MRS Communications (2018), 1 of 10
© Materials Research Society, 2018
doi:10.1557/mrc.2018.215

wrs (Communications

Developing a novel continuum model of static and dynamic contact angles
in a case study of a water droplet on micro-patterned hybrid substrates

Arash Azimi, Ping He (©/, Chae Rohrs, and Chun-Wei Yao, Department of Mechanical Engineering, Lamar University, Beaumont, TX 77710, USA
Address all correspondence to Ping He at phe@lamar.edu

(Received 22 August 2018; accepted 22 October 2018)

Abstract

Modeling static and dynamic contact angles is a great challenge in studying wetting and de-wetting. We propose a new slip boundary model
based on the Navier-Stokes equations, and establish a realistic continuum approach to simulate the contact line dynamics in 3-D. To validate
our model, a water droplet interacting with micrometer-sized patterns of a hybrid hydro-phobic/-philic surface is studied numerically and com-
pared with experimental measurements. Good agreement has been observed with four pillar spacings in the static, receding, and advancing

modes. Moreover, details of the droplet—surface interaction are revealed, i.e., penetrations, sagging, local, and global contact angles.

Introduction

The famous Young’s equation'! predicts the apparent equilib-
rium (static) contact angle for a liquid droplet sitting on a
smooth, flat solid surface, which is called the Young’s angle,
6. If the surface has either random roughness or structured pat-
terns, the apparent equilibrium contact angle, 6,,, can be deter-
mined using the Wenzel® or Cassie-Baxter®! equations.
However, the dynamic contact angle and its evolution cannot
be predicted using the Young, Wenzel, or Cassie—Baxter
equations. The difficulties in modeling dynamic contact angles
mainly arise from the singular flow geometry at the contact line
of the three phases: liquid, gas, and solid.") When the pairwise
surface tension forces are largely unbalanced near the contact
line, the classic no-slip boundary condition becomes invalid
in the nearby region; thus, driven by the surface tension
force, the contact line starts to move until a new balanced
state is reached. Based on this concept, physical and mathe-
matical models can be derived to capture the contact line
dynamics.

Table I lists a summary of slip boundary models developed
for the continuum approach in the literature.’ ") Among these
models, a generalized Navier boundary condition (GNBC) pro-
posed by Qian et al.'*'?! and a balanced-force Navier boun-
dary condition (BNBC) proposed by Ren and E'*2! were
independently constructed, and both are based on molecular
dynamics results. The GNBC and BNBC capture the dynamic
contact angle using the unbalanced Young’s stress, o(cos 68 —
cos Oy), where o is the liquid—gas surface tension, Oy is the
Young’s angle, and 6 is the dynamic contact angle. The
GNBC uses only one friction coefficient, 8, while the BNBC
uses three friction coefficients, i.e., Sy in the liquid—solid

contact surface, Bg in the gas—solid contact surface, and S*
on the tri-phase contact line. Thus, the BNBC is expected to
yield more accurate predictions. However, measuring these
friction coefficients is difficult, and these coefficients are not
yet available in the literature for real materials. Moreover, the
relations between the slip velocity and unbalanced stress pro-
posed in GNBC and BNBC are approximate, not constitutional,
and have not yet been validated through experiments.

There have also been significant developments in the parti-
cle methods. The lattice Boltzmann (LB) methods model the
solid—surface interactions directly as the pairwise interactions
between wall and fluid particles.*?>*! Limitations and chal-
lenges in LB are: (1) spurious interfacial flows strongly influ-
ence the contact line motion, and (2) realistic density and
viscosity ratios between liquid and gas are not practical.[*]
Efforts are still in progress to overcome these limitations in
LB."*3 A smoothed particle hydrodynamics model uses a com-
bination of short-range repulsive and long-range attractive
interactions between solid-liquid, solid—gas, and liquid—gas
particles to simulate the contact angle.*! A dissipative particle
dynamics (DPD) model uses only the short-range repulsive
interactions to simulate the contact angle.””? In general, the par-
ticle methods do not need to explicitly define a slip boundary
condition on the contact line. Instead, the slip condition can be
captured in particle methods as presented in a DPD work.[*®)

In this work, the continuum approach is used to investigate
the wetting on micro-patterned surfaces. Micro-patterned sur-
faces were reported were reported to promote dropwise conden-
sation for heterogeneous wetting behaviors.[*”! However, little
insight into the role of surface morphology on droplet dynamics
was provided.
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Table 1. Summary of slip boundary conditions developed in the literature.

Slip BC Formulations Notes
Stress-free BC % = Non-physical at CL. u is the velocity on a solid surface. nis the normal
n directional coordinate of solid surface.
Slip BC in us= U[1 —exp( — rin(2/))] Only applicable to Couette flows. Uis the wall velocity. ris the distance
Couet[t% away from CL. s is the slip length.
flows!®
Blake BC68! us = 2K\ sinh[wy Ko is the equilibrium frequency of molecular displacement. A the
MKy average distance between adsorption sites. m the number density of
adsorption sites on solid surface.o the liquid—gas surface tension. 6
the dynamic contact angle, and 6y the Young’s angle. # the unit
tangential direction of solid surface, which is normal to CL.
Original Navier Bus = (t-7- A)t Introduced by Navier in 1823, and derived by Maxwell in 1879. = is the
BC! viscous tensor. & the unit normal direction of solid. 3 is the friction
coefficient related to slip length, k.
GNBGL'0-121 Bus = i o (t{;YT;i')t’ o if a“.’?yfrgﬁj CL GNBC relates the solid=fluid friction, Sus, to the unbalanced Young’s
cos cos o)t a stress, a(cos 6 — cos Oy)z, at CL.
[13-21] Bus = (t-7- ), if away from CL o . . . . L
BNBC { B, = o(cos fy — cos O)F, i at CL B* is the friction coefficient at CL, including solid—fluid friction and

normal stress jump inside the fluid—solid interfacial region.
Compared to GNBC, this model avoids a large curvature near GL.

CL stands for “contact line”.

To understand the contact line dynamics on the micro-
patterned surfaces, an experimentally validated, constitutional
slip boundary model based on the Navier—Stokes (N-S) equa-
tions is developed in this paper. Note that our new model does
not require fitting parameters, and the model is validated
through studying a water droplet interacting with different
micropillared substrates under different conditions; i.e., static,
receding, and advancing modes. The paper is organized as fol-
lows. The physical problem, governing equations, and numer-
ical methods are presented in Section “Physical problem,
governing equations, and numerical methods”. The results
and analysis are presented in Section “Simulation results and

HHI T

analysis”. Finally, the conclusions are presented in Section
“Concluding remarks”.

Physical problem, governing
equations, and numerical methods
Physical problem

The geometry of the micro-patterned substrates studied in this
paper is shown in Fig. 1. Each substrate is covered by a square
array of micrometer-sized square pillars. The pillar dimensions
are 25 pm x 25 um x 75 pm. Four substrates with the same pil-
lar dimensions, but different pillar spacings are studied, i.e.,
12.5, 25, 37.5, and 50 pm. The area fraction of the liquid—gas

AR B TR

b=12.5 pm
¢=044

b=25 pm
=025

h=75pm
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¢=0.16 ¢, =0.11
aZ
s = (a + b)?

Figure 1. Schematic of the micrometer-sized patterns with square pillars studied in this paper.
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interface occluded by the pillars, which is defined as ¢5 in Eq. (1), is
used to refer to the four substrates throughout the paper:

a?

TR

(1
where « is the width of the pillar and b is the spacing between two
neighboring pillars. Based on the Cassie-Baxter theory,™!
decreasing ¢; will increase the hydrophobicity, unless the
Wengzel state is reached. Note that all the cases studied in this
paper are in the Cassie—Baxter state.

As shown in Fig. 2(a), a 0.4 uL water droplet interacting
with the micro-patterned substrates is studied numerically and
compared with experiments.””? All simulations in this paper
use the same configurations stated as follows. The computa-
tional domain is 1.6 mm x 1.6 mm X 1.4 mm, the minimum
grid size is Ax=6.25 um, and the total number of computa-
tional cells is over 8 million. A square micropipette, whose
dimensions are 0.2 mm x 0.2 mm x 0.9 mm, is used in the
advancing and receding simulations, while it is omitted in the
equilibrium simulations. The micro-patterned surface consist-
ing of a micropillar array of hydrophobic and hydrophilic
sites is shown in Fig. 2(b). The pillar top-surface is hydrophilic
(6y =21.5°), while the side-surfaces and substrate bottom are
hydrophobic (6y=119°). This configuration is set according
to the experiments.”® Although a large droplet (5-50 pL)
was used in the experiments, our numerical simulations cannot
handle such large droplets because the pillar size constrains the
domain size. Fortunately, our simulation results of a 0.4 pL
water droplet agree well with experiments of 5-50 pL droplets.
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Indeed, it is well accepted that the droplet size does not affect
the static and dynamic contact angles.

Governing equations

The problem described in this section is an incompressible
Newtonian, two-phase flow, which is governed by the incom-
pressible continuum equation, and N—S equations:

Vou=0 @)

opu

%+V~(puu)=—VP+V~T+Fff+ rg 3)
where u is the flow velocity, p the density, ¢ the time, p the pres-
sure, 7= u[Vu + (Vu)'] the fluid stress tensor, g the gravita-
tional acceleration, and Fy the smeared liquid—gas surface
tension force.

A constitutional slip boundary condition for
contact line

To capture the contact line motion, a constitutional slip boun-
dary model based on the N—S equations is proposed in this

paper:

ou N
p|:a—: + ugt - Vus] = MsVﬁus

+[¢- 7- 7 + o(cos By — cos 0)5.]8; + pg;
“)

08 Young’s contact angle (°)
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Figure 2. Simulation configurations: (a) the computational domain (axis unit is millimeter) contains a 0.4 uL water droplet (blue), a micropipette (gray), and a
micro-patterned substrate (red); and (b) the Young’s angle of the micro-patterned substrate is 21.5° on the pillar top-surface (blue), and 119° on the pillar side

surfaces and substrate bottom (red).
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where ug is the slip velocity of the contact line, whose
direction is #, the normal direction of the contact line pointing
from liquid to gas (meanwhile, # is tangential to the solid sur-
face), us is the liquid viscosity near the solid surface,
V2uy = Vug — ft - V(f - Vus) is the 2-D Laplacian operator
on the solid surface, 7 is the normal direction of the solid sur-
face, &, is a numerical delta function to describe the contact
line, &, is a numerical delta function to describe the solid sur-
face, and g, = g -  is the gravitational acceleration in the direc-
tion of 7.

Equation (4) is a one-dimensional N—S equation written in
the direction of Z. The pressure gradient is neglected, because
it is expected to be small. Although there is a sharp pressure
jump across the contact line due to surface tension, the pressure
gradient on either side of the contact line is small. Equation (4)
is used in the region near the contact line (6. >0), while the
classic no-slip condition is used elsewhere (6.=0) on the
solid surface. Note that although the gravity term, pg;, is
included here, it is negligible based on a simple scale analysis,
because the thickness of a contact line is infinitesimal.

There are two dissipation terms working as the damping
mechanism: (1) a bulk fluid viscous term, 7 - 7- 715;, and (2) a
fluid—solid interfacial viscous term, MsVﬁus. The first one is
exerted from the bulk fluid, and its viscosity is, of course, the
fluid viscosity, u [see Eq. (9)]. The second one is the viscous
dissipation on the contact line, but its viscosity is not yet
clear to us. It is commonly recognized that fluid viscosity
increases when it meets a solid surface. We use =10y for
all cases in this paper (u is the liquid viscosity). Our simula-
tions with different ug show that: (1) a relatively large ug
helps damp the contact line oscillation, and (2) the apparent
contact angles are not sensitive to u in all of our simulations,
e.g., results of u;=10u; and 100y, are compared in
Section 6 in the Supplementary materials.

Although the value of 1 is not yet certain theoretically, our
slip boundary model [Eq. (4)] can still be considered as free of
fitting parameters. First, u is a physical quantity representing
the fluid viscosity near solids. Second, y is not sensitive to cap-
ture the static and dynamic contact angles. More detailed exper-
imental data on the contact line dynamics are required to
measure the value of ug for a liquid—solid pair. However,
both temporal and spatial scales are required to be small on
the contact line, which is a challenge in these experiments.
We plan to perform experiments and simulations to measure
U in future studies.

Numerical methods

The liquid and gas are modeled as two continuum regions in the
computational domain, while the solid substrate is treated as
one of the boundaries of the domain. The incompressible two-
phase flow is simulated using the volume of fluids (VOF)
method. The liquid—gas interface is tracked using a VOF func-
tion, a: a=1 marks the liquid region, =0 marks the gas
region, and 0 < @ < 1 marks the liquid—gas interfacial region.

The smeared surface tension force, Fgy, is calculated using the
continuum surface force model. The VOF method usually
results in a smeared interface across several grids. An interface
compression method is used in coupling with VOF, and
achieves a sharper interface smeared within two grids.[*”’

A signed distance function, ¢, is used to represent the solid
surface: (1) |@s(x, y, )| is the closest distance from (x, y, z) to the
solid surface, and (2) ¢ is negative, if (x, y, z) is below the solid
surface, i.e., outside the computational domain, and ¢ is posi-
tive, if (x, y, z) is above the solid surface, i.e., inside the com-
putational domain. Note that there is only one side of the
solid surface inside the computational domain, i.e. ¢;>0. The
delta-function, d4(¢), is used to smear the surface tension forces
on the solid surface:

11
—+—cos<7T—¢s>, if || < 26
6=13¢e e e

®)

0 otherwise

where £ =2Ax is the smearing distance used in this study. The
contact line delta function, &, is calculated as:

8 =t Va (6)

where the tangential direction of the solid surface, #, which is
also normal to the contact line, is calculated as:
- ap — (AL - )i

T rerew (7
| — (AL - R)A|

np = —Va/|Va] is the normal direction of the liquid—gas inter-
face pointing toward the gas, and i = V¢ is the normal direc-
tion of the solid surface pointing toward the fluids (liquid and

gas). The density, p, and viscosity, u, are calculated based on
the VOF function, a:

p=po(l — @)+ pa ®)

p=pg(l— @)+ pa ©

where the subscript “L” denotes liquid, and “G” gas.

In our simulations, the Young’s angle, 6y, is an input field,
which can represent a solid surface with constant 8y or variable
6y at different locations. The dynamic contact angle, 6, is cal-
culated as:

cos(f) =ny - n (10)

Based on the above equations, Eq. (4) is solved near the con-
tact line (the region of &, > 0). The solution of Eq. (4), us, near
the contact line (6. > 0), together with the no-slip condition
away from the contact line (6.=0) are used as the Dirichlet
boundary conditions of the velocity field in solving the govern-
ing equations. A convergence study of grid size and time step-
ping is presented in Section 1 of the Supplementary materials.
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Simulation results and analysis
Equilibrium (static) contact angles

A 0.4 uL water droplet initially sits on the micro-patterned sub-
strate. Its bottom is set with a small invasion distance of 12.5
um below the pillar top-surface. As the simulation starts, the
droplet bottom surface quickly recedes upward resulting in a
decreased penetration depth. Within 5 ms, all four cases reach
an equilibrium state, and yield the Cassie—Baxter state.
Figure 3 presents the droplet contours at equilibrium condi-
tions, and Fig. 4 compares the static apparent contact angles
with the experimental data.*”! Results show good agreement
between simulations and experiments. Screenshots of measur-
ing the static contact angles using the KRUSS ADVANCE soft-
ware are presented in Section 2 of the Supplementary materials.
Note that the equilibrium contact angle is also referred to as the
static contact angle (the two terms are used interchangeably).

Receding contact angles

The receding (and advancing) contact angles are measured in
the simulations by inserting a micropipette in the droplet as
shown in Fig. 2(a). The volumetric outflow rate is 16 pL/s.
Figure 5 shows the evolution of the droplet contour during
the receding process in the case of ¢s=0.11. Although at 7=
6.2 ms, the global contour is dominant, the liquid is pinned
on the top-surface of the outermost pillar because of its hydro-
philicity. At £=9.8 ms, a local contour is developed near the

outermost pillar. The global contact angle decreases slightly,
and the local contact angle appears to be small (97.1°). At ¢
=12.6 ms, the local contour is increasingly noticeable, and
the resulting local contact angle is only 41.7°. At t=12.7 ms,
the droplet recedes to the adjacent pillar, the global contour is
recovered, and a small amount of water remains on the deserted
pillar.

Figure 6 quantitatively depicts the evolution of receding
contact angles in the time range of 6 < ¢ < 15 ms. There are
two jumps in both the global and local contact angles, at 1=
12.6 ms, and #= 14.7 ms, each of which occurs when the con-
tact line recedes from an outermost pillar to an adjacent one. In
6 <t<12.6 ms, the first receding period occurs, and the rate of
change of the contact angles is small, while, from 12.6 <t<
14.7 ms, a steady receding period is observed, and the rate of
change is large. In both periods, the minimum Jocal contact
angle corresponds to the detaching moment, and afterward, it
increases to about 130°. The minimum global contact angle
is also observed at the same moment, but it quickly increases
to about 150° after detaching. Both contact angles decrease
as the contact line moves toward the adjacent pillar. Once the
next pillar is reached, the contact angle sharply increases.
The global contact angle is determined to be the receding con-
tact angle. In this case, a medium value of 129.9° at 1=9.8 ms
is reported as the receding contact angle, because it appears in
the flat section of the global contact angle curve in Fig. 6. The
same contact angle measurement procedure is performed for all

b, =044

=025

i 1nin A 1
Beq = 131.5°,0,qexp = 135.3° Beq = 142.8°, 0o xp = 144.3°
(a) (b)
$, =0.16 $.=0.11
1innnl 1Hiiin mrnnnni 1I1tinni

(©) Oeq = 147.1°, 0, exp = 148.3°

(d) Oeq=149.8°,0,qexp = 151.0°

Figure 3. The droplet contours of the equilibrium simulations with the measured apparent contact angles: (a) ¢s = 0.44, (b) ¢s=0.25, (c) ¢s=0.16, and

(d) g5 =0.11.
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Figure 4. The equilibrium contact angles compared with experimental data
at different ¢s.

the receding and advancing cases at different ¢,. Figure 7 pre-
sents the receding contact angles at different ¢, compared with
experimental data. A good agreement has been observed.
Videos of the receding simulations are provided as Movies
S1-S4, and their snapshots are listed in Section 3 of the
Supplementary materials.
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Figure 6. Evolution of the receding contact angles at ¢s=0.11 for 6 <t <15
ms (global contact angles are marked using blue squares, and local contact
angles using red circles).

Advancing contact angles

Similar to the receding cases, the advancing contact angles are
measured using an inflow rate of 16 pL/s at the micropipette
boundary. Figure 8 shows the evolution of the advancing pro-
cess (20 <t <21.8 ms) in the case of ¢;=0.11. A local contour
develops near the outer, adjacent pillar next to the outermost
pillar covered by the droplet. As a result, a local contact
angle appears that differs from the global contact angle. The
maximum local contact angle approaches 180°, however, it

Time: 9.8 ms

eg!obaF 129.3°
Olocai=97.1°

Local contour ~

b)

Time: 12.7 ms

Bgmbm= 1494°

Global contour —

Residual water ~

I
]
[

NN

@

Figure 5. Evolution of the droplet contour (blue) in the receding process on the pillars (red) at ¢s=0.11: (a) at £= 6.2 ms, the global contour is dominant, (b) at
t=9.8 ms, a local contour is developed near the outermost pillar, (c) at £=12.6 ms, the local contour becomes outstanding, and (d) at £=12.7 ms, the droplet
recedes to the neighboring pillar; the global contour is recovered; and a small amount of water remains on the previously outermost pillar.
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Figure 7. The receding contact angles at different ¢s compared with . )
experimental results. Figure 9. The evolution of the advancing contact angles at ¢s=0.11.

only lasts for an extremely short time (Af<0.1 ms), which is As the contact line advances, large fluctuations are observed
difficult to measure in experiments. In the advancing process, in the global contact angle. Before the contact line approaches
the hydrophilicity of the pillar top-surface plays an important the adjacent pillar at #=20.4 ms, fluctuation in the contact angle
role in attracting the liquid. After the contact line advances is caused by the fluid injection from the pipette. The droplet
onto the adjacent pillar, the local contour disappears, and the contour is disturbed by the inflow. After #=20.4 ms, the contact

global contact angle recovers a value similar to the former one. line is strongly attracted by the hydrophilic top-surface of the
Figure 9 presents the evolution of the local and global adjacent pillar, and thus, induces contact angle fluctuations.
advancing contact angles during 15 <7<22ms at ¢;=0.11. As explained in the receding cases, the flat section (18.9 <

Time: 20.0 ms

ﬂglohﬂl = 165.4°

Opcar = 178.3°
Local contour —

glnhnl = 167.9°

(a) (b)

Time: 21.8 ms

golbul =166" glohul =168.7°

© (d)

Figure 8. The evolution of the droplet contour in an advancing process at ¢s=0.11: (a) t=20.0 ms, (b) t=21.1 ms, (c) {=21.2 ms, and (d) {=21.8 ms.
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Figure 10. The equilibrium, receding and advancing contact angles at
different ¢s compared with experimental results.

t <20.4 ms) of the global contact angle curve is reported as the
advancing contact angle measured in this simulation. Videos of
the advancing simulations are provided as Movies S5-S8, and
their snapshots are listed in Section 4 of the Supplementary
materials.

The equilibrium, receding and advancing contact angles are
presented together with the experimental data of Ref. 29 in
Fig. 10. A good agreement has been achieved for all cases with-
out fitting parameters, although small deviations exist for
receding angles at small ¢. In addition, we note that the thin

—#-Equilibrium penetration
50 -A- Advancing penetration
#- Equilibrium sagging
-#- Advancing sagging

hydrophobic edge present on the pillar top-surface in the exper-
iments, whose width is only 0.07 pm [see Fig. 1(c) and Table I
in Ref. 29], is extremely difficult to model in simulations
because of the large scale difference.

Droplet invasion and sagging
The invasion and sagging of the droplet into the pillar valleys
are interesting, and will likely affect the surface energies; how-
ever, they are difficult to measure experimentally. Simulation
studies exhibit advantages in predicting invasion and sagging.
Figure 11 shows the penetration and sagging of the droplet bot-
tom on the patterned substrate. Because of the hydrophobicity
of'the pillar top-surface, penetrations of a few micrometers have
been observed in the equilibrium state for substrates, whose pil-
lar spacings are large (¢, are 0.11, 0.16, 0.25), while zero pen-
etration is observed for the substrate with the smallest pillar
spacing (¢s=0.44). As shown in Fig. 11(d), the penetration
decreases with ¢, indicating that the required energy to invade
the pillar valleys increases with ¢. In the advancing mode, the
penetration at ¢,=0.11 is larger than that of the equilibrium
state, because the inflow from the micropipette pushes the drop-
let surface toward the pillar bottom. However, at ¢;=0.16 and
0.25, the advancing penetration becomes lower than the equi-
librium value. This is because (1) at higher ¢, the required
energy to invade the pillar valleys increases, and (2) the
advancing flow pushes the droplet interface in the lateral direc-
tion, and consequently, lifts the droplet bottom.

As shown in Figs. 11(b) and 11(c), normal sagging occurs
between two adjacent pillars, while diagonal sagging occurs
in the middle of four pillars. Obviously, the depth of diagonal

Figure 11. Penetration and sagging: (a) a cut view of the droplet bottom sitting on the patterned surface with g5 =0.11, (b) the penetration depth and normal
sagging, (c) the diagonal sagging marked for the same case, and (d) the penetration and diagonal-sagging depths at different ¢ for the equilibrium and

advancing modes.
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Figure 12. The magnitude (color) and vector (quivers) of the flow velocity on the central plane in (a) the equilibrium state, and (b) the advancing mode, both of
which are at ¢s = 0.11. The red line marks the droplet contour. While the pillars are not explicitly shown, their shadows can be seen in the flow field in (b). The

empty rectangle in (b) is the micropipette.

sagging is larger than that of normal sagging. Figure 11(d) pre-
sents the diagonal sagging at different ¢ for both the static and
advancing modes. Because each pillar spacing is small (ranging
from 12.5 to 50 pm), fluid flows cannot affect the liquid sag-
ging. As a result, the advancing sagging depths are almost
the same as the static values. More details for penetration and
sagging are presented in Section 5 of the Supplementary
materials.

Fluid flow and spurious velocity

The VOF method used in this paper smears the liquid—gas
interface, and induces spurious fluid flows near that interface,
which raises the question, “Will the artificial flows affect the
contact line dynamics, and so alter the apparent contact angles
predicted on patterned substrates?” Figure 12 shows that the
answer is no. At equilibrium [Fig. 12(a)], the spurious velocity
is outstanding, while the bulk liquid remains stationary. The
spurious velocity does not change the droplet contour, nor
does it change the apparent contact angle. In the advancing
mode [Fig. 12(b)], the spurious velocity is weaker than the
inflow. It does not affect either the recirculation flows inside
the droplet, or the apparent contact angle.

Concluding remarks

In this paper, we developed a novel, constitutional contact line
dynamics model based on the N—S equations capable of captur-
ing the contact line motions of liquid interacting with a solid
surface. Using our new method, a realistic continuum modeling
has been achieved, and a series of 3-D simulations have been
performed. These simulations allowed us to study a water drop-
let interacting with micrometer-sized pillared surfaces. Our
model has been validated through comparing simulation results
with the experimental results for four pillar spacings (12.5, 25,
37.5, and 50 pm), and three interacting modes (static, receding,
and advancing). To the best of our knowledge, this is the first

numerical study to report 3-D realistic, continuum simulations
of static and dynamic contact angles. Our simulations captured
the Cassie—Baxter state and reported apparent contact angles
close to the experimental measurements at four pillar condi-
tions and at three interacting modes. Good agreement on the
static and dynamic contact angles and their trends indicates
that our model captures the physical contact line dynamics.

Moreover, our simulations enable the detailed study of drop-
let—surface interactions, which are difficult to observe in exper-
iments. The local and global contact angles have been captured
in the receding and advancing cases when the contact line
recedes or advances from one pillar to an adjacent one. This
process is extremely brief (<0.1 ms). Our simulations also cap-
tured a small amount of residual water on a pillar from which
the contact line had receded. The penetration and sagging of
liquid into the pillar valleys have been reported. The high
hydrophilicity of the pillar top-surface caused small penetra-
tions of a few micrometers to be observed for large pillar spac-
ings. However, further penetration was prevented by the high
surface energy described in Section “Droplet invasion and sag-
ging”, even if an initial penetration of 12.5 um was set. The
advancing mode is found to increase penetration at the largest
pillar spacing and reduce it at the medium spacings. Zero pen-
etration has been found for all cases with the smallest pillar
spacings; this shows that the surface energy increases with ¢
(i.e., decreasing with the pillar spacing). The sagging depth
in the advancing mode is found to be the same as in the equi-
librium state; this shows that the flow condition does not affect
sagging for such a small scale present in pillar valleys.

The interface smearing technique is used in this modeling
work, which induces spurious flows around the fluid—fluid inter-
face. A natural question arises concerning the impact of artificial
flows on the modeling of contact angles. Fortunately, our results
showed that the spurious flows do not, in all cases, affect the over-
all droplet shape, the contact line dynamics, or the contact angles.
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Future studies are planned to investigate the evolution of
surface energy under different pillar conditions and droplet ini-
tial conditions.

Supplementary material
The supplementary material for this article can be found at
https:/doi.org/10.1557/mrc.2018.215.
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