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1. Abstract

In thermodynamic equilibrium the contact angle is related by Young’s equation to the
interfacial energies. Unfortunately, it is practically impossible to measure the equilibrium
contact angle. When for example placing a drop on a surface its contact angle can assume any
value between the advancing ®, and receding ®r contact angles, depending on how the drop
is placed. ®4 - Oy is called contact angle hysteresis. Contact angle hysteresis is essential for our
daily life because it provides friction to drops. Many applications, such as coating, painting,
flotation, would not be possible without contact angle hysteresis. Contact angle hysteresis is
caused by the nanoscopic structure of the surfaces. Here, we review our current
understanding of contact angle hysteresis with a focus on water as the liquid. We describe
appropriate methods to measure it, discuss causes of contact angle hysteresis, and describe

the preparation of surfaces with low contact angle hysteresis.

2. Introduction

Wolfgang Pauli (1900-1958) is credited of saying “God made the bulk; surfaces were invented
by the devil.” This saying does not leave much room for worse. If there is something worse,
we will nominate “contact angle phenomena” first in line. In wetting we deal with three
interfaces and three media that all meet at one line. While scientist have developed
techniques to characterize interfaces, our repertoire of methods allowing to characterize the
narrow region around the three phase contact line are fairly limited. Thus, the structure and
dynamics on the nanometer and molecular scale at the contact line is largely unexplored. The
fundamental problem is that the number of molecules at the contact line is intrinsically very

small.



Still, contact angle phenomena influence our daily lives, occur in many natural phenomena
and are relevant for numerous applications. Applications include printing, painting, coating,
distribution of herbicides and insecticides, fogging of glasses and mirrors, condensation and
evaporation in e.g. heat transfer systems, wetting of textiles and filters, flotation, oil recovery,
powder dispersion, soldering and lubrication. Therefore, it is essential to quantitatively
describe contact angle phenomena and make them predictable.

The starting point to quantify contact angle phenomena is to place a liquid drop on a solid
substrate. For some surfaces the liquid spreads over the surface and forms a film. However,
for other surfaces the drop spreads until a certain diameter is reached. At the contact line of
the liquid, the solid and the air the liquid exhibits a certain slope. This slope is termed the
contact angle (Figure 1).

More than 200 years ago Thomas Young considered the situation [1]. In the famous Young
equation the equilibrium contact angle ®¢ is related to the interfacial free energy of the liquid-
vapor y, the solid-gas s, and the solid-liquid interfaces, js.:

YL €0sO, =¥s — Vs (1)
Macroscopically it can be derived by minimizing the free energy of a liquid in contact with a
flat, inert, homogeneous and smooth solid surface [2-7]. Alternatively, one can consider the
horizontal components of the interfacial forces acting on a virtual contact line; in equilibrium
these forces should balance [6, 8-10]. Young’s equation has been verified by Monte Carlo [11]
and molecular dynamics simulations [12-14]. Experimentally, Young’s equation cannot be
verified because the solid surface energies ys and ys. cannot be measured independently (only
changes in the solid surface energies can be measured) [3].
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Figure 1. Schematic of the region around the contact line.

One of the advantages of Young’s equation is, that its derivation is independent on the
atomistic structure of the liquid and solid surfaces at the contact line. In the vicinity of the
contact line, in the so-called core region (Fig. 1), van der Waals or electric double layer forces
may deform the free liquid surface [15, 16] or the solid may elastically deform [6, 17]. As long



as the structure in the core region is preserved upon a translation of the contact line, the
macroscopically observed contact angle outside the core region can still be related to the far-
field interfacial energies by Young’s equation [3, 4]. Considering the range of surface forces
the typical size of the core region is of the order of 0.1-1 um. Consequently, the macroscopic
contact angle is measured outside the core region and is accessibly by optical microscopy. In
that sense, Young’s equation does not care what actually happens near the contact line.

If not mentioned otherwise we refer to the macroscopic contact angle. Macroscopic contact
angles are defined as a boundary condition for the liquid surface which in equilibrium is
otherwise described by the Laplace equation. The contact angle is the angle the liquid surface
forms with the solid surface when the interface is extrapolated to the contact line and by using
the appropriate differential equation [18, 19].

When discussing heterogeneous, rough or structured surface it is useful to also define
“apparent” contact angles [7, 20-22]. We define an apparent contact angle at a length scale
much bigger than the surface structure or variations in its chemical composition. Corrugations
in the liquid surface decay exponentially with a characteristic length given by the extension of
the corrugation [19]. As for the macroscopic contact angle, the apparent contact angle is
determined from the extrapolated contour of the liquid surface at the point of intersection
with the substrate. Extrapolation in this case is carried out at a length scale larger than the
surface structure.

As one example, the fluorine-doped tin oxide (FTO) surface shown in Figure 2A looks smooth
bye eye or a normal camera. Images taken with a scanning electron microscope (SEM) reveal,
however, a distinct structure on the 0.1-1 um length scale (Fig. 2B). Therefore, the apparent
contact angle would be defined for a length scale much larger than 1 um. Some surfaces are
even structured on different length scales. One example is the Lotus leaf. By eye, it looks
relatively flat and planar (Fig. 2C). In the SEM one can distinguish two surface structures:
Protrusions of =10 um height and 20 um spacing, which are covered with cylindrical

nanofilaments of 100 nm diameter and 1 um length (Fig. 2D-F).



Figure 2. A fluorine-doped Sn02 (FTO) conductive glass (Sigma-Aldrich, 7 Q/cm2) imaged with
a normal camera (A) and a SEM (B). Surface of a Lotus leaf imaged with a normal camera (C)
and with an SEM at different resolutions (D-F).

3. Advancing and receding contact angles

Early experiments showed that contact angles not only depend on the interfacial energies but
also on the surface structure, the pretreatment of the surfaces and on contamination [23].
Agnes Pockels was to our knowledge the first to grasp the concept of an advancing and
receding contact angle [24]. She noticed that the contact angle of an advancing liquid which
had just stopped advancing is larger than the contact angle of a drop which was forced to
recede. She also noticed that drops, where the difference between the two values is low, slide
easily while drops with a large difference in advancing and receding contact angles do not slide
at all when the substrate is being tilted. When measuring the surface tension of water by the
capillary rise method, Harkins & Brown noted that “the rise for a falling meniscus was always
greater than for a rising meniscus” [25]. In the 1920ies and 1930ies the concept of a receding
and advancing contact angle which limit a range of actually reported contact angles for a
specific liquid-substrate combination was established [26-29]. Contact angle hysteresis is
observed on all solids, even on presumably flat, homogeneous and inert surfaces. The
situation is a bit unsatisfactory because the ideal case described by Young’s equation can
practically not be realized.



The measureable quantities which characterize a specific surface are the advancing and
receding contact angles by ®, and Oy, respectively. The difference between the two is called
contact angle hysteresis, A® = 0, — 0,.. In general, both contact angles depend on the
propagation speed of the respective contact line U. For this reason one needs to distinguish
static and dynamic contact angles. To define the static values one can for example consider a
sessile drop placed on a surface. The actual contact angle takes a value between the static
advancing and receding contact angles, depending on how it is deposited. When we increase
the actual contact angle, e.g. by increasing the volume of a drop, at some point the liquid front
will start advancing. We define the characteristic angle just before the contact line advances
as the static advancing contact angle ®2°. When decreasing the actual contact angle, e.g. by
reducing the volume of a drop, at some point the liquid front will start to recede. We call the
characteristic angle just before the contact line recedes the static receding contact angle ©°.
For water, static contact angle hysteresis 0 — 02 is typically larger 10°, even on seemingly
smooth, homogeneous and rigid surfaces such as silicon wafers or freshly cleaved mica.

Alternatively one may define the advancing and receding contact angles from measuring the
velocity dependence of contact angles at an advancing and receding liquid front and
extrapolate to zero velocity [30], O,(U — 0) and 0, (U = 0). It is not yet clear, that both
definitions lead to the same values [31]. To distinguish the two, sometimes the adjective
“static” or “recently” is added in the first case and “dynamic” is used in the second case.

Contact angle hysteresis exists because contact lines usually do not slide freely. Real solid
surfaces are not perfectly homogeneous, flat, rigid and inert. Real surface are rough,
amorphous, deformable, show different crystalline orientations or have defects. And they
tend to be “contaminated”. In air, real surfaces have water or hydrocarbons adsorbed. In that
sense, any liquid wetting such a surface needs to replace the adsorbed layer. Furthermore,
the precise structure of many materials depends on how they have been treated in the past.
Silicon oxide (and glass) is a prominent example. Depending on its history, e.g. exposure to
heat, water, chemicals, etc. it is more or less hydroxylated [32]. Surfaces may adapt to the
presence of the liquid and change their structure. These factors lead to many metastable
states of the contact line [33-37]. In a real wetting situation the contact line is in one of these
metastable states and one cannot be sure, that it is in global thermodynamic equilibrium (Fig.
3). As a result, contact lines are pinned. To overcome contact line pinning, a certain force per
unit line has to be applied. It is given by y;(cos ®, — cos ©,) and y,(cos®, — cos 0,) for a
receding and an advancing contact line, respectively.

To overcome metastability and reach global equilibrium, sessile drops have been mechanically

vibrated. Irvine Langmuir already wrote that before reading the contact angle “the water drop

was then placed on the surface and this was shaken and sometimes tilted slightly, so that the

drop reached a stable shape” [38]. Later, researchers applied vibrations systematically [39,

40]. Typically the substrate was vibrated at amplitudes of 1-2 mm in normal direction. The

idea is to use vibrations so that the contact line overcomes local energy barriers and settles at
5



equilibrium. Indeed, in a certain range of vibration excitations a “mean” contact angle ® =
(0, + 0©,)/2 is obtained. Sometimes also the mean contact angle is determined via the
cosines: cos® = (cos O, + cos®,)/2 [40]. We believe that although one can avoid being
trapped far away from equilibrium, even vibrations will not bring the whole contact line to its
global equilibrium. When due to a certain vibration the contact line has found its global energy
minimum position, the next vibration might kick it out of this position again (Fig. 3). For this
reason Ruiz-Cabello et al. talk about the most stable contact angles reached by vibrations [41].

A A

Free energy

Contact angle

Figure 3. Schematic energy landscape diagram for the contact angle with multiple local

minima.

Contact angle hysteresis is not only a nuisance preventing us from measuring ®e. It has a direct
and important consequence for everyday life: It provides friction to sessile drops. The lateral
adhesion force required to slide a drop over a surface is [42-44]

F. = wy k(cos 0, —cos0,) (2)

Here, w is the width of the contact area of the drop and k ~ 1 is a geometrical factor, which
depends on the shape of the drop [44-49]. The value of k depends on details how the drop is
deposited and k may even vary when the shape of the drop changes.

From Eq. (2) we see that without contact angle hysteresis, drops would slide down a tilted
plane even at low tilt angles. A negligible lateral adhesion of drops may be nice for keeping
glasses or windscreens of cars clean, prevent fogging, and allow an efficient removal of drops
after condensation in heat exchangers. It would, however, be a nightmare for applications
such as printing, painting, coating, distribution of herbicides and insecticides. Thus, contact
angle hysteresis is of fundamental importance in our daily lives.

4. Measurement of contact angle hysteresis

Contact angle hysteresis can be measured with any technique available to measure advancing
and receding contact angles. Examples are the capillary rise [25, 50, 51], the Wilhelmy plate
[34, 52-58], vertical fibre or moving tape methods [59-61] (Fig. 4A). Most commonly, a sessile
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drop isimaged by a video camera while the drop is inflated or deflated via, e.g., a micropipette
(Fig. 4B) [62-68]. The same can be done with a captive bubble, in which case 100% humidity
in the air phase is ensured [64]. With the sessile drop method even some information about
dynamic contact angles can be obtained. It is limited to low velocity because otherwise the
inflation/deflation may lead to disturbing flow inside the drop. In addition, one should keep in
mind that the time, the surface has been in contact with liquid depends on the whole process.
Thus, if the surface adapts, the dynamic receding contact angle may change because the
surface had been in contact with liquid for some time [67, 68].

A Plate,
tape or

fibre

Figure 4: Schematic of experiments applied to measure advancing and receding contact
angles. (A) Moving a plate or tape into a liquid or pulling it out of the liquid, (B) inflating and
deflating a sessile drop, (C) tilted plate, (D) centrifuge, (E) drop adhesion forces instrument, (F)
aerodynamic drag.

A common method to measure advancing and receding contact angles is on a tilted plate (Fig.
4C) [42, 44, 69-73]. By inclining the supporting surface, gravity can gradually be increased until
at some tilt angle the drops starts sliding. While tilting, the shape of the drop is observed by a
camera. Afterwards, the contact angles are determined from the images taken just before the
drop starts sliding. When setting this lateral adhesion force equal to the lateral component of
the gravitational force, mg sin a, an expression for the sliding angle a of a drop is obtained
[42, 44, 46, 69, 70, 74]:

. k
sina = WTZ; (cos©, — cos0,) (3)




Here, g = 9.81 m/s? is the gravitational acceleration, m is the mass of the drop. It is related to

the drop volume V via the density p, M=V p. Since the width of the contact area usually
scales with the radius of the drop, the right hand side of Eq. (3) scales with V 2%, Thus, the

sliding angle a, also called roll-off angle, depends on the volume of a drop.

One disadvantage of the tilted plate method is that once the drop has started to move it is
usually out of control. For this reason, only the static advancing and receding contact angles
can be measured. To obtain dynamic contact angles the drop needs to be imaged during
sliding, which again is technically more demanding than imaging a stationary sessile drops [73,
75, 76]. Usually such studies are carried out with liquids of high viscosity to decrease the
velocity and make imaging easier.

If gravity is not sufficiently strong to cause sliding, the effect of mass can be enhanced by
placing the drop on one arm of a centrifuge (Fig. 4D) [46, 77-79]. In this case the centrifugal
force acting on the drop can be gradually increased by increasing the rotation speed. In the
centrifuge smaller drops can be used than on a tilted plate. It is, however, technically more
demanding to image the drop on a centrifuge.

In order to overcome technical limitations for observing sliding drops, the drop can be pinned
to a fixture while the sample moves horizontally. A fixture, e.g. a thin pipette, keeps the drop
in place allowing high resolution imaging of the advancing and receding part of the sliding
drop. Simultaneously, the fixture can be a force sensor and measuring the lateral force
directly. In a device called “drop adhesion force instrument”, the lateral force is measured by
means of a deflectable capillary stuck in the sessile drop or a captive bubble (Fig. 4E) [31, 62,
80-83]. The advantage of this setup is that force is measured when the substrate is moved at
a controlled speed. At the same time, a camera in side view images the advancing and receding
sides of the drop to determine the contact angles.

The propagation of wall-bound drops on a solid substrate can also be driven by aerodynamic
forces induced by a gas flow (Fig. 4F). This phenomenon is usually studied for better
understanding of the mechanisms leading to the ice accretion on aircraft surfaces or modeling
of water flow on car surfaces. This phenomenon is less used as a measurement method for
the contact angle dynamics since it requires a special equipment, including a well-calibrated
wind tunnel with an optical access. The difficulties are also caused by some uncertainties in
the estimation of the aerodynamic forces. On the other hand, these experiments allow to
characterize the behavior of the propagating contact lines of the drop under complicated

oscillatory motion and in the presence of the aerodynamic stresses.

In wind tunnel experiments the drop geometry during propagation is usually observed by a
high-speed video camera. Both, advancing and receding contact angles can be measured in
such experiments. Moreover, the evolution of both angles in time and as a function of the
drop average propagation velocity can be accurately determined. The condition of the



inception of the drop propagation is determined by the balance of the adhesion force F_ (eq.
2) and the aerodynamic force, which is modeled in the form [84-87]

= CngasugttackAl (4)

Here, cp is the drag coefficient, p,; is the gas density, A is the projected cross-sectional drop
area, exposed to the flow and U ;¢4 is the “attack” velocity of the gas flow, that is the velocity
of the gas flow at the drop half height. If the drop height is much larger than the thickness of
the viscous boundary layer the attack velocity can be approximated by an average gas velocity
in the channel.

If the aerodynamic force exceeds the lateral adhesion force, the drop starts to propagate with
a certain velocity, which increases for high gas speed. The dynamics of the drop motion is
mainly influenced by viscous forces appearing in the vicinity of the contact line and in the drop
tail [88]. Often, the movement of drops under hydrodynamic drag is not smooth, continuous
and steady but periodically changing [83]. In some cases, drop oscillations are observed,
especially at low capillary numbers. If oscillations of the propagating drop are significant, the
values of the apparent contact angles also fluctuate in time. Moreover, an apparent stick-slip
motion of the advancing and receding contact lines is often observed. This stick-slip motion
and other transient effects in the neighborhood of the contact line are not yet completely
understood and require further investigation.

5. Effects leading to contact angle hysteresis

Two effects have been identified early on as contributions to contact angle hysteresis:
Heterogeneity and roughness (or surface structure) [5, 7, 23, 52, 89, 90]. Meanwhile it is clear
that in addition, the deformation of the substrate by the contact line and adaptation also lead
to contact angle hysteresis (Fig. 5). In a strict sense, both effects only lead to contact angle
hysteresis when the contact line is moving. In many applications even very slow motion is
effective so that practically one has to consider deformation and adaptation even in the static

case.

Heterogeneity and roughness

A heterogeneous solid surface consists of patches with different surface chemistry or
molecular structure leading to local variations in the solid surface energies. For the equilibrium
contact angle the Cassie-Baxter formalism is accepted to lead to the correct value of ®¢ [91-
93]. An underlying assumption is that the radius of curvature of the contact line is much larger
than the typical size and spacing of surface features. Unfortunately, no simple equation exists
to calculate the influence of heterogeneity on contact angle hysteresis. A simple average over
the disorder is not sufficient to predict the details of contact angle hysteresis but the detailed
structure needs to be considered [37, 94]. The progression of the contact line on

heterogeneous surfaces consists of sticking, stretching, and jumping events along the patches
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[35, 95]. At the borders of these patches the free energy is at a local minimum and hence the
contact line can remain in several metastable states [52, 92, 94].

Several theoretical [35, 37, 52,92, 94, 96] and experimental [95, 97-99] studies have addressed
the problem. The critical energy needed to move the contact line, i.e. to overcome the energy
barriers between the heterogeneous patches, depends on the shape and size of the patches.
For example, for a drop moving perpendicular to stripes, hysteresis can be high while for a
movement in parallel direction hysteresis is low. Typically, the movement of the contact line
is slower on heterogeneous surfaces compared to homogeneous surfaces due to the pinning
and depinning events and hence heterogeneous surfaces can be used to control the wetting
speed [95]. In recent experiments with checkerboard micropatterned surfaces, Becher-
Nienhaus et al. studied the influence of pattern size on contact angle hysteresis [99]. If both
regions themselves have a similar contact angles hysteresis, the pattern size did not have a
significant influence on the apparent contact angle hysteresis. If, however, contact angle
hysteresis on the individual surface was different, the apparent contact angle hysteresis
increases with pattern size.

Heterogeneity

Roughness

Deformation

Figure 5. Different effects leading to contact angle hysteresis.

In contrast to liquids, solids are usually rough. They are covered by microgrooves and striations
from fabrication or aging. Flat and smooth surfaces over macroscopic length scales are more
an exception. Examples are float glass produced on molten metal, freshly cleaved Mica or
annealed polymer films. Adam [100], Wenzel [101], Cassie and Baxter [91] have as one of the

10



first studied the influence of roughness on equilibrium contact angles [93]. In addition,
roughness can lead to contact angles hysteresis because the local slope on a surface may
deviate from the apparent slope (Fig. 5). Locally, on the microscopic scale, Young’s equation
may still be followed [20]. For a surface which due to roughness has a maximal slope ¢ the
apparent advancing and receding contact angles would be given by ®, = 0, + ¢ and 0, =
0, — ¢ [33, 102, 103]. Contact angle measurements of rough and porous surfaces have been
reported and demonstrate this behaviour of the contact angle hysteresis [52, 104, 105]. As for
heterogeneous surfaces, the degree of contact angle hysteresis depends on the specific
structure and direction of motion [90, 106]. It is impossible to give general trends or report
simple general equations.

In many respects rough patches or patches with different surface energy bear similarities.
Both can be viewed as pinning centers. The strength of the pinning center depends on the size
and shape [20] or the size and surface energy of the patch [107]. On a length scale much larger
than the size of the pinning center, both have a similar effect. Therefore, significant effort has
been devoted to better understand the effect of pinning centers. That pinning centers exist
on many surfaces is supported by the observation that contact lines do not move continuously
but that locally they move in a stick-slip motion [51]. In this context, several questions arise:
How does the strength, size and distribution of pinning centres lead to contact angle hysteresis
[108]? How does a single defect deform the contact line [107]? How is the motion of contact
lines influenced by pinning centers [109-111]?

One illustrative approach is to consider the effect of defects on two-dimensional drops; thus
drops with a cylindrical shape and stripes as defects oriented perpendicular to the motion of
the drops. By solving the Navier—Stokes equation, Thiele and Knobloch could obtain a phase
diagram of pinning/depinning for a drop by a hydrophobic/hydrophilic patch [112]. Depending
on the driving forces, a ““hydrophobic” defect blocks the drop in front and a “hydrophilic’’ one
holds it at the back at the rear. Park and Kumar focussed more on topological defects [113].
They reported that the critical pinning occurs at the location of the minimum slope (i.e.,
maximum defect angle) of a topographical defect.

Pinning of three-dimensional drops was treated by Joanny and de Gennes [107], who
proposed a model to describe the effect of a single defect and then extended this model to a
distribution of defects. For a single defect of size d which exerts a total force f on the contact
line they analyzed the perturbation of the contact line and the shape of the liquid surface. In
their formalism it does not matter if the force is caused by inhomogeneity of the surface or by
structural features. As a first order they find a linear relation (Hookean elasticity) between the
maximum displacement of the contact line dand the force:

ot Lpe
T myL(tan6)? " d (5)

Here, Lpc is @ maximal cutoff length, which is practically e.g. the width of the contract area of

a sessile drop. The contact angle of the liquid on the substrate surrounding the defect @ is
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assumed to be below 90°. Once a certain threshold has been overcome the contact line passes
the pinning site, is released and the work carried out to stretch it is dissipated as heat.

The proposed elastic behavior of the contact line and its calculated shape was experimentally
confirmed [114, 115]. Based on the model of Joanny and de Gennes, Reyssat and Quere [110]
considered the contact angle hysteresis expected for an array of pinning sites. Experimentally
they realized it by making arrays of micropillars, where each top face of a micropillar is a
pinning site of defined size. One can relate the horizontal force on the contact line per unit
length to the typical energy barrier between pinning sites E* and the mean distance between
pinning sites A by ¥, (cos ©, — cos ©,) ~ E*/A? [56, 111, 116].

Flexible and soft surfaces

One derivation of Young equation uses a balancing of the lateral forces arising from the
interfacial tensions at the contact line. However, there is also an additional vertical component
of the liquids surface tensional force that leads to a vertical displacement of the solid
substrate. The magnitude of this deformation is on the order of the so-called elastocapillary
length. It is defined as the ratio between liquid surface tension and elastic modulus of the
solid, . = v, /E. For hard solids, the elastocapillary length is of the order of atomic distances
and therefore the deformation of the solid can be neglected. For soft solids, such as
elastomers with low crosslinking density or hydrogels, the elastocapillary length can be in the
order of micrometers. On such soft solids, the vertical component of surface tension leads to
the formation of a wetting ridge. In addition, the Laplace pressure in the drop leads to a
depression of material underneath the drop. The resulting wetting ridge shape has been
visualized in situ by white light interferometry [117], confocal microscopy [118], X-ray
microscopy [119] or direct optical video imaging with backlight illumination [120]. Early
models to describe the wetting ridge based on linear elastic theory were introduced by Lester
[17], de Gennes and Shanahan [121] and Rusanov [122]. For droplet sizes much larger than
the elastocapillary length, the apparent macroscopic contact angle is essentially equal to the
Young contact angle, while the microscopic contact angle is given by the Neumann triangle
[123]. For small droplets, with diameters approaching the elastocapillary length, contact
angles will become smaller than predicted by the Young equation and approach the ones
predicted by the Neumann equation. This implies also, that for small droplets, a gradient in
the substrate stiffness can lead to differences in the (equilibrium) contact angle and thus to a
net driving force on the droplet. It was indeed observed that such gradients can lead to
“durotaxis” of small droplets [124].

The existence of the wetting ridge with a sharp cusp might lead to pinning of the contact line
and thus an increase in contact angle hysteresis. A simple model relating contact angle
hysteresis to ridge size was introduced by Extrand and Kumagai [125]. Based on simple
geometric considerations they predicted changes in the advancing and receding contact

6vL . 6YL .
angles of the order of ®, = 0,4, + %sm By and O, = 0,9 — %sm 0,9, Where Oz and Oy
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are the advancing and receding contact angles on the undeformed surface. b is the half-width
of the wetting ridge, which was approximated by a symmetric triangle with height given by
the de Gennes model. They experimentally observed increase of contact angle hysteresis with
decreasing elastic modulus of elastomers with E <5 MPa. A comparison of their
experimental results with the model was not possible as ridge dimensions were too small to
be directly observed. This model was later extended for the case of straight contact lines [126].

The models mentioned so far were all based on linear elastic response of the materials. In
practice, however, soft materials will show viscoelastic behaviour when subjected to cyclic
loads. The movement of the contact line with a wetting ridge over a soft viscoelastic material
will lead to a local strain cycling of the material with significant viscous dissipation. This
“viscoelastic breaking” can lead to significant slowdown of the spreading of droplets [117].
Also droplets running down an inclined plane experience this viscoelastic breaking [127]. As a
consequence, the sliding speed of the droplets on soft polymers is determined by the rheology
of the polymer. Viscous dissipation at the wetting ridge becomes dominant compared to
viscous dissipation within the droplet itself. This coupling between contact line motion and
rheology of the underlying polymer can lead to complex dependence of contact angles on
contact line velocity, including stick-slip motion [128, 129], which may be related to a strain
rate dependent surface tension of the solid [120]. However, also a non-linear elastic response
of the substrate could be a possible explanation [130]. Recent studies on contact line dynamics
have included a possible strain dependence of the solid surface tension (Shuttleworth effect)
[131]. It was found that the Neumann law is still fulfilled for the microscopic contact line [132].
However, an additional rotation of the solid ridge occurs. This dynamic change in tilt of the
solid cusp was found to scale with a power law, which is given by the power law dependence
of the loss modulus of the polymer substrate.

Adaptation

Early on scientists adopted the concept that the solid somehow adapts to the presence of the
liquid or its vapour [133]. This would leave a more wettable surface when the receding angle
is measured. As a results, the interfacial tension s and jsL on the front side of a moving drop
and on its rear side may be different. Johnson & Dettre [52] and Andrade et al. [5] even
distinguish two classes of hysteresis: True or thermodynamic hysteresis, where the hysteresis
curve is reproducible over many cycles and independent of time or frequency and kinetic
hysteresis, where the curves changes with time or frequency. The second class of curves is
usually correlated with adaptation. Many polymers reconstruct due to a reorientation of side
groups, a selective exposure of specific segments or the diffusion of liquid into the polymer
[53-55, 64-66, 68, 134-139]. Liquid can diffuse into polymers or monolayers [63]. If the amount
of liquid diffusing into the polymer is significant and polymer and liquid are partially miscible,
the polymer will swell [64, 140, 141]. Water, for example, swells polyethylene glycol (PEG) or
polyelectrolyte brushes [138]. Surfaces have even deliberately coated with mixed polymer
brushes which change their structure depending on the type of fluid they are exposed to [140,
13



142-148]. One may also consider the replacement of a contamination/adsorption layer as an
adaptive process. As soon as a surface is exposed to air, water and airborne hydrocarbons
adsorb. When the surface is wetted, the adsorbed layer changes its structure, is replaced, or
dissolves.

Hansen & Miotto [149] and later Elliott & Riddiford [150] pointed out that, in the liquid,
molecules adapt to the presence of the solid and change their structure close to the interface.
This would lead to a time dependent change in 1 and thus to a change in the contact angle.
The liquid also “adapts” to the presence of the solid interface and thus a change in js.. For
water molecules, reorientation is fast and equilibrium of the liquid structure is established in
~10 ps so that contact angles are not affected. Other processes may however have an effect,
such as the adsorption of surfactant [151-155] or the formation of electric double layers.

For perfectly reversible processes, adaptation should not affect the static contact angle
hysteresis. However, practically all measurements of contact angle hysteresis are not infinitely
slow. To estimate if contact angle measurements are influenced by adaptation some of us
suggested a simple criterion [156]. Assuming that the adaptation of the solid-liquid interface
takes a characteristic relaxation time 7., the effect on the dynamic contact angle is negligible
for U < l/tg;. Here, U is the velocity of the contact line and | is the so called “peripheral
thickness”. We define the peripheral thickness as the width of the region around a contact
line, which influences the contact angle [149, 156]. It depends on the specific contact angles
and the materials used. We suggest that | = 10-100 nm is a reasonable value. For example, if
the relaxation of a polymer takes z1=2 ms and we assume |=0.1 pum, adaptation is only
negligible for speeds of the contact line much lower than 50 um/s [68]. This speed is slower
than the one used in most measurements and thus adaptation would lead to apparent contact
angle hysteresis.

Irreversible interaction

Makkonen suggests another fundamental effect leading to contact angle hysteresis [10]. He
argues that when a contact line recedes, free solid surface is created behind the contact line.
The corresponding work, according to Makkonen, is not regained and dissipates as heat. This
leads to unavoidably friction of the contact line and thus contact angle hysteresis.

Any process dissipating energy at the front of a moving drop which is not regained at the rear
should lead to contact angles hysteresis. We still believe, that the argument cannot be used
as a fundamental criticism to Young’s equation. We think that the work carried out to create
free solid surface can in principle be regained, unless there are other irreversible dissipative
processes. Let us therefore, like Makonnen, consider a drop sliding down a tilted plate. At the
rear, free solid surface is created and the work dE = w(ys — yg.)dx is carried out by the drop
(Fig. 6A). The same work is, however, gained at the front. Both are coupled by the surface
tension across the liquid drop.
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We can also consider an infinitesimal shift of the contact line. Then, any change in solid-liquid
interfacial area dAg;, = —dAg is accompanied by a change in surface area of the liquid dAL. If
the contact angle is at its thermodynamic equilibrium, the changes in surface area weighted
with their respective interfacial energies would compensate: (ys — ys,)dAg, = vy, dA;. Thus
any creation of free solid surface is accompanied also with a gain in free energy of the liquid
surface. As an example let us consider a drop with contact radius a, radius R and height h on
a flat surface (Fig. 6B). Its volume is assumed to be constant, dV; = 0. Neglecting gravity and
assuming that the drop is shaped like a spherical cap dV, = mahda + thRdh = mwhdh =

nah

——da When shifting the contact line outward by da, the energy (ys —ys.)dAg, =

Zna(ys — Ysu)da is lost (gained). However, when the contact angles is equal to the Young
angle the same energy is gained (lost) by the free liquid surface; it is not necessarily dissipated
by heat. To demonstrate this argument, one can consider the change in liquid surface area.

With A, =m(a? + h?) it is dA, = 2mada + 2nhdh = 2mada — Zna%da or dA, =
2ma (1 — %) da = 2ma cos O da. The last step was again for geometric reasons. Multiplying

this expression with y directly shows that both energies are equal, if ® is the Young contact
angle: 2ma(ys — ys,)da = 2may; cos O da.

Vapour
Drop
: Solid 3

Figure 6. (A) When a drop slides down an inclined plane free solid surface disappears and solid-

liquid interface is created at the front. At the rear, free solid surface is formed while solid-liquid
interface disappears. We argue that both processes are coupled so that the work accompanied
the two processes does not need to dissipate as heat. (B) Schematic of a sessile drop.

6. Dynamic contact angle hysteresis

When the contact line is moving, the contact angles depend on the velocity [131, 151, 157].
The advancing contact angle increases, the receding contact angle decreases with increasing
velocity (Fig. 7). Dynamic contact angle hysteresis is the difference of the advancing contact
angle and the receding contact angle for a contact line moving in an opposite direction at the
same velocity [29].

Roughness and heterogeneities not only lead to a static contact angle hysteresis. They also
influence dynamic contact angles [158, 159]. Pinning sites temporarily hinder the contact line
to move. Energy is temporarily stored in the local stretching of the contact line. When the
tension on the contact line at that site exceeds a certain threshold, the contact line is released
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[72, 107, 111]. The work put into locally stretching the contact line dissipates as heat. For a
distribution of pinning sites, this effect leads to a speed dependence of the apparent
advancing and receding contact angles.

For deformable surface, viscoelastic processes in the solid dissipate energy. Adaptation is
another reasons for energy dissipation and a change in the apparent contact angles. In the
case of adaptation the energy “loss” is due to spontaneous change of the interfaces outside
the core region. For example, when a drops slides over an adaptive surface, right behind the
front contact line the solid-liquid interfacial energy is ys.°. The longer the surface is in contact
with the liquid the more it adapts and the interfacial energy decreases spontaneously to ys; =
ySOL — Ays,. If this adaptation is slow compared to [/U, the contact angle on the advancing
side is given by cos ©, = (ys — ¥J,)/v.. Let us further assume that the surface has sufficient
time to fully adapt, while it is in contact with the liquid. Then, at the receding side the contact
angle is given by cos 0, = (ys — ys.)/v.- Thus, in order to move a drop of width w a force
E. =~ w(yd —v$)isrequired leading to a power dissipation of P, ~ wU (yd, — ¥&;). For single
adaptation process which are assumed to follow first order kinetics the expected dynamic
contact angles are [156]

cos 0, (U) = cos 0Y — %e‘””fﬂ and cos 0, (U) = cos 09 + %e‘””’s (6)
L L

Here, we assumed the liquid surface relaxes fast, which for water is a realistic assumption. L
and zs are the characteristic relaxation times for the adaption of the surface when getting into
contact with the liquid and when becoming dry again. The strengths of the respective

adaptation processes are quantified by Ays. and Ays, respectively.

Overcoming energy barriers

Traditionally, dynamic changes in contact angles are attributed either to thermally activated
processes on the molecular scale [160, 161], that is, the contact line has to overcome local
microscopic or atomic energy barriers, or to hydrodynamic viscous dissipation [58, 89, 162,
163].

On the molecular scale and driven by thermal fluctuations liquid molecules near the contact
line are jumping from the liquid phase to binding sites on the solid surface or they are jumping
from one binding site to the next overcoming energy barriers of the order of kgT. kg is
Boltzmann’s constant and T is temperature [56]. Thus, the movement of the contact line is a
collective thermal motion of liquid molecules under the influence of the capillary driving force.
The capillary driving force is y;(cos ©®, — cos ©,). If the actual dynamic contact angle ®q is
larger than ®e, more liquid molecules move forward and the liquid front advances. For 0, <
O, more liquid molecules jump from the surface region into the liquid and the liquid front
recedes. This idea has led to the molecular kinetic theory (MKT), which describes dynamic
contact angles as a result of molecular adsorption and desorption processes at the moving
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contact line [59, 61, 89, 160]. According to this molecular kinetic theory the dynamic contact
angles are related to velocity by

2kgT . , _ Y
c0s 04/, (U) = cos 09, — —VL';Z sinh~1! (ﬂ) (7)

Here, the constant 1/12 is the number of interaction sites per unit area on the solid surface
and xis the equilibrium frequency of the random molecular displacements occurring within
the three-phase zone. Typical values are A=1 nm and x=10 GHz. Eq. (7) can be applied for
advancing and receding contact angles [61, 89]. U is counted positive on the advancing and
negative on the receding side. The theory has been applied in general to processes which are
expected to involve the jump of the contact line over energy barriers by thermal fluctuations
[56, 57, 164, 165].

Hydrodynamic dissipation

Another reason for contact angles to change with speed is hydrodynamic dissipation [75, 166-
172]. Viscous forces arise because of viscous hydrodynamic flow within the drop. Calculating
the flow inside a drop with the Navier-Stokes equations sounds straight-forward (at least for
laminar flow). However, the problem is that continuum hydrodynamic theory leads to
divergent stress fields at the contact line. It also turned out that viscous dissipation close to
the contact line dominates [71, 75, 173] and that bulk viscous dissipation for water is usually
negligible. This problem of a divergent stress field has been solved by the assuming that close
to the contact line, in a region described by the microscopic length Lm, the usual no-slip
boundary condition at the solid-liquid interface is relaxed and slip is allowed [167, 174-177].
Thus, two length scales are relevant: The outer region L (>>10 um), where the apparent
contact angle is measured, and the inner region where surface effects, such as slip, are
allowed. For many surfaces, a molecular length scale is applied, e.g. Lm=1 nm [178-180]. Since
we observe contact angles at a larger length scale, viscous dissipation in the wedge would
manifest itself in a change of the macroscopic contact angles. How the macroscopic contact
angles depend on the speed has been calculated by Cox and Voinov [167, 171, 181]:

3 oqUu, L
03, =(03,) + ;’_Llna (8)
Here, the angles are given in rad. For the outer region often the capillary length, L=2.7 mm for

water, is taken.

Unfortunately, neither the MKT nor the hydrodynamic theory are a priori predictive. They still
contain the parameters L/Lm or A and «. These parameters are determined by a curve fitting
of experimental data.

As a rule of thumb, hydrodynamic energy dissipation is important at high capillary numbers,
but can be neglected below typically |Ca| ~0.001-0.005, which for water is few 10 cm/s [60,
182] (Fig. 7). To describe the often observed changes in ®r(U) and ®4(U) at low velocity, some
authors combined MKT and hydrodynamic theories [183-185]. They replace the static
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advancing and receding contact angles ©:° and ®;° in Eq. (8) with the microscopic, static
advancing ®ma’ and receding ®m/° contact angles which the obtain with Eq. (7). In this way,
viscous dissipation in the inner region and energy dissipation at the contact line by thermally
activated processes are taken into account. Petrov & Petrov suggested such a combination
[89, 186]:

0% (U) = (Bfar)” + 2 In = with (9)

L m

2kpT U ’ U \?

Here, we used the identity sinh™1 x = ln(x +Vx? + 1). The validity of Eq. (9) has been nicely
verified by recent molecular dynamics simulations [182]. They found excellent agreement for
L/Lm = 2.1. Hydrodynamic theory alone fitted the simulations best with L/Ln ~ 8.
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Figure 7. Dynamic contact angles calculated for static contact angles @’=70°and &°=60° with
hydrodynamic theory (eq. 8 with L/Lm = 8, black), MKT theory (eq. 7 with k=8.6 GHz, 1=0.36
nm, red), the combined MKT & hydrodynamic theory (eq. 9 with L/Lm = 2.1, k=8.6 GHz, 1=0.36
nm, blue) and adaptation theory (eq. 6, t5.=0.5 us, 15=10 us, Ays; = Ays =0.1 N/m, |=100 nm,
green) for water (n = 0.001 Pa s, 1. = 0.072 N/m). The parameters were motivated by
experiments on PET (Polyethelene terephthalate) and computer simulations for the
hydrodynamic, MKT and combined theory [89, 182] and by experimental results on a styrene-
acrylic acid copolymer [68].

To describe contact angles at lower speed, MKT is required and adaptation or viscoelastic

dissipation in the substrate play a role.
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7. Surfaces with low contact angle hysteresis and super liquid-
repellent surfaces

Flexible polymer brushes

To increase the receding contact angle and reduce the contact angle hysteresis on smooth
surfaces is a huge challenge. Proper control of both the molecular architecture and the
physical nature of the surfaces are required [187]. An emerging category of surface which is
composed of flexible polymer (polyethylene glycol, polydimethylsiloxane, and perfluorinated
polyether, etc.) brushes brings a simple and effective possibility to reduce the lateral adhesion
of liquids [188-191] (Fig. 8A). Resulting from the high mobility of the main chain in these
surface-tethered molecules, the surfaces exhibit a liquid-like lubricating effect to drops with
contact angle hysteresis for both water and low-surface-tension liquids including hexane
(surface tension: 18.4 mN/m) being lower than 5° [188, 192, 193]. Specifically, surfaces coated
with polydimethylsiloxane (PDMS) brushes exhibit excellent resistance to high-temperature
treatment, photodegradation, and even scratching [30, 188, 193-195]. In addition, since the
layers are only a few nanometers thick, they are transparent, do not influence the appearance
of coated surfaces.

One should be aware that often PDMS brushes still contain oligomers, which can further
reduce the liquids’ contact angle hysteresis. One may even deliberately add a lubricant.
Lubricant can be any second liquid which mixes with the brush but not with the liquid in the
drop (Fig. 8B) [196]. However, with time these oligomers are washed out and the contact angle
gradually becomes that of the pure brush [195].

Lubricant-impregnated surfaces

Drops also easily slide off lubricant-impregnated surfaces [82, 197-200] (Fig. 8C). Therefore,
they are also called SLIPS (slippery lubricant-infused surfaces). Here, a porous surface is
impregnated with a lubricant. The lubricant wets the porous surface but is immiscible with the
liquid. The concept was first proposed by David Quéré [201]. Quéré assumed that the lubricant
fills the pores whereas the tops of the porous surface remain dry. A deposited drop partially
rests on the top faces of the underlying microstructure and partially on lubricant. The mobile
liquid layer greatly reduces contact line pinning [197, 202]. As mentioned above, a variant of
lubricant-impregnated surfaces are organogels or polymer brushes, which contain a
chemically compatible lubricant, e.g. PDMS brushes with silicon oil and with water as a liquid
[67, 82, 203, 204] (Fig. 8B).

A limit for lubricant-infused surfaces is that sliding drops can take lubricant along. The
lubricant depletes. To slow down lubricant depletion, as liquid lubricant typically silicone oil,
mineral oil or a fluorinated oil are used [205]. These lubricants have in common that the
viscosity can be varied by a few orders of magnitude. The viscosity of the lubricant influences
the shear stress at the mobile lubricant drop interface [206, 207]. High viscous lubricants
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deplete slower. Silicone oil and fluorinated oils also have the advantage that they are hardly
soluble in aqueous or hydrocarbon based liquids. Depletion of lubricant by diffusion into the
liquid drop can be neglected.

With respect to contact angle hysteresis and friction, the following two aspects discriminate
drops on lubricated surfaces from drops on solid surfaces. (i) On a lubricated surface, a drop
is surrounded by a wetting ridge [202]. The wetting ridge forms because the surface tension
of the liquid pulls the lubricant upwards. The wetting ridge poses a challenge for the
measurement of the advancing and receding contact angles [199, 208]. Most optical methods
cannot distinguish between the drop and the lubricant. Therefore, the real three phase
contact line is hidden. Furthermore, most lubricants cloak aqueous drops [202]. This
challenges the concept of the definition of a three phase contact line. To circumvent these
problems, an apparent contact angle and an apparent contact angle hysteresis has been
defined [200]. Although, these values describe pinning strength of drops on lubricant
impregnated surfaces reasonably well, the contact angles can greatly differ from those
measured by confocal [199, 208, 209] or x-ray microscopy [119].

(ii) Lubricant-impregnated surfaces are known for their low pinning strength. Although pinning
is negligible, sliding friction can be large. This stimulated research on the origin of friction on
lubricated surfaces. In contrast to Egs. 2 and 3, on lubricated surfaces friction is dominated by
viscous dissipation in the wetting ridge [206, 207, 210].

Thus, the concepts which determine contact angles and contact angle hysteresis on lubricant
impregnated surfaces significantly differ from those on solid surfaces. Therefore, we focus on
drops on solid surfaces in contact with air in the remaining part of this review.

A.
Polymer
Brush with
infused
lubricant
B.
Air
Wetting ridge
g
Lubricant—
E
-

C. Porous substrate
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Figure 8: (A) A liquid drop placed on a flexible polymer-coated surface. (B) To further reduce
contact angle hystereis, a lubricant may be added (orange). (C) A liquid drop placed onto a
lubricant-impregnated micropillar array. The drop is surrounded by a wetting ridge. In this
example we took water as the liquid and an oil as lubricant. We assumed that the oil does not
cloak the water but that it forms defined Neumann angles given by the surface tension of
water, 1, the surface tension of the oil, yo, and the interfacial tension water-oil, ywo. (D) Liquid
drop on a super liquid repellent surface.

Super liquid-repellent surfaces

A special case of “roughness” are deliberately structured surfaces, in particular super-liquid
repellent surfaces. Superhydrophobic (water repellent) or superoleophobic (oil repellent)
surfaces have high apparent receding contact angles, typically higher than 140° [72, 73, 103,
105, 110, 111] (Fig. 8D). This is achieved by nano- and microscopic protrusions with steep side
walls. The slope of the side walls @ has to be lower than the advancing contact angle ®a on a
flat, smooth surface of the same material, ¢ < 0, [211-214]. Thus, for superhydrophobic
surfaces usually a slope of 90° is sufficient because many materials have ®;,>90°. However, for
oil-repellent surfaces, overhanging structures with ¢<90° are required because oils do not
form such high contact angles, not even on fluorinated surfaces [215, 216].

Often it is assumed that on super-liquid repellent surface the contact angle hysteresis is low
because drops easily roll off; roll-off angles are typically below 10°. According to Eq. (3) one
may thing that a low roll-off angle is correlated with a low contact angle hysteresis. This,
however, is not the case. In contrast, for superhydrophobic arrays of micropillars it could be
demonstrated that the apparent advancing contact angle is ®,®°°~180° [217]. Thus, for typical
apparent receding contact angles of ®®P=150° the hysteresis is 30°. Drops roll off easily
because of two reasons. First, the contact width w is low. Second, for angles around 180° the
cosine does not change so much anymore. Thus, as long as O is high, the precise value of ®a
is not critical anymore.

8. Summary

Static contact angle hysteresis is caused by roughness and heterogeneity. Surface features
lead to pinning of the contact line and thus to an increase of the apparent advancing and a
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decrease of the apparent receding contact angle. In addition, surface adaptation and
deformation can lead to changes in apparent contact angles. They depend on the
characteristic time of the adaptation process or the specific viscoelastic properties of the
surface material. In a strict sense, adaptation and elastic deformation are time dependent.
Practically, they can be so slow that they are perceived as static changes in contact angle.
Pinning, adaptation and viscoeleastic deformation of the surface lead to a velocity
dependence of the apparent advancing and receding contact angles. Dynamic contact angles
occur even on atomically smooth surface due to thermally activated processes at the atomic
scale and, at velocities around or above 1 m/s, due to hydrodynamic dissipation. Thus, contact
angle hysteresis is caused by phenomena at the micro-, nano-, or even atomic scale. Unless
another component, a lubricant, is introduced, contact angle hysteresis is unavoidable. Being
able to control contact angle hysteresis is an important challenge for surface engineering,
because it provides friction to moving contact lines.
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