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Lattice Boltzmann Modeling (LBM) simulations were performed on the dynamic behavior of liquid droplets
on chemically striped patterned surfaces, ultimately with the aim to develop a predictive tool enabling reliable
design of future experiments. The simulations accurately mimic experimental results, which have shown that
water droplets on such surfaces adopt an elongated shape due to anisotropic preferential spreading. Details of
the contact line motion such as advancing of the contact line in the direction perpendicular to the stripes exhibit
pronounced similarities in experiments and simulations. The opposite of spreading, i.e., evaporation of water
droplets, leads to a characteristic receding motion first in the direction parallel to the stripes, while the contact
line remains pinned perpendicular to the stripes. Only when the aspect ratio is close to unity, the contact line
also starts to recede in the perpendicular direction. Very similar behavior was observed in the LBM simulations.
Finally, droplet movement can be induced by a gradient in surface wettability. LBM simulations show good
semiquantitative agreement with experimental results of decanol droplets on a well-defined striped gradient,
which move from high- to low-contact angle surfaces. Similarities and differences for all systems are described
and discussed in terms of the predictive capabilities of LBM simulations to model direction wetting.
DOI: 10.1103/PhysRevE.88.013008
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I. INTRODUCTION

Anisotropic wetting has attracted considerable scientific
interest and attention over the past decade. Directional wetting
properties can be used for a wide range of applications, including lubrication, printing, waterproofing, and microfluidics. A
recent review by Xia et al. describes the latest advances in this
field [1].
Lattice Boltzmann modeling (LBM) comprises a versatile
technique to simulate fluid dynamics and has numerous
applications. It has several advantages over other techniques,
such as finite element methods (surface evolver) [2] and conventional computational fluid dynamics (CFD) [3]; advantages
include the ability to incorporate microscopic interactions
and parallelization of the algorithm. Most studies have been
performed on liquid volumes in contact with a solid interface,
such as contact line motion [4,5], modeling of contact
angles [6–8], impact studies [9], deposition of nanoparticles [10,11], gradient surfaces inducing droplet movement
[12,13], spreading of droplets on single posts [14], capillary
waves [15], flow in channels [16], and superhydrophobic
surfaces [17].
In this work, we compare results of LBM modeling to
actual experiments on droplets spreading and evaporation on
chemically stripe-patterned surfaces. In this realm, various
experimental [18,19], theoretical [20], and simulation [2,21,
22] studies have focused on the elongated final shape of a
droplet deposited on a heterogeneous surface. Moreover, the
directional spreading dynamics of high viscosity droplets on
chemically striped patterned surfaces have been investigated
[23].
Recently, a number of LBM studies have been performed
on the behavior of droplets on chemically striped patterned
surfaces; in most cases only two or three stripes were
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considered. Using two-dimensional LBM, Iwahara et al. [24]
demonstrated that the contact angle of a droplet on such an
anisotropic surface can be approximated by the Cassie-Baxter
equation. Kusumaatmaja et al. [25–30] performed an intensive
study using three-dimensional LBM; they found that the
initial drop conditions have a profound influence on the final
shape of the droplet when the droplet typically wets two
to three stripes. Similarly, Chang et al. [31] modeled the
spreading behavior of small droplets on up to three stripes,
showing that the spreading behavior depends on the width
of the hydrophobic stripe, the initial location, and gravity.
Finally, Varnik et al. [32] demonstrated the movement of
droplets over so-called gradient surfaces, with a gradient in
wettability, either defined chemically or induced by surface
roughness.
Here we perform an analysis of a range of different
experimental results by means of corresponding LBM simulations. The novelty of our work lies in the intricate relation
between experiment and simulation, and also the fact that
we attempt to perform more realistic simulations of spherical
droplets being deposited on anisotropic surfaces consisting
of many stripes and their subsequent spreading behavior. As
such, our approach provides a benchmarking tool for the
analysis of a wide range of experiments. Moreover, the LBM
simulations allow simple variation of experimental parameters
and modeling the outcome, which in turn give us a predictive
tool for the design of future experiments. The outline of this
article is as follows. In Sec. II, experimental details are given
as well as a brief review of LBM theory. Section III deals
with the anisotropic spreading of a droplet on a chemically
patterned surface, while Sec. IV discusses the evaporation of
droplets on these surfaces, leading to receding motion. Section
V describes wettability gradient induced droplet movement,
where we attempt to quantitatively compare simulated and
experimental results. In the discussion on Sec. VI we elaborate
on both the advantages and shortcomings of the model used,
followed by the conclusions in Sec. VII.
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achieved by very slowly lowering the suspended droplet onto
the surface. Characterization of the contact angle on a pristine
surface was also achieved using this system.
The spreading and evaporation experiments were done on
the transparent wafers, allowing us to capture the contact
line of the droplet from below. Recording was done using a
Photron Fastcam SA3 model 120KM2 camera using reflective
illumination by a high-power red LED, similar to the one used
by Eddi et al. [34]. The camera was operated at 10 000 fps and
50 fps for spreading and evaporation experiments, respectively.
The high-speed camera was used in a side-view configuration for recording droplet movement on the gradient surface
in order to capture the contact angles during movement of the
droplet. Additionally, a color camera operated at 10 fps was
mounted above the deposition stage in order to capture the
entire movement of the droplet.
Two liquids were used during the experiments, water and
decanol. Ultrapure water (18.2 M · cm from a Millipore
Simplicity 185 system) was used for the spreading and
evaporation experiments. The surface tension of water is
γlv = 72 mN/m and the dynamic viscosity is μ = 1 mP a · s.
For the gradient surfaces, the viscosity of water was too low,
leading to faster movement than we could capture. Therefore,
decanol (ABCR, Germany) was used. Decanol has a surface
tension of γlv = 28 mN/m and a viscosity of μ = 12 mP a · s,
about ten times higher than that of water. The contact angle
of decanol is lower on the chemical species as compared to
water due to its lower surface tension; the contact angle will
be specified in the subsequent section, where we describe and
discuss the results.

II. EXPERIMENTAL DETAILS
A. Substrates

Two types of substrate were used for the experiments. The
first substrate was a transparent borofloat wafer on which
chemically patterned stripes were formed. The second substrate was a silicon wafer with a native oxide layer (typically
2 nm thick) on which consecutive chemically striped patterns
were formed resulting in a gradient in surface energy [33].
The chemically defined stripes on both wafers were formed in a
similar way using standard clean-room facilities. First, positive
photoresist was spin-coated on the wafer and illuminated by
UV light using a mask of the desired pattern. After development of the photoresist, the wafer contains covered parts with
photoresist and uncovered parts exposing the oxide layer. The
photoresist provides a protective layer during chemical vapour
deposition of perfluordecyltrichlorosilane (PFDTS, ABCR
Germany). After PFDTS deposition, the photoresist was
removed using aceton, which leaves a chemically patterned
surface with stripes of self-assembled PFDTS and SiO2 .
The wetting properties of the resultant surface are dependent on the wetting properties of the chemical species exposed
to the liquid. This can be expressed in terms of the contact
angle a droplet adopts on such a chemical species. The contact
angle on PFDTS is always larger than the contact angle on
SiO2 due to the large fluorinated tail of the PFDTS molecules.
Therefore, the contact angle on PFDTS will be indicated by
θdry and the contact angle on SiO2 will be referred to as θwet
throughout this article. The actual contact angle depends on
the liquid used, which will be specified for every experiment
and simulation.

C. Lattice Boltzmann method
B. Experimental setup

For the lattice Boltzmann simulations, we used the Shanand-Chen-type multicomponent multiphase LBM [35]. Two
fluid components are modeled, each with its own distribution
function. The lattice used for the simulations is always in 3D
and is the D3Q19 lattice. Each lattice site (lx, ly, lz) has 19
discrete velocities described by ei :

Three types of experiments were performed using the same
setup but in different configurations. For all the experiments,
droplet deposition was achieved using an OCA 15 + apparatus
(Dataphysics, Germany), which creates droplets using a
computer-controlled syringe. Deposition of the droplet was
⎡
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of sound in the lattice is cs = c/ (3), with c = x/t, the
ratio of the lattice spacing to the time step.
The LBM model we used is described by Huang et al. [6].
The lattice Boltzmann equation used is given by:
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τσ is a relaxation time that is related to the kinematic
viscosity by νσ = cs2 (τσ − 0.5)t. The density of the fluid
at a lattice site can be calculated by applying the following
equation:
i

ρσ =

fiσ ,

(2)

i=1

where ρσ is the density of fluid 1 or 2 at a certain lattice site (lx,
ly, lz). A single lattice site contains two densities where the
minor components can be thought of as dissolved within the
dominant component. The equilibrium distribution function
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We typically have two forces acting on the fluids in our
system: the cohesion force and the adhesion force. No gravitational force is modeled, since the experimental volumes used
are low enough for gravity to be neglected. The cohesion force
holds the droplet together and determines the surface tension:
Fc,σ = −Gc ρσ (x,t)

wi ρσ (x + ei t,t)ei ,

−0.2

(5)

(6)

Fads,σ = −Gads,σ ρσ (x,t)

wi s(x + ei t)ei ,

(7)

i

where the parameter Gads determines the strength of the
interaction. The location of the surface is indicated by s,
and is 1 for surface node and 0 for a fluid node. Due to the
parameter s, an adhesion force is only present at the surface.
Following the work of Huang et al. [6], we can calculate
the contact angle with
cos (θ1 ) =

Gads,2 − Gads,1
,
2
Gc ρ1 −ρ
2

(8)

where Gads,1 is the adsorption constant for fluid 1 and Gads,2
is the adsorption constant for fluid 2. Huang et al. found the
most stable case when the adsorption constants are opposite to
each other, i.e., Gads,2 = −Gads,1 ; therefore, this is also used
in our model.
To benchmark the adsorption energies, simulations were
performed on a homogeneous surface at a specific adsorption
energy. The parameters used in the simulations were ρair =
0.06 (density of the fluid 1), ρliquid = 2.00 (density of the
fluid 2), Gc = −0.87 (cohesion parameter), lx = 300, ly =
100, lz = 300 (lattice sizes in the x,y,z direction), r = 40
(radius of droplet in lattice units), Tmax = 15 000 (number of
time steps), and Gads is varied. Figure 1 shows the cosine of the
contact angle of the droplet as a function of Gads . The contact
angles are computed from the width L at the baseline, and the

0.2

0.4

ads

FIG. 1. (Color online) The cosine of the contact angle versus
the adsorption parameter Gads . Blue circles are the simulated data
and the red line is the approximation proposed by Huang et al.
Parameters used for the simulations: ρair = 0.06, ρliquid = 2.00,
Gc = −0.87, lx = 300, ly = 100, lz = 300, r = 40, Tmax = 15 000,
and Gads,2 = −Gads,1 .

height h of the droplet using the geometric relation

i

where Fc,σ is the cohesion force for fluid 1 or 2, wi is the
weight parameter, and ρσ is the density of the opposite fluid.
The strength of the cohesion force is determined by the
parameter Gc . A low value of Gc results in a mixing of the
fluids and we end up with a single phase, while a higher value
of Gc causes a surface tension between the fluids, thereby
making them immiscible. The adhesion force is the force that
a fluid particle experiences by being absorbed on the surface.
This force can be described by the following equation:

0
G

tan (θ ) =

hL
.
(L/2)2 − h2

(9)

The results of the simulations are shown by the (blue) circles.
The (red) line is the approximation proposed by Huang et al.
included in Eq. (8); the approximation and the simulations are
a perfect match.
To simulate a striped surface with varying wettability, four
adsorption terms are used. Here we will make the distinction
between a stripe that is wetted more than another. The more
wetting stripe is termed the wet stripe and the other one is
termed the dry stripe. Since we have two fluids, there are two
adsorption terms for the wet stripe and two terms for the dry
stripe. We apply an opposite adsorption energy for the two
fluids, so only one adsorption energy will be mentioned for a
certain stripe.
The striped surface underneath the droplet is constructed
in the following way. A dry stripe is positioned in the center
of the lattice, followed by a wet stripe on both sides of this
stripe, then a dry stripe, and so on. For the surface, we employ
a standard bounce-back condition, so the fluid is unable to
penetrate the surface node. For the sides of the lattice, we use
periodic boundary conditions, so fluid leaving the lattice on
the right ends up at the left side of the lattice.
The boundary conditions we used are simple and straightforward. However, it is relatively easy to implement more
complex boundaries and surface geometries. For example,
Blow et al. [36] showed wetting on triangular posts and
Vrancken et al. [37] reported wetting and dewetting on
polygonal posts, instead of the striped surface used in our work.
The lattice Boltzmann algorithm is programmed in Fortran90 using Openmp for parallelization of the code. Analysis
and visualization of the output is achieved using Matlab.
III. ANISOTROPIC SPREADING

In this section, we first discuss the final shape of the
droplet, followed by a comparison of the time evolution
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FIG. 2. (Color online) (a) 3D view of the final droplet shape after 25 000 time steps. The white and green stripes represent the dry and wet
stripes, respectively. (b) Side view showing the parallel direction and (c) the perpendicular direction. (d) Snapshots of the spreading behavior
over time. The droplet starts as a sphere and touches the surface; it then spreads over the surface until it reaches its final shape. The simulations
times are, from left to right, T = 100, T = 1 700, T = 2 600, T = 6 500, T = 10 600, and T = 25 000.

of the droplet shape in both a typical experiment and in a
simulation. Subsequently, we focus on the droplet spreading
in the direction perpendicular to the stripes.
A droplet deposited on a chemically striped patterned surface will adopt an elongated shape due to preferential wetting
in one direction, as found in previous studies [18,19,38]. The
elongation depends on the relative widths of the stripes, as
wdry
described by the parameter α = wwet
, where wdry and wwet
are the widths of the dry and wet stripes, respectively; the
elongation in terms of the aspect ratio, i.e., the ratio of the
length and width of the droplet, scales with this parameter. For
small α the elongation is large, while for large α the elongation
is small with aspect ratios close to unity, i.e., corresponding to
a (more) spherical droplet. As shown by Léopoldès et al. [38],
the magnitude of the elongation is mainly determined by the
difference in wetabillity of the stripes.
First, we show our simulated result for α = 0.5, which
we compare to the actual experiment. The lattice size in this
case amounts to 290 × 208 × 440 pixels (lx, ly, lz); the stripe
widths amount to 10 and 20 pixels for the dry and wet stripes,
respectively. The radius of the droplet is 99 pixels, and the
contact angles on the stripes for the liquid are θwet = 40◦ and
θdry = 110◦ . The densities used in the simulations amount to
ρliquid = 2.00, ρair = 0.06, and Gc = −0.87.
The final shape of the droplet after 25 000 time steps is
shown in Fig. 2(a). It shows an elongated droplet shape due
to the aforementioned preferential spreading in the direction
parallel to the stripes. Figures 2(b) and 2(c) show two side
views of the droplet, displaying the contact angles in the
parallel and perpendicular directions, respectively. The contact
angles calculated using Eq. (9) are 65◦ and 84◦ , for the parallel
and perpendicular side, respectively. The first is in agreement
with the value calculated by applying the Cassie-Baxter
equation. The latter is a bit lower than the contact angle on
the dry stripe, which corresponds with experiments.
The simulation starts by placing the droplet on the substrate
as a sphere touching the surface with a single pixel. The droplet

then spreads laterally as a result of the adhesion force induced
by the surface. An overview of this spreading process can be
seen in Fig. 2(d), showing snapshots of the droplet spreading
over the surface.
Figures 3(a)–3(d) show a bottom view of the time evolution
of the footprint of the droplet for both the experiment and the
simulation. In the experiment, a 3-μl water droplet is deposited
on the surface. Figure 3(a) shows the droplet at t = 0.04 ms,
just after the droplet touched the surface. Here, the droplet
is already past the inertial spreading regime and we observe
the effect of the anisotropic wettability: the droplet is slightly
elongated (AR = 1.20). Figure 3(b) at t = 2.4 ms shows a
more elongated shape (AR = 1.47): the droplet has spread
much further in the parallel direction than in the direction
perpendicular to the stripes. Part of the droplet is pinned at
the dry stripe, shown by the straight section of the contact
line. Figure 3(c) at t = 4.7 ms shows an even more elongated
shape (AR = 1.66); the aforementioned pinning is still clearly
visible. Figure 3(d) shows the final shape of the droplet on
the surface at t = 13.5 ms; the droplet has detached from
the needle, which introduces considerable kinetic energy and
consequently influences the final shape, as discussed in a
previous study [19]. Due to the kinetic energy, the aspect
ratio actually decreases from a value of 1.66 in Fig. 3(c) to
AR = 1.55 in Fig. 3(d).
Figures 3(e)–3(h) show the simulated droplet on the surface,
in the same configuration as in the experiments, i.e., viewed
from below. The simulation relates to the same droplet as that
shown in Fig. 2, but now various frames are shown before the
final shape is reached. The colorscale in the image represents
the density of the fluid, where blue represents a very low
density and red a high density corresponding to the liquid
phase of the water droplet. Figure 3(e) shows the spreading at
the beginning of the simulation. The stripes on the surface can
be seen clearly in the density distribution within the footprint
of the droplet. The density is higher for the wet stripes due to
the positive attraction between water and the surface, while the
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FIG. 3. (Color online) (a–d) Bottom-view of a 3-μl water droplet
spreading over the surface; the time of the snapshot is indicated in the
figures. (e–h) Simulated droplet spreading over the surface, showing
the elongated shape; the number of time steps are indicated in each
figure.

density is lower for the dry stripes since the droplet does not
prefer to wet this stripe. Seven stripes are wetted in Fig. 3(e),
showing a slight elongation of the droplet (AR = 1.07). In
Fig. 3(f), the droplet is still wetting seven stripes, but the outer
wet stripes are now also “filled” and the droplet is about to
cross over the dry stripe onto the next wet stripe, and the
aspect ratio has increased to 1.19. In Fig. 3(g), the droplet is
wetting nine stripes and is again about to cross to the next
stripes (AR = 1.22). The droplet becomes progressively more
elongated as time advances. Figure 3(h) shows the droplet at
the end of the simulation in its final shape. It is now wetting
11 stripes and we can clearly observe the corrugation of the
contact line at the top and bottom when crossing the stripes
of alternating wettability as well as the pinning against the
dry stripe in the direction perpendicular to the stripes. The
aspect ratio of the final droplet is approximately 1.40, which
is comparable to the experimental observation. Chang et al.
[31] briefly described a similar effect for chemically patterned
striped surfaces.
By comparing the experiments with the simulations, we
conclude that both show the pronounced elongation of the
droplet. For the experiment, there is a continuous increase in
the aspect ratio until the droplet detaches from the needle,
whereas after detachment the final aspect ratio is slightly
reduced. In the simulation, the aspect ratio increases continuously, since there is no snap-off from the needle. Both show
droplet pinning on the dry stripes leading to a straight section
of the contact line. The actual evolution over time appears
to be somewhat different as compared to the experiment;
for example, the elongation is much more pronounced for
Fig. 3(c) in the experiment when compared to Fig. 3(g) of the
simulations. A major difference between the experiment and
the simulation is the number of stripes that are wetted. In the
simulations, the number of wetted stripes is 11, while for the
experiments this is around 77 stripes.
The aspect ratio of the simulated droplet depends on its
initial radius. In the example shown in Fig. 3, the droplet is
pinned on the final dry stripe. However, when the radius is
increased by a small amount, for example, from 99 to 100, the

FIG. 4. (Color online) A zoom in of movement of a droplet over
a dry stripe for the experiments (a) and for the simulations (b). The
droplet crosses the dry stripe in the center and advances on the wet
stripe, dragging along the contact line.

droplet crosses the next stripe because the additional volume
pushes the droplet over it; this in turn will then lead to a much
lower aspect ratio. This demonstrates that the final aspect ratio
shows a dependence on the initial radius of the droplet in the
simulation, therewith accounting for the lower value than in
the experimental case.
Clearly, the elongation of the droplet is determined by the
pinning of the droplet on the dry stripe. We now focus on the
behavior of the contact line when crossing a dry stripe and
subsequently “filling” the wet stripe, thereby dragging along
the contact line over the dry stripe. An enlarged image of this
effect is shown in Fig. 4 for the experiment, Fig. 4(a) and the
simulation, Fig. 4(b). For the experimental case, the snapshots
are taken during wetting of the final stripe after detachment
from the needle. For the simulations, the wetting of the final
stripe is showed.
In Fig. 4(a) the liquid is represented by the dark shade on
the left. The outermost wet stripe is wetted and the liquid is
pinned at the edge of the dry stripe. Liquid from the top of the
droplet moves down toward the surface leading to an increased
pressure at the straight contact line. The contact line eventually
starts to buckle as seen in the second snapshot. Following
progressive buckling, it crosses the dry stripe. Once the droplet
touches the wet stripe it starts to spread along this stripe,
thereby dragging along the contact line over the dry stripe.
In the following snapshots, the contact line progressively fills
the stripe by spreading along the edge of the droplet, while
being pinned at the edge of the next dry stripe, again resulting
in a straight segment of the contact line. Such a mechanism
was already proposed by Bliznyuk et al. [23] for droplets on
chemically striped patterned surface, similar to the situation
on corrugated surfaces [27].
In Fig. 4(b), results of the simulation are shown. In the
first snapshot, the droplet has an almost straight contact line,
whereas in the center the contact line starts to buckle slightly
by advancing onto the dry stripe. In the next snapshot, this
buckling has increased and the droplet is just touching the wet
stripe as evidenced by the increase in the liquid density (the red
shading). In the following snapshots, the steps in the contact
line on both sides of the initial protrusion advance along the
stripe, gradually filling it. In the second to last snapshot we
can see that the droplet starts to buckle over the dry stripe but
then recedes from it in the final image. Simultaneously, with
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the filling of the final stripe, the second to final stripe is also
being progressively filled.
Comparing the experiment and the simulation reveals a
uniform behavior when the contact line crosses a stripe. The
liquid does not want to wet the dry stripe and, thus, pinning
gives rise to a straight contact line. However, due to a balance
between the Laplace pressure and the surface tension, the
droplet eventually starts to buckle over the dry stripe and so
partially wets it. Once a small protrusion has crossed the dry
stripe in the center of the droplet, the droplet starts spreading
along the wet stripe. However, one difference is that in the
experiment an elongated droplet is already present on the
surface, while for the simulated case the droplet is only slightly
elongated and the previous stripe is not completely wetted,
leading to a small difference in the filling motion. In summary,
the experiment and the simulation show very similar spreading
behavior: unhindered spreading in the direction parallel to the
stripe and stick slip spreading in the direction perpendicular to
the stripes.
IV. EVAPORATION OF DROPLETS

In the previous section, we described the spreading of
a droplet. Here, we focus on the reverse situation, i.e.,
the evaporation of a droplet on a surface with anisotropic
wetting properties, and study the shape evolution over time. A
1-μl water droplet is deposited on a substrate with α = 0.5,
consisting of dry and wet stripes having widths of 10 and
20 μm, respectively. The contact angles on the stripes are
the same as in the previous section, i.e., θdry = 110◦ and
θwet = 40◦ . The droplet is deposited on the surface and
recording started once the droplet makes contact with the
surface. Recording was done with the high-speed camera
operated at 50 fps in the same setup as in the aforementioned
spreading experiments.
In Fig. 5, the results for both the experiment and the
simulation are shown. The top row, Figs. 5(a)–5(d), shows
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e

f

g

h

FIG. 5. (Color online) (a–d) Experiment: evaporation of droplet
on surface; time is indicated in the figures. (e–h) Simulation:
evaporation of droplet on surface; simulation steps are indicated in
the figure.

snapshots of the droplet in the experiment at various times.
The AR in Fig. 5(a) is 1.40, slightly lower than the value of
the experimental droplet after the spreading in the previous
section (Fig. 3). We ascribe this to kinetic effects, which lead
to a lower aspect ratio, since a lower volume was used. Here,
we define t = 0 s at the moment of the first snapshot, Fig. 5(a),
i.e., when the droplet has fully spread on the surface and starts
to evaporate.
The second snapshot, Fig. 5(b), is taken at t = 201 s; clearly
a different shape is observed. The aspect ratio of the droplet
has decreased from 1.40 to 1.14. The width of the droplet has
not changed between the two snapshots, indicating that motion
of the contact line has only occurred in the direction parallel
to the stripes. It is more difficult for the droplet to recede from
the wet stripe, due to the low contact angle required for such
motion. As compared to the spreading situation where the dry
stripe hinders advancing motion of the contact line, in the
receding case it is the wet stripe that pins the motion in the
direction perpendicular to the stripes. It is easier to recede in
the parallel direction since the dry stripes are easily dewetted
dragging along the contact line.
The third snapshot, Fig. 5(c), taken at t = 282 s, shows that
the droplet footprint is close to circular. The aspect ratio of
the droplet amounts to AR = 0.956, which implies that the
width (perpendicular to the stripes) is slightly larger than the
length (parallel to the stripes); the width of the droplet in
snapshot three is still the same as in the previous snapshots.
However, once the length becomes smaller than the width,
the droplet also starts to recede over the wet stripes in the
direction perpendicular to the stripes. As such, the aspect
ratio of the droplet stays close to unity in this stage of
evaporation.
In the fourth snapshot, Fig. 5(d), taken at t = 466 s, the
AR = 0.96 and the droplet footprint appears to be nearly
circular. We can see that the contact line has started to cross the
stripes in the perpendicular direction. The center of the droplet
has shifted as compared to its position in Fig. 5(a). We attribute
this to the presence of a pinning center at the bottom of the
droplet. The contact line recedes over the surface and it has
probably picked up some contamination, at the bottom end of
the droplet. The droplet continues to evaporate until no liquid
is left on the surface. The total evaporation time amounted to
t = 490 s.
To simulate droplet evaporation using the lattice Boltzmann
approach, we applied the following method. We started with
a droplet that has spread on the surface, in this case the
one shown in Fig. 2. Every 20 time steps we removed 64
pixels of liquid density from the droplet, which equals a
droplet with a radius of 4 pixels. This decrease in density
was distributed over all pixels within the droplet, resulting in a
lower density of the entire droplet. This caused the droplet to
shrink and recede over the surface, much like the evaporating
droplet in the experiment. Under more realistic conditions, the
evaporation rate of a droplet depends on the area exposed to
air and the curvature of the interface. This was not included in
the simulation; in the simulation the rate of evaporation was
constant, which was obviously not the case for the droplet in
the experiment. Nevertheless, we can compare the shape the
droplet has while evaporating, since this is determined by the
pattern underneath the droplet.
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The simulations in the lower part of Figs. 5(e)–5(h) show a
similar trend when comparing the shape of the droplet to that
observed experimentally. In Fig. 5(e), the droplet is elongated
on the surface, and the aspect ratio of the simulated droplet is
in agreement with the experimental one. As described above,
evaporating of the liquid in the simulation is achieved by a
decrease in density, which gives rise to receding motion of
the contact line. Receding is easier in the parallel direction,
so the length decreases first. In Fig. 5(f), we can see that the
width of the droplet did not change and the length has reduced,
therewith effectively leading to a decrease of the aspect ratio.
The droplet shrinks further until the aspect ratio is below unity,
after which it also starts to retract over the wet stripes in the
perpendicular direction. This can be seen in Fig. 5(g); a small
part of the liquid remains on the wet stripe and the contact
line starts to move from this stripe. Figure 5(h) shows a tiny
droplet on the surface, and the footprint of the droplet can be
approximated as being circular with an aspect ratio close to
unity.
To summarize, comparing the experiment and the simulation, similar receding behavior on the surface is observed.
First, the contact line retracts along the stripes, and when
the aspect ratio is below unity it also starts to recede in the
direction perpendicular to the stripes. We cannot comment on
the absolute evaporation times, since these are not correctly
modeled in the simulation. In the simulation, we did not
include any defects or contaminants. As such, the droplet
center remains in the same position, while for the experimental
case pinning centers potentially lead to asymmetric retraction,
such as shown in Fig. 5(d).
V. DROPLET MOTION ON A WETTABILITY GRADIENT

In this section, we compare a simulation to an experiment
on a droplet moving over a surface with a chemically defined
gradient in surface energy. The gradient is similar to the one
reported by Blinzyuk et al. [33]. Both in the simulation and the
experiment, the gradient consists of five striped regions with
different macroscopic wetting properties. For the experiment,
first a homogeneous functionalized “dry” layer is created with
a length (in the spreading direction) of 2 mm on which the
droplet is deposited. The first striped pattern (on the right of the
aforementioned unpatterned area) has an α of 0.9, and absolute
stripe sizes of 14.4 and 16 μm for the dry and wet stripes,
respectively. The second striped pattern has an α of 0.5 with
absolute stripe widths of 8 and 16 μm, while the third striped
pattern has an α of 0.3 with stripe sizes of 4.8 and 16 μm. The
final part comprises the “wet” bare SiO2 surface containing
no stripes. Altogether, this results in a global surface energy
gradient with contact angles of 60.0◦ , 46.2◦ , 41.2◦ , 38.6◦ ,
and 30.0◦ for the five areas, giving rise to movement of the
droplet from left to right. The liquid used for the experiments
is decanol, which exhibits contact angles of θdry = 60◦ and
θwet = 30◦ . This liquid was used for its higher viscosity as
compared to water, therewith giving rise to slower motion,
which enables capturing using a standard camera. The volume
of the droplet is 2 μl.
Figures 6(a)–6(d) show four top-view snapshots of a decanol droplet on the aforementioned pattern. After deposition
on the surface by the syringe, the droplet starts to spread,
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FIG. 6. (Color online) (a–d) Experiment: Top-view of a 2-μl
decanol droplet on a chemically defined wetting gradient: (a) After
making contact with the surface, the droplet starts to spread; (b)
detached from the needle, the sides of the droplet are pinned by
the dry stripes; (c) progressive motion over the pattern; (d) droplet
reaches the unpatterned region, spreading radially. (e–h) Simulated
bottom-view: (e) droplet has spread on the dry region, advancing to
the stripes; (f) droplet moving over the pattern, receding from the
dry region; (g) droplet spanning the entire striped pattern; (h) droplet
reaches the unpatterned region, spreading radially.

Fig. 6(a), with a slightly asymmetric shape due to the chemical
pattern underneath the droplet. After detachment from the
needle, Fig. 6(b), the sides (top and bottom in the snapshot) of
the droplet are pinned to the dry stripes; clearly the center of
mass has moved to the right. In Fig. 6(c), we observe further
movement over the pattern. The droplet is distributed over all
three striped areas; pinning in the perpendicular direction is
exhibited by the straight contact lines. The advancing contact
line almost touches the unpatterned region. In Fig. 6(d),
the droplet is spreading radially on the unpatterned surface,
forcing the contact line over the dry stripes in the trailing part
of the droplet. Motion continues toward the unpatterned SiO2
until it eventually comes to a stop after 7.1 s, adopting a circular
shape.
Liquid motion on the gradient pattern can also be simulated
using LBM. For the simulation, we constructed roughly the
same pattern as in the experiments. The length of the pattern
is scaled to the droplet radius so that the ratio of pattern
length and droplet radius is matched to the experiment. The
α values of the pattern amount to 1.0, 0.5, and 0.33 as
compared to 0.9, 0.5, and 0.3 for the experiment, due to the
limited amount of pixels available. As in the previous sections,
the number of stripes underneath the droplet is much lower
in the simulation. The parameters used for the simulations
are lx = 524, ly = 100, lz = 206, ρliquid = 39.67, ρair =
0.06, Gc = −0.055, r = 45,τliquid = 1.0,τair = 1.0, Tmax =
400 000, Gads = 0.4116, Gads = 0.2327. The width of the dry
stripe was set to 5 pixels and the width of the wet stripe was
adjusted accordingly to get the aforementioned α values.
The kinematic viscosities for air and decanol are comparable, which allows us to study the movement as a function
of time. The density of the liquid phase is adjusted so that it
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matches the density ratio of decanol and air. The adsorption
energies had to be modified due to the density increase. The
same procedure has been used as described in the legend of
Fig. 1, only with different densities, to obtain the adsorption
values for θwet = 30◦ and θdry = 60◦ .
The movement of the simulated droplet is captured in
bottom-view snapshots as shown in Figs. 6(e)–6(h). The
droplet was deposited on the dry part, and as it spreads it
touches the first striped pattern and it spreads faster on the right
side than on the left, Fig. 6(e), giving rise to an anisotropic
shape. As the simulation continues, Fig. 6(f), the droplet
moves to the right, while it is pinned in the perpendicular
direction by the dry stripes, in a similar fashion as that observed
in the experiments. The droplet spreads further eventually
spanning three striped patterns, Fig. 6(g). Once it touches the
unpatterned area, it starts to move radially as can be seen in
Fig. 6(h).
Comparing the experiment and the simulation reveals that
the droplets show similar behavior. Nevertheless, upon moving
from the dry part on the left to the wet part on the right,
there are some marked differences in shape and motion of the
droplet. The experimental droplet is more elongated than the
simulated one, which is visible in Figs. 6(c) and 6(g). This can
be attributed to contact angle hysteresis. Hysteresis is apparent
in the experimental case, making it more difficult for the
droplet to recede from the surface (the left side of the droplet),
leading to a more elongated shape. Contact angle hysteresis
is not included in the LBM simulations; as such, it is relative
“easy” for the droplet to retract from the surface, resulting in
a less elongated shape in the simulation as compared to the
experiment.
We can compare time scales of the experiment and the
simulation, since the kinematic viscosities of air and decanol
are comparable. In both cases, results can be scaled to the
dimensionless time t  = tU
, where t is the time of the system,
r
U is the average velocity, and r the radius of the droplet.
Doing this we can plot the normalized position of the left and
right sides of the droplet, as a function of dimensionless time;
the result is shown in Fig. 7. The figure shows similar trends
for experiment and simulation. The droplet is deposited on the
surface and it spreads more over the first striped pattern leading
10
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FIG. 7. (Color online) The normalized position of the left and
right borders of the droplet, for the experiment and simulation. The
center of the initially deposited droplet is taken at 0 and the position
of the droplet is normalized to the droplet radius.

to a higher value for the position. For the experiment the droplet
already spreads before recording started, which is why at t  =
0, it already has moved with respect to the starting position
at 0. Both droplets spread and the left side of the droplet is
pinned at the border between the dry contact angle part and the
first striped pattern, as witnessed by the horizontal sections for
the right and left side in the plot. The right side of the droplet
keeps spreading over the surface and eventually reaches the
unpatterned region, leading to an increase in droplet speed.
Once the droplet touches the unpatterned part of the surface
in the experiment, the receding left side detaches and it starts
to move; in the simulation, this movement of the receding left
side already started before the advancing right side reached
the unpatterned wet area.
The absence of contact angle hysteresis in the simulation
can be seen in the figure. The receding left side of the droplet
moves considerably faster than in the experiment. In the
simulation, it is easier to recede from the surface as compared
to the experiment. However, the pinning trends are visible in
the plots, showing that the experiment and the simulation can
be compared semiquantitatively. This gives us a predictive tool
for droplet motion; in the simulation, the pattern underneath the
droplet can easily be changed and the movement of the droplet
can be investigated for a large variety of surface designs.

VI. DISCUSSION

In the previous sections we have demonstrated the qualitative agreement between experiments and simulations using
LBM for spreading, evaporation, and droplet movement
induced by a gradient in surface wettability. The final aspect
ratio of the droplet after spreading is roughly the same both
in experiment and simulation. Modeling of an evaporating
droplet leads to similar movement of the contact line; that
is, first the contact line recedes in the direction parallel to
the stripes and once the droplet is approximately spherical it
also recedes perpendicular to the stripes. Finally, on a gradient
similar motion is observed. Nevertheless, there are a number
of differences, which we will comment on in this section.
One key difference for all simulations is that the number
of stripes covered by the droplet in the experiments is much
larger than in the simulations. This leads to small differences
in the shape evolution of the droplet on the surface. As long
as the pinning force of a single stripe is sufficiently high
and the droplet has difficulty in moving over the dry stripe,
the evolution and final shape are very similar. In our case,
the stripes needed to be wide enough to introduce pinning
and hinder premature advancing over the dry stripes. If the
stripes are taken too narrow, the pinning force is reduced and
therewith also the aspect ratio of the droplet. On the other
hand, increasing the lattice size, and therewith the stripe sizes,
even further is difficult due to the high memory requirement.
Another difference between the simulations and the experiments lies in the viscosity of the fluids. In the LBM
simulations we consider two immiscible fluids; the model
we use can only be applied for fluids that have roughly the
same kinetic viscosity. For most of our experiments, this was
clearly not the case, since we used water and air, for which the
ratio of kinetic viscosities ≈ 15. As such, for our simulations
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the viscosity is much lower as compared to the experiments.
This makes it difficult to compare absolute time scales, which
was, therefore, omitted. Only for the gradient surfaces, on
which decanol was deposited, it was possible to compare time
scales. Nevertheless, we can still address the shape of the
droplet—and so the dynamics—only of a more viscous fluid
than water.
The difference between the kinematic viscosity of the
fluids can be increased by modifying the equations we
used. Fakhari et al. [39], for example, use a multirelaxation
time, which allows incorporation of high Reynolds numbers.
Sbragaglia et al. [40] use a multirange pseudopotential, which
allows the achievement of higher density ratios. Incorporating
the previous mentioned methods into the current simulations may in the future give us a better, comparable time
evolution.
Contact angle hysteresis is not taken into account in the
simulations, only the equilibrium angles are used. The absence
of hysteresis does not have a major influence on the shape and
time evolution of the spreading and evaporating droplets. For
spreading, the contact angles used are lower than the advancing
angles, resulting in a pinning force that is slightly smaller as
compared to the experiments. Using the advancing angles in
the simulations would result in a slightly higher aspect ratio of
the droplet. In the case of evaporation, the actual contact angles
used are higher than the receding angles. This makes it slightly
easier for the simulated droplet to dewet the surface. However,
the shape of the droplet and the path the droplet takes as it
dewets the surface will not substantially change when contact
angles are slightly lower.
In terms of the gradient, small differences can be seen due
to the fact that we did not take into account contact angle
hysteresis in the simulation. As a consequence, the droplet is
more free to move over the surface as compared to that in the
experimental case, leading to a smaller base size and higher
velocity as compared to the experiment. Recently, Wang et al.
[41] introduced contact angle hysteresis into LBM simulations,
which has the potential to considerably improve the accuracy
and reliability of the simulations as a predictive tool.
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