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Wetting on ambient, heterogeneous surfaces is characterized by contact angle hyster-
esis. Quantitative models of contact angle hysteresis are essential in order to design
surfaces with specific wetting behavior or to interpret experiments seeking to charac-
terize a surface through its wetting properties. We focus on the successes and failures
of theoretical models as well as experiments on model surfaces in describing contact
angle hysteresis on ambient surfaces. We describe experimental observations of con-
tact line structure and dynamics as well as contact angle hysteresis on laboratory
surfaces. We discuss three general classes of models treating one-dimensional periodic
heterogeneity, two-dimensional periodic heterogeneity, and random heterogeneity. We
show where these models succeed and where they fail to agree quantitatively and
qualitatively with experimental observations. New models treating strong, dense het-
erogeneity as well as temporal relaxation of contact angles in experimental environ-
ments need to be developed to provide quantitative descriptions of contact angle
hysteresis on ambient surfaces.

Keywords: Contact angle; contact angle hysteresis; wetting; spreading; heterogeneous
surface; contact line; interface roughness

1. INTRODUCTION

The quantitative description of wetting of ambient surfaces is import-
ant in many industrial and scientific areas [1-3]. The contact angle of
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liquids on solid surfaces is a measure of the wetting characteristics of
the surfaces. However, contact angle measurement on ambient surfa-
ces has inherent uncertainty. The local contact angle varies spatially
across the surface. In addition, the macroscopically-averaged contact
angle can take on a range of values between two fairly reproducible
extremes: the advance and the recede contact angles. For instance, if a
liquid drop is placed on a solid surface and the solid is then tilted
from the horizontal, the drop takes on an asymmetric shape when
viewed from the side. The macroscopically-averaged contact angle
within the liquid, measured between the solid and the liquid-vapor
interface of the drop, is larger at the lower end of the drop than at the
higher end. If the surface is tilted further, the maximum angle attained
at the lower end of the drop just before the drop begins to roll is the
macroscopically-averaged advance contact angle. Similarly, the mini-
mum angle attained at the higher end of the drop just before the drop
rolls is the macroscopically-averaged recede contact angle. Even these
fairly reproducible, extreme contact angles (advance and recede) de-
pend on factors other than just the three materials (solid, liquid and
vapor) involved. For instance, the time scale of the measurement pro-
cess and the vibration level of the environment can influence the
measured angles [4-6]. The disparity between the macroscopically-
averaged advance and recede contact angles is called contact angle
hysteresis. Contact angle hysteresis influences many wetting phenom-
ena on ambient surfaces, such as the ability of liquid drops to be
retained or shed from surfaces [7-9] or the movement of liquids
through porous media [10]. Even though qualitative characteristics of
contact angle hysteresis have long been recognized, a quantitative
description has not yet been achieved. Such a description is necessary
in order to define the level of homogeneity needed to remove hyster-
esis, to design a system with controlled hysteresis, or to make full use
of contact angle measurements as a diagnostic of a surface.

In this paper, we focus on the successes and failures of theoretical
models as well as experiments on model surfaces in describing contact
angle hysteresis on ambient surfaces. We have not written an exhaus-
tive review of the literature. In the remainder of the introduction, we
examine fundamental ideas such as the correct definition of contact
angles on ambient surfaces, the role of dissipation in hysteresis, and
the microscopic and macroscopic behavior of a contact line (CL) as it
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moves across an ambient surface. Next, we present a description and
some experimental realizations of ambient surfaces. We describe ex-
perimental observations of CL structure and dynamics, as well as
contact angle hysteresis, on these surfaces. We then examine models of
hysteresis on three classes of heterogeneous surfaces with one-dimen-
sional (1D) periodic heterogeneity, two-dimensional (2D) periodic het-
erogeneity, or random heterogeneity. The 1D models basically show
how metastable states can arise from chemical heterogeneity and can
thus produce hysteresis. The 2D models go a step further by examin-
ing the broken structure of the CL. The random models attempt to
provide a description of real ambient surfaces. Finally, we discuss the
effects of vibrations on temporal relaxation of contact angles.

Chemical heterogeneity and physical roughness of surfaces are ac-
cepted origins of contact angle hysteresis [1,11-14]. We examine
hysteresis due to these surface characteristics and limit our discussion
to systems in which all of the interfacial energies are static on the time
scale of experiments. In addition, we are not treating hysteresis due to
penetration of the liquid into the intermolecular pores of the solid
[15] or “intrinsic” sources [16, 17].

1.1. Definition of Contact Angles

A useful geometry for studying contact angle hysteresis is the Wil-
helmy plate geometry, a vertical plate which is partially immersed in a
container of liquid (Fig. 1) [18]. In any geometry, the CL is the locus
of points where the solid, liquid, and vapor phases meet. In the Wil-
helmy plate geometry, the height, h, of the CL {averaged over a mac-
roscopic length of the CL) relative to the bulk liquid level is related to
the macroscopically-averaged contact angle, 6, by [19]

h=2asin(45° —(0/2)) (1)

where a =7, ,/(Apg) is the capillary length, Ap is the density difference
between the liquid and the vapor, g is the acceleration of gravity, and
7.y Is the liquid-vapor interfacial energy. If a plate with an ambient
surface is slowly pulled out of the liquid, & increases to a maximum
value of h,, the macroscopically-averaged recede rise height. Similarly,
if the plate is pushed into the liquid, the rise height decreases to
a minimum value of h,, the macroscopically-averaged advance rise
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FIGURE 1 Wilhelmy plate geometry of a partially-immersed, vertical plate. h = rise
height. 0 = contact angle.

height. These extreme heights h, and h, are, respectively, related to the
macroscopically-averaged contact angles 0, and 0, by Eq. (1). Unless
explicitly stated otherwise, we will use the Wilhelmy plate geometry
for our discussion of contact angles and hysteresis.

To determine the wettability of a surface one often uses contact
angle measurement [18]. We can describe contact angles in terms of
local values and macroscopically-averaged values. In either case, the
contact angle is the boundary condition to the Laplace equation,
which predicts the shape of the liquid-vapor interface [13].

1

1
AP=Apgf = 1/’LV(R_ + “ﬁ’) 2
1 2

where AP is the pressure difference across the liquid-vapor interface as
a function of position on the interface, f is the local height of the
liquid-vapor interface relative to the bulk liquid level where the liquid-
vapor interface is flat, and R, and R, are the local principal radii of
curvature of the interface. Local and macroscopically-averaged contact
angles may be approximated by tangents to the liquid-vapor interface
at the solid surface (looking at the meniscus from the side). However,
such a measurement is magnification dependent, i.e,, it depends on how
close to the CL a tangent is placed. Correct contact angles are found by
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considering the behavior of the liquid-vapor interface some distance from
the solid and extrapolating to the solid surface. This latter, correct
method, is equivalent to measuring the rise height on a local length scale
for a local angle, or on a macroscopic length scale for a macroscopic
angle (looking directly at the CL — not from the side) and using Eq. (1).

For ambient surfaces, the local rise height, and thus the local con-
tact angle, varies across the surface. Thus, for the purpose of examin-
ing the local fluctuations in the wettability of the solid surface and the
resulting morphology of the liquid-vapor interface, the CL should be
microscopically imaged with high magnification. By this method, the
local contact angles will be measured over a very short length scale.

If one wishes to obtain only the average wetting characteristics of the
solid surface rather than a precise mapping of the local wettability, a
macroscopically-averaged contact angle is needed. The variations in the
liquid-vapor interface due to a rough CL diminish over short distances
away from the CL [20, 21]. In the Wilhelmy plate geometry, sufficiently
far from the CL the curvature of the interface parallel to the plate
becomes negligible compared with the curvature perpendicular to the
plate. The macroscopically-averaged contact angle is the boundary con-
dition for the extrapolation of this smooth liquid-vapor interface to the
solid. To obtain this macroscopic boundary condition, the contact
angle should be averaged over a sufficiently large length scale. Thus, the
use of the contact angle dictates which length scale to consider.

At length scales larger than the capillary length, gravitational forces
may dominate and flatten the CL. The rise height may become constant
when averaged on such scales and a macroscopically-averaged contact
angle can be obtained from the rise height averaged over several capil-
lary lengths using Eq. (1). As we shall see, the CL. may show significant
distortions over length scales much larger than the capillary length. In
such cases, it makes no sense to report a single contact angle for the
surface. These considerations must be taken into account when measur-
ing contact angles on sessile drops where the largest length scale of the
measurement is set by the perimeter of the drop.

1.2. Contact Angle Hysteresis

Hysteretic systems are trapped in metastable states which depend on
the history of the system. They dissipate energy if they are forced to
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traverse slowly from one state to another. The origins of macroscopic
contact angle hysteresis lie in the distortions and dynamics of local
portions of the contact line. Microscopically, the local contact angle
varics spatially across the surface in an attempt to conform to the
local wettability and/or geometry of the surface. Thus, the CL will be
uneven as it becomes locally distorted by the surface heterogeneitics. If
the system is static, no net force can be acting on each point on the
CL. Each point on the CL is in a metastable state, i.e., a state of local--
but not necessarily global — minimum of energy. (Many types of hys-
teresis are thought to arise from the existence of microscopic domains
of a system that are caught in metastable states [22—-24]). As the bulk
liquid slowly moves relative to the solid (e.g., by raising or lowering
the plate in the fluid bath), a local variation of the wettability of the
surface can pin a portion of the CL and stretch it from the average CL
position. When the stretch of the liquid-vapor interface becomes too
great (the elastic force of the stretched liquid-vapor interface becomes
greater than the force of the wettability pinning the microscopic sec-
tion of the CL), the distorted section of the CL quickly snaps to a less
stretched configuration. In the snapping process, energy is thermally
dissipated. In addition to the energy dissipation of the snapping
motion, energy is also dissipated in the fluid due to the slow, forced
motion of the plate. However, unlike the dissipation in the snaps, the
continuous dissipation due to the forced plate motion tends toward
zero as the plate motion is slowed. This dissipation of energy, even in
the limit of zero forced motion, is characteristic of a hysteretic system.
For contact angle hysteresis, the regime of motion where the energy
dissipation in microscopic jumps dominates the dissipation due to the
forced motion is called quasistatic motion.

We can connect the energy discussion above to the notion of history-
dependent states of the system. If the CL microscopically distorts dur-
ing slow, forced motion, but smoothly reconfigures without snapping,
then the only dissipation in the system is due to the forced motion of
the bulk liquid. No hysteresis should be present. In fact, Joanny and de
Gennes [20] have shown that the CL snaps only if distortions are
history-dependent (i.e. only if the microscopic distortion depends on the
direction of motion of the liquid relative to the solid). While their
argument focuses on a single defect, a similar argument could be for-
mulated for cooperative pinning of the CL by collections of defects.
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Macroscopically, hysteresis is the result of the combined effect of
the microscopic distortions and snaps. Consider a vertical plate with
an ambient surface being quasistatically (i.e., at a slow enough velocity
so that the steady viscous dissipation due to forced motion is negli-
gible) pushed into and pulled out of the liquid. As the downward
motion begins, the CL is microscopically pinned; and thus the macro-
scopically-averaged contact angle increases. As the liquid-vapor
interface locally stretches and applies an increasing force to the
microscopically-pinned portions of the CL, some of the microscopic
portions of the CL snap. The snaps occur with increasing frequency as
the elastic force overcomes the pinning force of more and more local
sections of the CL. At some point, continually occurring microscopic
jumps along the CL prevent the macroscopically-averaged rise height
from decreasing further. The macroscopic contact angle has reached
its advance value. During the upward half of the cycle, a similar
process lets the macroscopically-averaged rise height increase but
microscopic snaps prevent the macroscopically-averaged contact
angle from moving beyond the recede angle. If the forcing of the
system is stopped at any point in this cycle, the macroscopically-
averaged contact angle will be somewhere between the advance and
recede angle. The metastable states trapping the microscopic portions
of the CL produce a range of macroscopically-averaged contact angles
with a maximum (advance) and minimum (recede) value. Thus, the
macroscopic hysteresis is directly related to the mechanics of the pinn-
ing of microscopic portions of the CL. In addition, since the dissi-
pation due to the forced motion of the bulk liquid becomes negligible in
the quasistatic regime, the total macroscopic energy dissipation in
quasistatically moving around the hysteresis loop described above is the
sum of the energy irreversibly dissipated in all of the microscopic jumps.

2. AMBIENT SURFACES

2.1. Description

We consider smooth but chemically heterogeneous surfaces (e.g. smooth
ambient surfaces which have become contaminated). Modeling of hys-
teresis due to surface roughness is mathematically similar to that for
chemical heterogeneity [20]. Hence, our discussion could apply to
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rough ambient surfaces, as long as the surface roughness does not
promote wicking of the liquid along surface roughness features (thus
causing the local CL to be far removed from the macroscopically-
averaged CL).

The total energy of the system dictates the structure and quasistatic
behavior of a CL on an ambient surface. The three components of
that energy are: gravitational potential of the fluid in the meniscus,
interfacial energy of the liquid-vapour interface (y,, is the energy per
unit area of this interface), and the energy of the liquid or vapor in
contact with the solid surface (yg, and yg,; are, respectively, the energy
per unit area of the solid-vapor and solid-liquid interfaces). For an
ambient surface with spatially varying wettability, v, and yg; will
depend on the position on the solid. To find the contribution to the
total energy from the wettability of the solid, we need the difference of
ysr from v, as a function of position on the solid. We will define the
wettability function to be

o(®) = [ysp(r) — v5.(0 /7Ly 3

where r represents the spatial coordinates in the plane of the surface.
The wettability function, ¢(r), could be equated to the cosine of the
local contact angle, cosf(r), if we were to assume validity of Young’s
equation (yg, — ys = YL €0s0). The use of the wettability function in
Eq. (3) to carry out an energy minimization to find the locally stable
configurations of the CL assumes that yg, and yg; are evaluated only
at the locus of r values along the CL. However, thermal fluctuations
and/or mechanical vibrations cause the CL to sample some small
region along the surface. Thus, the force balance or variational des-
cription of the energy must consider the wettability function at least
over such regions. This issue must be carefully addressed when the CL
is near a rapid spatial variation of the surface properties, such as near
a physical edge, the edge of a microfabricated wettability pattern
[25, 26], or natural wettability boundaries formed by the spreading of
complex fluids [27, 28].
The wettability function in Eq. (3) may be written

c(r) = co+clr) 4
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where ¢, is the average wettability of the surface,

Co= J c(r)dr / j dr (5)

all r in surface all r in surface

and c(r) maps the spatial fluctuations of the wettability from the
average. If ¢ were to be equated to the cosine of the contact angle,
then ¢, would represent the Cassie angle [29].

For a truly random (and physically unattainable) surface, c(r)
would have no spatial correlations, i.e.

ey (0)c, (1)) oc o(r—r) (6)

In this case, there would be no characteristic length scale for the surface
heterogeneity. For a real ambient surface, there will be some correlation
over short distances (minimally at molecular sizes). Such correlations
are sometimes modeled with a Gaussian correlation function

ey (e, () ccexp(—Ir—r|*/d?) (7)

where d is a length scale characterizing the decay of the spatial corre-
lations [30].

If an ambient surface is modeled as randomly placed localized de-
fects, then two characteristic lengths arise: the correlation length (de-
fect size} and the average distance between defects. However, if the
defect density increases until the defects overlap significantly, then the
surface can again be characterized by a single correlation length. This
single length scale, which describes the correlation of the heterogeneity
of the wettability function, we will also call the “heterogeneity size”.
We will focus on surfaces where the heterogeneity size is much less
than the capillary length.

2.2. Observations

Experimental Models of Ambient Surfaces: Models of natural ambi-
ent surfaces have been created by degradation of a uniform surfactant
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monolayer, by formation of an incomplete surfactant monolayer, by
formation of a mixed surfactant monolayer, or by deposition of defect
spots on a smooth substrate. In our lab, we often use degradation by
ultraviolet (UV) irradiation of a full monolayer of Aquapel™ on a
smooth glass substrate. We can produce surfaces of varying hetero-
geneity by varying the UV irradiation time. We have done preliminary
examination of the heterogeneity size on such surfaces using optical
ellipsometry, x-ray reflectivity, and atomic force microscopy measure-
ments. These characterization techniques suggest that the heterogene-
ity formed by the UV degradation is probably of molecular or
supermolecular (but submicroscopic) lateral scale (perhaps ~ 1002\).
Since these methods do not examine the surface on all length scales
which may be relevant to wetting, it is difficult to obtain conclusive
evidence of the surface characteristics from them. In addition, surface
chemistry variations, far too subtle to be detected by these techniques;
can affect wetting significantly.

Other ambient surfaces have been made by formation of an incom-
plete surfactant monolayer on a smooth substrate [12, 31]. In one
case, patches of TiO, on glass prevent the formation of a full mono-
layer of an ionic surfactant [12]. In another case, a film of silver was
exposed to varying amounts of an alkanethiol surfactant [31]. The
result in both cases was a surface with both a high energy component
and a low energy component with varying surface coverage.

Many ambient surfaces have been created by formation of mixed
self-assembled monolayers (SAMs) of alkanethiols with different end
groups at the air-monolayer interface [32-36]. Several studies of wet-
ting on two-component SAMs have inferred or assumed the hetero-
geneity of these surfaces to be of molecular scale [33-35]. However,
scanning tunneling microscopy done on two-component SAMs has
shown the SAMs can phase separate into single-component regions of
the order of 10~100A [36].

Surfaces with randomly placed defects have been produced to simu-
late random surfaces experimentally [5, 37]. In such cases, spots of
one wettability are drawn on a substrate of another wettability. Such
surfaces have features which may not replicate important characteris-
tics of ambient surfaces: the defects may not be small compared with
the capillary length and the surfaces are dominated by one-size hete-
rogeneity. Analysis of such surfaces must account for the fact that the
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spots themselves, as well as the backing substrate, often exhibit con-
tact angle hysteresis.

CL Roughness: Competing forces give rise to CL structure. The het-
erogeneity distorts the CL and pins sections of the CL so that they
stretch hysteretically. Surface tension competes with these pinning
forces to bring the CL distortions to less-stretched configurations. On
length scales much smaller than the capillary length, gravitational
forces will be smaller than surface tension. Thus, on these scales pin-
ning forces compete primarily with surface tension. On some length
scale greater than the capillary length, gravity should dominate all the
forces and prevent increasing CL roughness on larger scales.

We have examined features of CLs of water on our degraded-mono-
layer ambient surfaces in the Wilhelmy plate geometry. The tech-
niques we used have been described elsewhere [6]. We observe CL
roughness at our highest resolution, on the order of 1um (Fig. 2). We
observe CLs which are flat on length scales comparable to the capil-
lary length (Fig. 3a). However, we often observe CL distortions over
length scales longer than the capillary length of 2.7 mm (Fig. 4a).

To examine more clearly the length scales over which the various
forces compete to give the observed CL roughness, we calculate the
root mean square (rms) CL width, w, versus averaging length, L. For a

A |
15} :

—

0 100 200 300 400 500
X (4m)

FIGURE 2 Highly magnified CL configuration.
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FIGURE 3 a) CL configuration with distortions extending only over lengths less thaa
the capillary length (2.7 mm). b) Corresponding plot of rms CL roughness, w, versus
averaging length scale, L.

CL given by y(x) of total length D, the rms CL width is

1 (D—-L)/2 N 1/2
w(L) = {—j 63 (x,)dx } (8)
D—L -1y I\MO 0
with
1 (et
a3(xo) = I j [y(x) — Frlxo)]2dx 9)
x,—(L/2)
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FIGURE4 a) CL configuration with distortions extending over length scales larger
than the capillary length (2.7 mm). b} Corresponding plot of rms CL roughness. w,
versus averaging length scale, L.

1 (%ot Lo
yilxo)=1 f y(x)dx (10)

xq=(1./2)

Two examples of w versus L plots are shown in Figures 3b and 4b.
These plots correspond to the CL configurations in Figures 3a and 4a,
respectively. In Figure 3b the curve turns over roughly at the capillary
length of water, However, at a different location on the same surface
the CL roughness continues to increase up to at least three times the
capillary length (Fig. 4b). Thus, pinning forces can be large enough to
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compete with gravity to large lengths even on surfaces where we
believe the length scale of the chemical variations is much smaller.

A plot of ensemble-averaged w versus L from ten CL configurations
from one surface is shown in Figure 5. Below the gravitational turn
over, w versus L is roughly a power law. The exponent of a forced
power law fit in this region is 0.76. We have observed exponents of 0.66
to 0.87 for ensembles of CLs on our experimental ambient surfaces.

Hysteresis Versus Surface Coverage: The dependence of hysteresis on
the amount of heterogeneity (surface coverage of different wettability
components) is the most common measurement made on model surfaces.
This dependence, as well as the dependence of the advance and recede
angles, is qualitatively very different for various experimental surfaces
whether produced by defected or mixed monolayers [12,31,33,34]. For
surfaces produced with random dots, hysteresis was not measured versus
surface coverage, but rather versus defect number density [37]. The re-
sults are again qualitatively different from those of the other model
surfaces. For the random-dot model, two regimes are seen in the data:
one for non-interacting (widely spaced) defects and one for interacting
defects. A power law dependence of the hysteresis on the density of
interacting defects is observed.

100: — : S ————ry
..
o'...
B
2 10; o ]
B '.'
°
..
°
1 . s il . Ll N Ly
0.01 0.1 1 10
L (mm)

FIGURE 5 Ensemble-averaged rms CL roughness, w, versus averaging length scale, L,
for ten CL configurations on one surface.
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CL Jumps: We have observed CL dynamics for stow motion of our
degraded monolayer surfaces into or out of a beaker of water. The
microscopic jumps of the CL are very complex. We have observed
jumps ranging in size from about 1 mm in extent along the CL and
about 100 um perpendicular to the CL down to about micron scale in
both directions. The relaxation of one section of the CL can induce
relaxation of another section. Thus, some correlation in the jumps is
seen. In spite of the complex nature of the jumps, a high degree of
reproducibility has been seen in CL configurations for multiple cycles
of a solid into and out of a liquid [6,38].

3. QUASISTATIC MODELS OF HYSTERESIS

3.1. One-Dimensional Periodic Heterogeneity

The first models of hysteresis examined surfaces with one-dimensional
(1D) periodic variation of the wettability and unbroken contact lines
parallel to the wettability variation [12,13,39-417. Even though a 1D
wettability pattern is not physically descriptive of an ambient surface,
1D models are useful for examining the relation between heterogenei-
ty and hysteresis. There are three components to the energy of such a
system: gravity, the elastic energy in the stretched liquid-vapor inter-
face, and the solid surface wettability. To determine the behavior of
the system, the total energy functional per unit length is minimized
against variations in the contact line position. The 1D models ali
exhibit metastable minima with energy barriers. All the models predict
hysteresis with a maximum (advance) contact angle and a minimum
(recede) contact angle. Thus, these models successfully show the quali-
tative existence of hysteresis and pinning of the CL in metastable
states due to heterogeneity. Even though these models are useful for
showing the origin of metastable states that produce hysteresis in
wetting systems, they are limited in their ability to model ambient
surfaces.

CL Roughness: When considering static CLs, all the 1D models con-
sider only an unbroken CL parallel to the heterogeneity boundaries.
The elastic energy stored in the distortions of the liquid-vapor inter-
face which accompanies a rough CL is neglected. As we shall see, this
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energy is essential in accounting for hysteresis on ambient surfaces.
Obviously, these models do not attempt to account for the roughness
of CLs observed on ambient surfaces.

Hysteresis Versus Surface Coverage: One-dimensional models in the
Wilhelmy plate geometry (vertical plate hanging in liquid) treat solid
surfaces with horizontal stripes of different homogeneous wettability
[13,39,40]. In a zero-vibration environment, these models predict that
the hysteresis has a value that is independent of the relative stripe widths.
For the addition of any stripe of a second material, the recede angle
attains the same value as the contact angle on a surface with only the
high energy component and the advance angle attains the same value as
the contact angle on a surface with only the low energy component.
Thus, the hysteresis is dependent only on the wettabilities of the two
types of stripes and not on the relative coverage of the two materials.
However, ambient surfaces show dependence of the hysteresis on surface
coverage. Further, 1D models predict no hysteresis on striped surfaces
where the pattern is tilted, even infinitesimally, relative to the contact line.

Including the effects of vibrations mitigates some of this unphysical
behavior of 1D models. If vibrations can overcome the energy barriers
of the 1D models, the hysteresis would be somewhat reduced
{12,39-417. Interactions of vibrations with the local energy barriers
cause a dependence of the hysteresis on the ratio of stripe widths
(different surface coverage) [40].

CLJumps: In 1D periodic models, motion of the CL is predicted to
be unsteady as the CL breaks free of a wettability boundary and
repins at the next one. For quasistatic motion and in the presence of
vibrations, the CL may depin in a wave type fashion[39]. Part of the
CL may be instantaneously pinned on a lower wettability boundary
with the rest of the CL pinned on a higher boundary. The kink in the
CL connecting these two parts of the CL will slide along the wettabil-
ity boundary in the process of depinning. These dynamics of the 1D
models do not describe the unsteady motion of pinning and jumping
observed for CLs on ambient surfaces. CL jumps are very complex,
showing correlations between the jumping of neighboring points
along the CL. The CL does not depin as a whole or as a wave.

Thus, these early 1D periodic models are useful for qualitatively de-
monstrating the pinning of the CL on the boundaries between regions of
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different wettability. This pinning of the CL in metastable states leads
to hysteresis. The interaction of vibrations with the energy barriers is
predicted to be a factor in determining the amount of hysteresis.
However, the magnitude of the predicted hysteresis is unphysical. In
addition, these models cannot describe the structure or dynamics of
CLs on ambient surfaces.

3.2. Two-Dimensional Periodic Heterogeneity

Models with a two-dimensional (2D) periodic wettability function of two
wettability components were developed to mimic better the patchy
heterogeneity of ambient surfaces [21,42]. The 2D models allow CL
brokeness and jumps of segments of the CL. Thus, they can examine
structure and dynamics of CLs not seen in 1D models. The 2D models
examine the same energy contributions as the 1D models: gravity, the
elastic energy in the stretched liquid-vapor interface, and the solid surface
wettability. However, within these contributions is the additional energy
of the brokenness of the CL. One discussion employs Fourier decomposi-
tion of the CL and the wettability function. It has a series of three ever
more accurate solutions for the minimization of the energy, the range of
hysteresis, and the CL configurations for a given 2D wettability pattern
[21]. This model assumes that the liquid-vapor interface slope is small
compared with 1 everywhere on the interface. This assumption, common
in 2D and other models, simplifies the integrals representing the energy
arising from the stretched liquid-vapor interface. This assumption is valid
except for macroscopically-averaged contact angles near 0° or 180°.
However, in terms of the variations of the local contact angle from the
macroscopically-averaged angle, this assumption is much more restrict-
ive. Further, the model assumes that the distortions of the CL from the
average CL position are much smaller than the fundamental wavelength of
the heterogeneity parallel to the CL. Finally, the model assumes that the
fundamental wavelength in the CL is the same as that of the wettability
function parallel to the CL. Thus, the broken CL in the 2D model exhibits
one dominant length scale with artificially high spatial correlations.

The same Fourier decomposition technique could be extended to
ambient surfaces. (This is discussed further in Section 3.3). The funda-
mental wavelength of the wettability pattern to be matched by the CL
in this case would have to increase to the sample size. If no other
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assumptions of the model [21] are violated for a given random wetta-
bility function, the mathematical structure of the model should cor-
rectly predict the CL configurations and the hysteresis on ambient
surfaces where the wettability function is known.

CL Roughness: While 2D models come closer to describing the rough-
ness of CLs on ambient surfaces, the CL structure in 2D models has an
infinite correlation length. In fact, when a surface is microfabricated with
2D periodic wettability, this correlated structure of the CL has been
observed [43,44]. The CL deforms due to a periodic array of patches
and mimics the periodicity of the patches (Fig. 6). The shape of the
periodic CL deformation depends on the patch shape and the wettability
contrast between the patches and the background. In applying the general
mathematical structure of 2D models to ambient surfaces, the assumptions
of the model discussed in the previous section limit the validity of the
model to CL distortions of very small amplitude. However, our observa-
tions on ambient surfaces indicate that the CL distortions are large com-
pared with the assumed supermolecular scale of the heterogeneity.

Hysteresis Versus Surface Coverage: The 2D models show that hys-
teresis is dominated by any modulation of the wettability averaged
perpendicular to the CL [217]. This modulation is reminiscent of the
1D models and is not present on ambient surfaces. If the wettability
averaged perpendicular to the CL has no modulation, hysteresis is still
present in the 2D model, unlike the 1D model [21]. Thus, the energy

FIGURE6 CL on a 2D microfabricated array of aluminum dots (bright spots) on a
polystyrene surface [43 7.
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in the brokenness of the CL is the key feature of the 2D models just as it
must be for ambient surfaces [11,217. In the 2D models, even for the case
of no modulation of the wettability averaged perpendicular to the CL,
the amount of hysteresis varies with the surface coverage of the two
wettability components. The predicted dependence is very similar to the
results seen on an experimental 2D periodic surface [44]. However, the
predictions of the model only vaguely describe the observed dependence
of hysteresis on experimental models of ambient surfaces (see Section 2.2).

CLJumps: The 2D model explicitly predicts jumps of portions of the
CL as the edge of a wettability patch approaches the CL [21]. These
jumps are the same size and are temporally and spatially correlated.
Uniformity in size and highly correlated jumps have been observed
using experimental 2D arrays [43]. However, CL dynamics on ambi-
ent surfaces consist of complex jumps with many sizes: for our surfaces
from about 1 mm in extent along the CL and about 100 um perpen-
dicular to the CL down to about micron scale in both directions. The
relaxation of one portion of the CL on an ambient surface may induce
relaxation of a neighboring portion. Thus, correlation in the jumps is
seen only over short distances. Dynamics on ambient surfaces lack the
very long length scale correlations present in the 2D models or experi-
ments on 2D arrays of defects.

By accounting for the energy variations in brokenness of the CL,
models of wetting on 2D periodic surfaces come closer to wetting
behavior on ambient surfaces. In fact, the models clearly describe the
CL structure and dynamics on experimental 2D periodic surfaces.
However, the very high spatial and temporal correlations in both the
2D models and experiments are not features seen in wetting behavior
on ambient surfaces.

3.3. Models with Random Defects

To account for the wettability variations likely to exist on ambient
surfaces, various models with random heterogeneity have been deve-
loped. We will address four of these models [20,30,45,46]. These
models differentiate two regimes: weak heterogeneity where wettabi-
lity variations from the average are small, (c),,,,« 1, and strong het-
erogeneity where wettability variations from the average are large,
(¢/),ms ~ 1. The actual wettability variations of a surface are difficult to
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determine experimentally (see Section 2.2). Thus, it is difficult to ascer-
tain which regime should be used to treat an experimental surface if
the regime is only defined in terms of the variations in the wettability
function. Even the condition that CL distortions be smaller than the
heterogeneity size [46] is difficult to verify on ambient surfaces. When
the restrictions are made in terms of CL structure alone (e.g. the slope
of the liquid-vapor interface is everywhere much less than 1 —the
small slope approximation that many of the models demand), the
experimental observations of CL roughness can provide a clear deter-
mination of which theoretical regime should be used.

The four models we discuss approach the problem differently.
Joanny and de Gennes treat the mechanics of isolated strong and
weak defects and then extend their results to surfaces with dilute,
randomly positioned defects [20]. Pomeau and Vannimenus derive
a non-linear integral equation for the CL, which they solve in a
probabilistic fashion for random, weak heterogeneity patterns on a
square lattice [45]. Robbins and Joanny use a random field analy-
sis of the competition between weak heterogeneity and the elasti-
city of the CL to find the most stable distortions of the CL [30].
Finally, Crassous and Charlaix use Fourier decomposition of the
CL and of the wettability function to minimize the energy and
determine the Fourier components of a weakly distorted CL [46].
They assume the fundamental wavelength of the CL is equal to the
capillary length. In our discussion of 2D models with Fourier de-
composition, we suggest that the fundamental wavelength should
be the sample size. The larger of the two (capillary length and
sample size) would be the most appropriate. When used in these
models, the small slope approximation again serves to simplify the
elastic energy formulation. In this approximation, a CL distortion
of wavelength 4 has an elastic energy proportional to 1/4. The key
prediction of the models with weak heterogeneity and with small
CL distortions is that even if defects are individually too weak to
distort the CL hysteretically, the collective effects of many weak
defects can produce hysteresis.

CL Roughness: Robbins and Joanny predict the roughness of a CL
distorted by weak heterogeneity to scale as follows {30].

w(Lyc LY?, L<L, (11)
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w(L)oc L3, L>L, (12)
w(L)~ constant, L>a (13)

where a is the capillary length and L, is a characteristic length scale
ansing from considering the most energetically favorable distortions
of the CL. L, is the minimum length of CL over which the CL distorts
from its average position by d, the defect correlation length [307]. The
size of CL distortions (reflected in the magnitude of w) can be larger
than the defect correlation length because of the cooperative pinning
of many defects [30,45]. Thus, large CL distortions on ambient surfa-
ces with only supermolecular scale heterogeneity may arise from
cooperative pinning of dense heterogeneity. Eqgs. (11) and (12) predict
a transition in the scaling behavior of the CL roughness at L =L . As
gravity becomes important on length scales larger than the capillary
length, Eq. (13) predicts that the CL roughness is constant above this
length scale.

For the CLs we have observed on ambient surfaces, we see neither
the 1/2 nor the 1/3 power law exponent (see Section 2.2 and Figure 5).
While we sometimes observe flattening of the w versus L curve above
the capillary length, we often observe continued increase in w to
lengths several times the capillary length. However, we must ask
whether our surfaces are in the weak heterogeneity regime addressed
by this model.

In the elastic energy of the liquid-vapor interface, the models with
weak heterogeneity assume small slopes of the liquid-vapor interface
(slopes much less than 1) [30,45,46]. We often observe slopes on the
order of 1 at the CL, over lengths on the order of 10 um (see Fig. 2).
Thus, our surfaces probably are not in the regime of weak heterogenei-
ty, and discrepancies between the predicted behavior and experimen-
tal results may simply be because the surfaces violate the assumptions
of the models. Everday experience (e.g. raindrops on windows) often
finds CLs with local slopes of order 1. Therefore, many ambient surfa-
ces may not obey the approximations of this class of models.

If adjustments are made to the elastic energy to allow larger liquid-

_vapor interface slopes, the same theoretical scaling arguments for the

distortions of the CL may still arise [47]. Thus, it may still be valid to
examine the characteristic length L, for strong heterogeneity. Since we
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observe microscopic CL slopes on the order of 1 over scales on the
order of 10 um, and since we believe the defect correlation length, d, is
smaller than 10um on our ambient surfaces (so the CL is collectively
pinned by multiple defects), then L, would be on the order of d. From
Robbins and Joanny [30].

d/Ly~ [(C;)rms]*/sin*0 (14)

where 0 is the Cassie contact angle. Thus, if d/L,~ 1 and the contact
angle is not too small, then (¢),,,, ~ 1. This confirms that our surfaces
have strong heterogeneity.

The CL roughness on our experimental surfaces is not accurately
described by these models. Perhaps, these and other ambient surfaces
do not comply with the assumptions of the models. However, the
models do provide criteria to ascertain whether a surface has strong
or weak heterogeneity by examination of the magnitude of slopes
along the CL.

rms

Hysteresis Versus Surface Coverage: These models examine the de-
pendence of the hysteresis on the density of defects [20,46]. A single
defect is predicted to distort the CL hysteretically only of the defect
strength is above a critical value [20,46]. For multiple, non-interac-
ting defects (i.e., the distortion of the CL by one defect does not affect
the shape of the distortion at a neighboring defect in more than a
mean field, or average, manner), this same critical defect strength is
needed to produce hysteresis. If the defects do interact, then the criti-
cal defect strength needed for the cooperating defects to distort the CL
hysteretically decreases as the defect density grows. Thus, multiple,
weak defects can cause hysteresis even if a single defect acting alone
could not.

Hysteresis is predicted to increase with increasing defect density
[20,46]. For isolated defects, the increase is linear with the defect
density [20,46]. For interacting defects, hysteresis increases with a
power law exponent of 0.7 [46]. The results of Crassous and Charlaix
can be compared to the exponents of 0.4 and 0.8 (depending on the
defect size) found in experiments [37]. The disagreement between the
model and the experiments may arise due to the fact that the defect
size and defect densities in the experiments were not in the regimes
addressed by the model.
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CL Jumps: The model employing the random field techniques pre-
dicts that the smallest jumps of the CL for quasistatic motion should
be L, by d [47]. If one can argue, as we did above, that a characteris-
tic length L, still exists in the regime of strong heterogeneity, we can
estimate L, and d by examining the microscopic jumps of the CL in
our experiments. We observe jumps of the CL at least down to the
order of microns. This puts an upper bound on both L, and d of
about 1-10pum for our experimental ambient surfaces. Observations
of jump sizes on other ambient surfaces could provide similar infor-
mation about these length scales for those surfaces.

4. VIBRATIONS AND TIME SCALES

Mechanical vibrations affect contact angles on heterogeneous surfaces
[4-6,12,39—41] and cause the angles to exhibit a time dependence
[6]. The microscopic distortions of a CL on an ambient surface are
caught in metastable states bounded by energy barriers. Thermal ener-
gies are insufficient to overcome these barriers and relax the CL in
finite time. However, vibrations can overcome the energy barriers and
relax the distortions of a CL in experimentally accessible times. The
relaxation of the microscopic structure of the CL by vibrations causes
the macroscopically-averaged contact angle to depend on the vibra-
tion level. Influence of vibrational noise on contact angles has long
been qualitatively discussed [12,39-417. Experimental studies have
shown that vibrations can relax contact angles and partially or com-
pletely mitigate hysteresis [4—6]. In addition, not only the amount of
relaxation, but also the rate of relaxation depends on the vibrational
noise level [6]. Thus, a complete quantitative modeling and correct
interpretation of contact angle hysteresis must include the time scale
of the measurement relative to the time scale of the vibrations.

We can describe the different time scales in contact angle hysteresis
by considering the experiment where a vertical, partially-immersed
plate is moved up and down in a liquid bath. The period of the plate
cycle, T, sets the time scale of CL motion and the time available for
the contact angle to move between its advance and recede values. In
other experiments, T may represent the time of the measurement
process itself. We have observed that vibrations can relax the contact
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angle with a relaxation time, 7, which depends on the vibration level
(Fig. 7). On the heterogeneous surfaces we have examined, vibration
levels needed to relax contact angles significantly occur in typical
experimental environments and the time scales over which the angles
relax are relevant in typical contact angle experiments. The time scale
of the vibration level and the time scale of CL motion together control
the amount of hysteresis. When 7 > T, the CL moves between advance
and recede conditions before the CL can relax completely due to
vibrations. When 7 < T, the CL speed is slow enough that vibrations
of a given level can relax the contact angle. Hysteresis may or may not
be mitigated in this regime depending on the vibration level. In this
regime, measurements give contact angles which are relaxed and con-
trolled by vibrations in the experimental environment. As the CL
speed goes to zero and T becomes infinite, thermal noise will eventual-
ly (over experimentally inaccessible times) relax the contact angle and
mitigate hysteresis on ambient surfaces. As surfaces become more ho-
mogeneous, the energy barriers can become smaller; and thermal re-
laxation becomes important. As the limit of homogeneity on the scale
of thermal fluctuations of the liquid-vapor interface is approached,
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FIGURE 7 Relaxation of macroscopically-averaged recede contact angle for three
vibration amplitudes of: O —0.1a, (1 —02a, and A-—04a. (a=capillary length=
2.7 mm).
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energy dissipation due to the fluctuations in the CL disappears and
the macroscopic contact angle hysteresis (due to surface heterogeneity)
becomes negligible. Thus, a complete, quantitative description of con-
tact angle hysteresis must account for the effects of vibrations with the
appropriate description of temporal scales. In addition, the model
must describe the transition to thermal relaxation and the disappear-
ance of hysteresis as surfaces approach homogeneity down to the
molecular scale.

5. SUMMARY

Causing drops to be retained on surfaces or in capillary tubes, contact
angle hysteresis is ubiquitous in nature and technology. Contact
angles are used to characterize the average and spatial variations in
the chemistry of surfaces. Quantitative models of contact angle hyste-
resis are needed to engineer surfaces which shed or retain drops and
to interpret contact angle measurements.

Due to their natural physical roughness and chemical heterogeneity,
ambient surfaces have strongly varying wettability. CLs on ambient
surfaces are rough on many length scales. On typical experimental
realizations of ambient surfaces, distortions of the CL extend at least
down to scales on the order of 1 pm along the CL. The distortions can
be larger (perpendicular to the CL) than the scale of the heterogeneity
variation. Some distortions extend across lengths (parallel to the CL)
longer than the capillary length. Clearly, collective pinning across
many sites of heterogeneity is common. When the CL is forced to
move slowly across the surface, the CL exhibits jumps down to mi-
cron scale with coupling between the motion of neighboring points on
the CL. Reproducibility of CL configurations [6,38] and slopes of the
CL on the order of 1 indicate that ambient surfaces probably exhibit
strong pinning, i.e. local wettability variations strongly distort the CL.

Models of wetting on heterogencous surfaces have treated surfaces
with ever more complex wettability variations. The first 1D models of
heterogeneous surfaces, with a wettability modulation only perpen-
dicular to the CL, set the basic principles and show the qualitative
behavior of hysteresis including metastable states that can pin the CL.
The 2D models demonstrate that hysteresis results even without
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modulation of the wettability averaged perpendicular to the CL, a
characteristic of ambient surface. Thus, the contribution to the energy
functional from the distortion of the CL is the important key to
hysteretic behavior of ambient surfaces. Care must be used in inter-
preting quantitative results of both theoretical and experimental
models on ordered arrays of defects. The highly correlated CL struc-
ture and jumps in these models and experiments mask important
aspects of wetting on surfaces with more random wettability. Models
with random wettability focus mainly on the case of weak heterogene-
ity. They show the cooperative behavior that can produce hysteresis
from weak defects which individually could not hysteretically distort
the CL. These models predict a power law scaling for the roughness of
the CL. However, their applicability to the strong pinning on ambient
surfaces is in doubt. Quantitative descriptions of wetting on ambient
surfaces will have to deal with the limit of dense, strongly-pinning
heterogeneity.

While progress has been made, a quantitative description of contact
angle hysteresis on ambient surfaces is not yet available. Such a model
of contact angle hysteresis needs to account for not only the spatial
characteristics of wetting on ambient surfaces, but also the relevant
time scales. Modeling has addressed neither the strong influence of
vibrations on contact angle hystersis in typical experimental environ-
ments nor contact angle relaxation over experimentally relevant time
scales.
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