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ABSTRACT

In this paper, we numerically investigate drop impact on a micro-well substrate to understand the phenomena of non-wettability. The simu-
lation is carried out by solving three-dimensional incompressible Navier–Stokes equations using a density projection method and an adaptive
grid refinement algorithm. A very sharp interface reconstruction algorithm, known as the moment-of-fluid method, is utilized to identify the
multi-materials and multi-phases present in the computation domain. Our simulations predicted that a micro-well with a deep cavity can
significantly reduce a solid–liquid contact in the event of drop impact. The results from the drop impact on the micro-well substrate are com-
pared with results from drop impact on a flat substrate. Significant differences are observed between these two cases in terms of wetted area,
spreading ratio, and kinetic energy. Our simulation shows that under the same conditions, a drop is more apt to jump from a micro-well sub-
strate than from a flat surface, resulting in smaller wetted area and shorter contact time. Based on the simulation results, we draw a drop
jumping region map. The micro-well substrate has a larger region than the flat surface substrate. Finally, we present a comparative analysis
between a flat substrate and a substrate constructed with a dense array of micro-wells and, therefore, show that the array of micro-wells out-
performs the smooth substrate with regard to non-wettability and drop wicking capability.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0093826

INTRODUCTION

Numerous studies have been done over decades to understand
the liquid–solid interactions with different substrate properties and
solid surface hydrophilicity. In many cases, surface hydrophobicity is
very much sought after, because liquid repellant properties can
become useful in reducing contact times of the liquid–solid interac-
tion.1 The complex dynamics of contact time, which is generally
described as the duration of the droplet contact and, consequently, the
spreading and retracting phases, depends on the surface–liquid inter-
actions.2 Many researchers have deemed the spreading phase after
drop impact to be particularly most important,3–5 and others have
pointed out the importance of the retraction phase immediately after
the spreading phase.6 In some applications, it is desired to prolong
the contact time such as inkjet printing,7,8 pesticide transferring
on crops,9–11 and spray cooling.12 In other cases, it is desired to
reduce the contact time such as anti-corrosion and self-cleaning13–16

application, spray cooling,17–19 and deicing and anti-icing methods in
aviation/aircraft industries.20–22

In the nature, there are many materials that exhibit superhydro-
phobicity with advancing contact angles ranging between 150� and
160� (Refs. 23–26) and generally classified as features due to following:
(1) lubricated films, such like epicuticular wax, providing a layer
between the solid and liquid phases, (2) roughness that can effectively
entrap air and provide a barrier or a type of an insulation medium,
and finally, (3) secondary texture with superimposing morphological
surfaces. Focusing on the roughness of substrates, an idea coined from
the nature, researchers have shown that an excellent non-wetting
property could be achieved by micro-structures that encapsulate air
or, in general, have additional gas or liquid phases.27,28 The under-
neath air entrapment dictates if a droplet would undergo the Cassie
state that demonstrates partial wetting or non-wetting or Wenzel
states that show complete wetting due to the liquid contacting the sub-
strate while displacing the cushioning air.29 Researchers focusing on
fabricating superhydrophobic surfaces typically modify the surface
property to provide certain degrees of roughness and use methods like
abrasive polishing, plasma nano-texturing, etching, lithography, nano-
coating and grit roughening, 3D printing, etc.30–35 All these certain
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methods allow researchers to entrap air within the micro- and nano-
structures by roughening the surface, such that the droplets can exhibit
a Cassie–Baxter state of non-wettability instead of the Wenzel state of
fully wettability as shown in Fig. 1. Micro- and macro-structures of
many different kinds were researched in the past; such substrates fea-
ture triangular ridges,36 small spherical feature,37–39 different types of
fabrics,40,41 short conical structure,42 different sizes of half spheres,38

large tubes,43 and curved surfaces,44 but most importantly, micro-
pillars or micro-posts2,45–54 that enhance faster wicking or pancake
bouncing are of great interest. Anistropically wetting substrates, such
stripes with chemically alternating hydrophilic and hydrophobic prop-
erties, are also sometimes considered more benefitting than isotropic
substrates, like micro-pillars or micro-posts.55

While the air pocket entrainment or encapsulation needed for
superhydrophobic surfaces is thoroughly understood and widely rec-
ognized by the scientific community, most of the studies have contin-
ued to focus on the drop shape evolution, the aspect of velocity and
pressure changes within the drop or the volume of liquid, and possible
reductions in contact times. It is conveniently understood that all
superhydrophobic surfaces are textured or rough surfaces that entrap
air pockets,52,56–62 and droplets impacting on rough surfaces exhibit
quick non-wetting and reduced contact times.63 Similarly, with
increased superhydrophobicity of rough surfaces, bulk kinetic energy
(KE) is spent on spreading and retraction and less into useful transfor-
mational energy harnessed for out of plane jumping and, therefore,
may lead to splashing and/or drop breakups into smaller satellite drop-
lets.64,65 A very effective water repellency has been observed by Shen
et al.20 due to the rough surface where the water droplet bounced off
before freezing, resulting in reduction in the icing strength because of
low efficiency in thermal conduction between the water droplet and
the cold solid surface. Bird et al.1,66 discussed that with micro-textured
surfaces, controlling the extent of contact time can essentially dictate
the mass, momentum, and energy exchange, and therefore, it should
be minimized. They experimented drop impacting on the macroscopic
structure/ridge to make axisymmetric recoil resulting in minimum
contact timing. It is also theoretically suggested that thin spread tex-
tures are indispensable to trap air that results in reduced contact
time.1,67,68 Quan and Zhang69 studied micro-pillars of different types
and shapes, including triangular, square, crisscross, and spherical cyl-
inders, with crisscross showing the best bouncing ability, and such
ability is attributed to large capillary pressure and the ability of captur-
ing air in the gaps compared to other types of pillar shapes. Other

researchers also discussed about the toroidal rim instability70 and the
development of rotational velocities within the rim, therefore resulting
in partial or complete rebound, prompt, corona, or receding breakup
of droplets recoiling on superhydrophobic substrates that can entrap
air pockets.71,72

In this paper, we numerically investigated liquid water drop
impact on a micro-well substrate and demonstrated how air inside a
micro-well can prevent a water drop from wetting the bottom of the
substrate. The micro-well surface is structurally different than any
other types of a rough substrate that are hydrophobic in nature. Since
the micro-well structure does not let air to escape from its cavity and
seals the opening of the structure as the liquid drop contacts the edge
of the solid, it is, therefore, different from other types of water repellent
substrates. Also through this study, using the same concept of a large
micro-well, we would show that the reduced wettability of a single
micro-well can be expanded into an array of smaller micro-wells. At
first, we describe the numerical approach to the problem using the
moment-of-fluid (MOF) algorithm, and then we present the setup for
the problem and demonstrate our accuracy and mesh sensitivity used
in this study. Second, we use a single micro-well and show that drop
impact at various speeds and contact angles can both benefit from the
reduced liquid–solid interaction and air acting as a barrier. Using the
concept of a single micro-well, we further demonstrate drop impact
cases on a substrate with arrays of micro-wells and discuss the non-
wettability compared to a substrate with no roughness features.

NUMERICAL METHODS

For any incompressible flow with two phases of a multiphase
flow system, we seek the Navier–Stokes equation given by the follow-
ing equation:

@U
@t
þr � ðUUÞ ¼ 1

q
ð�rpþr � sþ Ftension þ ðHÞgÞ; (1)

where U ¼ ðu; v;wÞ is the velocity vector, t is the time, p is the pres-
sure, s is the shear stress tensor, H is the Heaviside function indicating
different materials, and g is the gravitational acceleration vector. Due
to the constraint of incompressibility of each fluid present in the
domain, the continuity equation gives us

r � U ¼ 0: (2)

The advection equation becomes

FIG. 1. Wenzel state (left) vs Cassie–Baxter state (right).
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@H
@t
þ U � rH ¼ 0: (3)

For multiple fluids present in a system, there should be a way to track
each fluid. Let us consider two different fluids, designating the
Heaviside function H ¼ 0 for fluid 1 (e.g., air) and H ¼ 1 for fluid 2
(e.g., water) to track the fluid in a volume. The Heaviside function in
this case is defined as follows:

Hm x; tð Þ ¼
1 x 2 materialm;

0 otherwise:

(
(4)

Within the system, the volume averaged density for each phase is
given as qðHÞ �

PM
m¼1 qmHm, and s is the shear stress tensor defined

as

s ¼ lðHÞ rUþ ðrUÞT
� �

: (5)

Here, lðHÞ �
PM

m¼1 lmHm is the viscosity, and the stress at the mate-
rial interface will have the following jump condition due to the surface
tension:

ð�pI þ sÞ � n½ � ¼ rjn; (6)

where r is the surface tension coefficient and j and n are the curvature
and unit normal of the interface, respectively.

For two-phase flow, the surface tension force term, Ftension,
between two materials is

Ftension ¼ r1;2ðr � nmÞrHm; (7)

and the interface unit normal is

nm ¼
rHm

jrHmj
: (8)

Moment-of-fluid interface reconstruction

A clear and visible separation and identification of the multiphases
present with the domain is essential for each computational cell. The
moment-of-fluid (MOF) method used in this paper has been developed
in light of the generalized volume-of-fluid method (VOF), and the differ-
ent phases are depicted by a plane in 3D or a line in 2D. This interface
representation is known as a piecewise linear interface calculation
(PLIC). For the moment-of-fluid (MOF) method, the material m distri-
bution with its volume fraction in each computation cell is

Fm;cell ¼
Xi;m

Xi;cell
¼ 1

DxDyDz

ðxiþ1=2
xi�1=2

ðyjþ1=2
yj�1=2

ðzkþ1=2
zk�1=2

HmðxÞdzdydx; (9)

whereXi;cell andXi;m are the volume of cell (i, j, and k) and the volume
of material m in the cell. The centroid of the material in the cell is

xm ¼

ðxiþ1=2
xi�1=2

ðyjþ1=2
yj�1=2

ðzkþ1=2
zk�1=2

xHmðxÞdzdydx

Fm;cell
: (10)

In between the considered material regions, the interface between two
materials can be represented as Cm1,m2 and n as the unit normal vector
always pointing away from the cell face, as shown in Fig. 2.

With the piecewise linear multi-material MOF reconstruction,73

the interface in between two materials can be represented as a straight
line with normal n and intercept b and stems from a reference volume,
Fref and reference centroid xref . Therefore, the interface can be repre-
sented as

C ¼ xjn�Þðx � x0Þ þ b ¼ 0½ �: (11)

The normal for each of the cell representing more than one material
can be written as follows:

n ¼
sin ðnÞ cos ðbÞ
sin ðnÞ sin ðbÞ

cos ðnÞ

0
B@

1
CA: (12)

As shown in Fig. 3, with the constrain set to match the actual volume
to reference volume

jFc
reference;m � Fc

actual;mðn; bÞj ¼ 0; (13)

an error minimization criterion is employed with the following
condition:

ðn; bÞ ¼ argminðEMOFÞ ¼ argminjjxreference � xactualðx; bÞjj: (14)

With reference to Refs. 74–77, the Gauss–Newton algorithm toler-
ance for this equation provided by finding the slope is eslope ¼ 10�10,
and Brent’s method tolerance for finding the intercept is
eintercept ¼ 10�12. If the material within the computed cell is more
than two types, a nested dissection algorithm is applied to perform
the proper MOF reconstruction,75 where the centroid for the subse-
quently reconstructed material is selected to be the farthest to the
centroid of the un-captured volume. Further review on moment of
the fluid reconstruction method can be found in other relevant liter-
ature works.73–75,77–83

The following equations are used in the study to define different
parameters and their non-dimensionalization characteristics:

Weber number:

FIG. 2. Three materials with interface.
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We ¼ qlU
2
0D0

r
; (15)

where ql , U0, D0, and r are the density of the liquid, the initial impact
speed of the drop, the initial diameter of the drop, and the surface ten-
sion, respectively.

Time:

t� ¼ tffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qlð0:5D0Þ3

r

r : (16)

Spreading ratio:

b ¼ Dspread

D0
: (17)

Wetted area ratio:

A� ¼ Awetted

p
DO

2

� �2 ; (18)

FIG. 3. MOF interface reconstruction.

FIG. 4. Illustration of the drop initial, the spreading, and the wetting diameter after the event of impact on a surface.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 062108 (2022); doi: 10.1063/5.0093826 34, 062108-4

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


where Awetted ¼ pðDwetted
2 Þ

2 and the Dwetted is the diameter of the area of
the liquid–solid contact (Fig. 4).

Kinetic energy in the z-direction (the direction of drop rebound-
ing) is

KE� ¼ KEz

ql
4
3
pr0

� �3

U2
0

; (19)

where r0 ¼ D0
2

� �
and D0 is defined earlier.

CODE VALIDATION

We first simulate a well-documented experimental study to show
the capability of the numerical method. The experiment was con-
ducted by Kim and Chun.84 They studied a water drop impacting a
flat substrate at a speed of 0.77m/s. The radius of the water drop
is 1.8mm with a liquid density of 998 kg=m3 and a viscosity of
8:67� 10�4 kg/ms. In the simulation, the dynamic contact angle
model by Jiang et al.85 is used

FIG. 5. Comparison between simulation (blue) and experiment (black) from Ref. 84.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 062108 (2022); doi: 10.1063/5.0093826 34, 062108-5

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


cos ðheÞ � cos ðhdÞ
cos ðheÞ þ 1

¼ tanhð4:96Ca0:702Þ; (20)

where he, ha, and hr are the equilibrium, advancing, and receding con-
tact angles and their values are 87:4�, 114�, and 52�, respectively. Ca is
the capillary number defined as Ca ¼ llU0

r , with ll being the viscosity
of the liquid. The surface tensions between liquid and gas, liquid and
solid, and solid and gas are 0.0728, 0.0695, and 0.0728N/m, respec-
tively. Figure 5 compares drop spreading and recoiling after impact
between the experiment and simulation. A very fine mesh refinement
of 40 cells per radius for the initial drop diameter coupled with the
dynamic contact angle found to have an excellent match with
the experimental maximum base diameter, and the time evolution of
the adaptive mesh refinement (AMR) for drop spreading is shown in
Fig. 6. A comparison of the non-dimensionalized base diameter

between the experiment and simulation is shown in Fig. 7. Agreement
is also good. The code has been used to study other drop impact cases,
and the results are reported by Yan et al.86,87

RESULTS AND DISCUSSION
Drop impact on a single micro-well

The setup of drop impact on a single micro-well is shown in
Fig. 8. The drop has a diameter of 250 lm, and the micro-well has a
diameter of 200lm and a depth of 180 lm. The equilibrium contact
angle is 120�. A drop is initially positioned 1lm above the micro-well
with an initial velocity of 2m/s. Table I shows the liquid and gas prop-
erties used. To show the pertinent features of the micro-well, we also
simulate drop impact on a flat surface under the same conditions. The
boundary conditions and the domain setup for the micro-well are
shown in Fig. 9.

FIG. 6. Stepwise evolution of adaptive mesh refinement while the drop spreads and recedes.
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Figure 10 shows the simulated drop spreading after impact on a
flat substrate and a micro-well. In both cases, the drop spreads laterally
but there is a noticeable difference between the two. As the bulk of
drop enters the cavity of the micro-well, the drop remains suspended
in the air without ever touching the well bottom, resulting in a much
smaller wetted substrate in the case of the micro-well. Figure 11 shows
the event of drop impacts for the two cases with the drop on the
micro-well leaving much earlier than the drop on the flat substrate.
The drop on the flat substrate eventually detaches from the surface
much later than the flat substrate (t¼ 0.7msþ) but only to fall back
and reattach to the surface within a very short period of time.

We use the spreading ratio and the wetted area ratio to explain
the differences between the cases of two different surface types. The
spreading ratio is the ratio of the maximum projected diameter of the

deformed drop to the diameter of the initially undeformed drop, as
shown earlier in Fig. 4; the wetted area ratio denotes the ratio of the
actual contact area between the solid and liquid phases over the pro-
jected area of the drop. The spreading ratio is defined in Eq. (17). The
time variation against the spreading ratio is plotted in Fig. 12. The red
line is the spreading ratio of the micro-well case, and the blue is the
flat surface. Note that the drop takes longer to touch the micro-well
surface than to touch the flat surface. As the drop closes the orifice of
the micro-well, it remains suspended inside the cylindrical cavity, and

FIG. 7. Comparison of the non-dimensional base diameter between the experiment84

and simulation. In the simulation, the dynamic contact angle model of Jiang et al.85 is
used.

FIG. 8. Drop impact on a single micro-well shown as rendering.

TABLE I. Liquid and gas properties.88

r (mNm�1) ll (mPa s) lg (mPa s) ql (kgm
�3) qg (kgm

�3)

10 �C 72.7 1.308 0.02 999.7 1.25

FIG 9. Domain setup and boundary conditions for the micro-well.
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the entrapped air in the micro-well prevents the drop from wetting the
bottom of the micro-well. The micro-well case has a smaller spreading
ratio, hence a quicker drop retraction and jump off than the flat sur-
face case. The jump off time for the micro-well is t� ¼ 2.33 and is t� ¼
4.76 for the flat surface case. The drop on the flat substrate quickly
returns (falls back) after a very short period of detachment, while on
the micro-well, it departs much earlier and eventually achieves a
higher trajectory.

To further illustrate the pertinent feature of drop impact on the
micro-well, we present the wetting region, which represents the liquid-

substrate contact over time. When the drop impacts on the micro-
well, it wets a small surface area in contrast to when it hits a flat sur-
face. The wetting region is much different between the two cases, and
therefore, we present the wetted area ratio along with previously pre-
sented spreading ratio comparison. While the spreading ratio showed
the lateral distance traveled by the drop, the effective wetted area ratio
is the actual contact area between the drop and substrate. The change
in the wetted area over time is plotted in Fig. 13. The drop has a 47%
less wetted area in the micro-well case than in the flat surface case.
Also note that the drop departs from the micro-well substrate much

FIG. 10. Simulation of drop spreading on the flat surface (left) and the micro-well (right), only half of the x–y plane is shown here.

FIG. 11. Drop impact on a micro-well (top) vs flat (bottom): drop detaches and jumps away from the micro-well substrate, but detachment on the flat substrate is very slow and
the drop quickly returns to the surface on the flat substrate.
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earlier than from the flat surface, as pointed out earlier in the spread-
ing ratio comparison depicted in Fig. 12.

The time variation of the non-dimensionalized drop kinetic
energy is shown in Fig. 14. The impact speed is still 2.0m/s, and the
contact angle is 120�. After contacting the substrate, the kinetic energy
quickly decreases to zero when the drop reaches the maximum liquid-
substrate contact. As the drop starts to recede, the surface energy is
converted to kinetic energy and the kinetic energy starts to increase. In
Fig. 14, from t� ¼ 1 to t� ¼ 2 shows the gain in kinetic energy, which
occurs during the recoiling phase after the event of the spreading. The
drop on the micro-well has already detached at t� ¼ 2.33 and jumped-
off with a higher kinetic energy and the kinetic energy for the drop on

the flat substrate continues to decrease, making it very difficult to
detach from the surface. The kinetic energy of the drop on the micro-
well, as presented by the red marker, while detached from the sub-
strate, shows undulation with the first peak occurring from t� ¼ 3 to t�

¼ 4 and the second peak occurring from t� ¼ 4 to t� ¼ 5. In contrast,
the kinetic energy for the drop on the flat substrate plateaus is close to
zero and does not exhibit any oscillation, and the drop detaches from
the substrate very later at t� ¼ 4.76. This comparison of the kinetic
energy shows that the drop ejection is very slow for the flat substrate
compared to the micro-well substrate, and it also becomes evident that
larger wettability leads to the longer liquid–solid contact and diminishes
kinetic energy for the drop with higher surface adhesion.

Effect of contact angle

We simulated the effect of the contact angle and the results at an
impact speed of 0.75m/s on the micro-well substrate. The time varia-
tion of the wetted area ratio, as defined in Eq. (18), is presented in
Fig. 15 and the kinetic energy, as defined in Eq. (19), shown in Fig. 16.
It is very apparent that the wetted area decreases with the increase in
the contact angle: the smallest contact angle 120� case has the largest
wetted area (drop-substrate contact area), and the largest contact angle
140� case has the smallest wetted area.

The contact angle influences the degree of adhesion, which in
turn controls the outcome of the kinetic energy, as shown in Fig. 16.
At t� ¼ 1.25, the drop reaches the maximum spreading extent, and
therefore, the surface tension and the viscous forces overcame the liq-
uid inertia, it starts to recede, and this is the instance where the surface
energy begins to slowly convert into kinetic energy. The largest contact
angle (140�) case has the smallest contact area, and less energy is used
to detach from the surface which eventually results in a reserve of
higher kinetic energy. On the contrary, the smallest contact angle case
(120�) has the largest contact area with the substrate and, hence, has
the lowest kinetic energy gain. Hence, liquid-substrate adhesion
dictates the kinetic energy for the drop jumping behavior on the

FIG. 12. Time variation of the spreading ratio of drop impacting on the flat substrate
vs the micro-well substrate.

FIG. 13. Resulting wetted area ratio over time.

FIG. 14. Kinetic energy (KE�) in the z-direction over time for drops impacting at var-
ious speeds at a contact angle of 120�.
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micro-well substrate. With more drop-substrate contact, as in the case
of 120�, results in less kinetic energy, and the drop fails to jump and
starts to spread after the initial retraction and continues to oscillate
while remaining in contact with the micro-well substrate. With a
smaller liquid–solid contact in the case of 140�, the drop easily
detaches and able to propel itself from the surface of the micro-well.

DROP JUMPING REGIME-MAP

Using the simulation results from different contact angles and
impact speeds, we can quantitatively construct an impact velocity-
contact angle jumping regime map, which entails the advantage of the

micro-well over a flat surface substrate and is presented in Fig. 17. It is
evident that the micro-well jumping boundary is larger than the jump-
ing boundary of the flat substrate.

We will further rationalize the ranges of the drop impacting and
rebounding for all three contact angles presented in Fig. 17. For the
contact angle of 120�, when the impact speed is lower than 1:4m=s,
the drop fails to detach from the flat surface and micro-well surface.
When the impact speed is between 1:4 and 2:0m=s, the drops can pro-
pel away from the micro-well substrate but not the flat substrate.
When the impact speed is larger than 2.0m/s, the drop can detach
from both the flat and micro-well substrates. In the case of 130�, when
the impact speed is between 0.7 and 0.85m/s, the drop jumped from
the micro-well substrate but not from the flat substrate. When the
impact speed is smaller than 0.7m/s, the kinetic energy cannot over-
come the inter-surface adhesion forces in either case, and the drop
does not detach from the substrates. At the contact angle of 140�, the
jumping threshold on the micro-well substrate is more skewed than in
the case of 130�. At a speed of 0.35–0.55m/s, the drop can propel out
of the micro-well surface but fail to detach from the flat substrate. At
the impact speed of 0.55m/s, the drop can jump off from both the
micro-well and flat substrates.

Finally, to corroborate the structure of the regime map, we fur-
ther illustrate by presenting three selected cases of impact speeds for
two different contact angles at which the drop either (a) jumps from
both substrates, (b) jumps off from the micro-well but not from the
flat substrate, or (c) fails to propel from both substrates. Figure 18
presents the case of 130� contact angle, where impact speeds of (i)
1.0m/s, (ii) 0.7m/s, and (iii) 0.45m/s are shown. Figure 19 shows the
three speed cases of (i) 1.45m/s, (ii) 1.15m/s, and (iii) 0.35m/s for the
contact angle of 140�. At 130�, the drop in the case of 1.0m/s jumps
from both substrates, while at 0.7m/s the drop jumps from the micro-
well but fails on the flat substrate. At 140�, the drop rebounds on both
the substrate types while the impacts speeds are v¼ 1.45m/s and
v¼ 1.15m/s. For the slowest speed of 0.35m/s, the drop slightly jumps

FIG. 16. Kinetic energy (KE�) in the z-direction over time for drops impacting at a
speed of v¼ 0.75 m/s at contact angles of 120�, 130�, and 140�.

FIG. 17. Regime map showing the ability to propel drops on the micro-well and the
flat substrate.

FIG. 15. Impact of the contact angle on the wetted area for drop impact on the
micro-well substrate. The wetted area decreases with the increase in the contact
angle.
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from the micro-well but could not detach from the flat substrate.
Thus, through our analysis, it is strongly evident that the micro-well
has advantages in drop rebound capability, which is otherwise not pos-
sible on the flat smooth substrate over different impact speeds and dif-
ferent contact angles and wettability conditions.

Drop impact on a substrate with patterned
micro-wells

Substrates designed in common experimental settings typically
consist of several densely packed micro-structures to give the hydro-
phobicity nature to the surface that is intrinsically water repellent. As
discussed earlier, air pockets within the micro-structure can prevent
the drop from reaching the bottom of the substrate and, thus, reduces
the solid–liquid contact area.49,62,89 Therefore, using the same concept
of a large micro-well, we compare an array of the patterned micro-well
case against a flat substrate for the contact angle of 120�. The drop
impact speed is 1.9m/s, and the size of the drop is 250 lm. The three-
dimensional schematic for a drop on a substrate with an array of

micro-wells is shown in Fig. 20. The diameter of each of the single
micro-well is 1.2lm, and the distance (pitch) between one micro-well
and the next is designed to be 2.725lm.

As can be seen in Fig. 21, the drop on the micro-well easily
detaches and jumps off from the micro-well array after t¼ 0.45ms,
whereas the drop on the flat substrate fails to leave the substrate surface.
Our finding confirms the widely accepted theoretical proposition of air
entrapment behavior as presented forth by Qu�er�e.26,90 Because of the
Laplace pressure that exists between the liquid–solid interface of a much
larger drop and much smaller roughness scale, the dry solid has lower
surface energy, rsolid�vapor , than the wet one, rsolid�liquid , and therefore, if
air traps inside the roughness with a given roughness factor of r, then it
favors in lower surface energy.91 Qu�er�e,26,90 using the reference to subse-
quent literatures,91–93 has expanded the equation form as shown below

ðr � /sÞðrsolid�liquid � rsolid�vaporÞ > ð1� /sÞr; (21)

where /s is the fraction of the solid/liquid interface below the drop
and results in the following thermodynamically stable (super)hydro-
phobic state:

FIG. 18. Drop impact on the micro-well vs flat at a contact angle of 130�: different instances of jumping and non-jumping off the substrate.
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cos h <
/s � 1
r � /s

: (22)

A larger h is inevitable with increased roughness r and, therefore, as
presented in our simulation result, that increasing roughness to prop-
erly entrap air using an array of numerous micro-wells, increases
hydrophobicity with water repellency nature of the solid on which the
drop impacts. This is otherwise not possible with a smooth flat sub-
strate, as shown in our simulation, and the water drop fails to detach
from the surface and the non-wetting state is not achieved.

CONCLUSION

Using a sharp interface reconstruction method to track different
phases, the non-wetting property of a micro-well is studied and com-
pared with a flat solid surface. Our simulation predicted the impact,
spreading, retraction, and possible jump off ability of drops impacting

FIG. 19. Drop impact on the micro-well vs flat at a contact angle of 140�: different instances of jumping and non-jumping off the substrate.

FIG. 20. Rendering of the setup of a drop impact on an array of the micro-well.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 062108 (2022); doi: 10.1063/5.0093826 34, 062108-12

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


on the micro-well and the flat substrate. The drop on the micro-well has
smaller wetting area and significantly smaller spreading ratio. For a wide
range of impact velocities, it was also found that the drop would be able
to jump off on the micro-well substrate but otherwise fails to do so on the
flat solid surface. The wetted area ratio analysis indicated the drop on
the micro-well undergoes less solid–liquid adhesion. Consequently, the
kinetic energy analysis found the micro-well substrate to be more water
repelling than the flat substrate. A regime map has been constructed
where the drop impact study of different velocities was extended over
contact angles of 120�, 130�, and 140�. Finally, an array of the micro-well
is constructed and contrasted with a flat smooth substrate, where the
micro-well substrate shows excellent non-wettability by repelling a water
drop which otherwise did not depart the surface of the flat substrate.
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