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MODIFIED WENZEL AND CASSIE EQUATIONS FOR WETTING
ON ROUGH SURFACES*

XIANMIN XUt

Abstract. We study a stationary wetting problem on rough and inhomogeneous solid surfaces.
We derive a new formula for the apparent contact angle by asymptotic two-scale homogenization
method. The formula reduces to a modified Wenzel equation for geometrically rough surfaces and
a modified Cassie equation for chemically inhomogeneous surfaces. Unlike the classical Wenzel and
Cassie equations, the modified equations correspond to local minimizers of the total interface en-
ergy in the solid-liquid-air system, so that they are consistent with experimental observations. The
homogenization results are proved rigorously by a variational method.
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1. Introduction. Wetting describes how liquid states and spreads on solid sur-
faces. It is a common phenomenon in nature and our daily life. It appears also
in many industrial processes, such as painting, printing, chemical and petroleum in-
dustry, etc. Recently, wetting has arisen much interests in physics, chemistry and
material sciences(see [8, [, [2 [I8] among many others).

The wetting property of a solid surface is mainly characterized by a contact angle,
i.e. the angle between the liquid-air interface and the solid surface. On a planar and
chemically homogeneous surface, the static contact angle 6y is given by Young’s

equation[29]:
YLG cos Oy = Ysq — VSL,

where v1.¢, Ysag and ysy, are surface tensions of the liquid-air, solid-air and solid-liquid
interfaces, respectively.

One key problem in wetting is to study how the roughness and chemical inho-
mogeniety of a solid surface affect the apparent contact angle, namely the macroscopic
angle between the liquid-air interface and the solid surface. To answer this question,
there are two very well-known equations, the Wenzel equation[22] and the Cassie
equation[5]. The Wenzel equation characterizes the apparent contact angle 6y, on a
geometrically rough surface(see the left subfigure in Fig. :

cos Oy = rcos By, (1.1)

where 0y is Young’s angle, and r is a roughness factor, which is the ratio of the area
of the rough surface to the area of the effective planar surface. On the other hand, the
Cassie equation characterizes the apparent contact angle 8- on a chemically patterned
surface(see the right subfigure in Fig. |1.1)):

cosOc = AcosBy1 + (1 — A) cos By, (1.2)

where fy1 and 0y are respectively Young’s angles of the two materials, A is the area
fraction of material 1 on the surface. Although the two equations are widely used,
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their validity has been challenged recently[12] [3, 16] [I0]. The main problem is that the
two equations are seldom consistent with experimental observations that the apparent
contact angle is not unique on a rough surface. This phenomenon is very important in
industrial applications and often referred to contact angle hysteresis(CAH). Obviously,
the classical Wenzel and Cassie equations can not describe CAH phenomena [14], 1]
20, 27].

By

Wenzel

Cassie

Fic. 1.1. The contact angle on geometrically and chemically rough surfaces.

Mathematically, the classical Wenzel and Cassie equations can be proved to hold
when considering the global minimizers of the total interface energy in a liquid-air-
solid system|[T], 23], 26, [6, 4]. Tt is also known that the two equations may fail when the
system admits only local minimizers[12] [27], that really happens in CAH phenomena.
To characterize the CAH quantitatively, some modified forms of the Cassie equation
have been developed for chemically patterned surfaces[7, 19, 28]. The modified formu-
las are found to be consistent with experiments very well[I7, [19]. The work has been
extended to a special geometrically rough surface in [24]. However, these formulas for
local minimizers have not been proved rigorously. Furthermore, there is no result in
literature for general geometrically and chemically rough surfaces.

In this paper, we consider a wetting problem on a general rough surface, which
includes both geometrical roughness and chemical inhomogeneity. The static liquid-
air interface is described by a minimal surface equation coupled with a contact angle
condition. By the asymptotic two-scale homogenization method, we derive a new
formula for the apparent contact angle of the liquid-air interface. The formula shows
that both the geometric and chemical properties must be averaged on a contact line to
give the correct value for an apparent contact angle. The formula can be reduced to a
modified Wenzel equation for geometrically rough surfaces and a modified Cassie equa-
tion for chemically inhomogeneous surfaces. In comparison with the classical Wenzel
and Cassie equations, the two modified equations correspond to local minimizers of
the system and thus are consistent with experimental observations. Furthermore, we
prove the homogenization results rigorously by a variational approach. More precisely,
we proved that the difference between the liquid-gas interface and the homogenized
surface is of order O(e), where ¢ is a small parameter of the roughness. The key idea
of the proof is to construct an auxiliary energy minimizing problem and to estimate
the energy of the minimizer directly. We also discuss how to use the modified Wenzel
and Cassie equations to understand contact angle hysteresis phenomena.

The structure of the paper is as follows. In section 2, we describe a simple
model problem of wetting. In section 3, we do homogenization analysis for the model
problem to derive a formula for the apparent contact angle. In section 4, we discuss
the physical meaning of the formula in various situations to give the modified Wenzel
and Cassie equations. In section 5, we prove the homogenization results rigorously.
In section 6, we give some general discussions on how to use the formula in practice.
Finally, some conclusion remarks are given in section 7.
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2. The mathematical problem. When a vertical solid wall is inserted into a
liquid reservoir, the liquid-air interface will rise or descend along the wall due to the
wetting property of the solid surface. Such a system can be used to study the wetting
phenomena on rough surfaces[I4]. A simplified mathematical model for this problem
is described as follows.

As in Fig. let the solid surface S° be given by

S = {‘T = hs(yaz) = 5h(y/5v'z/5)|y € (0,(1),2 € (7M7 M)}v (21)

where h(Y, Z) is a periodic function with respect to Y and Z with period 1, a > 0 is a

constant, and M > 0 is large enough. Here ¢ < 1 is a small parameter to characterize

the roughness of the surface. In addition, we also assume that the solid surface is

chemically inhomogeneous in the sense that the (static) Young’s angle on the surface

is given by 05(y/¢, z/¢) with 05(Y, Z) being period in Y and Z with period 1.
Suppose the liquid-gas interface I'® is given by

I :={z=wuc(z,y)lz € (0,1),y € (0,a)}, (2.2)
such that |ue| < M and
ue(1,y) = 0. (2.3)

We assume that u.(x,y) is periodic in y with period . Furthermore, we denote the
contact line, i.e. the intersection of S€ and I'¢, as

e . T = ¢e(y)7
L { 2= o (y). (2.4)

It is easy to see that ¢. and . are determined by h. and u., and periodic with respect
to y with period e.

S¢:x = h.(z,y)

Fic. 2.1. The rough surface and the fluid-air interface.

Now we derive the equation satisfied by the function u.. Since we are interested
only in the contact angle between I'* and S°, we can ignore the gravity. By the
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Young-Laplace equation[I5], in equilibrium, the mean curvature x of the interface I'
is determined only by the pressure jump across the liquid-air interface,

[p]

== 2.
K= (25)

where [p] is the pressure jump and ~ is the surface tension of the interface. On the
contact line L€, the microscopic contact angle is equal to the local Young’s angle[29],

ng - ng = cos 0 (y) (2.6)

where 05(y) = 05(%,v:(y)), nf. and ng are the unit normal vectors of the liquid-air
interface and the solid surface, respectively, defined as,

- (O 0 1)T

. (1, =0yhe, —0,he)T
IlF = > 5 :
\/1 + (Opue)? + (Oyue)

ST T @yh)? T ()

(2.7)

For simplicity, we assume the pressure jump [p] = 0, then the equations (2.5)),
(2.6) and the boundary condition (2.3) can be rewritten as

: Vu, — H €
dlv(m) 0, in D
ng - nf. = cos 6, on Ly, (2.8)
us(la y) =0,

ue(x,y) is periodic in y with period ¢,
where V = (8,,9,)T, div := 9, + d,, and

D = A{(2,y)|¢c(y) <2 <1,0 <y <a}, and L; = {(z,y)|lz = ¢-(y),0 <y < <(1}~ |
2.9

Here we use the standard formula for mean curvature x = div(%).
V 1+ Vue|

When ¢ is small, T’ is a perturbation of a homogenized surface I'(see Fig. :
I%:= {z = up(x)|y € (0,a),z € (0,1)}, (2.10)

where ug is a function depending only in z. Denote 6, the angle between I'° and the
macroscopic solid surface

SO .= {x =0y € (0,a),z € (—M,M)}.

We are mainly interested in how the macroscopic apparent contact angle 6, depends
on local geometric and chemical roughness near the contact line.

In the end of the section, we would like to remark that, in general the equa-
tion may not admit a solution, since the associated minimal surface may not
be z-graph. This happens in the Cassie-Baxter state of wetting, where air may be
trapped under liquid[6]. In this paper, we always assume admits a solution.

3. Homogenization. In this section, we derive the formula for the homogenized
interface I'Y and the apparent contact angle 6, by asymptotic two-scale homogeniza-
tion analysis. Since € is small, we can assume that the solution wu. of is oscillating
mainly in the vicinity of the contact line L. Far from L%, we can assume that the
interface I' is a perturbation of a macroscopic surface I'’. We can do outer and inner
expansions of u. as follows.
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€ /SO;/I'Z/O

/

F1G. 2.2. The homogenized interface and the apparent contact angle.

Outer expansion. Far from the contact line L®, we let
— Y 2 Y
us(z,y) —uo(a:)—&—sul(x,g)—i—e Ug(ﬂf,g)—l—"' . (3.1)

Denote the fast parameter Y = %, then w;(x,Y") is periodic in Y with period 1 for
i>1,and 9y = e 19y.

Substitute the above expansion to the first equation of . The leading order
in ¢ of the equation is

(3.2)

Oy uy
aY(\/l + (qu;/)2 + (3yu1)2) =0

This leads to

8yu1
V1 + (0yu0)? + (Oyuy)?

= ¢o(x),

for some function cg(x) depending only in x and such that |co(x)| < 1. Direct calcu-
lations give

(Oyu)? = DL @) _ -y

2
1—cg

This leads to

up = £/ c1(2)Y + co (),

for a function c; independent of Y. Noticing that u; is periodic in Y with period 1,
we have ¢q(z) = 0 and u; depends only in z.
The next order of the expansion of the first equation of (2.8)) gives

@(1fi;my)+&(lfﬁzwy)zo (3.3)
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Integral the equation with respect to Y in the interval (0,1). Noticing that wus is
period in Y with period 1, we have

A (%) ~0. (3.4)
1 + (69511,0)2
This implies
axmu() = 0» (35)

i.e. ug(x) is a linear function of .

Now we consider the boundary conditions. Substitute the expansion to the
third equation of . The leading order implies that ug(1) = 0. Together with
, we have

ug = k(1 — x), (3.6)
for some constant k. The equation implies that the homogenized liquid-air interface
I'Y is planar and has an apparent contact angle(with respect to S°) given by
_k
VI+k2

Inner expansions. Now we consider the expansion of u. near the contact line L°.
We assume that the interface oscillates around {z = 7o} near the rough solid surface:

cosf, = (3.7)

ua(ﬂj,y):1)0—"—6121(X,Y)+€2’0,2(X,Y)+'~' ) (38)

where X = £,V = £ and 4;(X,Y) is periodic in Y with period 1, 4 > 1. Since the
contact line L¢ = {(z,y,2) : © = ¢:(y),z = ¥:(y)} is the intersection of I'* and S°,
we also have

$:(y) = ehr(Y) + 20 (Y) + -+, (3.9)

and

with Vx = (ax,ay) , and
nf =nd +eng +-- -, (3.10)
with
— — 1
n% — ( aXula aYu1, ) (311)

V1+ |Vxug|?

We submit the expansion (3.8]) to the first equation of (2.8). On the leading order,

we have

Vxi _ 5
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The apparent contact angle. We now derive how the apparent contact angle 6,

depends on the microscopic properties in the system. We will need the matching
condition between the inner and outer expansions:

ilgb ug = 1y, g}}gb Opug = Xlgnoo Ox 1, ili% Oyup = XlgnOO Oy . (3.13)
Integral the equation (3.12) in a domain
Dr={(X,Y): (V)< X <T,0<Y <1},

for any T' > 0. Integration by part leads to

0= [ vx [——XB__)axay
Dy 1+(VXU1)2

. 1
_ Vx iy (1, =8y )T s + Vx iy |X - (1,0)TaY,
i/p \/1 + (vxul \/1 + 8Y¢1 \/ 1 + qul
(3.14)
where L, := {(X,Y)|X = ¢1(Y),0 <Y < 1}. This further leads to
1 N a8 AT
Ox 1 Vx iy - (1, —0v¢n) ds. (3.15)

dY
\/Wlx ! iy V14 (Vxin)? \/1+(ay¢31>2

Let T goes to infinity. Using the matching condition (3.13), the left hand side
term of (3.15)) reduces to,

! Ox Orug - —k

T—>oo V14 (Vxig)? |X rd \/1+(8$u0)2 o V1+ k2 =

For the right hand side term, we get

—cosf,. (3.16)

Vx i (1, —dy )" (Oxu1,0yur,—1) (1, —dy $1,0)7
ds = dsS
L, V14 (Vxiig)? \/1 +( 3Y¢1 » V14 (Vxin)? \/1 8Y¢1
= —/ n? - m%ds. (3.17)
L

p

7 T A
Here n. is defined in (3.11)) and m := %, which is the inner normal of L,.
Y P1
The above three equations implies

k ! X
Oy = ——— = 9. Odsz/ 2 m))\/1+ (Oyer)2dY. 3.18
oS Ny /ip np - mj | (nf - mj) (Oy 1) (3.18)

In reality, it is more convenient to use the integral on L7 instead of on ﬁf, Denote

m§ = 00 (3.19)

+ (9y9:)?
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the inner normal of L7. It is easy to see that
e _ 0 1
m; =mj; +ecmjp +---.

By the equation (3.9),(3.10) and the above expansion, we could use the following
3.18)):

formula instead of (
cos 0, ~ ][ (nf - m3)4\/1+ (9y¢e)?dy. (3.20)

0

Hereinafter, we use the notation fz = é foa. The inner product ng-m$ in the equation
can be understood as follows. Denote

7_5 = (6y¢€a 178ywa)T
E VT 067+ 0,007

the unit tangential vector of the contact line L. If we define an angle 0 on L°(see

Fig. ,

05(y) := arcsin((m%, x ng) - 71 ), (3.21)

that depends only in the geometric property of the rough surface on the contact
line. Noticing nf. - ng = cos6:(y) on L°(see in (2.8)), and the geometric relation
7i-m7 = 0,77 -np =0, and 77 - ng = 0, we easily have

np - m7, = cos(65(y) — 05(y)). (3.22)

Combing the equations (3.6)-(3.7) and (3.20)-(3.22)), we know that I'? is a planar
surface:

z = ug(x) := k(1 — z), (3.23)

and the apparent contact angle 6, is given by

k © e 5 2
cosf, = Niw= = ][0 cos (05(y) — 05 (y)) /1 + (9y¢c)2dy. (3.24)

The formula (3.24) characterizes how the macroscopic contact angle depends on the
local chemical and geometric information of the rough surface on the contact line.

4. The modified Wenzel equation and the modifed Cassie equation.
In this section, we will describe the physical meanings of . We can see that
the equation gives some new results which are different from the classical Wenzel and
Cassie equations. Specifically, we will derive a modified Cassie equation for chemically
patterned surface and a modified Wenzel equation for geometrically rough surface.

Young’s angle. Firstly, we show that when the solid surface is flat and homoge-
neous(see Fig. [4.1f(a)), the equation will give a Young’s angle. Actually, when
the surface is flat, the solid boundary is given by {x = 0}. The normal vector my,
is parallel to ng. Then we have 6, = 0. Since the surface is homogeneous, the static
contact angle function 0%(y) is equal to a constant fy . Furthermore, the contact line
is in the solid surface so that ¢. = 0. So the equation is reduced to

cos 0, = cosfy. (4.1)
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T e
ng
L.
L
(a) homogeneous planar solid surface (b) inhomogeneous planar solid surface

I

(¢) inhomogeneous planar solid surface with
striped pattern

Fic. 4.1. A flat solid surface and the fluid-fluid interfaces

This implies 6, = 0y, i.e. the macroscopic contact angle is equal to Young’s angle
of the solid surface. This is consistent with the physical principle that, on a planar
homogeneous surface, the contact angle is Young’s angle.

The modified Cassie equation. If the surface is flat but inhomogeneous, the solid
surface is still given by {z = 0}. This is shown in Fig. b), where the colormap on
the solid surface implies the inhomogeneity of the surface, i.e. (Y, Z) is a periodic
function. In this case, we still have 7 = 0 and ¢. = 0. The homogenized equation is
reduced to

cosb, = ][E cosO5(y/e, e (y))dy. (4.2)

0

The equation implies that the apparent contact angle is a line average of Young’s angle
along the contact line. The equation , regarded as the modified Cassie equation,
has been derived formally in[28]. On chemically patterned surface, i.e. the solid
surface is composed by two materials, the modified Cassie equation is also proposed
in [I9]. Tt turns out that the modified Cassie equation can describe the contact angle
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hysteresis on chemically inhomogeneous surface, and is consistent with some recent
experiments[19] [17].
It is easy to see the equation (4.2)) is different from the classical Cassie equation

cos B, :][][ cosBs(y/e, z/e)dydz, (4.3)
0/ o

which says that the cosine of the apparent contact angle is an area average of the
cosine of the Young’s angle in chemically inhomogeneous surface. However, in some
special situation where the energy in the system has a unique minimizer, the two
equations can be equivalent. To show that, we consider an example with a chemically
patterned surface as in Figure [.1|c), where the Young’s angle 0,(y/¢) is a periodic
function in y. In this example, it is easy to see that both equations and
reduce to the same equation

E
cos O, :][ cosBs(y/e)dy.
0
More discussions on their differences and relations we refer to [28].
The modified Wenzel’s equation. When the solid surface is chemically homoge-
neous but geometrically rough, we have 0;(y/e, z/¢) = 0y. The equation (3.24) is

reduced to
— _ H¢ 2
cosf, = 7[0 cos (0y Qg(y)> v/ 1+ (0y¢:)dy. (4.4)

This equation means that the cosine of the apparent contact angle is equal to the
linear average of the cosine of the Young’s angle subtracting a geometric angle on the
contact line. We call this equation a modified Wenzel equation.

In the following, we discuss the relation between the equation and the clas-
sical Wenzel equation

cos @, = rcosby, (4.5)

where the roughness parameter

r:][ ][ 1+ (@yhe)? + (9-ho)2dyd
0J 0

is the ratio between the area of the rough surface and the effective planar surface.

In some special case, the equation is reduced to the equation (LF). For
example, when the solid surface is a wave-like surface given by {z = eh(y/e)} for
a periodic function h(Y)(see Fig. [f.2a)). In this case, we have ¢.(y) = he(y) and
05 = 0. Thus, the equation can be reduced to

£
cosf, = ][ /1 4+ (0yh:)?dy cos @y = 1 cos by,
0

i.e. the classical Wenzel equation.

In general, the contact angle given by the modified Wenzel equation is
different from the equation . For example, if we consider a wavelike solid surface
is given by {z = ch(z/e)} for a periodic function h(Z)(see Fig. [£.2(b)), it is easy to
see that a planar liquid-air interface, i.e. w.(z,y) = k(1 — z) for some constant k,
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satisfies the equation (2.8)), once the local contact angle is equal to 8y . In this case we
have ¢, is a constant function and 6¢|.- is a constant depending only on the position
of the contact line. The equation (3.24) is reduced to

cos O, = cos(fy — 0| ), or equivalently 0, = Oy — 67 |L, (4.6)

The situation is more clearly in side view. As shown in Fig. c), suppose the Young
angle is equal to 90°, then the equation can have multiple solutions(the light
blue dashed lines). These solutions correspond to different apparent contact angles
due to different ;. All these angles satisfies the modified Wenzel equation , or
equivalently . In comparison, the equation gives only a unique apparent
angle on the surface and can not describe all the solutions.

(a) wave like surface z = eh(y/e) (b) wave like surface x = eh(z/¢)

(c) sideview of the surface z = eh(z/e)

F1G. 4.2. Rough surface and the fluid-fluid interfaces

The difference between the modified Wenzel equation and the classical Wen-
zel equation can be understood as follows. While the classical Wenzel equation
corresponds to the global minimizer of the total surface energy in the system[6], the
modified Wenzel equation, which is derived from the equilibrium equation , may
correspond to the local minimizers in the system. Since the minimizer is not unique
in general, the contact angle given by the modified Wenzel equation can be dif-
ferent from that given by the classical Wenzel equation , as shown in the previous
example.
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5. Rigorous proof. In this section, we will prove rigorously the homogenization
result by asymptotic analysis in Section 3. For that purpose, we need the following

assumption:
= € € 2
v i= max cos(05 +67)1/1+ (Oy¢e) ’ < 1. (5.1)

This assumption implies that the two-phase flow system in partial wetting regime. In
addition, to avoid technical complexity, we assume h(Y, Z) < 0, so that ¢. < 0.

The main result is the following theorem.

THEOREM 5.1. Let u. € C*(D?) be the solution of and ug € C?*(0,1) be
the homogenized function of u. given by and . Then we have

e () — <C 5.2
max [ie(z) — uo(a)| < Cie, (5.2)
max |lus(x,y) — uo(z)|L1(0,1) < Coe, (5.3)
y€(0,¢)

for two constants Cy and Cy independent of €. Here u.(x) := jfzug(:m y)dy.

The difficulty of the proof of the theorem relies on the fact that the solution of
is not unique. Our proof of Theorem is based on the following idea. For any
specific solution u. of the equation , we will establish an auxiliary variational
problem, which has a unique minimizer. Then we utilize the variational problem to

prove Theorem

(S

Fic. 5.1. Rough surface and the fluid-fluid interfaces

Hereinafter, we assume that u. is one specific solution of the equation . The
contact line L¢ is given by {z = ¢¥(y),z = ¥(y)}. Here, to explicitly show the
dependence in u., we use ¢gc and ¥Yc instead of ¢. and . in previous sections.
Similarly, we denote 8= (y) := 0s(y/e,e(y)) and Oy := 0,(y/e,e(y)), instead of 65
and ¢;. We denote

St = {(z,y,2)|r =92 (y),0<y<e,—M< z< M}
a wave-like solid surface as shown in Fig. and

DY = {(z,y)|o(y) <z <1,0<y<e}
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with the left boundary
Ly = {(z,y)lr = ¢*(y),0 <y < e}
Introduce a functional space
V := {v € WH2(D")|v satisfies the periodic condition in y and v(1,y) = 0.}

For any v € V, we define an energy functional

E% (v / V1+|Vo|2dady — ][ (p2=(y),y) cos(Og= + 05°)1/ 1+ (0, pe°)?dy.
Du
(5.4)
We define a variational problem as follows,

{)Iél{/lg < (v). (5.5)

For the problem , we first have the following lemma.

LEMMA 5.2. Let u. € C%(D%) be a solution of [2.8)), and £ be defined in
(5.4). Then u. is the unique minimizer of the problem (5.5)).

Proof. The proof of the lemma includes two steps. We first prove that . satisfies
the Euler-Lagrangian equation of (5.5), then we prove the problem is convex.

Step 1. The proof of the first statement is based on a standard argument. Suppose
u € V be a (local) minimizer of £%<. Then for any w € C*°(D) such that w(l,y) =0
and the periodic condition in y, we have

' (u) < &% (u+ tw), if |t| small enough.

Denote I(t) = £"=(u + tw), we then have I’'(0) = 0. Notice that
€ 1
= ][ / V14 |[Vu+ tVw|2dzdy
0J¢ee

—f 1+ (0,65 |2 cos(62 + 0% )(u(d ) + tw(d¥, y))dy.
0

Direct computations give

[t Vu-Vw
‘(0 :][ / ][\/1+8¢“62c05 0“5—&—9“5 oUe Ly

(5.6)

For the first term in the right hand side, integration by part leads to

][ / Vu - Vw VeV Gy
us y) ]. + |V’LL|2
=—Z= Vu (L 0y ge) ds —][ / vu wdzdy
€ Jeue /14 [Vul? \/1 + (Oy @2 ue V14 [Vul? |Vu|2

ffwwmmmyf/%<ﬂgagmm (5.7
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where nf. and m3 are defined in (2.7) and (3.19)). Therefore, I'(0) = 0 implies

][/ Vu wdzdy
0Jpue 1—|-|Vu|2

T @0 mi oo+ 057wy =0,

for all w. Therefore, the Euler-Lagrangian equation of the problem ([5.5) is given by

Y A i (5.8)
V14 [Vuf?

nf - mj — cos(fy +0;°) =0, on Lp*. (5.9)
Notice the definition of f5< in (3.21)), the equation (5.9) is equivalent to
ng - ng = cos 6y, on Lp°.

By equation , it is easy to see that wu. satisfies and the above boundary
condition.

(2). To finish the proof of the lemma, we need only prove the convexity of the
functional £Y=. Notice that /1 + t2 is strictly convex. Then for any ui,us € V,
uy # ug, and 0 < t < 1, let u® = tu; + (1 — t)ug. Then we have

€ 1
v (u') = ][ V1 [tVuy + (1 — t)Vug[2dzdy
0 J pue

- ][E\/l + (Oypue)? cos(Oys + 05°) (tuy + (1 — t)ug)dy
0

< t&% (u1) + (1 —t)E% (ug).

0
In the following, we estimate the difference between u. and wug by utilizing the
energy minimizing problem (5.5)). Similar technique has been used to verify the Wenzel
equation in [6].
We firstly estimate the difference between v € V and its average:
&
0] ::][ v(z,y)dy. (5.10)
0

This is given by the following lemma.
LEMMA 5.3. For anyv € V, ¥ is defined as (5.10), we have

g
max o — ol s 0y < S )

y€(0,e) 1-
where v is defined in

Proof. For each y € (O €), we have

/|v o mdr/ 1} v(a.) = vl )il
< / ][ / 0yv(a, 9)ldjdida
0 0J0

1 € & 1
= / / |0yv(z, 7)|dgde < s][ / V14 |Voldedy. (5.11)
0o Jo 0Jo

E.
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Notice that

‘ ][ ST+ (960 )20 cos(6 + 0%) dy‘
0

<y][ lv(p®s (y |dy—u][ | , Ov(z, y)dx|dy
0 Ug

1 1
SV][ / |0,v(2, y)|dady < u/ / 1+ |Vo|2dady.
0 e 0 Jopue

This leads to
e 1
E(v) > (1- 1/)][ / V14 |Vo|2dzdy. (5.12)
0 J¢ue (y)
Combining the estimate (5.11) and (5.12)), we finish the proof of the lemma. O
The next lemma is a technical result, which estimates the difference between v(0)

and v on the left boundary.
LEMMA 5.4. For any v € V, we have

F 160 - 00l < T (0 + )+ €500 - C) 613
0

with Ce = inf, &% (v) = £ (uc), and ||h|lcc = maxy z h(Y, Z).
Proof. Firstly, we have

][waf (v).9) — 2(0)|dy <

ot - f vt gpaslay

+0][Z ][Z( (z,y) — v(z dx‘dy—k)][ z)dx — v(0)

:Zfl + I2 + 13.

We can estimate I; term by term. Notice that ¢"c < 0, we have

= f | oot - veasfis< f [ [ ol

E £
- ][ / 0,0(, y)|dzdy,
0 Jpue

v(x,y) —v(z, g dydx’dy <][ ][ |0yv(x, §)|dyd,

i=|f f e —v0ay| < £ f [ outeplaiagas
0J 0 0J 0J0

£ €
~ [ ot laia.
oJo
Then we have

][ [v(6" (y),y) — v(0)|dy < 2][ / V1+ [Vol2dady =: 1. (5.14)
0 0 Jpue (y)

and



16 X. XU
We need only estimate the term 1.
For v € V, we define a function by translation

{0 if x € [1—4,1],
v(x+0) ifze[p*(y),1—90]

We can easy see that Tsv. € X. Direct computations give

e d¥e+6 1
£ (v) — £ (Ty0) :][ (/ \/1+\Vv|2dx7/ VT VT5oPde)dy
1

ug(

J[ VI 0,65 )2 (0(6" (4),y) — v(6" (y) + 8,) cos (6 — 6°)dy

Tgv =

Pre+4 pUe+6
2][ V14 |Vu]2dady — 6 — 1/][ / |0,v(z, y)|dzdy
0 Joue (y) P e (y)
e p¥e+46
2(1—1/)][ V1+|Vol2de —§
0 J¢ue (y)

Setting § = (1 + ||h|leo)e, and using E.(Tsve) > C¢, the above equation and (5.14))

implies (5.13)). O

We now introduce an energy minimizing problem for the homogenized problem.
Define a functional space,

Vi = {ve W"?(0,1) : v(1) = 0}.

For any v(z) € Vi, we define,

1
= / V1 +v2dz — v(0) cosb,, (5.15)
0

where 6, = arccos (f;\/l + Oy cos(0y° + Ggf)dy>. The following lemma bounds
the energy E(@.) by £%(ue).
LEMMA 5.5. Let u. be the average of u.. We have

2
B() < €% (us) + 1 (1+ [ hllx)e.

Proof. For each x € [0,1], it is easy to see that
.10 = | f duucteity] <  10suclzldy = so
0 0
By convexity of f(s) =+/1+ s?, we have

][Om  [BouPdy = ]lomaxue\)dy > ][Of(So) £ (s0)([Bute] — s0)dy

= f(s0) = V14 (0,1c)2
This leads to

€ 1 S 1 1
][ / V14 |Vue|2dedy > ][ / V14 |0zuPdedy > / V14 |0yt ?de.
0 /e 0J0 0

(5.16)
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The surface term in FE(a.) is given by

I = —u.(0) cos O, = —ﬂg(O)][ \/ 1+ (9y¢¥e)? cos(0y + 05<)dy,
0

and the surface energy term in %< (u.) is given by

=~ T Gy cos@3 + 03 el )91

We easily see that

1= ol = | f T @02 cos + 03 06" (0),0) — 50y

= V][€|ue(¢"5 (), y) — u=(0)|dy.

0
By Lemma noticing that C. = %< (u.), we have

2u
I — L < —(1 hl|so)e.
=Ll £ = (1 )

Combining the equation with ([5.16)), we finish the proof of the lemma. O
The next lemma characterize the minimizer of the functional E(v).

LEMMA 5.6. Let ug be the homogenized function of u. given by (3.23) and (3.24]).
Then ug is the unique minimizer of E(v) in Vi, and satisfies

Ce —¢l[hlloc < E(uo) <1,

where C; = inf,cyv E¥ (v) = £ (ue).
Proof. By convexity of F(v), we know that F(v) has a unique minimizer, satisfying
the Euler-Lagrangian equation

gV _ .
az (m) = O7 mn (0, 1)7

2V

_W:COSQG, atho,
v(l) = 0.

It is easy to see that ug = k(1 — x) with k such that \/1’17 = cos b, is a solution of
the above equation. So it is the unique minimizer of E(v) in V;. Furthermore,

1
Eug) =V1+k?—kcosl, = — < 1.
(ua) VIt R2

In addition, for any v € V1, define

- _Joo(x) if(r,y) €D, 0<x<1
o,y) = { v(0) if (x,y) € D",z < 0.

Then v € V, and we have

5 1 &
£ (v) = ][0 /u V1 + (0,0)2dwdy — ][OWU(O) cos(0y" + 057 )dy
1
< / VI + (0,0)%dz + [|¢" [|oo — v(0) cos b,
0

< E(v) +¢||h|| -
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We then have that E(ug) > inf, £% (v) — ¢||h||0o- O

Using these lemmas, we are ready to prove the main theorem.

Proof of Theorem [5.1 By Lemma and Lemma [5.6, we know that wu. is the
unique minimizer of & in V, and wyg is the unique minimizer of E(v) in V;.

Notice that

lue(-y) —wollro,1) < llue(-sy) — @ellzr(o,1) + [[Te — uollL1(0,1)
Ec(ue)

< 1T, ¢ + || — woll L1 (0,1
1+ e[hlloo _

where we use Lemma [5.3| and Lemma In the following, we need only prove (5.2),
i.e. to estimate max,¢(,1) |ﬂs — u0| < Cse, since the equation implies (5.3]) by setting
1S
C1 = Cy + Al
By Lemma [5.5] and Lemma we have
2v

— VUV

B(uo) < B(ue) < &% (ue) + 37— (1 + ||l )e

1+v

2v
< B(uo) + T (1+ [hla)e + ellblloe < Bluo) + T (1 + [h]lc)e.
So
1
0 < B(ae) — Bluo) < 7o (1+ 1] ).

Notice @, and ug are both continuous functions in (0,1). Let z* € (0,1) be the point
where |t (z) — ug(z)| attains its maximum value. Define a piecewise linear function
w(z) satisfies

Then we easily have

This gives

1+v
—v

0 < E(w)— E(up) <

(L+[[Plloc)e,

—_

and leads to |w(z*) — ug(z*)| < Cae, with Co = 774(1 + ||h||oc)e. This implies (5.2).
O

6. General discussions. In this section, we discuss how to use the modified
Wenzel and Cassie equations (or the formula ) in practice. In equation ,
the position of the contact line is not known a priori, since it is usually difficult to
predict which local minimizer a real system will finally arrive at. However, there
are some possible ways to use the formula. Firstly, it is possible that the position
of the contact line can be experimentally determined[I0]. In this case, one can use
the equation directly. Secondly, in many cases, people may be only interested in
contact angle hysteresis, i.e. the largest and the smallest apparent contact angles in
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the system. Then, one may use our formula to obtain the two angles by checking for
some possible contact lines[28]. In the following, we will show this by a few simple
examples.

We first consider a two-dimensional drop on a solid surface. In this case, the
contact line becomes a point and the equation reduces to

ea - Hs(xct) - eg(xct)v (61)

where x.; is the contact point. We will use this equation to quantify the contact
angle hysteresis in the system. For simplicity, we suppose the solid surface is either
chemically patterned (see Fig. or geometrically rough (see Fig. . In the former
case, the solid surface is composed by two materials, with different Young’s angles
fy1 and Oys (6y1 > Oy2). Since the solid surface is flat, the geometric angle 6,
in equation is 0. The equation implies that the apparent contact angle 6, is
either 0y, or 0ys depending on the location the contact point. By the definition
of contact angle hysteresis, we easily see that the largest apparent contact angle(or
the advancing angle) is fy; and the smallest contact angle(or the receding angle) is
fy o, as shown in Fig. In geometrically rough surface case, Young’s angle 6y is
a constant. The equation implies that the apparent contact angle is 6y minus
a geometric angle, which by definition is equal to the angle between the tangential
line of the solid surface and the horizontal effective surface. The geometric angle may
be positive or negative depending on the relative position of the tangential line with
respect to the horizontal surface. By careful computations, we could see that the
largest apparent contact angle is fy + 641 and the smallest one is 0y — 042, where 64
and 0,0 are positive numbers, as shown in Fig. [6.2

Fic. 6.1. The advancing and receding contact angles on a chemically patterned surface.

F1G. 6.2. The advancing and receding contact angles on a geometrically rough surface.



20 X. XU

We then consider a three-dimensional problem with chemically patterned surface
as shown in Fig.[6.3] The basis is made of a material with Young’s angle 6y, and the
patterns correspond to Young’s angle 0y5 (6y1 > 6y2). When a liquid drop is put in
the center area of the surface, there might be many contact lines. Notice the equation

(3.24)) reduces to

cosf, = ][ cos By ds = AcosByq1 + (1 — A) cos Oy,
cL

where A is the length fraction of the contact line in material 1. This implies that
different contact lines may correspond to different apparent angles since A may change.
Nevertheless, we easily see that the largest apparent contact angle is fy 1 corresponding
to a contact line located entirely in material 1 (as shown in the left sub-figure of
Fig.[6.3)), and the smallest one is given by

r r
€08 e = —cos by + (1 — =) cosbya,
€ €
corresponding to a contact line periodically crossing the patterns (as shown in the

right sub-figure of Fig. . They are the advancing and receding contact angles,
respectively.

@

Fic. 6.3. The advancing and receding contact lines on a chemically patterned surface.

For a geometrically rough surface in three dimension, the situation is much more
complicated than the previous case, since the geometric angle varies on a contact line
and the coefficient /1 + |0,¢<|?> now has an effect. In general, it is very difficult to
compute the apparent contact angle analytically. A numerical computation might be
useful[25]. However, in some special situation, as shown in Fig. the solid surface
is made rough by periodic pillars with flat tops. If we assume there is air trapped
between the pillars under the liquid, the air can be considered as a material with
Young’s angle 7[7]. Then, for the contact line in Fig. the apparent contact angle
will be given by

cosf, = A cosfy — (1 — C).
€ €

This equation can be used to characterize the super-hydrophobicity of a textured
rough surface.

From these examples, we could see that the equation is quite general and
can be useful in many cases. For example, the equation can be used to understand
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F1G. 6.4. A rough surface with periodic pillars: the top view (left) and the side view (right).

many experimental results[19]28]. The key information from the equation is that both
the geometric and chemical properties must be averaged on a contact line to give the
correct value for the apparent contact angle. This is not known in literature. However,
there are some restrictions in usage of the formula. Firstly, the equation relies
on a knowledge of the position of the contact line, usually which is not known a
priori. In this case, we need some estimations or computations for the location of a
contact line. Secondly, the equation is derived from a stationary wetting problem. It
might need to be adapted for dynamic problems where the apparent contact angle
also depends on velocity[13] 21].

7. Conclusion. In this paper, we derive a new formula for the macroscopic
contact angle by a two-scale asymptotic homogenization approach. The new equation
implies that both the geometric and chemical properties must be averaged on a contact
line to give the correct value for an apparent contact angle. The formula can be
reduced to a modified Wenzel equation for geometrically rough surface and a modified
Cassie equation for chemically rough surfaces. Unlike the classical Wenzel and Cassie
equations, the modified equations correspond to local minimizers of the energy in
the system and can be used to understand the important contact angle hysteresis
phenomena. We prove the homogenization result rigorously by a variational method.
The difficulty to prove this result is that the solution of the original problem might not
be unique. The key idea of our proof is to construct an auxiliary energy minimizing
problem for each solution and to estimate the energy directly. We also discuss how
to use the new formula in practices, e.g. when studying the contact angle hysteresis
phenomena.
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