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a  b  s  t  r  a  c  t

Lattice  Boltzmann  modelling  (LBM)  has  recently  been  applied  to a range  of  different  wetting  situations.
Here  we  demonstrate  its  potential  in  representing  complex  kinetic  effects  encountered  in  droplets  on
chemically  stripe-patterned  surfaces.  An  ultimate  example  of  the  power  of  LBM  is provided  by  compar-
ing  simulations  and experiments  of impacting  droplets  with  varying  Weber  numbers.  Also,  the  shape
evolution  of droplets  is discussed  in  relation  to their  final  shape.  The  latter  can  then  be  compared  to  Sur-
face  Evolver  (SE)  results,  since  under  the  proper  boundary  conditions  both  approaches  should  yield  the
same  configuration  in a  static  state.  During  droplet  growth  in LBM  simulations,  achieved  by  increasing
the  density  within  the  droplet,  the  contact  line  initially  advances  in  the  direction  parallel  to  the  stripes,
therewith  increasing  its aspect  ratio.  Once  the  volume  becomes  too  large  the  droplet  starts  wetting  addi-
tional  stripes,  leading  to a lower  aspect  ratio.  The  maximum  aspect  ratio  is  shown  to  be  a  function  of
the  width  ratio  of the hydrophobic  and  hydrophilic  stripes  and  also their  absolute  widths.  In the  limit
of  sufficiently  large  stripe  widths  the  aspect  ratio  is  solely  dependent  on the  relative  stripe  widths.  The

maximum  droplet  aspect  ratio  in  the  LBM  simulations  is  compared  to  SE  simulations  and  results  are
shown  to  be  in  good  agreement.  Additionally,  we  also  show  the  ability  of  LBM  to investigate  single stripe
wetting,  enabling  determination  of the maximum  aspect  ratio  that  can  be achieved  in  the  limit  of  neg-
ligible  hydrophobic  stripe  width,  under  the  constraint  that  the stripe  widths  are  large enough  such  that
they  are not  easily  crossed.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

In the past years, considerable effort has been devoted to
he experimental investigation of directional wetting on stripe-
atterned surfaces [1–4]. It was shown that the final droplet shape
ot only depends on the surface pattern that is underneath the
roplet, but also on the amount of kinetic energy that is involved

n the deposition [5]. For a more detailed level of understand-
ng, the ability to model and simulate the processes occurring in
roplet deposition on such surfaces, an approach is required which
nables accurate, realistic inclusion of kinetic effects. In this respect
attice Boltzmann modelling (LBM) provides a powerful tool for
his purpose. As compared to Surface Evolver (SE), a frequently

mployed package to calculate the minimum energy state of a
roplet using a finite element approach, LBM has the major bene-
t that it does enable assessment of the kinetics leading to a final

∗ Corresponding author.
E-mail address: e.s.kooij@utwente.nl (E.S. Kooij).
URL: http://www.utwente.nl/tnw/pin (E.S. Kooij).

ttp://dx.doi.org/10.1016/j.apsusc.2015.11.120
169-4332/© 2015 Elsevier B.V. All rights reserved.
droplet shape. However, both methods should ultimately yield the
same final droplet shape on a specific surface. Therefore we  set
out to benchmark the relatively new LBM approach applied to our
experimental system, with results obtained using the more estab-
lished SE method.

Kusumaatmaja et al. [6–8] studied the dynamics of droplets
on chemically striped patterned surfaces, showing that different
morphologies can exist, and that dynamics determine the droplet
shape. They also showed the elongation of droplets on corrugated
surfaces [9], both in experiment and in simulations. The elon-
gation is strongly dependent on the amount of kinetic energy
that is placed upon the droplet. David and Neumann applied free
energy-minimizing simulations to confirm the agreement with
experimental droplet shapes both on chemically striped [10] as well
as grooved surfaces [11].

Wetting morphologies on chemically and topographically
patterned surfaces have been studied by various groups [12–28].

For single stripe and channel/trench wetting, two different liquid
morphologies exist: (i) the channel state and (ii) the bulge state.
In the channel state the liquid only wets the hydrophilic stripe
while being confined by the border between the hydrophilic and the

dx.doi.org/10.1016/j.apsusc.2015.11.120
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ydrophobic stripe, or the morphologically structured part in the
ase of a trench. In the bulge state liquid starts to advance over the
ydrophobic stripe or it starts to move outside the trench, resulting

n a bulge at the center of the stripe. These studies show that the
referred state depends on the wettability of the stripes and the
tructures that are used. They do not focus on the maximum aspect
atio that can be achieved, which is one of the aspects we  will deal
ith in this work.

As outlined above, in comparison to finite element approaches,
BM enables including kinetic effects [29]. Previously we  per-
ormed a preliminary comparison between LBM and actual
xperiments [3]. Here we compare results obtained from LBM sim-
lations to SE simulations, which allows us to place the same
onstraints on the droplet. As such, the SE results provide a bench-
ark to validate our LBM work.
After a description of the essential details of both numerical

pproaches, we first demonstrate the power and potential of LBM
y a simulation of impacting droplets on stripe-patterned surfaces,
nd its effect on the final droplet shape. Since SE comprises a finite
lement approach, in which the energy of the droplet is contin-
ously minimized, it does not allow taking into account kinetic
ffects such as they play a role in the example of impacting droplets.
BM on the other hand takes into account the full dynamics of the
ystem and therewith allows a complete simulation revealing the
inetics as observed in actual experiments.

In the next section, we perform a more detailed analysis of final
roplets shapes, comparing results of LBM and SE. In the case of
he minimum energy state under the proper boundary conditions,
oth computational techniques should give the same results after
he systems are left to relax to a stable, static situation. For both

ethods the aspect ratio is simulated as a function of ˛, where
 = Wdry/Wwet is the ratio of the widths of dry (lyophobic) and
et (lyophilic) stripes, with contact angles set to �dry = 110◦ and

wet = 40◦. In addition, the wettability of the stripes is adjusted.
Finally, in the last section we again use LBM simulations to

tudy droplet wetting on a single stripe. Since the temporal shape
volution is important, LBM allows us to discuss the up to now
nanswered question what the maximum achievable aspect ratio
f a droplet is.

. Simulation details

.1. Lattice Boltzmann

For the lattice Boltzmann modeling (LBM) simulations, we used
he Shan-and-Chen-type multicomponent multiphase LBM [30];
or full details on the implementation of LBM we refer the reader
o our previous work [3].

Two fluid components are modelled, each with its own  distri-
ution function. The lattice used for the simulations is always in 3D
nd is the D3Q19 lattice. The LBM model we used is described by
uang et al. [31]. The lattice Boltzmann equation used is given by:

�
i (x + ea�t,  t + �t)  = f �

i (x, t) − �t

��
[f �

i (x, t) − f �,eq
i

(x, t)] (1)

here f �
i

(x, t) is the distribution function of component � (i.e. fluid
 or fluid 2) in the ith velocity direction, and �� is a relaxation time
hich is related to the kinematic viscosity by �� = c2

s (�� − 0.5)�t.
he density of the fluid at a lattice site can be calculated by applying
he following equation:

i∑
�

� =
i=1

fi (2)

here �� is the density of fluid 1 or 2 at a certain lattice site (lx,
y, lz). A single lattice site contains two densities where the minor
ce Science 361 (2016) 122–132 123

components can be thought of as dissolved within the dominant
component.

We typically have two forces acting on the fluids in our system:
(i) the cohesion force and (ii) 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,� = −Gc��(x, t)
∑

i

wi��̄(x + ei�t,  t)ei (3)

where Fc,� is the cohesion force for fluid 1 or 2, wi is the weight
parameter, and ��̄ is the density of the opposite fluid. The strength
of the cohesion force is determined by the parameter Gc. A low Gc

value results in a mixing of the fluids and we  end up with a single
phase, while a higher Gc value induces 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

Fads,� = −Gads,���(x, t)
∑

i

wis(x + ei�t)ei (4)

where the parameter Gads determines the strength of the interac-
tion. The location of the surface is indicated by s, and is 1 for surface
node and 0 for a fluid node.

Following the work of Huang et al. [31], we can calculate the
contact angle using

cos(�1) = Gads,2 − Gads,1

Gc
�1−�2

2

(5)

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.

To benchmark the adsorption energies, simulations were per-
formed on a homogeneous surface at a specific adsorption energy.
The parameters used in the simulation were �air = 0.06 (density of
the fluid 1), �liquid = 2.00 (density of the fluid 2), Gc = −0.87 (cohe-
sion 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.

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, referred to as
wet and dry stripes. Since we have two fluids, there are two adsorp-
tion 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.

For the simulations presented in this work, a finite size of the
simulation box requires definition of boundary conditions. At the
sides of the simulation box we applied periodic boundary con-
ditions [32], i.e. elements reaching the boundary appear on the
opposite side. Simulations are accurate as long as care is taken that
the droplet meniscus and therewith the three-phase contact line
do not come too close to the edges. In other words, in practice
this implies that the distance should be considerably larger that
the diffusive layer thickness, which amount to 6 lattice units. On
the top (liquid does not leave the system) and the bottom (liquid
does not penetrate into the substrate) of the simulation volume the
halfway bounce back boundary condition is applied in our simula-
tions [33,34].
Finally, a general restriction in LBM simulations, which is
attracting considerable attention nowadays, is that a direct con-
nection between simulation parameters such as lattice units and
time steps and actual experimental quantities such as distance and
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ime remains a major challenge. As such, our results are in all cases
resented in terms of the simulation parameters.

.2. Surface Evolver

Surface Evolver (SE) [35] is used to simulate the droplet shape
n a chemically patterned surface, wetting 29 stripes as opposed
o 7 for the LBM simulations. The SE procedures are identical
o those used in our previous paper [36]; we briefly summarize
etails here. SE is a freely available software package, enabling
he study of surfaces shaped by energies which are a combination
f surface tension, gravitational energy, squared mean curvature,
ser-defined surface intergrals and/or knot energies. In SE a sur-
ace is implemented as a union of triangles formed by connecting
ertices. Generally, the number of vertices can be increased for
etter accuracy of the shape. The surface is evolved toward its min-

mal energy by a gradient descent method in a number of iteration
teps.

In our case, we only consider the surface tension of the liquid
nd the interaction with the substrate surface. In the simulations,
ravity is ignored, since typical droplets in our experiments have a
ufficiently small volume to neglect its influence. The equilibrium
rop shape is obtained by a numerical procedure which minimizes
he total free energy G of the droplet, which is given by

G

�lv
= Slv −

∫ ∫
Ssl

cos(�i(x, y))dx dy (6)

here �lv is the interfacial tension between the liquid and the
apor. Slv and Ssl are the liquid–vapor and the solid–liquid inter-
acial areas of contact, and �i represents the intrinsic contact angle
hat generally depends on the position x and y on the substrate.

A typical substrate surface is divided into alternating stripes
ith high (hydrophobic) and low (hydrophilic) contact angles,

lready referred to as dry and wet stripes, respectively. The tran-
ition region is assumed to be sharp, i.e., we consider the modeled
oundary between stripes as a step-function in surface energy and
herewith a sharp discontinuity in contact angle. The intrinsic con-
act angle �i is defined by Youngs equation

os(�i) = �sv − �sl

�lv
(7)

here �lv, �sv and �sl represent the interfacial tension between the
iquid and the vapor, the solid and the vapor, and the solid and the
iquid, respectively. Line tension is neglected in the simulations.

A volume of liquid is placed on the surface and is confined to
tay on top of 29 stripes; if this restriction was not imposed, we
ncountered problems in evolving the droplet toward an equi-
ibrium shape due to the fact that there is no gradient in energy
etween the different stripes. In that case, vertices do not have

 specific direction to move along and started to move randomly
esulting in a runaway of vertices. In order to avoid this effect, ver-
ices are placed at the boundary between the stripes and confined
o stay there. The initial shape of the liquid volume is that of a cube.
pon starting the iterations, the vertices of the droplet are moved in

he direction prescribed by (i) the surface forces acting on them, (ii)
 fixed volume constraint, and (iii) the constraint that the droplet
as to be on the surface. This will continue until the total energy
f the droplet no longer changes significantly. The surface is then
efined for a more precise shape determination by adding addi-

ional vertices, and the iterations are recommenced. This procedure
s repeated a number of times until the final refined equilibrium
hape is reached. For a more detailed description of the technical
rocedure, we refer to the SE manual [35].
ce Science 361 (2016) 122–132

3. Demonstrating the power of LBM

3.1. Kinetic effects in impacting droplets

Before performing a detailed comparison between the two  mod-
elling approaches, we  first demonstrate the potential of LBM by
means of a simulation of impacting droplets on stripe-patterned
surfaces. Recently, we presented an experimental study into the
effect of kinetics on the final droplet shape on such chemically
designed surfaces [5]. In the left panel of Fig. 1, the aspect ratio
of droplets after impact on the surface is plotted as a function of
the macroscopic hydrophobicity, expressed by the width ratio  ̨ of
hydrophobic and hydrophilic stripes. The different coloured sym-
bols represent experiments performed at different Weber numbers
We = �U2

0 D0/�,  where � and � are the density and surface tension
of the liquid, respectively, U0 the impact velocity and D0 the initial
diameter of the droplet. Droplets are jetted from an inkjet nozzle at
a fixed speed of a few meters per second. The Weber number was
varied by tuning the droplet volume; for the experiments in Fig. 1
the volume amounted to 80, 245 and 402 pL.

The Weber number compares the inertial force to the surface
tension. When We  � 1, the inertial force dominates the surface
tension, emphasizing the role of impact kinetics. Clanet et al. [37]
studied the maximum diameter of a droplet after impact on various
surfaces. They concluded that the maximum diameter during the
impact event scales as Dmax/D0 ≈ We1/4, independent of the surface
wettability. This implies that for larger Weber numbers the maxi-
mum  spreading diameter increases, and therewith the number of
stripes crossed on a specific stripe pattern becomes larger.

The right part of Fig. 1 depicts two  sets of snapshots from
LBM simulations, for low (top) and high (bottom) Weber num-
bers, respectively. From the simulation it is immediately clear that
the maximum spreading is in agreement with the aforementioned
relation between We  and Dmax; for the low We  situation only four
hydrophilic stripes are covered, while in the case of the larger We
up to six hydrophilic stripes are spanned by the droplet. Due to the
energetically unfavourable retraction in the direction perpendicu-
lar to the stripes, as compared to the direction parallel to the stripes,
the aspect ratio of the droplet after it comes to rest is affected by the
inertia of the droplet, i.e. by the kinetics expressed by the Weber
number. We stress that SE does not allow such kinetic modelling.

3.2. Shape evolution in LBM

The shape evolution of a growing droplet as a function of time is
shown in Fig. 2 for an LBM simulation with absolute stripe widths of
10 lattice units (l.u.), for both stripes, i.e.  ̨ = 1.0. Several snapshots
are shown of the droplet at the liquid–solid interface (A–E), while
the transients (F–G) depict the time evolution of the aspect ratio
and the contact angles. (A) The droplet is deposited on the surface,
starting as a sphere. (B) The droplet has spread over the surface,
wetting 7 stripes. The density increase starts at the onset of the
simulation; however this increase is small for short time scales so
that the amount of added volume does not influence the motion of
the droplet in the time that it is spreading. (C) Over time the vol-
ume  of the droplet has increased substantially and the droplet has
grown in the direction parallel to the stripes, therefore the aspect
ratio of the droplet has increased. The contact angle in the paral-
lel direction remains approximately constant with a value of 78◦,
while the contact angle in the perpendicular direction is increas-
ing as a function of time. (D) The droplet has reached its maximum
aspect ratio and the contact angle in the perpendicular direction

has reached its maximum value. The droplet is bulging over the
dry stripe, leading to an increase of its width. (E) The droplet has
spread over the dry stripes and starts to fill the wet stripes, leading
to a drop in the aspect ratio and in the perpendicular contact angle.
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Fig. 1. (left) Aspect ratio as a function of  ̨ for droplets with different Weber numbers, deposited on stripe-patterned surfaces from an inkjet nozzle. Solid lines are a quide
to  the eye; adapted from [5]. (right) Subsequent snap-shots of LBM simulations of droplets with small (top) and large (bottom) Weber numbers.

Fig. 2. (A–E) LBM simulation of the time evolution of a droplet shape at the solid–liquid interface. The dry stripes are the regions which appear brighter and the wet  stripes
are  the regions that appear darker; red represents the droplet. The droplet is placed on the surface as a sphere, it spreads and subsequently grows due to the increase in
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ensity. Once the droplet becomes too large it spreads over the dry stripes wetting
he  aspect ratio and the contact angles as a function of time, respectively. (For inter
ersion of this article.)

nce the droplet has spread across the dry stripes the simulation
s terminated. If the simulations were to be continued the droplet

ould again start to grow in the parallel direction, until it crosses
he next dry stripes.

During its growth the droplet reaches its most elongated shape,
hich depends on the pattern underneath the droplet. The max-

mum aspect ratio corresponding to this state, i.e. the extremum
n Fig. 2(G) is taken as the aspect ratio that can be achieved on a
pecific pattern. For the remainder of this paper when the aspect
atio is described as a function of the surface parameters, we refer
o the maximum aspect ratio corresponding to those as in snapshot
D).

.3. Varying stripe widths and  ̨ for fixed wettabilities

In Fig. 3 results are shown of LBM simulations with different
tripe widths and fixed wettability of the stripes, i.e. �wet = 40◦ and
dry = 110◦. The aspect ratio (A) and the contact angles �‖ and �⊥ (B,
) are plotted as a function of ˛. These parameters are also plotted
s a function of the absolute stripe width of the dry stripe, indicated
y different colors and symbols as shown in the legend of the figure.

First we focus on the aspect ratio of the droplets shown in
ig. 3(A). The aspect ratios exhibit the same trend for various stripe
idths, when compared to the experiments in previous work. For
ow  ̨ values the aspect ratio is high; spreading in the parallel direc-
ion is more favorable than spreading in the perpendicular direction
iving rise to an elongated shape. As  ̨ increases the aspect ratio
ecreases and asymptotically approaches unity. There is however a
ext wet  stripes. The time of the snapshots are indicated in (F) and (G) which show
ion of the references to color in this figure legend, the reader is referred to the web

clear difference between the various absolute stripe widths consid-
ered in the simulations. For an absolute dry stripe width of 1 lattice
unit (l.u.) the aspect ratio is quite low; the maximum amounts to
1.2 for  ̨ = 0.04 and a droplet is already spherical for  ̨ = 0.25. As
the absolute dry stripe widths are increased the aspect ratio also
becomes higher, i.e. the overall curve rises to larger values. This
upward trend continues as the dry stripe width is increased until
the lines converge to a single curve for the largest stripe widths con-
sidered, i.e. 10–12 lattice units. The maximum aspect ratio achieved
as a function of  ̨ is not highest for the largest stripe widths, since
not all  ̨ values can be modeled. To reach low  ̨ values the wet  stripe
widths must be very large for wide dry stripes. The total width to
wet 7 stripes is so large that the size of the lattice becomes too large,
making the simulations slow and very memory intensive.

The parallel contact angle is plotted in Fig. 3(B) as a function of ˛
for different absolute dry stripe widths. As outlined previously [1]
the contact angle in the parallel direction is expected to follow the
Cassie–Baxter equation

cos
(

�‖
)

=
cos

(
�wet

)
+  ̨ cos

(
�dry

)
1 + ˛

(8)

The black line in Fig. 3(B) represents a calculation using equilibrium
contact angles �wet = 40◦ and �dry = 110◦, identical to the values used

for the simulations. As expected, the simple Cassie–Baxter model
(Eq. (8)) is in agreement with the simulation results, except for the
smallest dry stripe widths, which show a clear deviation from the
black line.
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ig. 3. Results of LBM simulations showing the droplet aspect ratio (A) as well as pa
tripe  widths. The legend above the figure indicates the dry stripe widths used (in l
f  �wet = 40◦ and �dry = 110◦ , identical values as those used for the simulations.

The perpendicular contact angle is plotted in Fig. 3(C) as a
unction of  ̨ and the absolute dry stripe widths. Clearly, the per-
endicular contact angle depends on both variables; the angle is

ow for the smallest dry stripe widths and larger for wider stripes. A
mall variation in the contact angle is found as a function of ˛, lead-
ng to slightly lower values for low  ̨ values. However the absolute
ry stripe width has a more pronounced effect on the perpendicular
ontact angle. For large stripe widths the lines for the perpendic-
lar contact angle collapse onto a single curve, very similar to the
forementioned trend observed for the aspect ratio.

In order to further investigate the dependence of the aspect ratio
n the absolute stripe widths, we now focus on striped patterns
ith a fixed value  ̨ = 1.00. From the experimental results, and also

n the basis of simulations using Surface Evolver [36], we would
ot expect a large variation of the aspect ratio when varying the
bsolute stripe widths. In Fig. 4(A) the aspect ratio is plotted as a
unction of the absolute stripe widths of both stripes (  ̨ = 1.00, so
he stripes have equal widths). The aspect ratio is not constant, but
epends on the absolute stripe widths. For small stripe widths the
spect ratio is close to one and as the stripe widths increase the
spect ratio also rises until it saturates at a value of 1.49 for stripe
idths of 10–12 l.u.

In Fig. 4(B) the parallel and perpendicular contact angles are
lotted as a function of the absolute stripe widths. The perpen-
icular contact angle shows the same trend as the aspect ratio;
or low absolute stripe widths the contact angle is low, and it
ncreases as the absolute stripe widths are increased, until the con-
act angle saturates at a value of 100◦. The contact angle in the
erpendicular direction approaches the contact angle on the dry
tripe (�dry = 110◦) but never reaches it, very similar to experimen-
al observations and also SE simulations. This can be explained by
he volume rearrangement in the droplets. A droplet deposited on a
ristine ‘dry’ (lyophobic) surface will adopt a spherical shape with
he contact angle that is set for the dry stripe. However, in the

ase of our chemically striped patterned surfaces the droplet will
ecome elongated, stretching the droplet and therewith decreasing

ts height, lowering the perpendicular contact angle, as already
iscussed by Bliznyuk et al. [1].
(B) and perpendicular (C) contact angles as a function of  ̨ for different absolute dry
 units). The black line in (B) represents to Cassie–Baxter model with contact angles

The contact angle in the parallel direction is low and equal to
the perpendicular angle for the smallest absolute stripe widths.
As the stripe widths are increased the parallel and perpendicular
contact angles start to differ, lowering the contact angle in the par-
allel direction and increasing the contact angle in the perpendicular
direction. As the absolute stripe widths are increased further the
parallel contact angle saturates at 78◦, which is consistent with the
modified Cassie–Baxter equation (Eq. (8)).

As outlined in our previous work [3] and is well-known in LBM
simulations [38], the interface between the two  phases is not sharp,
but diffusive. The transition from the fluid density to the air den-
sity occurs over several lattice sites. In our case the interface spans
about 6 lattice units, so a stripe that has a width less than this
interface width is not as clearly felt as a wider stripe, leading to
different contact angles on the surface. This effect can be clearly
seen for the most narrow stripes considered in our simulations, i.e.
1–3 l.u. The contact angles are close to 90◦ and decrease slightly for
larger stripes widths. This effect has previously also been reported
by other groups [39,20]

Going back to the perpendicular contact angle in Fig. 3(C), the
effect of the interface width is clearly observed. As the width of the
stripes increases, the contact angle in the perpendicular direction
also increases over the entire range of  ̨ values. The contact angle in
the parallel direction approximates the black line for lower stripe
widths while the perpendicular contact angle does not saturate,
since both the dry and wet stripes have an influence on the parallel
contact angle and only the dry stripe has an influence on the per-
pendicular contact angle. Due to the additional volume the height
of a droplet becomes larger, while the contact line is pinned at the
dry stripe leading to a higher perpendicular contact angle as a func-
tion of time. During this process the contact line will move slightly
over the dry stripe. For small stripe widths it is easier to reach a wet
stripe, since the width that needs to be crossed is lower, resulting
in a lower maximum contact angle in the direction perpendicular

to the stripes. In other words, the pinning force is not sufficiently
strong to hold the droplet in place.

Similarly, the aspect ratio is low for small dry stripe widths as
the dry stripe is more easily crossed. During growth the width of the
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ig. 4. (A) The aspect ratio of droplets simulated with LBM on patterns with ˛=1.00
idths;  blue circles and red squares represent perpendicular and parallel contact a

eader  is referred to the web  version of this article.)

roplet remains approximately constant while the height and the
ength both increase as a function of time, leading to larger aspect
atios. However, for small dry stripe widths this process cannot con-
inue indefinitely, since the contact line will start to move over the
ry stripe. As the dry stripe width is increased the aspect ratio goes
p, since it takes longer to cross the dry stripe. Once the pinning
orce is large enough, for stripe widths from 10 l.u. and onwards,
he maximum perpendicular contact angle does not change with
ider dry stripes. Once this occurs the aspect ratio becomes inde-
endent of the dry stripe width. It is only a function of the ratio ˛
s experienced by the collapse of the lines on a single curve.

. Comparing LBM and SE simulations

The way in which droplet growth is implemented in the LBM
imulations is very comparable to the multi-drop deposition we
sed to investigate the effect of deposition kinetics [5]; in both cases
he contribution of kinetic energy to the final shape is negligible.
his enables us to compare the lattice Boltzmann simulations to
urface Evolver results; the latter were done with the same contact
ngles as in the LBM simulations. The SE and LBM results for dry
tripe widths >9 l.u. are plotted in Fig. 5, in terms of the aspect ratio
A) and contact angles (B) as a function of ˛.

The agreement in aspect ratio between the SE and LBM simu-
ations is good, especially for large  ̨ values. As  ̨ becomes smaller
he LBM results start to deviate from the SE results, which can
e explained in terms of the contact angles. Both in the SE and
BM simulations the parallel contact angle is in agreement with
he Cassie-Baxter model (Eq. (8); black line in Fig. 5(B)). The per-
endicular contact angle shows a pronounced difference between
he SE and LBM simulations. For surfaces with large  ̨ values they
gree well with each other, as does the aspect ratio. For smaller ˛
alues the LBM perpendicular contact angle decreases while the SE
ngle increases, which causes a slight deviation in the aspect ratio.
otice that, as already indicated above, the perpendicular contact
ngle never reaches the contact angle as defined on the dry stripe.

Previously, we developed a simple geometrical model to
escribe the ˛-dependent aspect ratio as a function of parallel and
erpendicular contact angles [36]. In Fig. 5(A) we compare results
rom this model with the numerical simulations. The parallel con-
act angle is identical for both, but the perpendicular contact angle
s slightly different. The red curve is obtained using a perpendic-
lar contact angle of 103◦ while the blue curve is plotted using a
ontact angle of 100◦. For low aspect ratios the red curve is a better
pproximation, since the perpendicular angles are equal to 103◦.

owever, for the high aspect ratios the blue curve fits better with

he LBM simulations and the red curve fits better with the SE sim-
lations, which is due to the small differences in the perpendicular
ontact angle.
or varying absolute stripe widths. (B) The contact angles as a function of the stripe
respectively. (For interpretation of the references to color in this figure legend, the

We note that the number of wetted stripes in the two simulation
methods is not the same; in the LBM simulations 7 stripes are wet-
ted, while in the SE simulations 29 stripes are covered. However
the results are comparable and the previously proposed model fits
the data well. This shows that the droplet profiles in both the par-
allel and perpendicular direction can be approximated by a circular
shape.

4.1. Varying stripe wettabilities for fixed ˛

Using both SE and LBM we also studied the dependence of
droplet aspect ratio and contact angles as a function of the wetta-
bilities of the stripes for a fixed stripe width ratio, i.e.  ̨ = 1.00. The
absolute stripe widths for the LBM simulations were set to 10 l.u.,
since it allows for a relatively small lattice size, while the stripes
are still larger than the interface width, resulting in an aspect ratio
that is not dependent on the absolute stripe widths. The simulated
contact angles range from 30◦ to 110◦. In the lattice Boltzmann
method used in this work it is difficult to obtain accurate contact
angles close to 0◦ or 180◦, therefore a lower limit of 30◦ is taken.
[31]. The upper limit of the contact angle is set to 110◦, since larger
contact angles are experimentally not achievable on flat chemically
modified surfaces.

In Fig. 6(A) the droplet aspect ratio is shown as a function of the
contact angle of the wet  stripe for SE (squares) and LBM (circles)
simulations. The dry angles are indicated in the legend of the figure,
ranging form 40◦ to 110◦. The difference in wettability between
the stripes is lower for higher wet contact angles, leading to lower
aspect ratios.

Léopoldès and Bucknall [40] studied the effect of wettabil-
ity contrast on sessile droplets on microstriped surfaces. They
observed that droplets were highly elongated, slightly elongated,
and close to spherical for high, intermediate and low wettabil-
ity contrasts, respectively. In our calculations the same trend is
observed. For high wettability contrast the aspect ratio is large,
while for low wettability contrast a droplet is close to spherical.
Both the SE and LBM simulations show the same trend, an almost
linear decrease in aspect ratio as the wet contact angle is increased.

The macroscopic contact angles �‖ and �⊥ are plotted in
Fig. 6(B,C) as a function of the wettability of the wet stripe, defined
by their contact angle values. The parallel contact angle shows only
a slight difference between the two  simulation methods and agree
well with the modified Cassie–Baxter equation, as shown by the
solid lines in Fig. 6(B). The LBM simulations deviate slightly more
from these lines, especially for larger contact angles. The volume of
the droplet rises upon increasing the density in the droplet, which

causes a slight overall density increase as a function of simulation
time. For surfaces having large contact angles the droplets were
grown for a longer time as compared to droplets deposited on lower
contact angle surfaces, resulting in a denser droplet. The effective
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Fig. 5. (A) Aspect ratio of the simulated droplets as a function of  ̨ for the SE (red squares) and LBM (blue circles) simulations with dry stripe widths of at least 10 l.u. The
solid  lines represent the geometrical model (see text for details) with alternative perpendicular contact angles; for the red curve �⊥ = 103◦ and for the blue curve �⊥ = 100◦ .
(B)  The contact angles as a function of ˛, both for the parallel and perpendicular direction. The black line represents the modified Cassie–Baxter model (Eq. (8)) with input
angles  �wet = 40◦ and �dry = 110◦ . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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ig. 6. (A) Aspect ratio as a function of �wet and �dry (the latter indicated by differen
arallel (B) and perpendicular (C) contact angles as a function of �wet; the solid lines (B
nd  parallel contact angles as a function of aspect ratio; the solid line represents a m

ontact angles of the stripes come closer to 90◦ as the density is
igher, resulting in a slightly higher contact angle for the parallel
irection [31].

The contact angles in the perpendicular direction plotted in
ig. 6(C) are slightly lower than the �dry values, due to the afore-
entioned volume rearrangement. The contact angles for the LBM

imulations show a slight increase as �wet increases. As mentioned
efore the wettability contrast decreases for larger �wet leading
o lower aspect ratios and therefore less volume rearrangement,
esulting in higher perpendicular contact angles. The SE simula-
ions do not show this trend, since the perpendicular contact angle
s completely independent of �wet. The small differences in both the
arallel and perpendicular contact angles result in a slight differ-
nce between the aspect ratios obtained using the two  simulation
echniques.

In Fig. 6(D) the difference between �⊥ and �‖ is plotted as a
unction of the aspect ratio, both for the SE and LBM simulations.

he curves seem to collapse onto a single curve, however points
orresponding to lower �dry are systematically lower than points
orresponding to a higher �dry. Using the aforementioned basic
eometrical model [36] the difference in contact angles can be
rs); empty squares represent SE simulations and filled circles the LBM simulations.
cate the modified Cassie–Baxter equation. (D) The difference between perpendicular

 calculation (see text for details [36]).

calculated as a function of aspect ratio; results are represented by
the colored solid lines in Fig. 6(D). The solid lines are in perfect
agreement with the data indicating that both sides of the droplet
can be approximated by a spherical cap. The aspect ratio therefore
not only depends on the difference between the contact angles, but
also on the absolute value of the contact angles, as seen in Eq. (8).
A very similar trend as observed in Fig. 6(D) was also reported by
Semprebon and co-workers for anisotropic water droplets on single
rectangular posts [41].

5. Wetting of a single stripe

In the simulations as described in this work and also in recently
reported experiments [5,3,29,42], droplets deposited on chemi-
cally stripe-patterned surfaces exhibit a highly elongated shape for
low  ̨ values. However, experimentally it is not straightforward
to achieve very low  ̨ values. Values for  ̨ approaching zero imply

that the dry stripes become very narrow. A droplet deposited
on such a surface would easily pass these stripes, due to kinetic
effects described previously [5], resulting in an almost spherical
shape. This effect can also be observed in the LBM simulations



H. Patrick Jansen et al. / Applied Surface Science 361 (2016) 122–132 129

Fig. 7. LBM simulation of wetting a single stripe having a width of 45 lattice units. (A–E) Snapshots ‘viewing’ the droplets from the bottom. Different colors are used to
distinguish between the liquid–vapour interface (blue), the liquid–solid interface for the wet stripe (red) and the liquid–solid interface for the dry stripes (green). Initially,
the  droplet is a sphere and starts to elongate on the stripe, eventually reaching a bulge state (D–E). Aspect ratio (F) and contact angles (G) as a function of lattice time; the
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ersion  of this article.)

s performed for this paper. For dry stripe widths of 1 l.u. the
spect ratio is considerably smaller than for large stripe widths
see Fig. 4), which would also happen in the experiments if the dry
tripe widths become too small.

The contact angle in the parallel direction can be calculated
sing the Cassie–Baxter model (Eq. (8)) for  ̨ values approaching
ero. In this case, the contact angle in the parallel direction becomes
qual to the contact angle on the wet stripe. If there is sufficient
inning on the dry stripes, the contact angle in the perpendicular
irection will approach the contact angle on the dry stripe. This
ituation is analogous to wetting of a single wet stripe confined by
wo infinitely wide dry stripes. Kusumaatmaja et al. [6,8] already
howed that droplet dynamics can be modeled on single stripes
sing the lattice Boltzmann approach. They focused on the dynam-

cs of the morphology transitions between multiple stripes, and not
n the maximum aspect ratio that can be achieved.

As for the previous simulations, we deposit a droplet onto the
urface and we let it grow by increasing the density of the droplet.
n Fig. 7 the evolution of the droplet shape is shown (A–E). Also,
he time evolution of the aspect ratio (F) and contact angles (G) of a
roplet deposited on a wet stripe is shown. The initial radius of the
roplet is set to be half of the stripe width (45 l.u.). (A) At the start
f the simulation, a spherical drop is placed on the surface. The col-
rs of the snapshots indicate the liquid–vapor interface (blue), the
iquid wetting the wet stripe (red), and the liquid wetting the dry
tripes (green). (B) The droplet has spread towards the boundary
etween wet and dry stripes and its shape becomes elongated. The
erpendicular contact angle has decreased and the parallel contact
ngle adopts the value that was set for the wet stripe. (C) As more
olume is added the droplet starts to elongate substantially. The
ontact angle in the perpendicular direction becomes larger than
0◦ and a bulge starts to form, partially wetting the dry stripes. (D)
he droplet is in the bulge state and the maximum aspect ratio is
eached. From the contact angle values it is difficult to determine
hen the maximum aspect ratio is reached. Close to the time of

aximum aspect ratio both the parallel and perpendicular contact

ngles are increasing as a function of time, and at point (D) they
mount to �‖ = 41.4◦ and �⊥ = 100.8◦. After this point the width of
he droplet starts to increase more (due to bulging) than the length
tion of the references to color in this figure legend, the reader is referred to the web

of the droplet, resulting in lower aspect ratios as time continues
until the end of the simulation (E).

Gau et al. [12] and Brinkmann et al. [14,43,15] studied the shape
of a droplet wetting a single stripe, and they have identified differ-
ent shape regimes for a contact angle of 130◦ on the dry stripes:
(i) a spherical cap, not touching the boundary between the stripes
with a contact angle of the wet stripe, (ii) an extended channel
is formed with free moving end caps, (iii) the droplet undergoes
a morphological transition from the channel state to the bulge
state once the perpendicular contact angle is 90◦. In our case we
observe similar shapes. Regime (i) is skipped due to the large vol-
ume  already present at the start of the simulation, i.e. the droplet
becomes elongated as soon as it has spread over the surface. For
snapshots (B, C) the droplet is elongated and the length of the chan-
nel starts to increase, corresponding to regime (ii). Snapshots (D, E)
show the droplet in the bulge state corresponding with regime (iii).
Brinkmann and Lipowsky [14] have done calculations to determine
which state (channel or bulge) is preferred, but they did not focus
on the maximum aspect ratio that can be achieved. The bulge state
becomes preferential once the contact angle in the perpendicular
direction exceeds 90◦, so it depends on the height of the droplet as
a function of the stripe width.

We  also investigate the influence of the absolute stripe widths
(in the range 10–60 l.u.) on the maximum aspect ratio that is
achieved. The result is plotted in Fig. 8 together with the directional
contact angles as a function of the wet stripe width. There is an
influence of the absolute stripe width on the aspect ratio, just as in
the case of a droplet wetting 7 stripes (Fig. 3). The maximum aspect
ratio clearly increases for wider stripes, to eventually saturate at a
value of approximately 3.2–3.3. For the widest stripes the aspect
ratio decreases slightly, which can be ascribed to the actual contact
angles values. The contact angles in the parallel direction contin-
uously decreases as the wet stripe width is increased, eventually
reaching the value that was set for the wet  stripe. The perpendicu-
lar contact angles also decrease as a function of stripe widths, due

to the aforementioned rearrangement of volume and larger density
of the droplet.

The maximum aspect ratio achieved is in reasonable agreement
with the simple model that was proposed previously [36]. In this
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Fig. 8. (A) The maximum aspect ratio that is achieved as a function of the wet stripe width for single stripe wetting. The aspect ratio increases as the wet  stripe width is
i es) contact angles as a function of the wet stripe width. For large stripe widths the parallel
c nterpretation of the references to color in this figure legend, the reader is referred to the
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ase �‖ can be set to the contact angle on the wet stripe and �⊥ can
ave a maximum value of 110◦, leading to an aspect ratio of 3.92.
rom all the simulations that we have done, we always find that the
erpendicular contact angle is slightly lower than the contact angle
n the corresponding stripe. If we set the perpendicular contact
ngle to 100◦ we obtain an aspect ratio of 3.27 which is very close
o the values from the simulations in Fig. 8(A).

Inspired by the work of Lipowsky et al. [15], we  plotted the
caled volume as a function of the parallel contact angle (A), the
erpendicular contact angle (B) and the aspect ratio (C). The result

s shown in Fig. 9. The volume is scaled to the cube of the wet
tripe width, given by V/(Wwet)3. For low volumes at the first stage
f the simulation, the droplet is deposited on the stripe starting
ith large contact angles which rapidly decrease due to spreading.
pon increasing the volume the contact angles decrease until they

each the value that is set for the wet stripe. Here the influence
f the absolute stripe width can also be observed; wider stripes
xhibit lower contact angles. The contact line is close to the bound-
ry of the dry stripes, making it difficult to advance further on the
tripe. Once the perpendicular contact angle reaches an angle that
xceeds 90◦ the droplet starts to grow in the bulge state. The par-
llel contact angles rapidly increase in agreement with the work of
ipowsky et al. [43,15]. For even large volumes the parallel contact
ngle increases far beyond the contact angle that is set for the wet
tripe, since the parallel side is now wetting both the wet and dry
tripes.

As already mentioned, the perpendicular contact angle for low
olumes in the initial stage of the simulation is large. Once the
roplet has been deposited spreading gives rise to a rapid decrease
f the contact angle, until a minimum is reached. Lower contact
ngles are reached for wider stripes since these droplets are more
longated. As the volume increases the contact angles start to
ncrease eventually approximating the contact angle on the dry
tripe for large volumes; in this situation a large portion of the
roplet is wetting the dry stripe.

As is clear from the curves in Fig. 9(C) the maximum achiev-
ble aspect ratio exhibits a pronounced dependence on the absolute
tripe width. For the smallest volumes the droplets are deposited
n the surface starting with an aspect ratio of unity. As the vol-
me  is increased the aspect ratio rises due to lateral confinement
f the droplet, i.e. pinning of the contact line in the direction per-
endicular to the stripes. At some point the aspect ratios reach a
aximum, the value of which depends on the absolute stripe width.

he volume at which the maximum aspect ratio is achieved is also
 function of the stripe widths; for the smallest stripe width the

caled volume amounts to 2 when the maximum aspect ratio is
eached, while for the widest stripe this occurs at a volume of 1.2.
his effect can be understood by considering the parallel contact
ngle, which is lower for the same volume for larger stripe widths.
Fig. 9. The volume scaled to the wet stripe width as a function of the parallel contact
angle  (A), the perpendicular contact angle (B) and the aspect ratio (C). The legend
indicates the wet  stripe widths used.

6. Conclusions
We  have presented the potential of lattice Boltzmann (LBM)
simulations to model the kinetics involved in droplets on chem-
ically stripe-patterned surfaces. The first example is that of an
impacting droplet on these substrates with directional wetting
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roperties. Comparison of simulations to experimental results
hows very good qualitative agreement in terms of the inertia in the
mpact event. Analysis in terms of the dimensionless Weber num-
er reveals that the maximum spreading diameter has a profound

nfluence on the final aspect ratio of the static droplets.
Additionally, single stripe wetting was also modeled using the

BM simulations, focusing on the maximum aspect ratio that can
e achieved. The contact angle in the parallel direction approaches
he contact angle on the wet stripe, and the contact angle in the
erpendicular direction is slightly lower then the contact angle
n the dry stripe. This determines the maximum aspect ratio that
an be achieved, therewith finding the maximum aspect ratio as ˛
pproaches zero, in the limit of low kinetic energy and sufficiently
arge stripe widths.

To validate our LBM approach, we have performed a detailed
omparison with Surface Evolver (SE) simulations for droplets
eposited on chemically stripe-patterned surfaces. In the case of
he LBM simulations the volume of the droplet is increased by
ncreasing the density of the droplet. The maximum aspect ratios
hat droplets reach before wetting additional stripes depends not
nly on the ratio  ̨ of the widths of hydrophobic and hydrophilic
tripes, but also on their absolute widths due to the diffusive inter-
ace. For large stripe widths, the effect of the diffusive interface can
e neglected and the aspect ratio as a function of  ̨ collapses onto

 single curve, independent of the absolute stripe widths. The LBM
nd SE simulations show the same trend in aspect ratio as a function
f ˛; small differences can be contributed to a slight deviation in
he perpendicular contact angle. Moreover, the simple model that
as proposed in our previous work proves to be a good approxima-

ion for both simulation techniques. For surfaces with  ̨ = 1.00 the
ettabilities of the stripes were varied, resulting in different aspect

atios. Again, overall the SE and LBM simulations show very similar
esults. With LBM it is possible to study dynamics of the droplets,
ut it is more computational intensive than the SE simulations.
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