were measured by OCA20 Device from Dataphysics (Ger-
many). The droplet used in the measurement was made of
deionized water with a volume 8 pL. The contact angle was
measured by sessile droplet method, while the advancing
and receding angle were measured by the method in which a
droplet began to move on a tilted surface and then measur-
ing by computer. Each angle was measured multiple times.
The measuring precision of the device is 0.1°.

We ensured that the droplet on the surface was at the
Cassie-Baxter wetting state in our experiments, and the wet-
ting state did not alter significantly during the process of
measurement.

50 um

i

Figure 1 Optical microscopy images of different microstructures of prepared surfaces. (a) Square pillars with square distribution; (b) cylinder pillars with
square distribution; (c) square pillars with hexagonal distribution; (d) cylinder pillars with hexagonal distribution.
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1.2 Theoretical model

Here we adopted a theoretical model considering the effect
of the triple-phase contact line on the CAH. Figures 2(a)
and (b) show the illustration of the triple-phase line pins at
the side of surface structures. When the water-air interface
recedes and contact angle between water and solid reaches
receding angle, the triple-phase contact line will break away
from the side of the structures, as shown in Figure 2(c).
Based on the experimental observations, we proposed that
the line ratio of the triple-phase contact line determines the
receding angle of the surface. Here we used a one dimen-
sional microstructure pattern, that is the stripe-like micro-
structure for the derivation. Here we denote the length of
the apparent contact line as w, the contact line ratio as g, the
ratio of the contact line contacting with solid in yellow to
the total length of apparent contact line in red, as illustrated
in Figures 2(a) and (b). The length of contact line of solid is
now considered gw. Suppose that the three-phase line re-
cedes a distance of Ax (see Figure 2(d)), the changes of en-
ergy of solid-vapor, liquid-vapor and solid-liquid interface
are given as:

AEy, =y 8WAX, @))
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AE,, ==y ywhAxcost —y,, (1- g)wAx, 2)
AEg =—y4 gWAX. 3)

According to the balance of energy, we have
AE,, +AEg +AEg, =0. 4

Note that here we adopt the consistent ideas as that of the
derivation of Young’s Equation and the Cassie-Baxter
model in our derivation. That is, the droplet has constant
receding and advancing angle with the solid surface during
its motion. Thus, the change of surface energy being zero is
equivalent to the minimization of the surface energy. From
eq. (1) to eq. (4) and Young’s equation we can derive the
receding angle in terms of the triple-phase line ratio as:

cosHR:gM+g—1:gcos€Y+g—1. (5)

Vv

We extended our derivation of receding angle and calcu-
lation of contact line ratio of the one dimensional straight
contact line to the curved contact line, which is given in
Table 1 for typical surface structures.

Triple phase line

N

‘ H/ Apparent contact line

Figure 2 (Color online) Schematic illustration of the theoretical model for receding angle considering the triple-phase line ratio. (a) A droplet sitting on the
surface with microstructure; (b) a magnified image of the triple-phase contact line, the triple-phase line and apparent contact line are shown as yellow and
orange line, respectively; (c) and (d) illustration of derivation of the theoretical model for receding angle.
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Table 1 Triple-phase line ratio (g) relative to area fraction (f) of surface structures which were used in our experiments
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2 Results and discussion

The measured values of advancing angle and receding angle
of samples of different area fraction, geometry and distribu-
tion were shown in Figure 3. As we can see, the area frac-
tion, geometry and distribution only have a slight effect on
the advancing angle which changes in a very narrow range
from 157° to 163°. In contrast, these parameters have sig-
nificant effect on the receding angle which alters in a much
greaterer range from 100° to 150°. The receding angle de-
creases with the increase of area fraction of microstructures.
In addition, for the same area fraction, different shapes and
distributions will produce different receding angles. The
hysteresis angles can be calculated from Figure 3 by sub-
tracting advancing angle from the receding angle. As we
can see, the hysteresis angle increases with the increase of
the area fraction, as shown in Figure 4. Similarly, the hys-
teresis angle not only depends on the area fraction, but also
the geometry and distribution. Therefore, area fraction in
itself can not determine the value of the receding angle and
hysteresis.

We can also draw the measured values of the receding
angle in terms of the triple-phase line ratio, as shown in
Figure 5. The black solid curve is for the theoretical predic-
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Figure 3 (Color online) Experimental measurements of advancing angle
and receding angle vs. area fraction of microstructures with different shape
and distribution.
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Figure 4 (Color online) Hysteresis angle vs. area fraction of microstruc-
tures with different shape and distribution.
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Figure 5 Theoretical predictions of the receding angle at different tri-
ple-phase line radio in comparison with the experimental measurements.

tions by eq. (5). The discrete points are measured values. It
shows that the experimental results are in good agreement
with our theoretical model. In addition, the measured values
become less scattered compared with those in Figure 3. This
result suggests that the triple-phase line ratio might be a
better parameter for describing the CAH of surfaces with
microstructures.

The mechanism of above results is that the CAH should
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be determined by the triple-phase line ratio. For example,
the triple-phase line ratio is different for surface structures
by different shapes and distributions even with the same
area fraction, as shown in Table 1. As we can see, the tri-
ple-phase line ratio of square pillars with square distribution
is the smallest among the different surface structures,
therefore the receding angle is the largest. In addition, for
the same distribution, the triple-phase line ratio of square
pillars is smaller than that of the cylinder pillars.

More evidence on the effect of geometry and distribution
on the triple-phase line ratio can be found in Figure 6. We
can see that the receding angle on the surface with square
pillars of square distribution is the largest at same the area
fraction. The receding angles on square pillars are higher
than those on cylinder pillars. Receding angles on cylinder
pillars with hexagonal distribution are higher than those on
cylinder pillar with square distribution. All these experi-
mental results are in good agreement with our theoretical
predictions based on the triple-phase line ratio.

The theoretical model of receding angle based on the tri-
ple-phase line ratio might have important application in
design of surface microstructures for controlling the hyste-
resis of surfaces. It has been shown that the receding angle
will increase with the decrease of the triple-phase line ratio
from eq. (5). Therefore, decreasing the triple-phase line
ratio will decrease the hysteresis. The geometry and distri-
bution can have significant effect on the triple-phase line
ratio. For example, the triple-phase line ratio of simple
shapes, such as square or circle, are smaller than that of
more complex shapes, such as pentagram, flower and hack-
le-like shapes using the same area fraction. Conversely, the
distance between two pillars under square distribution is
larger than that under the hexagonal distribution for the
same microstructure shape and same area fraction, thus the
triple-phase line ratio of square distribution is smaller.
Therefore, if one wants to reduce surface hysteresis, one
should choose the microstructures with smaller perimeter
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Figure 6 (Color online) Effects of geometry of surface structures on the
receding angle.
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(smaller line ratio) and distribution with larger distances
between the structures to further reduce the line ratio.

It can be noted that the advancing angles measured in the
experiment alters in a very small range from 157° to 163°
although the area fraction of microstructures varied in a
large range from 0.0625 to 0.5625. We propose that this
phenomenon should be relative to the high apparent contact
angle as well as the high area fraction of the surfaces. The
underlying mechanisms behind this experimental observa-
tion can not be explained using existing theories, particu-
larly at such large area fraction. It was found that even the
predictions of contact angle, the Cassie-Baxter model did
not agree with the existing experimental measurements of
the apparent contact angle. For example, for the area frac-
tion of 0.5625 the prediction of the contact angle by the
Cassie-Baxter model should be 127.2°, however, the meas-
ured value of the contact angle was as high as (142+2)°.

In addition, it should be noted that although the predic-
tions of our theoretical model based on the triple-phase line
ratio are in good agreement with the experimental results,
this model currently can not describe the effect of size of
the microstructures. More research needs to carried out on
improving this model in future work.

3 Conclusion

A series of micro-patterned surfaces with different area
fraction, geometry and distribution were prepared by elec-
tron beam etching on silicon wafers. The advancing angle,
receding angle and hysteresis angle were measured on these
microstructured surfaces. The experimental results showed
that the advancing angle on those surfaces was not sensitive
to the area fraction changing when it was varied within the
range from 0.0625 to 0.5625. Conversely, the area fraction
had a significant effect on the receding angle. Thus, the
larger the area fraction, the smaller the receding angle.

We found that the triple-phase line ratio can be consid-
ered a better parameter for predicting the CAH. The area
fraction, geometry and distribution of microstructures will
all influence the value of triple-phase line ratio. A theoreti-
cal model based on the triple-phase line ratio was used for
comparison with the experimental measurements. We have
shown that the theoretical predictions are in good agreement
with the experimental results. In addition, we have shown
that the combination of the effects of area fraction, shape
and distribution on receding angle could be described by the
triple-phase line ratio, which suggests that the triple-phase
line ratio might be an appropriate parameter for measure-
ment of CAH of surfaces.
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