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Advancing contact lines on chemically patterned surfaces
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Abstract

We report an experimental investigation on advancing contact lines of large drops spreading on chemically patterned surfaces.
substrates were prepared using microphotolithography allowing precise control of the position and the size of the wettability pat
periments were performed exploring different surface geometries: from ordered to disordered fields of defects and from low to hig
densities. The shape of the contact line between two isolated defects was investigated as a function of the distance. Portions of
line on the defects and on the matrix were studied during spreading experiments and were related to the apparent contact angle
from the final thickness of the drops. A modified Cassie equation based on the line fraction of defects is proposed.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Wetting phenomena often take place on nonideal surf
and have a wide range of applications from oil recovery,
set printing [1], and biology [2] to microfluidics [3].

The contact angle is the angle made by a liquid (l) on
a solid (s) in contact with a gas (g). The Young–Laplace
equation predicts a unique value for the equilibrium con
angleθe as a function of the three interfacial energiesγsl (γ ),
γsg, andγlg:

(1)cosθe = γsg− γsl

γ
.

Experimentally, the static contact angleθs and the equilib-
rium contact angleθe are different. The static contact ang
θs ranges from the receding contact angleθr to the advanc-
ing contact angleθa depending on the previous history
the system. On a heterogeneous surface, the contact
varies along the contact lineL and depends on the pos
tion of the line on the substrate. The existence of hyster
means usually that a system is trapped in a metastable
As a heterogeneous surface presents multiple local min
of the total free energy of the system, the contact line ma
trapped on positions separated by strong energy barriers
equilibrium contact angleθe associated with the absolu
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minimum of energy can be obtained adding external ene
to the system [4,5]. The deformation of the contact line
to a single wettability defect and multiple defects was
perimentally investigated in a capillary rise situation [6–
in an imperfect Hele-shaw cell [9], for drops squeezed
tween solid surfaces [10], and for liquid-He films [11].

In this paper we examine the deformation of the c
tact line of large drops spreading on heterogeneous surf
Large drops resting on a solid surface are flattened by g
ity. The flat surface is limited by a meniscus the size of wh
is determined by the capillary lengthλc = √

γ /ρg whereρ
is the liquid density andg is the gravity acceleration (se
Fig. 1). We first describe the contact line structure on a sin
defect. For the case of many defects, the radius of curva
of the contact line between two defects is measured an
lated to the distance between defects. As a function of
defect density on the substrate, individual pinning and
lective pinning are observed. For a given density of defe
experiments show a single value of the mean advancing
tact angle that does not depend on the nature of diso
The mean or apparent contact angleθm averaging the differ-
ent contact angles along the contact lineL can be defined on
a heterogeneous surface extrapolating a definition for a
form substrate;θm is then a function of the mean thickne
hm of the drop [5]:

(2)θm = 2 arcsin
hm

.

2λc
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Fig. 1. Large sessile drop on model heterogeneous substrate.

Using this equation, the apparent contact angleθm is deter-
mined fromhm at the end of each experiment. Taking in
account the local and the general surface geometry o
defect field, the apparent contact angleθm is shown to be
predictable using a modified Cassie equation with the
fraction of defects.

2. Experimental apparatus

The wettability defects are made with a photosensi
resin using a microphotolithography technique descri
previously [9]. The defect pattern is generated on a c
puter and printed with a very high resolution laser printer
a transparent paper used as a mask. A thin layer of pho
sist (0.5 µm) is spin coated on a 10-cm bare polished sil
wafer. The wafer is then exposed to UV light through
mask. The parts of the resin layer exposed to UV light
removed by immersion in a developer bath. The masks
to expose the resin and produce circular defects were g
ated using a square lattice of meshL. Each cell of the lattice
contains a defect. Its position within the cell involves a no
parameterN0 so that the position(x, y) of a defect is

(x, y)=
{
x = L(i +N0rx)

y = L(j +N0ry),

wherei and j are integers defining the cell number in t
lattice andrx andry are random numbers uniformly distri
uted between 0 and 1. By changing the value of the n
parameter we can go from a periodic distribution of defe
(N0 = 0) to a random distribution of defects (N0 > 1) (de-
fect fields with different noise parameters are displaye
Fig. 7).

The defect density on the substrate is defined via the
face fraction of defectsσ , which is the ratio of the surfac
occupied by a circular defect of diameterd and the surface
of the mesh of the lattice:

(3)σ = πd2

2 .
4L
-

-

The defect density can also be defined with the mean
fraction of defectsχm corresponding to the ratio of the d
ameter of a circular defect of diameterd in the mesh and th
average length of a square meshLm,

(4)Lm = 4L

π

π/4∫
0

1

cosα
dα ∼ 1.12L,

and then,

(5)χm = d

Lm
.

The line fraction of defectsχ seen by the contact line d
pends on its position on the heterogeneous surface. In
paper we show experimentally thatχ fluctuates aroundχm.

The liquid used is a mixture composed 60% glyce
and 40% water in volume. The capillary length for suc
mixture is λc = 2.44 mm. Homogeneous substrates w
used to measure the contact anglesθmatrix = 23◦ on sil-
icon and θdefect = 61◦ on resin. The wettability contras
�S = γ (cosθdefect− cosθmatrix) = 29.6 mN/m is compa-
rable in magnitude to the surface tensionγ , allowing the
influence of the defects to be clearly observed.

Figure 2 shows the experimental apparatus. The liq
is supplied into the drop using a syringe pusher at diffe
flow rates (Q= 9×10−2, 23×10−2, and 44×10−2 mm3/s
as a function of the size of the drop in order to maint
an average contact line velocity ranging from 1 to 10 µm/s,
corresponding to a very small capillary numberCa ∼ 10−6).
The substrate horizontality was set using a laser auto
limation technique and the drop evolution was monito
from above with a high-resolution camera (Kodak Megap
4.2i/10, 2032× 2044 pixel2, with 1024 gray levels). Usin
edge detection algorithms, the position of the contact
and the defects were determined at equally spaced t
during the spreading. The combination of a large spatial
olution and a large range of gray levels allows a pre
determination of the contact line position in relation to
position of each surface defect.

Fig. 2. Experimental setup.
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3. Contact line structure

3.1. Single defect

The size of the defectsd = 0.1 or 0.4 mm is larger in
width than that ofδ ∼ a few nanometers of the three-pha
contact area [12] (d 	 δ). In this situation, the contact lin
L is a set of three-phase linesL3 (corresponding to a conta
area lying on a homogeneous solid) and four-phase lineL4
(corresponding to a contact area lying at the border of
homogeneous solids). This can be analytically described

(6)L = g(t)L3 + (
1− g(t)

)
L4,

whereg(t) is a function of time and surface geometry.
For a quasi-static motion, with a very small capilla

numberCa 
 1, the contact angleθ3 of a three-phase lin
L3 can be considered unique. By definition, a four-ph
line L4 is static but the associated contact angleθ4 ranges
between the contact angles on each solid,θdefectandθmatrix.
Figure 3 illustrates this contact line property during the d
ferent stages of the pinning process on an isolated defe

A defect on the path of the contact line deforms the li
If the defect and/or the wettability contrast is small enou
(weak defect), the line recovers its unperturbed position
ter passing the defect. On the other hand, if the defect an
the wettability contrast is too large (strong defect), the de
traps the line and stays uncovered by the liquid layer.
relevant parameter to describe the influence of a wettab
defect is the dimensionless defect strengthf = �Sd/γhm
corresponding to the ratio of the pinning force of the def
and the elastic restoring force of the meniscus. Previous
periments [13] have shown that in the case of weak de
(f < 0.40), the amplitude of deformation of the contact li
on the transverse and on the direction of motion are pro
tional to the defect size.

3.2. Multiple defects

Figure 4a shows an oblique view of the edge of a la
drop. Defects deform the liquid/gas interface on a dista

Fig. 3. Nature of the contact line during the pinning on an isola
defect: (a) three-phase line, (b) four-phase line around the defect,
(c) three-phase line on the defect, four-phase line on the edge of th
fect.
r

Fig. 4. Coupling between defects,d = 0.4 mm. (a) Oblique view of the edg
of a large drop: 3D deformation. (b) Top view of the drop edge. Collec
pinning,L = 1.5d . (c) Individual pinning,L = 5d . (The darker areas indi
cate a strong slope of the free surface.)

larger than their size. As a function of the distanceL be-
tween the centers of the defects, the free surface defo
tions around two neighboring defects may merge as see
Fig. 4b. To investigate the shape of the contact line betw
two defects, spreading experiments on a matrix with two
fects of sized = 0.4 mm were performed varyingL from
1.5d to 7d (see Fig. 5). The shape of the three-phase lineL3

between two defects is fitted by an arc of circle just bef
the liquid starts spreading on the defects. Figure 5 show
dependence of the radius of curvatureR of the triple lineL3

with respect to the distanceLr between the edges of the d
fects. The linear relation betweenR andL suggests that a
effective capillary force of order(γ /R)hmL balances the de
fect force of orderd�S before the spreading on defects. T
ratio of the distance between defectsL over the contact line

Fig. 5. Radius of curvature of the three-phase line as a function o
distanceLr between the centers of the defects,d = 0.4 mm. Lengths are
normalized to the capillary length.
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Fig. 6. Contact line time series on disordered defect distribut
d = 0.4 mm,N0 = 4. Left: Individual pinning,Lm = 3.5d . Right: Col-
lective pinning,Lm = 1.25d .

curvatureR is constant in this experiment:

(7)
L

R
∼ d�S

γhm
.

The influence of the defect sized and the wettability contras
�S on the contact line curvature between two defects wil
investigated in further work.

For a field of defects, spreading experiments on surfa
with different surface fractions 0< σ < 1 have shown two
main regimes for the contact line morphology as a func
of Lm [14]. For a diluted distribution (L > 2d), defects ac
individually and the contact line can be assimilated in a
approximation to a set of arcs of circle pinned to the def
(see Fig. 6, left). For a dense distribution (L < 2d), close
defects form clusters that pin the contact line for a longer
riod of time (see Fig. 6, right). This is the collective pinni
regime. These regimes are characteristic of a moving el
medium in a pinning potential [15]. It is important to no
that the drop thickness, therefore the meniscus elasticity
pends on the contact angle distribution along the contact
related to the solid surface density of defects.

3.3. Transition to disorder

To characterize a heterogeneous surface density
mean contact angle, constant density surfaces with diffe
defect distributions were investigated.

Rectangular wettability channels (28× 40 mm) were
formed on the substrate with “walls” made with less-wett
lines. The liquid was injected at a closed end of the ch
nel, and then the wetting front moved essentially along
two parallel lines 28 mm apart. For a constant surface f
tion of defectsσ = 0.25, square and hexagonal lattices w
increasingly disordered, changing the noise parameteN0
from 0 to 1. Figure 7 shows the time series of the c
tact line on a square lattice with a noise parameter (Fig.
N0 = 0 and (Fig. 7b)N0 = 1. For a perfectly ordered lattic
(Fig. 7a) the contact lineL is faceted by the first-neighbo
axis of defects and (Fig. 7b) for a disordered distributi
the contact lineL moves part by part as a function of t
local clusters formed by close defects. The morpholog
transition between faceted and nonfaceted contact lines
described in a previous paper [13]. Using image proc
ing, the time evolution of the wetted surfaces was meas
(Fig. 8). For a constant flow rate (Q = 9 × 10−2 mm3/s),
the wetted surface shows a linear dependence in time
-

t

s

Fig. 7. Time series of the contact line on patterned wettability chan
d = 0.4 mm,σ = 0.25. (a)N0 = 0, (b)N0 = 1.

Fig. 8. Wetted surface vs time,d = 0.4 mm, σ = 0.25. (a) N0 = 0,
(b) N0 = 0.25, (c)N0 = 0.5, andN0 = 1. (Curves are vertically shifte
for a better view.)

the mean rate of growth of the wetted surfaceΦ = d〈A〉/dt
is the same in the four experiments, the mean thickneshm
of these drops is identical whatever the spatial distribu
of defects is. If we relate the thickness of the advancing
uid puddle and the contact angle (Eq. (2)), as for a s
sessile drop, we can define a unique apparent advancing
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tact angle on such surfaces. These experiments show
although the contact angle depends on the position of
contact lineL, a unique apparent advancing contact an
can be associated with a given defect density independe
the line or the position of defects.

4. Contact angles

4.1. Defect density

Taking advantage of the high-resolution camera w
1024 gray levels, the line fraction of defectsχ was deter-
mined as explained below:

Before each experiment, a snapshotpix 0 of the solid sur-
face was taken. A threshold was applied on the picturepix 0
so that the defects appeared with a gray levelnd and the ma-
trix appeared with a gray levelns . During the experiments
the position of the contact line at a specific time was de
mined. Using image processing programs, composite im
pix 1(t) were created for each step timet (�t = 30 s) where
the contact line position appeared at a gray levelnl on a
black background (gray level 0). Then, for each timet , pix 0
andpix 1(t) were added [16]. Figure 9 shows a part of a co
posite image created this way (the gray levels were mod
for a better view). The parts of the contact line lying on d
fects appear with a gray levelnd + nl and the parts of the
contact line lying on the matrix appear with a gray le
ns + nl . Counting the number of pixelsNr(t) on the resin
and the number of pixelsNs(t) on the silicon leads to th
determination of the line fraction of defectsχ(t) with

(8)χ = Nr

Nr +Ns

.

The line fractionχ(t) along the contact line is a functio
of the position of the lineL on the substrate. Experimen
were performed varying the defect density on the subs
and measuringχ(t). Figure 10 shows the fluctuation o
χ(t) on disordered substrates (N0 = 4) with a defect size
d = 0.1 mm for different densities of defects. The straig
lines represent the mean line fractionχm associated with
each substrate. The calculatedχm (from Eq. (5)) fits cor-
rectly the experimental data except for a very low fraction
defects. For such coverage fractions, the distance betw
defects is several times the size of the defect. The triple

Fig. 9. Composite image of the contact line used to determine the line
tion of defectχ along the contact lineL.
t

f

Fig. 10. Time evolution of the experimental line fractionχ (d = 0.1 mm).
Solid lines are the mean line fractionχm associated with each substrate.

L3 cannot be digitally associated with a straight line and
radius of curvatureR must be taken into account.

4.2. Apparent contact angle

The apparent contact angle on a heterogeneous su
is usually considered to be predictable by the Cassie e
tion [17]. This approach to the problem is based on the w
of cohesion of the drop on the surface. For a surface c
posed ofi types of solids, considering a mean field appro
of the total work of cohesionW of the drop on the composit
surface and using Eq. (1) on each solidi, W is

(9)W =
∑
i

σi (γsg,i + γ − γsl,i)= γ
∑
i

σi (1+ cosθi),

whereσi is the surface fraction of the solidi with respect
to the entire surface (

∑
i σi = 1). The apparent contact ang

associated withW is

(10)cosθm =
∑
i

σi cosθi,

whereθi is the contact angle on the solidi. This phenom-
enological equation cannot be theoretically applied when
heterogeneities are at molecular size [18] or when the
of the drop is far below the capillary length because the
tension has to be taken into account [19].

Spreading experiments of large drops on ordered and
ordered surfaces (0< N0 < 4) were performed. We inves
tigated the influence of a surface densityσ ranging from
0 to 1. At the end of each experiment, the thicknesshm of
the drop was measured at different points near the cent
the drop to determine the apparent contact angleθm using
Eq. (2). The data are reported in Fig. 11. The relative dis
sion in the values of the measured contact angles expre
the hysteresis of the process. The thickness depends o
position of the contact line. The solid line is the Cassie eq
tion for two solids:

(11)cosθm = σ cosθr + (1− σ)cosθs.
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Fig. 11. Experimental apparent contact angle vs surface fraction of de

As can be seen Fig. 11, Eq. (11) does not fit the experim
tal points. Numerous studies [20–24] relate experime
apparent contact angles to Eq. (11). Depending on the d
ition of the degree of heterogeneityσ results match more o
less successfully Eq. (11). Modified Cassie equations w
proposed, with additional terms taking into account the c
tour length per unit area between different materials [24
additional terms taking into account the ratio of the fr
tional length of the contact line on each material and
line tension [19,25]. However, in the case of large defe
(d > 20 µm), the effect of line tension is negligible [26
The use of the surface fraction of defectsσ in the prediction
of the apparent contact angle on a heterogeneous surfa
questionable as the value of the contact angle depends o
surface properties along the contact lineL. In our system
the size of the defectsd is far larger than the contact lin
width δ; hence the use of the surface fraction of defectsσ is
inadequate to characterize the surface properties to qua
the apparent contact angle. However, the same mean
approach of the work of cohesionW of the drop on the com
posite surface can be made using the line fractionχ instead
of the surface fractionσ . During the spreading, as the lin
fractionχ along the contact line fluctuates around the m
valueχm, the apparent contact angle can be expressed u
the contact angles on the two surfaces andχm:

(12)cosθm = χm cosθr + (1− χm)cosθs.

In Fig. 12, the experimental apparent contact angles ar
ported on the different surfaces characterized by their m
line fraction of defectsχm. The solid line (Eq. (12)) fits
the experimental data reasonably well. While this appro
assumes thatθ4 = θr , i.e., the four-phase line is neglect
(g(t) = 1), the comparison with the experiments is acce
able.

5. Summary

The local geometry of wettability defects is conside
as a cause of contact angle modification in the case of l
-

is
e

-

Fig. 12. Experimental apparent contact angle vs line fraction of defec

drops spreading on solid surfaces. Wettability defects
form the drop edge on a distance larger than their size
a function of the distance between defects, individual p
ning and collective pinning occur. The contact line radius
curvature between two defects is shown to increase line
with the distance between the edge of the defects. Ex
ments in wettability channels with ordered and disorde
distributions of defects show the possibility of defining
single value of the apparent advancing contact angle f
given defect density that does not depend on the natu
the disorder. The line fraction of defects along the con
line is studied during spreading experiments. Measured
tact angles follow a Cassie-type law when plotted versus
density of defects. When the density of defects is define
terms of fraction of the contact line on defects and on
matrix, the experimental data are well described by a m
fied Cassie equation.
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