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Abstract

Surface microstructures of solids play a significant role in producing
superhydrophobic surfaces. In the present paper, the Cassie—Baxter and Wenzel
models on a rough substrate are examined from the viewpoints of geometry
and energy. The result shows that if the air beneath a droplet on a sinusoidal
substrate is open to the atmosphere, the superhydrophobic state can exist only
when the substrate is hydrophobic, and that the geometric parameters of the
microstructure have a great influence on the wetting behavior. Two mechanisms
that may lead to a superhydrophobic property from a hydrophilic substrate
are addressed. Firstly, for closed or airproof microstructures (e.g. honeycomb
structures), a negative Laplace pressure difference caused by the trapped air
under the drop can keep the balance of the liquid/vapor interface. Secondly,
some special topologies of surface structures satisfying a certain geometric
condition may also lead to the formation of a Cassie—Baxter state even if the
microstructures are open to the air. Therefore, some surface morphologies may
be designed to obtain superhydrophobic properties on hydrophilic surfaces. The
present study is also helpful to understand some superhydrophobic phenomena
observed in experiments and in nature.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Most wetting phenomena of solid materials are not only dependent upon their chemical
compositions [1, 2] but also closely related to the micro- and/or nano-structures on their
surfaces [3—6]. For example, the leaves of such plants as lotus and Lady’s Mantle can keep off
raindrops and dust due to the micro/nano-morphology of their surfaces, and this phenomenon
is often referred to as the ‘self-cleaning effect’ or ‘lotus effect’ [7-9]. Such creatures as water
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striders and water spiders can stand, walk and jump freely on still or even flowing water
because their legs with micro- and nano-structures can produce a high superhydrophobic force
to propel their bodies without being wetted [10-12]. Superhydrophobic surfaces have various
applications in industry, e.g. self-cleaning paints and glass windows [13]. Much attention
has been paid to mimic the microstructures of biological materials to get ultrahydrophobic
properties [14-22].

The Wenzel model [23], the Cassie-Baxter model [24] and several other approximate
theoretical models [25] have been established to predict the macroscopic contact angle of a
liquid droplet on a rough surface. Among others, the Wenzel model assumes that the liquid wets
the whole rough substrate, while the Cassie—Baxter model assumes that the droplet partially
wets the rough substrate due to the trapped air in the microstructures. Carbone et al [26]
derived the critical amplitude of a sinusoidal substrate corresponding to the transition between
the two models. Johnson and Dettre [27] investigated numerically the roughness effect on the
wettability of a sinusoidal surface and found that the energy barriers between two metastable
states of a drop are of utmost importance in determining the magnitude of contact angle
hysteresis. Quere et al [28-30] performed a series of experiments to investigate the transitions
between the Wenzel model and the Cassie—Baxter model caused by a threshold of pressure.
However, there is a lack of investigation on the quantitative dependence relationship of the
macroscopically effective contact angle on the microstructure parameters of surface roughness.
Therefore, it is still a puzzling issue to determine which model should be employed to calculate
the contact angle for a specified surface microstructure.

It was generally thought that all superhydrophobic surfaces result from originally
hydrophobic substrates with surface microstructures.  However, some recent reports
demonstrated that roughness can also lead to a superhydrophobic contact angle on a hydrophilic
substrate. For example, the leaves of Lady’s Mantle show superhydrophobic properties owing
to the elasticity of the hydrophilic hairs on the hydrophilic leaves [8, 9]. Herminghaus [31]
found that self-affine topologies of surface roughness may render a superhydrophobic state no
matter whether the substrate is hydrophilic or hydrophobic. Hosono et al [16] showed that
a contact angle of up to 178° may be obtained on a rough substrate with the original contact
angle of only about 70°. Feng et al [32] created a superhydrophobic surface with a macroscopic
contact angle of 171° from a substrate coated with PVA nanofibers with a contact angle of 72°.
Similarly, Zhu et al [33] produced a rough PHBV surface with a macroscopic contact angle of
158.1°, though the Young’s contact angle of smooth PHBV is only 75.9°. The above results
have been explained with Cassie-Baxter model by assuming a small value of f, which denotes
the fraction of the wetted solid area to the total area under the droplet. However, it is as yet
unclear as to how the liquid/vapor interface is pinned on the microstructures or, in other words,
how the value of f should be determined.

This paper aims to analyze how the microstructures affect the wetting models and
to determine the conditions under which a specified surface morphology can lead to a
superhydrophobic property. The outline of this paper is as follows. In section 2, the validation
scopes of the Cassie-Baxter model and the Wenzel model on a sinusoidal substrate are
discussed from the viewpoints of geometry and energy. In section 3, the case of an airproof
sinusoidal hydrophilic substrate is considered to demonstrate that the negative Laplace pressure
difference across the liquid/vapor interface of the trapped air blocked under the drop may
cause the Cassie—Baxter state. In section 4, the Cassie—Baxter state of a hydrophilic substrate
open to the air is studied, and some possible topologies of the microstructures are designed.
Only two-dimensional problems will be considered in this paper, though the presented method
can be extended to three-dimensional cases and the obtained conclusions also hold, at least
qualitatively, for three-dimensional surface microstructures.
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2. Cassie-Baxter and Wenzel models on a rough substrate

2.1. Geometric analysis

First, let us consider a droplet located on a solid with sinusoidal surface microstructures whose
characteristic sizes are much smaller than that of the liquid droplet, as shown in figure 1. The
shape function of the solid surface is expressed as

y(x) = —Acos(kx), ()

where A is the roughness amplitude, k = 2w /L the wavenumber, and L the wavelength.
The local contact state of the solid/liquid/vapor interface is shown in figure 2, where the
air between the liquid and the substrate is open to the atmosphere via the interconnecting
microstructure. Such a state is called the Cassie—Baxter model (or composite model). Refer to
a Cartesian coordinate system (o-xy). At the triple contact point x = —Xx(, one has the Young’s
equation [34]

Ysv — ¥YsL = Y cos Oy, ()

where ysy, ysp and y denote the surface tensions of the solid/vapor, solid/liquid and
liquid/vapor interfaces, respectively, and Oy is the Young’s contact angle of a smooth substrate.
Since the characteristic sizes L and A of the substrate roughness are much smaller than that
of the liquid drop, it is reasonable to assume that the liquid/vapor interface within a period of
roughness has an arc shape written as

x4+ -y =R, 3)

where R is the radius of the arc, and y* is the vertical coordinate of the circle origin. Inserting
the coordinate [x(, —A cos(kxg)] of the solid/liquid/vapor contact point xo, equation (3)

becomes
y = —Acos(kx) + / R? — x3 — V R? — x2, @)



J. Phys.: Condens. Matter 19 (2007) 356002 J-L Liu et al

where xo > 0. Across the liquid/vapor interface, there is an over-pressure Ap (Laplace pressure
difference) in the liquid with respect to the exterior pressure, which is related to the surface
curvature by [35]

==

Ap = pin — Pou = 5, (5)

where p;, and poy are the pressures in the liquid drop and the vapor phase, respectively. The
liquid/vapor interface on such a microstructure has an invariably downward-concave meniscus
shape since Ap > 0, and at the same time it must satisfy the Young’s equation (2). Therefore,
it is easy to see that the triple-line contact condition in the sinusoidal configuration requires
the Young’s contact angle 8y > 90°, as shown in figure 2. From the angle of geometry, in
other words, a downward-concave vapor-liquid interface cannot exist within a period of the
hydrophilic sinusoidal substrate, and the liquid must wet the whole substrate region beneath the
droplet. As a result of the above geometrical limitations, therefore, the Cassie-Baxter model
cannot hold for such a hydrophilic substrate with a sinusoidal surface microstructure, but the
Wenzel model always can.

If the substrate is hydrophobic (i.e. 90° < 6y < 180°), on the other hand, the liquid may
either wet the whole substrate region beneath the droplet (Wenzel model) or partially contact
with the substrate (Cassie—Baxter model), depending upon the Young’s contact angle and the
geometric parameters of the surface microstructure. The Cassie—Baxter model holds only when
the contact line is in a certain range between the two dashed horizontal lines ab and cd, as shown
in figure 2. Beyond this range, the Wenzel model should be used.

In figure 2, the contact angle is geometrically expressed as

cosfy =m - n, (6)

where m and n are the unit vectors normal to the liquid/vapor interface and to the substrate,
respectively. They are expressed as

1 . ) .
m:—E xoi+/R>—x5j|. (7)

kA sin(kxo)i+ j
n= ,
V14 k2A? sin® (kxo)
where i and j are the unit vectors of the x- and y-axes, respectively. Substituting equations (7)

®)

and (8) into (6) leads to
xok A sin(kxg) + ,/ R? — xg
cosfy = — . )
RV/1 + k2A? sin® (kxo)
In the critical case of m = —j (i.e. R — 00), equation (9) becomes
1
cosby = — (10)

V1 + K2 A2 sin?(kxo)

For xo > 0, the constraint condition in equation (10) is 0 < sin(kxy) = —klA tanfy < 1.
Thus, the Young’s contact angle 6y should be in the range of m — arctan(kA) < 6y < m. The
solutions of equation (10) correspond to two horizontal critical lines with R — oo, which are

formulated as
1 tan 6 T 1 tan 0
(H : Y ) . Y
X, :—Earcsm( A ), X, =Z+Earcsm< A >, (11)

respectively. For 8y = 120° and the non-dimensional amplitude A=A/L =1/3,for example,
it is obtained that %" = x{" /L = 0.155 and %{” = x’/L = 0.345. Then the Cassie-Baxter
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model holds only when the triple contact point is located in the range of iél) < Xo < iéz).

When xy — xél) or Xo —> xéz), the radius of the liquid/vapor interface tends to be infinite and,
correspondingly, the Laplace pressure difference in equation (5) approaches zero. From the
viewpoint of geometry, therefore, a necessary condition for the Cassie-Baxter model to hold is
that equation (10) has two unequal solutions and the triple contact point is pinned between
them. If equation (10) has only one solution of xy or has no solution, the Cassie—Baxter
model cannot be used. By this geometrical consideration, one may approximately determine
whether the Wenzel model or the Cassie—Baxter should be adopted for a surface with specified
microstructure. Qualitatively speaking, the Cassie-Baxter model is favorably valid when the
roughness is very acute, while the Wenzel model may hold when the microstructure is relatively
flat. Further discussions will be given below.

2.2. Energetic analysis

Besides the geometric limitations, the validation of the Cassie-Baxter model is further
constrained by the energy relation. The surface energy within a period of roughness, which
is equal to the summation of the energies of the solid/liquid and liquid/vapor interfaces within
this period, is expressed as

L/2 X

LOE® = yeP) = 2ps — yov) / V14 K22 sin? ) dx + 2y Raresin *2, (12)
Xo

where y§LCB and ySeSB are the effective surface tensions on the solid/liquid and liquid/vapor

interfaces, respectively. They satisfy the generalized Young’s equation:

Y8 — yet® = y cos b, (13)

where Ocp is the macroscopic Cassie—Baxter contact angle. Substituting equations (2) and (13)
into (12), one has the Cassie-Baxter equation

1/2 ~ 5 3
cos fcg = 2 cos 9Y/ \/1 + (2w A)? sin*(27 %) dX — 2R arcsin E?’ (14)
Xo

where ¥ = x/L, = y/L, % = xo/L and R = R/L.
Similar to equation (12), the energy equivalence relation of the Wenzel model reads

L2
Ly —v§V) = 2(ysL — J/sv)/ \/1 + k2A? sin®(kx) dx, (15)
0

where ¥V and yg&) are the effective surface tensions on the solid/liquid and solid/vapor
interfaces, respectively, which also satisfy the generalized Young’s equation

VsV — Vs =y cos b, (16)

with Oy being the macroscopic Wenzel contact angle. Substituting equations (2) and (16)
into (15), one has the Wenzel equation

1/2 -
cos By = 2cos GY/ \/1 + 27 A)?sin®(2n ¥) dX. (17)
0

In addition, the Cassie-Baxter model and the Wenzel model should be constrained by
cosOcg > —1, cosby > —1, (18)

which can be rewritten respectively as

1/2 » 5 ~
—2cos by / \/1 + (2 A)?sin’ (27 %) dX + 2R arcsin % <1, (19)
Xo

1/2 —
—2cos GY/ \/1 + 27 A)?sin?(2n ) di < 1. (20)
0
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Figure 3. The shapes of the liquid/vapor interfaces with different triple-point positions, where we
take (a) fy = 120°, A/L = 1/3, and (b) Oy = 120°, A/L = 0.276.

Condition (20) for the Wenzel model requires that the non-dimensional amplitude A=
A/L cannot be too large. If 6y = 120°, for example, the Wenzel model can be used only
when 27A < 2.6. Otherwise, inequality (20) cannot be satisfied and the system tends to the
Cassie—Baxter model.

On the other hand, even though the triple line is located in the range of iél) < Xg < iéz)
(that is, the geometrical condition for the Cassie—Baxter model is satisfied), the Cassie—Baxter
model cannot be used if inequality (19) is not met. It is easy to see that if Xy is too small the left
term of inequality (19) will be too large and in this case only the Wenzel model can be used.
Roughly speaking, therefore, the Cassie—Baxter model is energetically favorably valid for a
very rough surface, but it is further limited geometrically by the position of the triple contact
point.

2.3. Discussion

When both the geometry condition in equation (10) and the energy condition in equation (19)
are satisfied, the Cassie—Baxter model will be valid. In this case, the shape of the liquid/vapor
interface can be calculated from equations (1) and (4). The liquid/vapor interfaces on a
sinusoidal substrate with A/L = 1/3 and 8y = 120° are shown in figure 3(a) for a
series of triple-point positions of X, = 0.345, 0.311, 0.250, 0.188 and 0.155. Different
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Figure 4. The macroscopic contact angles predicted by Cassie-Baxter and Wenzel models as a
function of the geometric parameter 2w A/L of the microstructure, in which the air is blocked by
the drop. At intersection point B, the two models predict identical contact angles.

triple-point positions produce different macroscopic contact angles according to equation (14).
With the decrease in A, the two horizontal lines i(()l) and i(()z) approach each other. The
critical state x(()l) = xéz) = L /4 is reached when the corresponding non-dimensional amplitude
A=43 /(2m) = 0.276, as shown in figure 3(b). When A is smaller than 0.276, the liquid will
penetrate into the whole microstructure, and then the Wenzel model will replace the Cassie—
Baxter model to hold.

The contact angles of the Cassie-Baxter and the Wenzel models are calculated from
equations (14) and (17) and plotted in figure 4 with respect to the variation of A, where the
triple-contact line is positioned at xy = i(()l). The result shows that only the Wenzel model
is able to hold for 2w A < \/§ and only the Cassie-Baxter model is valid when 2rA > 2.6.
In the range of v/3 < 27 A < 2.6, both the models are geometrically possible, one of which
corresponds to a stable and energetically favorable state and the other a metastable state. The
curves corresponding to the two models have an intersection point B (figure 4), at which the
two models predict the same macroscopic contact angle and, in other words, the Cassie—Baxter
and the Wenzel states have an identical value of interface energy [30, 36]. This intersection
point can be determined from Oy = 6cp, that is,

12 - 3
cos GY/ \/1 + Q2 Ac)?sin®(2nX)d¥ — R arcsin%
Xo

1/2 —
= cos GY/ \/1 + (27 Ac)? sin* (27 %) dX, (21)
0

where Ac is the critical non-dimensional amplitude at intersection point B. For 8y = 120°,
one has 27 Ac = 2.3. In comparison with the contact angle 6cp predicted by the Cassie—
Baxter model, the contact angle Oy predicted by the Wenzel model is smaller in the range of
V3 < 2mA < 2.3 but larger in the range of 2.3 < 2mA < 2.6. In the former case, the
Wenzel state is stable and the Cassie—Baxter state is metastable, while in the latter case, the
Cassie-Baxter model is stable and the Wenzel model is metastable.

3. Superhydrophobicity on closed microstructure

The above discussion is based on the assumption that the microstructure of the substrate is
open to the air. In this case, a superhydrophobic state results only from the hydrophobic
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Figure 5. The shapes of the liquid/vapor interfaces with different triple-point coordinates in a closed
or airproof microstructure, where 0y = 60° and A/L = 1/3.

substrate. In order to get a superhydrophobic state on a hydrophilic substrate, the conditions of
the Cassie—Baxter model must be met since the Wenzel model predicts that the microstructure
always amplifies the hydrophilicity of the hydrophilic substrate. One possible mechanism to
achieve a hydrophobic property on a hydrophilic surface is attributed to the trapped air within
the microstructure, which is isolated from the atmosphere by the liquid drop. Under this
condition, the liquid/vapor interface may keep a balance due to a negative Laplace pressure
difference across the interface. For a hydrophilic substrate with airproofed sinusoidal surface
microstructures (e.g. honeycomb microstructures), therefore, the liquid/vapor interface may be
convex and then the Cassie-Baxter model may be attained. In this case, the boundary condition
is still expressed as equation (9), but the corresponding Young’s contact angle 6y < 90°.

For a hydrophilic surface with trapped air in the microstructure, the Cassie—Baxter model
holds. Correspondingly, the shape function of the liquid/vapor interface is expressed as

NN ) @2

where y* is the longitudinal coordinate of the circle center. Substituting the coordinate
[x0, —A cos(kxp)] into equation (22), one has

y = —Acos(kxg) — /R — x2 + v/ R? — x2. (23)

For several specified values of the triple-point locations X, = 0.4, 0.3, 0.2 and 0.1, the
corresponding meniscus shapes are shown in figure 5, where we set 6y = 60°. It is seen that
different contact positions of the triple line can be achieved with the variation of the Laplace
pressure difference induced by the trapped air. Thus the negative Laplace pressure difference of
the trapped air may produce a superhydrophobic state, whose macroscopic contact angle can be
predicted by the Cassie—Baxter model, as shown in figure 6. It is found that with the increase in
the absolute value of the negative Laplace pressure difference, the parameter X, becomes larger
and, correspondingly, the macroscopic contact angle increases. When X is sufficiently large, a
high contact angle of 8y = 150° can be attained on a hydrophilic substrate with 6y = 60°. In
reality, such a physical mechanism has been applied by Otten and Herminghaus [8] to produce
superhydrophobic surfaces.

4. Superhydrophobicity on special surface microstructures

Besides the trapped air in the closed structures, there exist some other physical mechanisms
(e.g. some special geometrical microstructures, and effect of elasticity) that may lead to

8
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Figure 6. The macroscopic contact angle predicted by the Cassie—Baxter model as a function of the
triple-point location, where we take Oy = 60° and A/L = 1/2 for example.

(b)

Figure 7. (a) A droplet on a substrate with surface microstructure consisting of trapezoid pillars,
where 2a is the width of the top side of the trapezoid, and 2b the distance between two neighboring
trapezoids. (b) The liquid/vapor interface geometry between two neighboring trapezoids, where /
is the length of the inclined side, ¢ the angle measured from the top to the inclined side, and x the
length of the solid/liquid interface.

superhydrophobic properties on a hydrophilic surface. Some real surface microstructures
(e.g. the leaves of the lotus, Lady’s Mantle and some other plants) are not airproof, but open
to the atmosphere. In this section, we derive the condition for some special microstructures
that yield a superhydrophobic state on a hydrophilic substrate. An example is shown in

9
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figure 7(a), where the surface pattern is composed of a periodic array of trapezoids. Figure 7(b)
schematizes the contact lines of the three phases. The width of the top side of the trapezoid is
denoted as 2a, the length of the inclined side /, the angle from the top to the inclined side ¢,
the distance between two neighboring trapezoid centers 2b, and the length of the solid/liquid
interface x. According to the analysis in section 2, the liquid/vapor interface is always concave.
Consequently, a Cassie-Baxter state requires that fy > ¢. In the special case where the
liquid/vapor interface is horizontal, one has 6y = ¢.

The surface energy G within a period of roughness is equal to the summation of the
energies of the solid/liquid and liquid/vapor interfaces within this period. For the microstructure
in figure 7(a), the normalized surface energy G = G/y is expressed as

~ . b—a+xcos¢
G = (ysL — ysv)(a +x)/y + Rarcsin ——————
24)
p ! (
= —cosby(a —i—x)—l—Rarcsin%Cosq& O <x <.

The derivative of equation (24) is

dG R cos ¢

— = —cosby + >0 O<x<Dh, (25

dx VR?* — (b —a+ x cos $)?

showing that the energy is a monotonically increasing function of x. So the minimum surface
energy is

Gumin = G(0) = —a cos By + R arcsin O<x <. (26)

According to the equivalence of energy, the Cassie—Baxter law is written as

R
cosfcg = % cosfy — " arcsin O<x <D, 27

which shows that a superhydrophobic state can be achieved on a hydrophilic substrate. The
macroscopic contact angle predicted by the Cassie-Baxter model is plotted in figure 8 as a
function of a /b, where the Young’s contact angle is set as a hydrophilic angle 8y = 80°. When
R — o0, the macroscopic contact angle can exceed 150°.

Based on the above understanding, some other special hydrophilic microstructures may
also be designed under which the liquid/vapor interface is pinned with 8y > ¢ and thus the
Cassie—Baxter model is valid. Two examples are schematized in figure 9. Firstly, for the
hydrophilic substrate with a mushroom-like microstructure in figure 9(a), the meniscus of the
liquid/vapor interface is always downwards due to the Laplace pressure difference and can meet
the geometric condition in equation (6) and the energy requirement in equation (19). Hence,
the Cassie—Baxter state may form on such kinds of hydrophilic microstructure.

10
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| | may produce superhydrophobic states on
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(b) nano-structures.

Though a hydrophilic sinusoidal substrate cannot get a Cassie-Baxter state (as
demonstrated in section 2), a hierarchical structure on a hydrophilic solid surface also leads
to the formation ofa superhydrophobic state (figure 9(b)). The superhydrophobic surfaces often
consist of hierarchical or fractal microstructures [7, 11, 12]. For example, the lotus leaves
have two-leveled micro- and nano-structures, in which the characteristic sizes of epidermal
cells (papillae) and the wax crystals are in the range of 20-50 pm and 0.5-5 pm, respectively.
Due to the non-smoothness of the structures, the liquid/vapor interface may find an equilibrium
configuration with a local contact angle in the range defined by the Gibbs inequality, 6y < 6 <
Oy + 180° — ¢, where ¢ is a characteristic angle of the microstructures (see, e.g., figure 7) [5].
Therefore, the liquid/vapor interface may be suspended on the tips of the nano-structures,
resulting in a superhydrophobic property on the solid surface [26].

5. Conclusions

Surface microstructures have a significant influence on the wetting properties of solid surfaces.
The mechanisms that lead to a hydrophobic state on a hydrophilic substrate have been analyzed
from the viewpoints of geometry and energy. For a sinusoidal substrate, there exist three
zones, namely the Wenzel zone when the non-dimensional amplitude of the sinusoidal surface
is smaller than a critical value, the Cassie-Baxter zone when the non-dimensional amplitude is
larger than another critical value, and the Wenzel-Cassie—Baxter zone of coexistence between
them. If the air beneath the liquid drop is open to the atmosphere, the Cassie—Baxter model is
unable to hold on a hydrophilic sinusoidal substrate and may hold on a hydrophobic sinusoidal
substrate (/2 < 0y < m) satisfying certain conditions of geometry and energy. We have
addressed two mechanisms to explain the superhydrophobic state stemming from a hydrophilic
substrate. Firstly, the trapped air blocked in the airproof roughness may produce a negative
Laplace pressure difference and lead to a superhydrophobic state on a sinusoidal hydrophilic
substrate. Secondly, some special topologies of the pillars or hairs on solid substrates may
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also make the Cassie—Baxter model hold and produce hydrophobic or even superhydrophobic
surfaces. The obtained results may elucidate some wetting phenomena observed in experiments
or in nature [16, 31-33]. Finally, it should be noted that there are some other factors (e.g. elastic
deformation of substrates) that may affect the wetting properties of surfaces but are not included
in the present study.
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