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Revisited Cassie’s law to incorporate microstructural capillary effects
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The equilibrium contact angle and the receding contact angle of water droplets sus-
pended on surfaces comprising arrays of equidistant, uniformly sized square micropillars
has been measured with goniometry. Surfaces with distinct pillar size and spacing were
fabricated via photolithography and deep reactive-ion etching prior to hydrophobization
via the molecular vapor deposition of perflourodecyltrichlorosilane (FDTS). The surfaces
exhibited superhydrophobic properties and the measured equilibrium contact angle was
compared with the prediction of the Cassie equation based on the measured contact
angle on a flat FDTS surface and the surface morphology. A poor agreement between
the experimental data and the data predicted by the Cassie equation was found when
the spacing between structures was less than the width of the pillars. For more closely
spaced structures, the deviation between the measured and predicted values increased. In
this roughness region, the measured angle is unchanged by the spacing but the receding
angle continues to be dependent on the surface structure. A microscopic examination of
the interface between the surface and the droplet revealed that the liquid-gas portion of
the contact line was distorted at the pillar edges. The extent of the distortion could not
be accurately quantified but it was shown that if the capillary region was assumed to
be semicircular and extending half of the width of a pillar in to the liquid-gas region
of the contact line, that the contact angle could be predicted well. Moreover, a good
prediction of the experimental data of a prior study of droplets on closely spaced circular
polydimethylsiloxane micropillar arrays is presented.
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I. INTRODUCTION

The wetting of surfaces by liquid droplets is relevant to numerous industrial processes. Mi-
crofluidic systems [1], device fabrication [2], inkjet printing [3,4], examination of DNA/RNA [5,6],
and heat transfer [7] are all industrial practices where optimization is rooted in the fundamental
characterization of wetting. Moreover, the manufacture of ordered experimental surfaces with a
known roughness is well within the capabilities of modern micro- and nanofabrication facilities [8].
Therefore, there are a number of studies that examine the effect of such surfaces on the dynamics
of liquid droplets with a view to characterize their relationship [9–12].

Generally, the wettability of a surface by a droplet is determined empirically by measuring the
angle of the edge of the solid-liquid-vapor region, called the “contact angle.” If this angle is greater
(less) than 90°, the surface is typically referred to as “hydrophobic” (“hydrophilic”). On a planar
surface, the inherent energy of the interface can produce a maximum contact angle of near 120° [13].
The innate wettability of the surface can be enhanced by microstructuring [14] and a droplet wets
in two main modes. In the Wenzel mode [15], the liquid from the droplet will fill the space between
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the pillars, touching the pillar’s substrate. The contact angle θ∗ of a droplet in such a configuration
can be calculated using the Wenzel equation:

cos θ∗ = r cos θ, (1)

where θ is the contact angle for a droplet of the same liquid on a chemically equivalent planar
surface and r is the roughness ratio; the total surface area of the structured surface as a fraction of
the projected area.

In the Cassie-Baxter mode [16], the droplet is suspended atop the pillars and air fills the region
between the droplet and the pillar’s substrate. For flat-topped pillars the contact angle θ∗ can be
predicted by Cassie’s law:

cos θ∗ = f (cos θ + 1) − 1, (2)

where θ is the contact angle for a droplet of the same liquid on a chemically equivalent, planar
surface and f is the fraction of the liquid/surface interface of the droplet in touch with a flat, solid
surface (i.e., tops of pillars):

f = a2

(a + b)2 . (3)

For a uniform array of flat, square pillars, a represents the length of the side of a pillar and b is
the space between adjacent pillars.

Droplets in the Cassie state can assume an equilibrium contact angle of >150◦ and such an
angle is said to describe superhydrophobicity [13]. There is an ongoing discussion regarding the
legitimacy of using equilibrium contact angle as the sole criteria for identifying this phenomenon,
however [17–19]. Some studies have argued that the “stickiness” (hysteresis) of a surface should be
considered also in characterizing superhydrophobicity [17,18]. Cassie droplets tend to have a low
hysteresis [19] compared with Wenzel droplets.

The typical focus of studies that examine Cassie droplets use arrays of widely spaced pillars
(low roughness) because these surfaces produce droplets with higher contact angles and with
lower hysteresis, and this is of interest particularly for self-cleaning surfaces [20], efficient liquid
transfer in microchannels [21] and anti-icing surfaces [22]. Moreover, it is in this roughness region
where the Cassie state could switch to the Wenzel state, resulting in a sudden breakdown of
superhydrophobicity [23]. It is less common for higher roughness (i.e., where the pillar spacing
is less than the width of a pillar) to be considered and in such cases, it is evident that the Cassie
equation does not describe the measured contact angle well in the higher (>0.25) roughness region
[24–26]. This was illustrated by Erbil and Cansoy [27] where they looked at experimental data
from 166 different arrays and found that the majority of data from arrays of circular pillars (up to
77%) and almost half of the data from arrays of square pillars (44%) were not predicted correctly
by Cassie’s law in its existing form even though the droplets met the criteria to be described as a
“Cassie droplet.” It has been shown that microscopic changes to the structure of the droplet’s contact
line can change the macroscale droplet dynamics [28,29]. There is a discussion of the applicability
of the Cassie-Baxter equation to various composite surfaces by McHale [30]. McHale presents the
example of a droplet on a flat surface comprising nested rings of alternating hydrophobicity and
deduces, using an energy minimization approach, that the droplet will adopt the contact angle of
the surface on which the contact line of the drop sits, rather than the angle that is predicted by the
Cassie-Baxter equation. McHale is in agreement with Gao and McCarthy [31] as well as Extrand
[28]; it is interactions at the three-phase contact line that determine the contact angle. Moreover,
McHale also discusses pillared surfaces, pointing to the fact that the Cassie-Baxter equation does
not incorporate the effect of distortion of the contact line of the liquid suspended between asperities
and that the contact angle could be affected by such phenomena. Studies have focused on structuring
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the liquid-solid portion of the contact line and consider distortion of the liquid-vapor bridge between
pillars only when the pillars are widely spaced [22,32–34].

There is an interest in producing surfaces with high contact angles that are also “sticky” for the
fields of driving droplet motion [35,36] and wall-climbing robots [37,38]. Surfaces of this nature are
usually complicated to fabricate and require additional manufacturing steps compared with slippery
superhydrophobic surfaces [39]. Recent studies have examined the contact line of droplets on a
pillared surface with microscopy and have revealed a heavily distorted liquid-vapor region of the
contact line between pillars [40,41] and Paxson and Varasani quantified the extent of this region
as a function of the surface structure [41]. They showed that for square micropillars a capillary
region forms around the edge of the structure that is roughly semicircular over a distance that is
approximately half of the length of the side of a pillar. If the square pillars are sufficiently spaced
(within one pillar spacing or closer), a capillary “bridge” can form where the capillary regions
interact.

In the following we measure the equilibrium contact angle of water droplets on uniform arrays
of flat-topped square micropillars of four different areas and with a roughness range of 0.12–0.79.
We show that once the pillars are sufficiently close (roughness > 0.20), Cassie’s law is a poor
predictor of the initial contact angle and additionally, that considering the effect of capillary bridging
[capillary bridging effect (CBE)] and by incorporating it into the Cassie equation, we can predict
this angle well. The surfaces are superhydrophobic by the definition of initial contact angle, but
are demonstrated to have a relatively high contact angle hysteresis and are fabricated in a manner
that is identical to slippery superhydrophobic surfaces. Moreover, we show that we can model the
results of a separate, prior study of Bhushan et al. [25] to further demonstrate the applicability of
the modified roughness parameter.

II. PILLARED SURFACES

1 × 1 cm2 square arrays of square pillars of four different areas (5 × 5 μm2, 10 × 10 μm2, 20 ×
20 μm2, and 40 × 40 μm2) with four different spacings for each pillar area (5, 10, 20, and 40 μm)
were fabricated at the Scottish Microelectronics Centre. Pillars were defined using photoresist on
a Si wafer (SI-MAT) before Bosch processing was carried out to create pillars ∼10 μm in height
with smooth sidewalls. The surfaces were then exposed to perflourodecyltrichlorosilane (FDTS)
vapor to form a hydrophobic coating (θ = 114.9 ± 1.8◦). In Fig. 1 a droplet sitting on an array of
20 × 20 μm2 pillars spaced by 5 μm, a scanning electron microscopy (SEM) image of 10 × 10 μm2

pillars spaced by 10 μm and a schematic of the experimental setup are shown.
A drop-shape analyzer (DSA 100; Kruss) was used to measure the contact angle of the droplet.

Water droplets (25 μl) were deposited on each array before the surface was tilted at 1°/s. The
initial contact angle and the angle of the backside of the droplet just prior to the radius of the
droplet moving relative to the surface were recorded and this information was used to calculate the
hysteresis.

FIG. 1. (a) Side-on goniometer view of droplet on microstructured surface, (b) SEM image of square pillar
array, and (c) schematic of goniometer setup.
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III. RESULTS

Paxson and Varasani [41] showed that there is a microscopic distortion of the liquid-gas region
of the contact line between micropillars (“a capillary bridge”) and estimated that the region extends
roughly half of a pillar length from the solid-liquid interface. If the spacing is within the length of the
side of a square pillar, the capillary bridges will interact. Additionally, optical microscopy imaging
of the contact line of our surfaces confirms that for closely spaced pillars, there is a curvature
of the air-fluid region between pillars (Fig. 2), although the arc length could not be quantified
accurately.

Based on optical microscopy measurements (Fig. 2), the liquid-vapor region is assumed to be
semicircular at the edge of the pillar. If the spacing is less than one pillar width, it is assumed that
the contact line assumes a pseudocircular shape that has the length of the arc of a semicircle with

FIG. 2. One-dimensional schematic of (a) contact line of droplet with capillary bridge near droplet contact
line. (b) Schematic of assumed contact lines for (left) Cassie model, (middle) spacing greater than pillar width,
and (right) interacting capillary bridges. Below: roughness used for each case. Optical microscopy image of
contact line of water droplet on 10 × 10 μm2 square pillar arrays with (c) 5 μm and (d) 10 μm spacing showing
a curvature of the liquid-vapor interface at the contact line.
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FIG. 3. Equilibrium contact angle as a function of the solid area fraction; experimentally measured from
arrays of FDTS coated square pillars (green circles), Cassie’s law prediction for experimental FDTS surfaces
(broken green line), CBE-modified Cassie’s law prefiction for experimental FDTS surfaces (solid green line),
data from Bhushan et al. [25] (red and blue circles), Cassie’s law prediction for Bhushan et al. (broken red
line), and CBE-modified Cassie’s law prediction for Bhushan et al. (solid red line).

a diameter of the edge of a pillar. The equilibrium contacted angle is calculated using this new
roughness parameter, which can be referred to as the capillary bridge effect (CBE) modified solid
area fraction.

The CBE-modified Cassie equation is as follows:

cos θ∗ = g(cos θ + 1) − 1, (4)

where

g = a2

(a + c)2 , (5)

and

c = b − a + 1
2πa if b > a

c = 1
2πa if b < a,

(6)

where θ∗ and θ are as Eq. (2) and a and b are as Eq. (3). In Fig. 2(b) is a schematic describing c as
the contact line between pillars that is extended by capillary effects.

Figure 3 shows a plot of the measured initial contact angle as a function of the solid area fraction
parameter of the Cassie equation [16] for the four different pillar sizes at various spacings. The range
of solid area fraction covered is 0.12–0.79. The experimental data (green circles) is compared with
the prediction made numerically using Cassie’s law (broken green line). It can be seen that at low
roughness [i.e., when pillars are widely spaced (solid area fraction is between 0 and 0.20)], there is
a good agreement between Cassie’s law and the experimental data. When the spacing is less than
the width of a single pillar, Cassie’s law is a poor predictor of the contact angle. The discrepancy
between the predicted and measured values of the initial contact angle grows as a function of solid
area fraction. The solid green line is the contact angle predicted by Cassie’s law with CBE-modified
solid area fraction (i.e., replacing the pillar spacing with the predicted length of the capillary bridge).
The equation agrees well with the experimental data.
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FIG. 4. Initial contact angle (circles, solid black line) and receding angle (triangles, dashed line) plotted
against solid area fraction. The blue region illustrates the contact angle hysteresis.

Bushan et al. [25] studied uniform arrays of circular polydimethylsiloxane (PDMS) micropillars
with diameters of 5 μm (Series 1, red circles, Fig. 3) and 14 μm (Series 2, blue circles, Fig. 3) with
a different spacing for each array. The data from this study are plotted as a function of solid area
fraction. It is evident that using the CBE-modified solid area fraction is a good fit with the data,
whereas the original Cassie-Baxter equation does not fit well for higher solid area fractions (>0.2).

Figure 4 shows the initial and receding contact angles measured from the experimental substrates
described in Fig. 1. It can be seen that for high-solid area fraction arrays (>0.2) the contact angle re-
mains roughly uniform while the receding angle gets smaller as a function of increasing roughness.
This represents a region where the equilibrium wettability is constant (and superhydrophobic) but
the hysteresis is not. In the solid area fraction region of 0.2–0.79, the initial contact angle remains
∼157◦ while the hysteresis increases from 15° to 55°.

The equilibrium contact angles of droplets on uniform (size and spacing) square arrays of flat-
topped square pillars with four different surface areas (5 × 5 μm2, 10 × 10 μm2, 20 × 20 μm2, and
40 × 40 μm2) and spacings (5, 10, 20, and 40 μm) were investigated. The surfaces represented a
roughness range of 0.12–0.79. It was demonstrated that Cassie’s law was a poor predictor of the
initial contact angle for higher solid area fractions (>0.2). A semicircular capillary bridge was
assumed with a radius of the width half of one square pillar. Modifying the solid area fraction in
this manner allowed the accurate numerical deduction of the contact angle for our data. Moreover,
we are able to predict the experimental initial contact angle from a previous study of arrays of
PDMS micropillars more accurately than the conventional Cassie equation. Finally, it is shown that
when solid area fraction >0.2, the initial contact angle will remain stable with increasing solid area
fraction but the receding angle will decrease.

IV. CONCLUSIONS

This study shows that superhydrophobic surfaces with a tunable and large hysteresis can be
produced with straightforward fabrication steps and that the shape of the liquid-vapor region can
strongly influence the droplet dynamics, particularly for tightly packed arrays supporting droplets
in the Cassie state. It should be noted that this is not a “one size fits all” solution to a discrepancy
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between experimental data and the Cassie equation. The liquid-vapor portion of the contact is
likely varied and complicated and future studies should probe the contact line at the microscale
and quantify this region as a function of surface structure and the surface energy associated with the
chemistry of the interface.
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