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ABSTRACT: We studied the shape of water droplets deposited using an inkjet
nozzle on a chemically striped patterned substrate consisting of alternating
hydrophobic and hydrophilic stripes. The droplet dimensions are comparable
to the period of the stripes, typically covering up to 13 stripes. As such, our
present results bridge the gap linking two regimes previously considered: (i)
droplets on single stripes and (ii) droplets covering more than 50 stripes. In
line with previous work on markedly smaller water droplets, the exact
deposition position is important for the final shape of the droplets. A droplet
with its center deposited on a hydrophobic stripe reaches a shape that is
different than when it is deposited on a hydrophilic stripe. Experimental results
of different droplet configurations on the same surface are in agreement with simulations using the lattice Boltzmann model. In
addition, the simulations enable a detailed analysis of droplet free energies and the volume dependence. The latter reveals scaling
properties of shape parameters in terms of droplet radius scaled to the period of the stripe pattern, which have remained
unexplored until now.

■ 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 review by Xia et al.1 describes the latest advances in the field.
In this work, the emphasis is on chemically striped patterned
surfaces using both experiments and simulations employing the
lattice Boltzmann model (LBM). A number of experimental,2−6

theoretical,7−9 and computational10−13 studies have been
devoted to droplets on these surfaces. In a recent paper,2 we
reported that the aspect ratio of microliter water droplets,
which typically wet more than 50 stripes, depends on the
amount of kinetic energy that is involved in the deposition. Any
dependence on actual position relative to the alternating
hydrophobic/hydrophilic stripes will not be noticed in the final
shape of the droplet. In this article, we focus on much smaller
water droplets, typically in the picoliter range, and study the
shape such a droplet adopts while typically wetting more than 3
stripes and less than 15 stripes.
Several lattice Boltzmann model (LBM) studies have already

been performed on chemically striped patterned surfaces.
Iwahara et al.14 showed that LBM can be used to model
droplets on chemically striped patterned surfaces, including
contact line pinning. Kusumaatmaja et al.15−19 studied the

dynamics of a droplet receding from stripes. Yeomans, Dupuis,
and Kusumaatmaja20,21 identified a range of different shapes on
chemically striped patterned surfaces, depending on the
position of the droplet when it typically wets up to three
stripes. Recently, the stick−slip motion of sliding droplets on
these surfaces was also modeled.22 Leópoldes̀ et al.23

investigated the different shapes of droplets which were jetted
onto chemically striped patterned surfaces. On the basis of their
results, they conclude that the droplet shape depends on its size
in relation to the stripe width, where the liquid wets three
stripes at most. They further conclude that when the droplet
radius is of the same order of magnitude as a single stripe, the
final shape is determined by the dynamic evolution, the initial
deposition position, and the velocity.
In this work, we specifically focus on larger water droplets,

which span up to 13 stripes in a combined experimental and
simulation study, therewith bridging the 2 aforementioned
regimes. The droplet shape in terms of the aspect ratio and the
contact angles is investigated in relation to the precise position
at which the droplet is deposited onto the surface. Generally,
two extreme cases can be considered: (i) the center of mass of
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the droplet is on the middle of a hydrophilic stripe or (ii)
deposition occurs on the middle of a hydrophobic stripe.
Lattice Boltzmann simulations24 enable a detailed investigation
of the free energy of the droplet in relation to its initial
deposition position (relative to the underlying chemical
pattern) and consequently also its final shape. Moreover, we
also investigate the volume dependence and demonstrate that
the results exhibit scaling behavior when the various shape-
defining quantities are plotted as a function of the radius, scaled
to the absolute stripe width.

■ EXPERIMENTAL AND SIMULATION DETAILS
Experiments. The substrates, consisting of alternating hydro-

phobic and hydrophilic stripes with anisotropic wetting properties, are
created using self-assembled perfluorodecyltrichlorosilane (PFDTS,
ABCR Germany) monolayers on oxide-coated silicon wafers; details
are given elsewhere.25 Static contact angles on clean wafers amount to
θPFDTS = 106° and θSiO2

= 27°. The advancing and receding angles on
pristine surfaces were also measured, amounting to θadv = 116° and θrec
= 96° for PFDTS and θadv = 30° and θrec = 21° for SiO2.
Picoliter water droplets are created using a picoliter goniometer

(Kruss DSA 100M) equipped with a piezo-driven inkjet print head
capable of producing small droplets. The size of the droplets depends
on several parameters, such as the piezo voltage and the period of the
voltage pulse. The velocity of droplets fired from the nozzle amounts
to approximately 2−4 m/s. For the experiments reported in this work,
a single volume of 40 pL was used, corresponding to a droplet radius
of 21 μm, i.e., a diameter of D0 = 42 μm. The lateral positioning
accuracy of the system’s sample stage is 1 μm.
In this article, we consider only a single ratio of stripe widths; the

hydrophilic SiO2 stripes (width WSiO2
) are 3 times as wide as the

hydrophobic PFDTS stripes (width WPFDTS). We express this in the
parameter α with α = WPFDTS/WSiO2

= 0.33. For this ratio, the
hydrophilic stripes are sufficiently wide to easily capture the influence
of the droplet shape as a function of these stripes using a video camera.
The absolute stripe dimensions are in the micrometer range; for the
hydrophobic stripes, we have 5, 6, 9, and 10 μm, and the hydrophilic
stripes have widths of 15, 18, 27, and 30 μm.
The water droplets were deposited under ambient conditions. The

temperature and humidity in the room were not controlled but were
monitored during the experiments. The temperature was 22 ± 2°, and
the relative humidity was in the range of 30−50% for the duration of
the experiments. On the time scale of our experiments, we have not
been able to discern any effect of variation of the ambient conditions.
It has been increasingly recognized that effects arising from

electrostatic charges may affect the shape of sessile water droplets.
This is most prominent in the case of electrospraying.26 In our
experiments, the nozzle from which the droplets are jetted is neutral.
Moreover, in the case of significant surface charge on the water
droplets this would be revealed by nonsymmetric droplet shapes and/
or trajectories. We have not witnessed any evidence of such effects,
and as such, we neglect any contribution from electrostatic effects.
Simulations. The lattice Boltzmann (LBM) simulations reported

in this article employ the Shan-and-Chen-type multicomponent
multiphase model using the D3Q19 lattice. The basics of these
simulations have been described previously.24 The typical parameters
that were used for the model are lx = 150, ly = 60, lz = 150 (the lattice
sizes in the corresponding directions), ρair = 0.06, ρliquid = 2.00 (the
densities of air and liquid, respectively), Gc = −0.87 (cohesion
parameter), τair = 1.0, τliquid = 1.0 (relaxation times), Gads

hydrophobic =
−0.0515, and Gads

hydrophobic = −0.37517 (the surface adsorption
energies). The typical simulation steps comprise 20 000 iterations.
The choice for the specific cohesion and adhesion parameters as

well as the corresponding densities is based on the work by Huang and
coworkers.12 The cohesion parameter, which determines the surface
tension, should not be too low; this would result in homogeneous
mixing of the two fluids (liquid and air). For Gc values that are too

large, numerical instabilities will occur, and also scaled densities above
1 will arise as a result of the compressibility of the fluid. The choice for
Gc = −0.87 yields the best results in terms of a sharp interface between
the two fluids. From Gc, the densities ρair and ρliquid directly follow.12

Adhesion parameters Gads,air and Gads,liquid determine the contact
angle θ through

θ =
−

ρ ρ−
G G

G
cos ads,liquid ads,air

c 2
air liquid

(1)

Huang et al. found the most stable case when the adsorption constants
are opposite to each other: Gads,liquid = −Gads,air. We also use this in our
model. More details can be found elsewhere.24

The contact angles in the simulations were set to the receding
values (θ1 = 96° and θ2 = 21°). The droplet is given an initial velocity
such that it is smashed onto the surface, in a similar way as with the
deposition from the inkjet nozzle in the experiments. The droplet
becomes very flat, and it has to recede from the surface to reach its
static shape. Two limiting situations can be identified for the
deposition, with the droplet’s center of mass exactly (i) in the middle
of a hydrophilic stripe and (ii) in the middle of a hydrophobic stripe
underneath the droplet. Simulation has also been performed for a
range of positions between these limiting cases.

The ratio of the stripe sizes is kept constant (α = 0.33) for the
simulations and is equal to that in the experiment. The sizes of the
hydrophobic stripes are chosen from 3 to 9 lattice units (l.u.), and the
hydrophilic stripe width is adjusted so that it is 3 times as large.
Whereas for the experiment a single volume was used, the simulations
enable simple variation of the volume of the droplet. The volume is
expressed by the radius (V = 4πR3/3) of the droplet that is smashed
onto the surface. The range of radii is between 6 and 30 lattice units
(l.u.). In this work, the radius is scaled to the period of the stripes
underneath the droplet.

■ DEPOSITION ON A HYDROPHOBIC OR
HYDROPHILIC STRIPE

Figure 1 shows a number of snapshots of water droplets
deposited on the surface using the inkjet printhead. The
absolute hydrophobic stripe sizes are 5, 6, 9, and 10 μm for the
rows, respectively. The left side of the figure shows droplets
that have a low contact angle, and the right side shows droplets
that have a high contact angle. The number of wetted stripes is
indicated in the bottom left part of the snapshots, and the
contact angle is indicated in the right top part. The actual
number of stripes covered by the droplets was determined after
the impact and relaxation; movies of the evaporation following
the deposition enable a simple counting of the stripes.
By increasing the width of the stripes, we decrease the ratio

of the droplet radius to the period of the patterns, leading to
fewer stripes being wetted. Two different configurations can be
identified for equal absolute stripe sizes: one with a low contact
angle (more stripes wetted) and one with a high contact angle
(fewer stripes wetted).
The number of wetted stripes is always odd, due to the

pattern that is underneath a droplet and the receding motion of
the droplet due to the high velocity impact. If the outer stripe is
a hydrophobic one, then it is easy for the droplet to dewet this
stripe so that both outer stripes will always be hydrophilic. If
the stripe width is large in comparison to the droplet size, then
it will wet a single stripe, as has been shown previously by
Dupuis, Yeomans, and coworkers.20,23

For the left part of Figure 1, the center of the droplet was
deposited on a hydrophilic stripe first, and for droplets on the
right side, they were deposited on a hydrophobic stripe, leading
to a different final shape. From the work of Clanet et al.,27 we
know that the maximum footprint of the droplet is dependent
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on the Weber number We. In the initial time regime of the
impact event, when We > 1, inertia dominates the movement of
the contact line and therewith the spreading of the droplet. As
such, relevant parameters during the impact are the velocity U0
and diameter D0, i.e., volume and therewith mass, of the
droplet.2 The maximum diameter Dmax of the droplet on the
surface scales as Dmax/D0 ≈ We1/4, where the Weber number is
given by We = ρU0

2D0/σ; ρ and σ represent the density and
surface tension of the liquid. Considering that we use the same
volume and identical inkjet settings in all experiments, the
maximum diameter is roughly the same for all deposited
droplets. More specifically for our experiments with water
droplets, the Weber number amounts to We ≈ 5.3.
After the initial impact, the droplet will gradually recede from

the surface to evolve toward its final shape, as described in our
previous paper.2 When the two outer wetted stripes are
hydrophilic, it is relatively difficult to depin from these stripes,
leading to a droplet with a low contact angle (left column of
Figure 1). However, if the outer stripes are hydrophobic, then it

is easy to dewet them, and the width of the droplet decreases,
giving rise to a higher contact angle (right column). Because all
droplets have the same impact diameter, these observations are
fully in line with previous reports on markedly smaller
droplets.20,21,23 The initial deposition position has a major
influence on the final equilibrium shape of the droplet.
A close inspection of many images reveals in some cases

residual liquid deposits on the side of the droplets; examples
can be observed in Figure 1, second image in the left column
and third image in the right column. These deposits originate
from the much larger spreading diameter during the impact,
followed by retraction from the outer stripes. In fact, such
dewetting on longer time scales (due to evaporation) can be
observed in the movies. In Figure 2 (left), a typical side view is

shown of a water droplet dewetting a hydrophilic stripe during
the retraction. The images in Figure 2 were obtained on much
longer time scales after the impact as compared to the results in
Figure 1; the latter were taken immediately (<0.04 s) after the
impact.
Moreover, the dewetting of stripes due to evaporation is also

reproduced in the simulations. As a comparison, side- and
bottom-view images obtained during a simulation run are
depicted in the right column of Figure 2. In good agreement
with the experiment, the simulated droplets spread during the
impact event to wet five hydrophilic stripes (nine stripes in
total). While retracting and during the subsequent evaporation,
the equilibrium droplet size is markedly smaller, giving rise to a
smaller number of wetted stripes (four hydrophilic ones in this
example). The deposits vanish relatively quickly because of
evaporation.

■ SIMULATIONS OF THE DROPLET SHAPE
The simulation approach is outlined in the Experimental and
Simulation Details section. A droplet is deposited on the
surface with an initial velocity that is sufficiently high for it to
recede from the surface to adopt its equilibrium shape. For the

Figure 1. Snapshots of 40 pL water droplets after deposition; the
viewing direction is along the stripes on the surface, i.e., viewing the
droplet profile perpendicular to the stripes. Images represent the very
first frame after the impact, i.e., within 0.040 s. The contact angle is
indicated in the top right of the snapshots, and the number of wetted
stripes is indicated in the bottom left. The sizes of the hydrophobic
stripes are 5, 6, 9, and 10 μm for the rows, respectively. The left
column shows droplets that are deposited on a hydrophobic PFDTS
stripe, and the right column shows droplets deposited on the
hydrophilic SiO2 stripe.

Figure 2. Side-view snapshots of a droplet dewetting after the initial
impact event, in the experiment (left) and simulation (right). The
inset shows bottom-view images of the simulated droplets. The
experimental time and simulation time steps are indicated in the
respective images.
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simulations, it is straightforward to change both the volume of
the droplet and the surface wetting properties. Additionally, the
aspect ratio of the droplet can be determined because in the
simulations we have access to both sides of the droplet, i.e., in
directions parallel and perpendicular to the stripes.
Figure 3 shows snapshots of droplets of the same volume

(radius r = 20) deposited on various striped surfaces. The
hydrophobic stripe size is increased from left to right, and the
hydrophilic stripe is adjusted so that the ratio of the stripe
widths is constant at α = 0.33. The top row depicts simulation
results with a hydrophobic stripe in the center of the droplet,
and the bottom row pertains to simulations with a hydrophilic
stripe in the center. The number of wetted stripes is indicated
in the top left part of each snapshot. The top right part shows a
bottom view of the droplet in which the number of wetted
stripes can be observed. The lighter stripes, on the nonwetted
part of the pattern, correspond to hydrophilic areas, and the
darker stripes are the hydrophobic regions.
In Figure 3, the maximum number of wetted stripes is 13 and

the smallest is 3, which depends on the absolute sizes of the
stripes but also on the deposition position. For the same stripe
sizes, we observe a different number of wetted stripes
depending on the initial deposition position. For example, for
stripes sizes of 3 and 9 (hydrophobic and hydrophilic,
respectively), 11 stripes are wetted when the droplet is
deposited on a hydrophobic stripe, and we observe 13 wetted
stripes when the droplet is deposited on a hydrophilic stripe. In
this case, deposition on a hydrophobic stripe leads to fewer
stripes being wetted than when deposited on a hydrophilic
stripe. However, if we take the third column, for stripe sizes of 7
and 21 (hydrophobic and hydrophilic, respectively), we see the
opposite: when a droplet is deposited on a hydrophobic stripe,
more stripes are wetted than when deposited on a hydrophilic
stripe.

The impact and therewith the maximum diameter Dmax are
the same for these simulated droplets because the same volume
is used. In the case of a hydrophobic stripe size of 3 l.u., the
droplet is not able to depin from the outer hydrophilic stripes
when it is deposited on a hydrophilic stripe. In the case of a
hydrophobic stripe size of 7 l.u., the droplet is able to depin
from the hydrophilic stripe because only a small fraction of the
hydrophilic stripe has been wetted, leading to fewer stripes
wetted than when the droplet is deposited on a hydrophobic
stripe.
Additionally, the contact angle is different even when the

same number of stripes is wetted. For three different
configurations in Figure 3, we have five wetted stripes. The
contact angle and the width of the baseline are very different for
the various snapshots. The increasing absolute stripe sizes
stretch the droplet more, leading to a lower contact angle.
To summarize, increasing the stripe sizes leads to fewer

wetted stripes when the volume of the droplet remains
constant. The number of wetted stripes is always an odd
number, and for the same surface, two different configurations
exist: one with a wide droplet and a low contact angle and one
with a smaller droplet and a higher contact angle.

■ SIMULATING THE VOLUME DEPENDENCE

Figure 4 shows simulations of droplets of different volumes
deposited on the surface, with the stripe sizes being constant,
namely, 5 and 15 pixels for the hydrophobic and hydrophilic
stripes, respectively. The number of wetted stripes is indicated
in the top left of the snapshots. Two different configurations for
a certain number of wetted stripes can be observed, with either
a low or a high contact angle. For the low contact angle
configuration, the volume is small (top row of images) in
Figure 4, which results in a droplet that is about to recede from
the surface and also decreases in the number of wetted stripes.
The volume for the high-contact-angle configuration (bottom

Figure 3. Side-view snapshots of LBM simulations for different stripe sizes and configurations. From left to right, the hydrophobic stripe sizes are 3,
5, 7, and 9 l.u. The hydrophilic stripe sizes are 9, 15, 21, and 27 l.u. The top row shows droplets first deposited on a hydrophobic stripe, and the
bottom row shows droplets first deposited on the hydrophilic stripe. The number of wetted stripes is indicated at the top left of every snapshot. A
bottom view of the droplet on the surface is added to the top right corner of each snapshot.

Figure 4. Side-view snapshots of LBM simulations for different droplet volumes on a surface with stripes of 5 and 15 l.u. for the hydrophobic and
hydrophilic stripes, respectively. The number of wetted stripes is indicated in the top left of the snapshot. The snapshots are chosen for the volume
such that a droplet just remains on the stripe, almost receding (top row) or almost advancing (bottom row) to the next stripes. The radii of the
droplets amount to 15, 16, and 20 for the top row and 21, 25, and 30 for the bottom row. The insets in the top right show the corresponding bottom
view of the droplets on the surface.
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row) is so large that it just depinned from the previous stripes,
i.e., initially wetting a larger number of stripes. Comparing, for
example, the images in the right column of Figure 4 (droplets
wetting nine stripes), we see that the contact angle of the
droplets that are about to dewet four additional stripes (top) is
low and approximately equal to 35°. The contact angle of the
droplets that just dewetted four additional stripes (bottom) is
high and approximately equal to 52°. Both droplets have the
same width, but the one with high volume (bottom) is much
more elongated than that with the smaller volume. A similar
effect is observed in the left and middle parts of Figure 4; the
only difference is that fewer stripes are wetted.
In Figure 5, the number of wetted stripes is plotted as a

function of the radius divided by the period of the stripes,

which from now on we will refer to as the scaled radius.
Simulations were done for different radii and stripe sizes. The
stripe sizes used were 3−9 l.u. for the hydrophobic stripe. The
droplet radius was adjusted so that the scaled radius is between
0.5 and 1.25. The results in Figure 5 show that for the same
scaled radius the two different deposition positions give
different results. For example, for the scaled radius range of
0.5 until 0.75, deposition on a hydrophobic stripe gives rise to
three wetted stripes, whereas for the same range, deposition on
a hydrophilic stripe leads to five wetted stripes. However,
increasing the scaled radius even more results in the opposite
effect; deposition on a hydrophobic stripe leads to more stripes
being wetted, in this case, seven. As in the previous case, inertia
dictates the maximum spreading diameter, and the droplet’s
ability to recede from a stripe ultimately determines the number
of wetted stripes.
The number of wetted stripes increases from three to seven

for deposition on a hydrophobic stripe and from five to nine for
deposition on a hydrophilic stripe, which is due to the
symmetry in the simulations. Deposition in the center of the
stripe always leads to symmetric wetting, causing the next stable
configuration to be four more stripes, not two.
Not only the number of wetted stripes in the perpendicular

direction but also the aspect ratio, i.e., the length of the droplet
in the direction parallel to the stripes divided by the width in
the direction perpendicular to the stripes, can be determined
from the simulations. The aspect ratio of the droplet as a
function of the scaled radius is plotted in Figure 6. Again, a

difference can be seen between the two different deposition
positions. First, by focusing on the blue circles in the left part of
the graph, we can see that the aspect ratio is close to 1 and
starts to increase linearly as the scaled radius is increased, until
it reaches a maximum value and the aspect ratio drops again to
values of <1. For this case, the number of wetted stripes
increases from three to seven, leading to a lower aspect ratio. As
the scaled radius is increased further, the number of wetted
stripes remains seven, but more liquid is available, which results
in the elongation of the droplet parallel to the stripes, leading to
a higher aspect ratio.
A similar effect can be observed when we focus on the red

squares, which refer to droplets deposited with their center of
mass on a hydrophilic stripe. The aspect ratio is below unity for
the first few points, indicating that the width in the
perpendicular direction is higher than the length in the parallel
direction. As reported in our previous work,2 the droplet
recedes from the surface after the strong impact. The sides of
the droplet in the perpendicular direction become pinned on
hydrophilic stripes, and it is relatively difficult to recede from
these stripes. However, as has been shown in previous reports
in the literature,2,4,21,22 it is much easier to recede in the
direction parallel to the stripes; therefore, the length decreases
much more while the width remains approximately constant,
leading to a low aspect ratio. The total number of wetted stripes
in this case amounts to five. The aspect ratio increases as more
volume becomes available, until it reaches the transition again,
going from five to nine wetted stripes. Once this happens, the
aspect ratio is again <1.
Furthermore, Figure 6(bottom) shows the contact angle in

the perpendicular direction as a function of the scaled radius. A
clear relation can be seen between the aspect ratio and the
contact angle; a droplet with a low aspect ratio has a low
contact angle, and a droplet with a high aspect ratio has a high
contact angle.
Lipowsky and coworkers6,28 performed a study of the

stability of cylindrical liquid volumes on single stripes. At

Figure 5. Number of wetted stripes plotted as a function of scaled
radius, i.e., the droplet radius divided by the period of the stripes. The
blue circles and red squares represent results where the droplet center
is deposited on a hydrophobic or hydrophilic stripe, respectively.

Figure 6. (Top) Aspect ratio of the droplet, i.e., the size parallel to the
stripes divided by the size perpendicular to the stripes, as a function of
the scaled radius. The blue circles are for depositions where the center
of the droplet is on the hydrophobic stripe, and the red squares are for
the depositions where the center of the droplet is on a hydrophilic
stripe. (Bottom) Corresponding contact angles in the perpendicular
direction as a function of the scaled radius.
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sufficiently large volumes, a shape instability that is markedly
different from the classical Rayleigh plateau instability occurs.
In essence, their observation of a bifurcation between two
different morphologies is qualitatively comparable to our
transition from fewer to more wetted stripes upon increasing
the volume. Quantitative comparison is not trivial considering
the very different experimental conditions in terms of the
number of stripes. Also, we do not continuously vary the
volume as Lipowsky and coworkers do; our work as
summarized in Figure 6 considers quasi-static situations for
different volumes. However, the relaxation to a lower free-
energy state upon increasing the volume (in terms of the scaled
radius) provides the driving force to wet more stripes, very
similar to the bulge state in liquid channels on single stripes.28

■ POSITION DEPENDENCE AND DROPLET FREE
ENERGIES

As discussed in the previous section, not only the radius, scaled
by the period of the pattern, determines the droplet shape on
these chemically striped patterned surfaces. Also, the exact
position where the droplet is deposited proves to be of major
importance. The LBM simulations allow a simple variation of
the exact deposition position with respect to the stripes and
enable an investigation of the effects on the final shape in terms
of the aspect ratio (and also contact angles, as described in the
Supporting Information). In Figure 7, the effect of varying the

deposition position on the aspect ratio (blue circles, related to
the left axis) of the droplet is depicted. When deposited on or
near a hydrophobic stripe (left and right parts of the figure), the
droplet retracts until it reaches a final shape with the center of
mass over the hydrophobic stripe. For the situation in Figure 7
(22 l.u. droplet radius, 24 l.u. period of the pattern), the droplet
covers seven stripes.
When the position is shifted sufficiently far toward the

hydrophilic stripe (in the middle of the plot), the final shape is

characterized by the center being above the hydrophilic stripe.
In this case, the droplet spans five stripes and consequently has
a higher aspect ratio. These results, together with those in
Figure 6, are very similar to previous work,20,23 although here
we consider markedly larger droplets covering more stripes.
From the simulated droplet shapes, we can determine the

free energy of the droplets and compare this to the actual
shape. The free energy F is obtained from the product of the
surface tension and the area of the different surfaces

γ γ θ γ θ= + +F A A Acos coslv lv ls,dry lv dry ls,wet lv wet (2)

where γlv is the liquid−vapor surface tension, Alv is the area of
the liquid−vapor interface, and Als,dry and Als,wet are the liquid−
solid areas on the hydrophobic and hydrophilic stripes,
respectively. The wetting properties of the hydrophobic and
hydrophilic stripes are expressed by their respective contact
angles θdry and θwet. The results are also plotted in Figure 7
(green squares, related to the right axis), enabling a direct
comparison with the aspect ratio. Droplets centered on a
hydrophobic stripe (left and right regions of the plot) having an
aspect ratio of <1 exhibit a larger free energy as compared to
droplets reaching their equilibrium position on a hydrophilic
stripe (center of the plot), which adopt a larger aspect ratio.
Clearly, pinning of the contact line in the direction
perpendicular to the stripes is energetically unfavorable. The
lower energy for the large-aspect-ratio droplets arises from a
smaller surface area. In fact, the total free energy is derived from
the sum of all surfaces (eq 2), but the largest contribution is
from the liquid−vapor surface.
Because we have access to the droplet shape at any time

during the simulation run, the free energy can also be plotted as
a function of simulation time. This is done in Figure 8 for a

single radius (22 l.u.) but for different lattice shifts. The
different colors in the plot correspond to different surfaces
shifts, as indicated by the insets. The free energy of the sessile
droplet has been scaled to the energy of a freely suspended
droplet with the same volume. At the beginning, the energy is
large for all droplets because of the fact that it is smashed onto
the surface and consequently has a very large liquid−vapor
surface area. After the initial impact, the droplet relaxes to its
minimal energy state in a specific configuration. From the

Figure 7. Aspect ratio (blue circles, left axis) and droplet free energy
(green squares, right axis) as a function of the positional shift with
respect to the underlying pattern, as indicated in the top-row images.
Black and white areas represent hydrophobic and hydrophilic areas,
respectively. The period of the pattern amounts to 24 l.u.; hydrophilic
and hydrophobic stripes are 18 and 6 l.u. wide. The droplet radius
amounts to 22 l.u., which corresponds to a scaled radius of 0.9. The
free energy is calculated from the droplet surface area (eq 2) and is
scaled with respect to the free energy of the spherical droplet before
impact. The situation after 20 000 time steps is plotted.

Figure 8. Droplet free energy as a function of time steps in the
simulations for different positional shifts with respect to the underlying
pattern, as indicated by the inset images. The period of the pattern
amounts to 24 l.u., hydrophilic and hydrophobic stripes are 18 and 6
l.u. wide, and the droplet radius amounts to 22 l.u. (the scaled radius
amounts to 0.9).
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transient, it is clear that the droplet adopts two different states
as indicated by the approximately linear regimes: (i) with seven
stripes wetted (upper line) and (ii) with five stripes wetted
(lower line). The fact that the lines have a slope reflects the loss
of volume and thus a decrease in surface arising from
evaporation of the liquid; the energy difference between the
two possible states appears to be approximately constant.
Following the initial relaxation, all droplets wet seven stripes.

Subsequently, some of the droplets undergo a transition from
seven to five wetted stripes, therewith reducing their energy.
The time at which the transition occurs depends on the actual
position where the droplet is deposited. When droplets are
centered on a hydrophilic stripe, the transition occurs very
quickly, but it is delayed for droplets centered more on the
hydrophobic area. When the simulation is continued for
sufficiently long times, all droplets shrink to five wetted stripes,
as a result of the aforementioned evaporation; clearly this has a
pronounced effect, especially on longer time scales.
Finally, by extending the results in Figure 6 we can plot the

aspect ratio of the droplets of varying radii deposited on
different positions as a function of the droplet radius scaled to
the pattern period. The results for two different patterns (with
periods of 20 l.u. and 24 l.u., blue circles and red squares,
respectively) are shown in Figure 9. Taking, for example, a

scaled radius of 1.0, droplets on a 15/5 (18/6) pattern have a
radius of 20 l.u. (24 l.u.). Depending on the position where they
are deposited, these cover either five or seven stripes,
corresponding to aspect ratios of approximately 1.35 and 0.9,
respectively. From the results in Figure 9, it follows that
droplets on both patterns show a similar trend and exhibit
scaling behavior. For small radii there is a deviation, which can
be ascribed to the fact that the pattern dimensions have a
marked influence20,21,23 and evaporation has a relatively large
effect, whereas for larger radii these effects become less
pronounced and the data scale onto a single curve.

■ CONCLUSIONS
We have investigated the relation between the final shape of
water droplets and the spatial position at which they are
deposited on a hydrophilic/hydrophobic striped patterned
surface. We focused on droplet radii, which are comparable to

the period of the chemically defined pattern period. The sessile
water droplets typically cover up to 13 stripes. Therewith, our
results bridge the intermediate regime, linking previously
reported work dealing with droplets on one or two stripes,
on one hand, and macroscopic droplets on many stripes, on the
other hand. Similar to previously reported work on smaller
droplets, which span only one to three stripes, the exact
position where the droplet lands has a pronounced influence.
When the center of mass lands on a hydrophilic stripe, the final
shape of the droplet is markedly different as compared to the
case in which it is deposited on a hydrophobic stripe. Lattice
Boltzmann simulations are in agreement with experimental
observations. The initial impact gives rise to substantial
flattening of the liquid puddle, followed by subsequent
retraction of the contact line. Also, final shapes are adequately
reproduced in the simulation results.
The simulations allow a thorough investigation of the effect

of different stripe sizes, droplet volumes, and deposition
positions on the final shape of the droplets. Moreover, because
the surface area of the droplet is known at any moment during
simulation runs, the time evolution of the free energy could be
monitored. These transients indicate that the retraction of the
droplet immediately after the impact is affected by the actual
spot where it is deposited. In addition, slow evaporation of the
liquid eventually also leads to retraction from the stripes.
Finally, LBM simulations performed for different droplet

volumes on various patterns reveal that parameters defining the
shape of the droplets, i.e., the aspect ratio and the contact
angles, exhibit scaling as a function of the droplet radius divided
by the period of the underlying stripe pattern. As far as we are
aware, such scaling has not been reported in the past.
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(23) Leópoldes̀, J.; Dupuis, A.; Bucknall, D. G.; Yeomans, J. M.
Jetting Micron-Scale Droplets onto Chemically Heterogeneous
Surfaces. Langmuir 2003, 19, 9818−9822.

(24) Jansen, H. P.; Sotthewes, K.; van Swigchem, J.; Zandvliet, H. J.
W.; Kooij, E. S. Lattice Boltzmann modeling of directional wetting:
Comparing simulations to experiments. Phys. Rev. E 2013, 88, 013008.
(25) Bliznyuk, O.; Vereshchagina, E.; Kooij, E. S.; Poelsema, B.
Scaling of anisotropic droplet shapes on chemically stripe-patterned
surfaces. Phys. Rev. E 2009, 79, 041601.
(26) Deng, W.; Gomez, A. The role of electric charge in
microdroplets impacting on conducting surfaces. Phys. Fluids 2010,
22, 051703.
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