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ABSTRACT

The directional wetting characteristics of droplets
on chemically defined stripe-patterned anisotropic sub-
strates are briefly reviewed. The static droplet shape as
well as the observed contact angles exhibit unique scal-
ing behavior as a function of the macroscopic wettabil-
ity, as arising from patterns consisting of alternating hy-
drophilic and hydrophobic stripes. In addition, the mo-
tion of liquid from surface regions with low macroscopic
wettability towards more wetting areas is described. Lin-
ear patterns are presented, which induce liquid move-
ment along the chemically defined stripes giving rise
to a macroscopic gradient in surface energy. Finally,
we show that lattice Boltzmann modeling enables semi-
quantitatively accurate simulation of the experimental
observations.

Keywords: anisotropic wetting, scaling, surface ten-
sion gradient, self-assembled monolayer

1 INTRODUCTION

The ability to control liquids at surfaces is highly
relevant for a number of application areas, including
for example the performance and reliability of inkjet
nozzles [1, 2]. Generally, the wettability of solid sub-
strates can be modified both by morphological micro-
and nanostructuring as well as by chemical function-
alization. In this contribution we focus on the design
of suitable patterned coatings to control the motion of
residual ink layers on the nozzle plates. A promising ap-
proach comprises the creation of a wettability gradient
by combining two chemical species with distinctly differ-
ent surface energies. The overall surface tension should
increase with increasing distance from the nozzle orifice.
Ink droplets in contact with a spatially varying surface
energy on the nozzle plate will move in the direction of
high surface tension and thus away from the nozzle.

A possible way to create such an energy gradient con-
sists of applying a stripe pattern of alternating wetta-
bility. Changing the relative stripe widths enables tun-
ing the overall surface energy, while using a well-defined
geometry creates a preferential direction for droplet mo-
tion parallel to the stripes. In the next section we first
describe the static behavior of liquid droplets on such

Figure 1: (Top) Electron microscopy image of a stripe-
patterned surface consisting of hydrophilic SiO2 and hy-
drophobic PFDTS regions. (Bottom) Schematic top-
view representation and photograph of an anisotropic
glycerol droplet. The actual number of lines underneath
the droplet is much larger than is shown in the sketch.

anisotropic substrates with distinctly different wetting
characteristics in orthogonal directions. Subsequently,
we describe how such patterns may be used to define a
wettability gradient and therewith enable control over
the liquid motion on these surfaces. Finally, we briefly
review the potential of lattice Boltzmann modeling to
simulate droplet motion and aid in pattern design.

2 SUBSTRATE PREPARATION

Anisotropic wetting is achieved using striped pat-
terns of alternating hydrophilic and hydrophobic stripes
(fluoroalkylsilane self-assembled monolayers (SAM) and
bare SiO2, respectively) with dimensions in the low-
micrometer range (Fig. 1). Patterns are manufactured
using standard cleanroom facilities; details on the pat-
terning procedure and other relevant experimental de-
tails are provided elsewhere [3,4]. Briefly, a positive pho-
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toresist is deposited to enable pattern creation via opti-
cal lithography and to provide surface protection during
vapor deposition of the SAM. Next, by washing off the
photoresist a chemically patterned surface is left as con-
firmed by atomic force microscopy. Typical thickness of
the SAM amounts to 0.6 nm, in good agreement with
the length of the SAM molecules.

Droplets with typical volumes in the range of 1 −
10 μm are deposited from a computer-controlled syringe
(OCA 15+ goniometer, Dataphysics). High-speed imag-
ing is used to monitor droplet spreading and motion in
terms of dimension, shape and contact angles; results
are analyzed in relation to the relative widths of the
stripes.

3 SCALING OF ANISOTROPIC
DROPLET SHAPES

The unidirectional patterns give rise to anisotropic
wetting properties, which in turn lead to different spread-
ing behavior in orthogonal directions. The latter results
in an elongated shape of the droplet, as shown in Fig. 1.
To quantify the distortion from a spherical shape, we
introduce the aspect ratio ξ = L/W , where L and W
represent length and width, respectively. The droplet
shape strongly depends on the widths of the stripes of
the surface pattern. From our experiments, in which
the droplets are typically in contact with 80-700 stripes,
we concluded that the aspect ratio is predominantly de-
pendent on the ratio of the hydrophobic and hydrophilic
stripe widths. We introduced a dimensionless parame-
ter α = wPFDTS/wSiO2

, where wPFDTS and wSiO2
are

the hydrophobic and hydrophilic stripe widths.
From the results in Fig. 2(a), in which the aspect ra-

tio is plotted as a function of α, it follows that the aspect
ratio scales to a universal curve. Apparently, the relative
hydrophobicity is the predominant universal parameter
defining the droplet shape. We emphasize that this only
holds for droplets which span many lines or the pattern
dimensions remain in the micrometer range [3, 5], i.e.
variations in the liquid-vapor interface especially near
the contact line can be neglected.

The wetting properties of our chemically heteroge-
neous surfaces are investigated by measuring the profile
of sessile droplets. Contact angles are measured per-
pendicular and parallel to the stripes. In the direction
parallel to the stripes, the droplet contour ‘feels’ the
rapidly varying hydrophilic/hydrophobic nature of the
surface. As such, the parallel contact angle is expected
to be mostly defined by the chemical composition of
the surface. In fact, the parallel contact angle is an
effective (macroscopic) value, which is obtained by av-
eraging over the (microscopic) equilibrium angles on the
SiO2 and PFDTS stripes [5,6]. If this assumption would
hold, only the relative hydrophobicity α should influence
the observed contact angle. The results in Fig. 2(b) in-

Figure 2: Scaling of the aspect ratio (top) and contact
angles (bottom) in parallel and perpendicular directions,
as a function of the relative hydrophobicity of the stripe
pattern.

deed confirm that the contact angles scale to a universal
curve. The curve represents Cassie’s law [7]; details are
described elsewhere [3, 8].

The contact angles perpendicular to the stripes are
defined by the chemically imposed border between hy-
drophilic and hydrophobic stripes. At this boundary the
contact line is effectively pinned to the border between
PFDTS and SiO2, where the ‘last covered stripe’ is al-
ways an oxide one. As such, the static contact angles are
expected to be near the value on a PFDTS monolayer.

We note that kinetics during the deposition process
have a profound influence on the final shape of the drop-
lets. Although a detailed description lies outside the
scope of this contribution, we refer to our recent work
on this topic, where we focus on impact kinetics and
also the effect of liquid viscosity [9].

4 DROPLET MOTION ON
WETTABILITY GRADIENTS

Using the striped patterns as introduced in the pre-
vious section, we can define a macroscopic wettability
gradient on the surface. As discussed, with increasing
values for α the surface becomes more hydrophobic. As
such, we prepared well-defined pattern designs on oxide-
coated silicon wafers. The patterns consist of a rect-
angular area of unpatterned PFDTS having a width of
2 mm; for this area α → ∞. On the right of this PFDTS
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Figure 3: (Top) Schematic representation of a ses-
sile droplet on a wettability gradient changing from
hydrophobic (left) to hydrophilic (right). (Bottom)
Schematic droplet shape at the edge between striped
patterns with different relative hydrophobicities.

rectangle, three regions consisting of alternating PFDTS
and SiO2 stripes are placed. The length of individual re-
gions amount to 1 mm each. As described above, the
striped arrays with different wetting properties in or-
thogonal directions favor motion of the droplet parallel
to the stripes, while hindering it in the perpendicular
direction. Translation of the droplet is induced by the
difference in surface energy, i.e. the macroscopic wetta-
bility defined by the various patterns. Smaller α values
imply a higher surface energy, i.e. larger hydrophobic-
ity. In a typical gradient design, subsequent patterns
have α values of 0.9, 0.5 and 0.3. Finally, on the right
of the three regions, unpatterned SiO2 is present, cor-
responding to α = 0. Further details pertaining to the
experimental conditions are described elsewhere [10].

In Fig. 3 the asymmetric droplet shape on a surface
with different macroscopic wettability on both sides of
the droplet is schematically shown. The droplet velocity
is generally determined by the balance of a driving cap-
illary force and opposing forces [11, 12]. Typically, the
driving force originates from the unbalanced Young’s
force related to the contact angles on either side of the
droplet. An intuitive expression can be given for a rib-
bon of unit length

F = γlv (cos θA − cos θB) (1)

where γlv represents the surface tension of the liquid.
Ideally, as soon as θB < θA, the ribbon will experience
a net driving force and will start to move. For a droplet
with a spherical cap shape with radius R, the driving
force is given by [11]

FY = πR2γlv

(
d cos θ

dx

)
. (2)

Figure 4: (a-d) Experimental top-view of a two micro-
liter decanol droplet on a linear striped wetting gra-
dient. (e-h) Bottom-view of a simulated droplet on a
stripe-patterned gradient, resembling the experimental
situation.

Two opposing forces hinder the movement of the droplet.
Viscous drag, also referred to as the friction force, slows
down the droplet as soon as its starts to move. Further-
more, contact angle hysteresis provides an additional
energy barrier for droplet motion [12].

In the left part of Fig. 4 typical sequential top-view
images of a decanol droplet moving over our patterned
surface are shown. The droplet is deposited gently onto
the unpatterned PFDTS area; it touches the first striped
pattern before reaching its static shape. The SiO2 stripes
result in a higher overall surface energy therewith induc-
ing a preferential spreading direction. Sequentially the
droplet reaches the following patterns with decreasing α
values, i.e. with increasing hydrophilicity. At the outer
border of the patterned area, the droplet starts to spread
on the bare SiO2. While on the striped pattern, liquid
motion in the direction perpendicular to the stripes is
hindered. This effectively confines the droplet, there-
with enhancing its motion in the direction along the
stripe direction.

Inspired by the radial geometry of actual nozzles in
the orifice plate of an inkjet print head, we also studied
radial gradient designs. The patterns consist of concen-
tric rings comprising radial stripes of varying widths.
Much like the linear striped patterns, subsequent re-
gions of decreasing α values give rise to liquid motion
from the center outwards. Details are presented and
discussed in one of our papers [13].

Although a full quantitative analysis of the liquid
motion lies outside the scope of this contribution, it is
worth summarizing that using our linear stripe-patterned
surfaces liquid droplets can be moved over distances up
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Figure 5: Lattice Boltzmann simulation of a spreading droplet on a stripe-patterned surface; white and green stripes
represent hydrophobic and hydrophilic stripes, respectively [14].

to several millimeters, typically 3−5 mm, with velocities
as large as 10 mm/s. For the radial patterns, lower ve-
locities are typically observed. We ascribe this to the re-
duced confinement between the radially oriented stripes
as compared to the parallel stripes of the linear patterns.
Obviously, the viscosity of the liquid has a pronounced
effect. For lower viscosity, the velocities are markedly
larger. For the application in inkjet printing technol-
ogy, such distances and speeds are sufficient.

5 LATTICE BOLTZMANN
MODELING

Using lattice Boltzmann modeling (LBM) we per-
formed a detailed comparison of the directional wetting
behavior of liquid droplets on chemically striped pat-
terned surface as observed in experiments, such as de-
scribed in the previous sections, and those obtained from
simulations [14]. The ultimate aim with these LBM sim-
ulations is to develop a predictive tool enabling reliable
design of future experiments. We focused on distinct ex-
periments including (i) anisotropic spreading on striped
patterns (see also Fig. 5) and (ii) striped patterns with
a spatial gradient in wetting properties (Fig. 4).

Generally, despite several differences between experi-
mental patterns and simulated surfaces, the simulations
accurately mimic the experimental results, such as the
anisotropic spreading leading to elongate droplets. The
scaling is reproduced in the simulations. Details of the
contact line motion, such as advancing and receding of
the contact line being hindered in the direction perpen-
dicular to the stripes, is nicely reproduced in LBM. And
even the effect of kinetics during droplet deposition is
nicely reproduced in the simulations.

LBM was also used to model patterns with a sur-
face energy gradient. As shown in Fig. 4 there is semi-
quantitative agreement with experimental results for de-
canol droplets moving from high- to low-contact angle
regions on a well-defined stripe-patterned gradient. For
the aforementioned systems, we modeled the dynamics
in a qualitative manner, such that the shapes of the
droplet on the surface agree well with those in experi-
ments. As such, LBM simulations not only serve as a
benchmark for analysis of experimental results but also
provide a predictive tool enabling the design of novel
patterns prior to their actual fabrication.
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