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Water droplet on wedge-shaped pattern surface with hydrophilic and hydrophobic regions can spread
spontaneously in a specific direction. In this study, we investigated the mechanism of the surface
tension-driven spontaneous drop spreading behaviors by the lattice Boltzmann modeling and experi-
mental validation. Based on the Shan-Chen (SC) type multicomponent multiphase model with an algo-
rithm for relatively accurate contact angle measuring, we simulated four cases with various vertex
angles (w = 15�, 20�, 28�, 35�) of wedge-shaped pattern. After then, such surfaces were fabricated and cor-
responding experiments were conducted. The time dependence of the droplet move distance was char-
acterized in both the simulations and experiments with average deviation within 6.11%. Related force
contour and vector analyses were presented to discuss the driving mechanism. This study is expected
to shed light on the physical exploration and provide insightful hints to better tune and control the direc-
tional spreading of the surface tension-driven droplet.

� 2018 Published by Elsevier Ltd.
1. Introduction

Droplet wetting and spreading on solid surface is important to
many industrial processes in a variety of applications such as venti-
lation, air conditioning and electronics thermal management [1–7].
For example, the condensation on the hydrophilic metal surface of a
heat exchanger will form a thin water layer, which acts as a thermal
barrier to reduce the heat exchange efficiency [8]. By modifying the
metal surface to a patterned surface with alternating hydrophilic
and hydrophobic regions, the condensed droplets will sponta-
neously spread from the hydrophobic region to the hydrophilic
region directionally, which greatly drains the droplets to avoid the
formation of large-area water layer and improve the heat exchange
efficiency [9,10]. Quite a lot of works were reported on studying
such patterned surfaces with stripe [11], circle [9], wedge-shaped
[12] and Y-shaped [13] patterns via surface fabrication and simula-
tion. Among these patterns, the wedge-shaped pattern creates a
surface tension gradient that makes it easy to manipulate water
droplet spreading towards a desired direction. Alheshibri et al.
[14] has proposed a reliable method for fabricating a wedge-
shaped pattern on an Al/Cu surface with experimental validation.
However, to further extend this surface treatmentmethod, it is nec-
essary to well understand the fundamental mechanism and then do
the parameter optimization. Due to the limited cases in experi-
ments, such mechanism remained unaccounted yet [14]. Compara-
bly, numerical modeling is an powerful and flexible tool to handle
this issue. Preferably, the lattice Boltzmann method (LBM) based
on mesoscopic kinetic equations is a convenient technique for sim-
ulatingmulti-phase fluid flows, which has recently become popular
in the study of droplet wetting and spreading [15–17].

In view of the status quo, we adopt the LBM to simulate water
droplet spreading on wedge-shaped pattern surface with vertex
angles of 15�, 20�, 28�, 35�. After then, the corresponding surfaces
with the same vertex angles were fabricated and experimentally
studied. The dropletmove distance in the simulationwas compared
with that in the experiment to verify the accuracy of modeling. In
addition, the driving force contour and vector on the droplet surface
were analyzed to discuss the mechanism in the spreading process.
2. Lattice Boltzmann simulations

Here we used Shan-Chen (SC) type multicomponent multiphase
model on account of an algorithm for relatively accurate contact
angle measuring [18,19], which is widely used in droplet spreading
process for its conceptual simplicity and high computational effi-
ciency. Here we used D3Q19 model. In SC model, the particle dis-
tribution function satisfies the following LB equation:
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where fri (x,t) is the particle distribution function of component r
(the opposite component is r) in the ith velocity direction at site x
and time step t. sr is the relaxation time, and ei is the discrete veloc-
ities. f eqri x; tð Þ is the equilibrium distribution function calculated by:

f eqri ¼ xiq 1þ ei � u
c2s

þ ei � uð Þ2
2c4s

� u2

2c2s

" #
ð2Þ

Here cs is the lattice sound speed and xi is the weighting coef-
ficient. The density and macroscopic velocity of the component r
at a lattice site are given by:
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In Eq. (4), Fr = Fc,r + Fads,r is the force acting on the component
r. The gravitational force is ignored, since the volumes used in
the experiment are small enough to be neglected. Here Fc,r is the
cohesion force that determines the surface tension:
Fig. 1. (a) Simulation set-up. (b) Simulated droplet spreading morphology in the 15� ve
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Each site is occupied by two components, where the minor
component is thought of as dissolved within the dominant compo-
nent. Thus the densities are complementary (qr þ qr ¼ qi, qi is the
constant initial density). Gc is a parameter that determines the
strength of the cohesion force. A too large Gc will make two phases
immiscible, while a too low Gc will cause two phases to mix into
one single phase. Huang et al. [19] found that the model is more
stable when 1:6 < Gc qr þ qrð Þ < 2:0, particularly when the expres-
sion equals 1.8 and Gc equals 0.87. Here we chose the same values,
so qi equals 2.06.

Fads,r represents the adhesion force between the fluid and solid:

Fads;r xð Þ ¼ �Gads;rqr x; tð Þ
X
i

xis xþ eiDtð Þei ð7Þ

where Gads,r is the interaction strength between the component and
the solid wall. Here s equals 0 or 1 which represents fluid or solid
site. According to Huang et al. [19], the equation below provides a
relatively accurate contact angle measurement:

cos h1 ¼ Gads;2 � Gads;1

Gc q1 � q2ð Þ=2 ð8Þ

where q1 and q2 are the dominant density and associate dissolved
density, respectively. According to Huang et al. [19], the simulation
is most stable when the adhesive constants of two fluid components
are opposite to each other, i.e., Gads,2 = �Gads,1.
rtex angle case under different density ratio k at time step of T = 1000 and 100,000.



Fig. 2. (a) Comparison of the simulated results and snapshots. (b) Comparison of droplet move distance x as a function of time t in the experiments and simulations. (c) Final
droplet move distance xmax and maximum velocity Vmax as a function of vertex angle w in the simulations.
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As shown in the set-up graph of Fig. 1(a), inside the wedge-
shaped region is hydrophilic as well as the outside region is
hydrophobic. In the computational domain of 240 � 200 � 50 lat-
tices, a spherical water droplet of radius r = 16 lattices was placed
on the tip of a hydrophilic wedge-shaped region. The static contact
angles of hydrophilic and hydrophobic regions were set as
hphi = 25�, hpho = 145�. The periodical boundary condition was used
in the horizontal sides of the lattice, while the ‘‘bounce-back” was
used at the patterned surface [19]. The initial density ratio (k =
qliquid/qair) will greatly influence the spreading dynamics. To deter-
mine feasible initial densities, we simulated water droplet spread-
ing on a 15� vertex angle wedge-shaped patter surface with
different k, and the results of spreading morphology are shown
in Fig. 1(b). For k from 1 to 9.8, the phase separation is diverging.
For k from 9.8 to 28.4, it shows that the phase separation is partly
unstable. For k from 28.4 to 50.5, it can be seen that the phase sep-
aration is very stable, which is accurate to reflect the droplet mor-
phology evolution during the spreading process. However, a too
large k will induce a too small cohesion force, which leads to the
diffusion of liquid phase (it can be seen that the liquid spreads to
the hydrophobic region instead of the hydrophilic region). There-
fore, we chose k = 33.3 (qliquid equals 2.00 and qair equals 0.06) in
our simulation. To relate the dimensionless simulation parameters
with real physical quantities, length, time and mass scales
(L0 = 1.55 � 10�4 m, T0 = 1.4 � 10�5 s, M0 = 1.5 � 10�9 kg) are
required. A simulation parameter will convert to a real physical
quantity after being multiplied by L0½ �n1 T0½ �n2 M0½ �n3 . Here we
simulated four cases with various vertex angles (w = 15�, 20�,
28�, 35�) of wedge-shaped pattern.

3. Experiments

To validate the results of LBM, we deposited a 100–200 nm Al
film on a 5 � 5 � 1 mm copper substrate through an e-beam evap-
oration coating machine (Alpha. Plus, EB-500S), followed by oxy-
gen plasma treatment (Harrick, PDC-002-HP, 29.6 W) and 1H, 1H,
2H, 2H-perfluorodecanethiol (HDFT) modification [20]. The contact
angle of 25� was achieved on the hydrophilic Al region, while the
contact angle of 145� was obtained on the hydrophobic Cu region.
After then, the experiment of a 20 ll water droplet spreading on
the fabricated surface were captured by a high speed camera (Pho-
tron Fastcam SA3) at the frame rate of 1000 fps. More details can
be referred to Ref. [14].

4. Results and discussions

The simulated results and snapshots of a water droplet spread-
ing on a wedge-shaped pattern surface with the vertex angle of 15�
are shown in Fig. 2(a), which indicates the similarity of spreading
results in both the LBM and experiment. Firstly, the droplet spon-
taneously spreads from the hydrophobic region to hydrophilic
region driven by the difference of adhesive force between two
regions. After that, the whole droplet further spreads forward.
The phenomena observed in other three cases are similar to that



Table 1
Deviation of move distance between the simulations and experiments.

Case Deviation

Nt,max Nt,min Nt,average S

I w = 15� 12.16% 1.62% 6.11% 3.14%
II w = 20� 17.25% 0.04% 4.53% 4.39%
III w = 28� 18.78% 0.38% 4.73% 4.12%
IV w = 35� 20.75% 0.03% 4.18% 5.33%

Fig. 3. (a) Analyses of forces acting on a droplet. (b) Simulated force contours and (c) force vectors in the 15� vertex angle case at time of t = 0.03 s, 0.09 s and 1.25 s.
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in the 15� case. We further qualitatively characterize the move dis-
tance x (shown as the inset picture in Fig. 2(b)) of water droplet.
Fig. 2(b) shows the x-t curves in four cases (w = 15�, 20�, 28�,
35�), in which red lines represent the converted simulated results
and the blue1 lines represent the experimental results. By further
analyzing Fig. 2(b), we obtained the simulated final move distance
(xmax) and the maximum velocity (Vmax) and drew the xmax-w curve
and the Vmax-w curve in Fig. 2(c) to analyze the impact of vertex
angle w. It is obvious that the final move distance of droplet
decreases with the increase of vertex angle, while the maximum
velocity increases.

To discuss the accuracy of the LB model in detail, deviations of x
between the simulations and experiments at each moment were
calculated. The deviation Nt is defined as the ratio of xe,t–xs,t to
xe,t, where xe,t represents the x measured in the experiments and
1 For interpretation of color in Fig. 2, the reader is referred to the web version of
this article.
xs,t is the x obtained from the simulations. The maximum devia-
tions in four cases are 12.16%, 17.25%, 18.78%, 20.75%, respectively.
The standard deviation of Nt is defined as:

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nt;i � Nt
� �2

n� 1

s
ð9Þ

The results are summarized in Table 1. The average deviations
in four cases are 6.11%, 4.53%, 4.73% and 4.18%, and the standard
deviations are 3.14%, 4.39%, 4.12%, 5.33%. Overall, the results indi-
cate the accuracy of the LB model for such spreading process.

To further discuss the driving mechanism, we analyzed the
forces acting on droplet. As shown in Fig. 3(a), the forces effecting
the spreading dynamics of droplet mainly include three kinds of
forces: the actuating force (FA), the wettability difference force
(FD), the resistance force (FR). Obviously, the droplet spreads for-
ward under the driving forces of FA and FD, and FR is the opposite
force hindering the spread motion. To validate the force analysis,
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we calculated and obtained the forces acting on water droplet in
the simulation of 15� vertex angle case. Fig. 3(b) demonstrates
the contours of Fx (the projected value of F on x direction) and Fy
(the projected value of F on y direction) at t = 0.03 s, 0.09 s,
1.25 s. In Fx contour, the forces exerting on the end of the liquid
promote the spread forward, while the forces exerting on the front
of the liquid hinder it. Besides, the forces along the edge of the
wedge-shaped pattern is positive, from which we can consider
them as promotional roles to the spreading process. In Fy contour,
it is obvious that the forces along the edge of the wedge-shaped
pattern exert from the hydrophobic region to the hydrophilic
region, which reveals the wettability difference makes water dro-
plet spreading only along the hydrophilic wedge-shaped pattern.
After then, we analyzed the force vectors at time of t = 0.03 s,
0.09 s, 1.25 s in Fig. 3(c), in which the forces can be divided into
FA, FD, FR (shown as locally enlarged views in each force vector).
Overall, the force analyses in the contour and vector are consistent
with that in Fig. 3(a).

5. Conclusion

In this study, we have investigated water droplets’ sponta-
neously spreading phenomenon on wedge-shaped pattern surface
with various vertex angles (w = 15�, 20�, 28�, 35�) by both the LBM
and experiments. The move distances of water droplets were char-
acterized in both the simulations and experiments with the aver-
age deviation within 6.11%. The final move distance of droplet
decreases with the increase of vertex angle, while the maximum
velocity increases. To discuss the driving mechanism in the spread-
ing process, the forces acting on droplet are divided into FA, FD, FR
followed by simulated validation via the force contour and vector.
The proposed LB model is found to be an effective approach to
explore the driving mechanism to better tune and control the
directional spreading of the surface tension-driven droplet.
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