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Wetting and Spreading of Drops on

Rough Surfaces

Yi Shi and Xiao-Ping Wang

Abstract

In this paper, the quasi-static motion of two-phase flows on topologically rough
surfaces is studied. By considering the Gibbs free energy of the system, we first
consider the Cassie and Wenzel states transition on rough surfaces. It has been
found that the crucial conditions for the two different states depend on the equi-
librium contact angle, the droplet size and its initial position. Then the contact
angle hysteresis on roughness induced superhydrophobic surfaces is investigated.
We found that there are multiple local minimums and one global minimum for
the Gibbs free energy landscape, which can reveal the mechanism of the stick-slip
phenomena. When the scale of roughness becomes smaller, the stick-slip becomes
weaker and the apparent contact angle will get closer to the Cassie-Baxter’s angle.
Numerical simulations of a phase field model agree very well with the analytical
results.
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1 Introduction

The study of how liquid droplets move across a solid surface is of critical impor-
tance for many applications, ranging from micro-fluidic devices to fuel cells and
ink-jet printing. When a droplet is put on a flat and chemically homogeneous
surface, the equilibrium contact angle θs is given by the Young’s equation,

γLV cos θs = γSV − γSL, (1.1)

where γLV , γSV and γSL are the surface tensions of liquid-vapor, solid-vapor and
solid-liquid interfaces, respectively. However, the situation of droplets spreading
on topologically rough surfaces is quite different. On a topologically rough surface,



UN
PR
OO

F

566 Yi Shi and Xiao-Ping Wang

a droplet can attain two possible equilibrium states: it can appear either in the
Cassie state, where the droplet sits suspended on top of posts with pockets of air
beneath it, or in the Wenzel state, where the droplet penetrates into the grooves
and wets the bottom substrate between the post. In the case of Cassie state, the
apparent contact angle is usually given by

cos θ = λ cos θs − (1 − λ), (1.2)

where λ is the fraction of the solid-liquid interface below the drop, and in the
Wenzel state, the apparent contact angle is usually given by

cos θ = r cos θs, (1.3)

where r is the ratio between the real substrate area and its projection onto the
horizontal plane. The equations (1.2) and (1.3) are called Cassie-Baxter’s equation
and Wenzel’s equation respectively. Moreover, it has been found that the contact
angle on such surfaces can take a range of values between two extremes: the
advancing and receding contact angles. The advancing contact angle is measured
for the droplet recently advances over the rough surface whereas the receding
contact angle refers to the contact angle measured for the droplet recently retreats
from the rough surface. The difference between the advancing and receding contact
angles is called the contact angle hysteresis.

There have been many experimental and theoretical work on the topic of
droplet spreading on topologically rough surfaces [18, 19, 20, 21, 22]. In [22],
the authors studied the stick-slip motion of water droplets on striped surfaces
experimentally. The transition between the collapsed and suspended states on a
superhydrophobic surface is investigated in [11] both analytical and numerically.
They concluded that the equilibrium state of the droplet depends on the intrin-
sic contact angle, the droplet size and its initial position. In [12, 13, 14], J. M.
Yeomans et al. studied the contact angle hysteresis on chemically patterned and
superhydrophobic surfaces using the lattice Boltzmann method. They pointed out
that the advancing contact angle on such surfaces is 180◦ and the receding contact
angle is the intrinsic contact angle of the surface.

In this paper, we first introduce a phase field model for two phase flows on
rough surfaces. The model is derived form minimizing the total free energy, which
includes the energy both in the bulk and on the boundary of the system. Then
we study two interesting phenomena of droplets spreading on topologically rough
surfaces. The first is the phenomena of Wenzel and Cassie states transition. By
considering the Gibbs free energy of the system, we find there is a critical value for
the equilibrium contact angle. For contact angle greater than the critical value,
the droplet will always be static in Cassie state. When the contact angle is smaller
than the critical value, the state of the droplet is determined by the droplet size
and its initial positions. Numerical simulations of our phase field model can agree
quantitatively well with the analytical results. The second is the phenomena of
contact angle hysteresis on roughness induced superhydrophobic surfaces. We
find that there are multiple local minimums and one global minimum for the
Gibbs free energy landscape. Between two neighboring local minimums, there



UN
PR
OO

F

Wetting and Spreading of Drops on Rough Surfaces 567

may be an energy barrier, which reveals the mechanism for the stick-slip motion
of the interface and the contact angle hysteresis on these surfaces. When the scale
of roughness approaches to zero, we can show that the apparent contact angle
should satisfy the Cassie-Baxter’s equation. By the simulation of our phase field
model, it can overcome some free energy barriers because of the diffusive interface
thickness. This plays the role of energy fluctuation and is physically reasonable.
Furthermore, by our simulations, when the size of roughness becomes smaller, the
stick-slip becomes weaker and the apparent contact angle approaches to the Cassie-
Baxter’s angle, which also implies that the Cassie-Baxter’s angle is the most stable
contact angle when the droplet size is much larger than the size of roughness.

The remaining of this paper is organized as follows. In Section 2, we intro-
duce the phase field model with its corresponding boundary conditions. Section
3 includes two parts: in Section 3.1, we describe the theoretical argument to pre-
dict the transition between Cassie and Wenzel states by considering the Gibbs
free energy of the system, and then we present some numerical results using our
phase field model. They are shown to be in good accordance. In Section 3.2, we
first give the free energy landscape of the droplet on two dimensional roughness
induced superhydrophobic surface, and then discuss it with the simulation results
of the phase field model. The paper is concluded in Section 4.

2 The phase field model

The wetting phenomena of two phase flows on solid substrate can be described by
the Ginzburg-Landau free energy theory. Using this theory, we can describe the
total free energy of the form

F (φ) =
∫

Ω

(
ε

2
|∇φ|2 +

1
ε
f(φ)

)
dΩ +

∫
∂Ω

γ(φ)dS, (2.1)

where ε is a small parameter to characterize the interface thickness, φ is the order
parameter, e.g. φ = 1 represents liquid and φ = −1 represents vapor. f(φ) is the
bulk free energy density in Ω and is usually chosen to be a double well function

f(φ) =
1
4
(1 − φ2)2. (2.2)

γ(φ) is the free energy density at the fluid-solid interface ∂Ω and is usually taken
to be an interpolation between γSV = γ(−1) and γSL = γ(1) in the form of

γ(φ) =
γSV + γSL

2
− γSV − γSL

2
sin
(π

2
φ
)

.

The equilibrium interface structure is obtained by minimizing the total free
energy with fixed droplet size, which is the following constrained minimization
problem

min {F (φ)}, s.t.
∫

Ω

φ dΩ = C0. (2.3)
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Thus the Euler-Lagrange equation for the above constrained minimizing problem is⎧⎪⎨
⎪⎩

−εΔφ +
1
ε
f ′(φ) = c, in Ω,

ε∂nφ +
∂γ

∂φ
= 0, on ∂Ω,

(2.4)

subject to
∫
Ω φ dΩ = C0.

The dynamics of the interface structure follows a relaxation dynamics both in
the bulk and on the boundary and is described by the fourth order Cahn-Hilliard
equation. By setting φ = φ(t, x), the problem becomes the following gradient flow
system ⎧⎨

⎩
φt = MΔμ, μ = −εΔφ + 1

ε f ′(φ), in Ω,

φt = −Γ
(

ε∂nφ +
∂γ

∂φ

)
, ∂μ

∂n = 0, on ∂Ω,
(2.5)

where M and Γ are positive phenomenological parameters, and μ is the chemical
potential of the system.

By taking the incompressible hydrodynamics into consideration, the above
equations can be coupled with the Navier-Stokes equations with the generalized
Navier boundary conditions [1, 2, 3, 4],⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂φ

∂t
+ u · ∇φ = MΔμ, in Ω,

μ = −εΔφ − 1
ε
(φ − φ3), in Ω,

Rρ

[
∂u
∂t

+ (u · ∇)u
]

= −∇p + ∇ · (η∇u) + κμ∇φ, in Ω,

∇ · u = 0, in Ω,

(2.6)

where R is the Reynolds number, u is the velocity, p is the pressure, ρ is the
density and η is the viscosity. The term κμ∇φ represents the capillary force. We
use the relaxational boundary condition for the phase field variable

φt + uτ∂τφ = −Γ

(
ε∂nφ −

√
2

6
π cos θs cos

πφ

2

)
, on ∂Ω. (2.7)

The tangent velocity along the solid boundary can be evaluated as

uslip
τ

ls
= −(∂nuτ +∂τun)+κ

[(
ε∂nφ −

√
2

6
π cos θs cos

πφ

2

)
∂τφ

]/
η, on ∂Ω, (2.8)

where un = u · n and uτ = u · τ is the velocity along the normal and tangent
direction of the boundary respectively, where n = {nx, ny} and τ = {τx, τy} are
the unit normal and tangent vector of the slip boundary. Here ls represents the
slip length. In addition, the following non-penetration boundary conditions are
used on the solid boundary

un = 0, ∂nμ = 0, on ∂Ω. (2.9)

We use a convex splitting finite element scheme to solve the above system
numerically. The details of the numerical scheme is given in [27]. The scheme is
linear and unconditionally stable and is capable of simulating problems on complex
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geometries. In the following sections, we study the Cassie and Wenzel states
transition and the phenomena of contact angle hysteresis of droplet spreading on
topologically rough surfaces. We only consider two dimensional situations here,
and we assume the size of droplet is sufficiently small so that gravity can be
neglected.

3 Cassie and Wenzel states transition

We consider a two dimensional droplet suspended on a regular array of posts with
width b, height h and distance d between each other as shown in Figure 1. We
will study the conditions under which the Cassie or Wenzel state can occur and
the transition between the two states. It is easy to see that if the surface of
the substrate is hydrophilic, the droplet will always collapse into Wenzel state.
Therefore we will only consider the case that the substrate is hydrophobic, which
means that the equilibrium Young’s angle θs satisfies θs > 90◦.

Figure 1: Schematic diagram of a droplet suspended on an array of pillars.

Above the posts, the droplet can form a circular cap with contact angle θ and
droplet cross-sectional area S. Here for simplicity, we assume that the contact line
of the droplet is pinned at the edges of the outer pillars. Then θ is not necessarily
to be its equilibrium contact angle θs because of the contact angle hysteresis. It
can vary between the advancing contact angle 180◦ and receding contact angle θs.
Given pinning, we see that the base radius a is fixed and takes values of

a =
(

m +
1
2

)
b + md = R sin θ, (3.1)

where 2m + 1 = 1, 2, 3, . . . is the number of posts beneath the drop, and R is the
radius of the cap.

In the bottom region of the droplet, if it has impaled into the posts with
penetration depth p, each curved interface is part of a circle with circumferential
angle ϕ = θs − 90◦. As a consequence, each of the impaled part is modeled as a
rectangular with width d and height p plus the circular part. The total area of
the two dimensional droplet is fixed to be
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S = a2 θ − sin θ cos θ

sin2θ
+ 2mdp +

2md2

4
ϕ − sin ϕ cosϕ

sin2 ϕ
. (3.2)

We are interested in the dependence of the droplet free energy on penetration
depth p with fixed area constraint condition (3.2). Firstly, we assume that the
droplet does not touch the bottom of posts, i.e., p < h. Ignoring a constant, the
lengths of liquid-vapor, solid-liquid and solid-vapor interface are

CLV =
2aθ

sin θ
+

2mdϕ

sinϕ
, CSL = 4mp, CSV = 4m(h− p),

respectively. Hence the total surface free energy is given by

f(p) = γLV CLV + γSLCSL + γSV CSV

= γLV

(
2aθ

sin θ
+

2mdϕ

sinϕ
− 4mp cos θs

)
+ 4γSV mh, (3.3)

where θ is an implicit function of p via the fixed droplet area condition (3.2). Here
we have neglected the constant contributions to f(p). By taking the derivative of
f , we can get that

df

dp
= γLV

[
2a

d

dp

(
θ

sin θ

)
− 4m cos θs

]
= γLV

(
2a

sin θ − θ cos θ

sin2 θ

dθ

dp
− 4m cos θs

)
.

The formula of dθ
dp can be obtained by using the constraint of fixed droplet area

(3.2), which gives
dθ

dp
= − md sin3 θ

a2(sin θ − θ cos θ)
. (3.4)

Combining the above two equations, we have

df

dp
= γLV

(
−2md

a
sin θ − 4m cos θs

)
, (3.5)

where the contact angle θ ∈ (θs, 180◦). It is easy to see from (3.4) that θ is
decreasing in p. Therefore the right hand side of (3.5), − 2md

a sin θ − 4m cos θs is a
decreasing function in p.

Consider the relation of the free energy to the penetration depth by the for-
mulation (3.5). There is a critical value θs,c = 180◦ − arcsin( 2a√

4a2+d2 ) at which

− 2md
a sin θs,c − 4m cos θs,c = 0. By the monotonicity of sin θ and cos θ in the

interval (90◦, 180◦), it is greater than the critical value θs,c.
From (3.5), we have

df

dp
= γLV

(
−2md

a
sin θ − 4m cos θs

)
≥ γLV

(
−2md

a
sin θs − 4m cos θs

)
. (3.6)

The sign of the right hand side determines the behavior of f(p). Let θs,c be
a critical value such that (− 2md

a sin θs,c − 4m cos θs,c) = 0, which gives θs,c =
180◦ − arcsin( 2a√

4a2+d2 ). It is easy to see that, if the equilibrium contact angle
θs > θs,c, then
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df

dp
≥ γLV

(
−2md

a
sin θs − 4m cos θs

)
≥ γLV

(
−2md

a
sin θs,c − 4m cos θs,c

)
= 0.

(3.7)
On the other hand, if θs < θs,c, then df

dp may become negative (depending on the
drop size) in which case the drop starts to penetrate the posts and θ gets smaller.
Therefore once df

dp becomes negative it will always be negative. The drop will
collapse into the Wenzel state. The condition for the drop to start collapsing is
df
dp |p=0 < 0. The corresponding critical drop radius is Rc = − d

2 cos θs
[11]. As we

have shown in Figure 2 (b), when the drop radius R < Rc, df
dp is always negative

and the drop will automatically collapse to the Wenzel state. When the drop
radius R > Rc, df

dp will be positive for p small. As p becomes greater, there is a
critical penetration depth pc at which df

dp = 0, and df
dp will be negative for p > pc.

This means that the drop will attain Cassie state if its initial position satisfies
p < pc and collapse to Wenzel state if p > pc. There is a free energy barrier
between the Cassie state and Wenzel state for this case.

Figure 2: Normalized surface free energy against the penetration depth when (a) θs >

θs,c, and (b) θs < θs,c.
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The above discussion is when the droplet does not touch the bottom substrate
of posts. If the lower interface of the droplet is very close to the bottom, then the
final reduction in free energy due to the Wenzel transition will be

Δf = Cbott[γSL − (γLV + γSV )] = −CbottγLV (1 + cos θs) ≤ 0, (3.8)

where Cbott is the bottom length of the posts beneath the droplet, and thus the
Wenzel state is always stable.

Now we carry out numerical simulations using the phase field model with
GNBC and compare the numerical results with the analytical results above. Guided
by the behavior of the free energy curves, we use the droplet of different equilib-
rium contact angles, radiuses and initial positions, and simulate the behavior of
the droplet as it settles into the equilibrium state. Here we use a = 0.125 and
b = d = 0.05. Then the critical equilibrium contact angle θs,c = 101.31◦. For
the equilibrium contact angle θs = 98◦ < θs,c, the corresponding critical droplet
radius Rc = 0.1796. Firstly we take the droplet radius R = 0.2 > Rc, there should
be an energy barrier between the Cassie and Wenzel states as seen in Figure 3

Figure 3: Normalized surface free energy against the penetration depth when (a) θs <

θs,c, and (b) θs > θs,c.



UN
PR
OO

F

Wetting and Spreading of Drops on Rough Surfaces 573

(a).Our numerical results also demonstrate this. Figure 4 (a) and (b) show that if
we put the droplet at position A, the droplet will retreat to the Cassie’s state, and
if we put the droplet at position B, then the droplet will collapse to the Wenzel’s
state. Next, we take the droplet radius R = 0.175 < Rc. By the theoretical result,
the free energy will decrease as the penetration depth p gets greater, and Figure 4
(c) shows that the droplet will collapse to the Wenzel’s state if we put the droplet
at position C.

Taking the equilibrium contact angle θs = 102◦ > θs,c, theoretically the
Cassie’s state should always be stable because the free energy increases with the
penetration depth p. Figure 4 (d) shows that the droplet retreats to Cassie’s
state with the same conditions as (c) except that the equilibrium contact angle
is changed to be 102◦. From the figures above, we can see that the numerical
simulation results agree quantitatively well with the predictions of the free energy
curves. We choose the interface thickness ε = 0.01 in all our numerical simulations.

Figure 4: Numerical results of droplet with different contact angles, radiuses and initial

positions corresponding to A, B, C and D in Figure 3, respectively.

4 Droplet spreading on superhydrophobic surface

The phenomena of roughness induced superhydrophobicity is frequently seen in
nature and has been demonstrated to be useful in many applications, e.g., the
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lotus effect, water-resistant material and so on. When surfaces with an intrinsic
hydrophobic contact angle are covered with microscale posts, the apparent contact
angle can be greatly increased, and the droplet can lie in a suspended state on
top of the posts, i.e., the Cassie’s state. Most frequently, the apparent contact
angle is given by equation (1.2), which is known as the Cassie-Baxter’s equation.
The contact angle hysteresis on these surfaces is relatively small and droplets can
easily roll off. It is usually known that the contact angle hysteresis is related to
the chemically patterns and topologically roughnesses of the substrate. Here we
will study the contact angle hysteresis on roughness induced superhydrophobic
surfaces.

Similar to Section 3.1, consider a two dimensional droplet suspended on a
regular array of posts with width b, height h and distance d between each other.
The base radius of the droplet is a. The solid substrate is hydrophobic. In this
section, we assume that the droplet is always suspended on the posts of substrate.

Figure 5: Schematic diagram of a droplet suspended on an array of pillars.

Above the posts, the droplet can form a circular cap with contact angle θ and
droplet area S. If the contact line of the droplet is pinned at the edges of posts,
the contact angle θ is not necessarily to be its equilibrium contact angle θs because
of the contact angle hysteresis. It can vary between the advancing and receding
contact angles. By the assumptions above, there is no penetration into the posts,
the bottom base of the droplet can be regarded to be flat. This is reasonable when
the droplet is much larger than the size of posts.

As in Section 3.1, the shape of the droplet is a circular cap with contact angle
θ. Obviously, the total area of the droplet can be written as

S = a2 θ − sin θ cos θ

sin2 θ
. (4.1)

Because the contact point can only be on the solid surface, the base radius a should
only take values of [max{(m− 1

2 )b+md, 0}, (m+ 1
2 )b+md], where 2m+1 = 1, 2, 3, ...
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is the number of posts beneath the droplet. We are interested in the dependence
of surface free energy on the contact angle θ with fixed area constraint condition
(4.1). Ignoring a constant and using the Young’s equation (1.1), the surface free
energy is given by

f(θ) = γLV

[
2a

θ

sin θ
+ 2md − 2(a − md) cos θs

]
, (4.2)

where the base radius a is a function of θ via the droplet area constraint condition
(4.1),

a = sin θ

√
S

θ − sin θ cos θ
. (4.3)

Thus, the relation of free energy function f to the contact angle θ is

f(θ)=γLV

[
2θ

√
S

θ− sin θ cos θ
+2md(1 + cos θs)−2 cos θs sin θ

√
S

θ− sin θ cos θ

]
,

(4.4)
where θ should also take piecewise values by (4.1) for fixed droplet size S. By
simple calculations, we can get that in each segment

df

dθ
= 2γLV

√
S

(θ cos θ − sin θ)(cos θ − cos θs)
(θ − sin θ cos θ)

3
2

. (4.5)

Obviously, df
dθ > 0 if θ > θs, and df

dθ < 0 if θ < θs, which means that the energy
curve is piecewise increasing when θ > θs, and piecewise decreasing when θ < θs.

Let λ be the fraction of solid-liquid interface below the droplet. For fixed λ,
if we let the roughness sizes b and d approach to zero, the solid surface can be
seen as a perfectly homogenized material. The base below the droplet includes the
solid-liquid interface with length of 2aλ and the liquid-vapor interface with length
of 2a(1 − λ). Thus the surface free energy can be written as

f(θ) = 2γLV sin θ

√
S

θ − sin θ cos θ

{
θ

sin θ
− [λ cos θs − (1 − λ)]

}
. (4.6)

In this case, by taking the derivative of f , we can get that

df

dθ
= 2γLV

√
S

θ cos θ − sin θ

(θ − sin θ cos θ)
3
2
{cos θ − [λ cos θs − (1 − λ)]}. (4.7)

Let df
dθ = 0, we have cos θ = λ cos θs−(1−λ), which is the Cassie-Baxter’s equation.

This implies that the Cassie-Baxter’s angle is the contact angle corresponding to
the free energy minimum when the roughness size is much smaller than the size of
droplet.

We now compute free energy curves for different roughness sizes. We keep the
roughness fraction λ fixed (λ = 0.5 here) and use three pairs of different rough-
ness parameters b = d = 0.05, 0.03 and 0.02 respectively. The droplet size S is
fixed to be 0.2827 and the equilibrium contact angle θs = 100◦. Figure 6 shows the
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Figure 6: Surface free energy f against the contact angle θ when the roughness size (a)

b = d = 0.05, (b) b = d = 0.03 and (c) b = d = 0.02. The continuous line is the energy

curve of (4.6), while the discontinuous line is the energy curve of (4.4). The energy curve

for (4.4) is piecewise continuous because the base radius a could only take piecewise

values.
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free energy curves via the contact angle θ when b = d = 0.05, 0.03 and 0.02
respectively. The continuous line is the energy curve of formulation (4.6). We
can see that when the roughness size becomes smaller, the discontinuous energy
curves get closer to the continuous curve. There are multiple local minimums
(metastable states) and energy barriers for the discontinuous energy curve. The
strength of the energy barrier gets weaker away from the global minimum. The
energy barrier also gets weaker when the roughness size becomes smaller. The
contact angles corresponding to the global energy minimum are 123.3◦, 121.0◦

and 124.4◦ respectively, and all close to the Cassie-Baxter’s angle is 125.9◦.
To simulate the droplet spreading using the phase field model, we choose ε =

0.01, which is comparable to the sizes of roughness. This will cause the contact
line to feel the neighboring posts and hence can overcome some energy barriers
by jumping across to it when the height of the barrier is low. We remark that it
is reasonable because there are energy vibrations and thermal fluctuations in real
systems, which will make the droplet overcome some energy barriers.

Since we are interested in the equilibrium state of the droplet which may depend
on the initial position, we take the initial contact angles of the droplet to be 180◦

and 90◦ respectively. If the initial contact angle is 180◦, the droplet will advance
to its equilibrium state, and if the initial contact angle is 90◦, it will recede to the
equilibrium state.

In both cases, the phenomena of stick-slip is observed by our numerical simula-
tions. The contact line is pinned at a position for some time and can jump to the
neighboring post if the energy barrier is weak enough, accompanied by a sudden
decrease or increase in the contact angle and the droplet base radius. The process
then repeats until it reaches its equilibrium state.

Figure 7 shows the configurations of droplet advancing to its equilibrium state
with decreasing roughness sizes b = d = 0.05, 0.03 and 0.02. The droplet reaches
its equilibrium state at the contact angles of 145.2◦, 147.3◦ and 135.9◦, respectively.
As we can see, as the size of the roughness decreases (and the size of the barrier
becomes weaker), the interface can overcome more energy barriers and reaches an
equilibrium state which is closer to the Cassie-Baxter state.

Similarly, the results for the receding case are shown in Figure 9 and Figure 10.
When the droplet recedes to its equilibrium state, the equilibrium contact angles
are 100.7◦, 107.5◦ and 124.4◦ for the roughness size b = d = 0.05, 0.03 and 0.02
respectively.

5 Conclusions

In this paper, we have first investigated the possible Cassie and Wenzel states
transition on rough hydrophobic substrates in two dimensions. By considering the
free energy of the system, we find that the meta-stability of different wetting states
would depend on the equilibrium contact angle, the droplet size and its initial
position. There is a critical value for the static contact angle. For contact angle
greater than the critical value, the droplet will always be static in Cassie state.
When the contact angle is smaller than the critical value, the state of droplet is
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Figure 7: Advancing evolution with time when the roughness size (a) b = d = 0.05, (b)

b = d = 0.03 and (c) b = d = 0.02. The black line is the equilibrium configuration of the

contour.
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Figure 8: Energy barriers in advancing process when the roughness size (a) b = d = 0.05,

(b) b = d = 0.03 and (c) b = d = 0.02. The number of barriers that can overcome are

one, two, and four respectively. Here θc is the Cassie-Baxter’s angle.



UN
PR
OO

F

580 Yi Shi and Xiao-Ping Wang

Figure 9: Receding evolution with time when the roughness size (a) b = d = 0.05, (b)

b = d = 0.03 and (c) b = d = 0.02. The black line is also the equilibrium configuration

of the contour.
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Figure 10: Energy barriers in receding process when the roughness size (a) b = d = 0.05,

(b) b = d = 0.03 and (c) b = d = 0.02. The number of barriers that can overcome are

zero, one and two respectively. θc is also the Cassie-Baxter’s angle.

determined by the droplet size and its initial position. Numerical simulations of
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our phase field model agrees quantitatively well with the analytical results. We
have also studied the quasi-static spreading of the droplet on superhydrophobic
surfaces, where the droplet is suspended in Cassie state on substrates with different
sizes. From analysis of the free energy landscape, we find that the Cassie-Baxter’s
contact angle is the most stable contact angle when the droplet size is much larger
than the size of roughness. There are multiple local energy minimums and one
global energy minimum for the free energy of the system, which can reveal the
mechanism of stick-slip phenomena. For the phase field model, the diffusive in-
terface thickness can play the role of energy vibration, which allows the droplet
to overcome some energy barriers. When the size of roughness becomes smaller,
the stick-slip phenomena becomes weaker and the apparent contact angle will get
closer to the Cassie-Baxter’s contact angle.
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