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ARTICLE INFO ABSTRACT

The growth of bubbles has been extensively studied for decades. However, the bubbling inside a single drop on
complex surfaces and its subsequent effects on drop are not well understood yet. A systematical investigating of
bubbling mechanism in drops on customized microscale pore-patterned surfaces is presented, and the results
demonstrate that drop behaviors can be controlled under low air pressure. As the pressure decreases, the drop
behaves via two approaches, depending on the competition between the critical chamber pressure and the lower
limit of pressure. When the former one is higher, drop prefers to expand, otherwise, evaporation occurs. Further
studies suggest that the drop expansion consists of two stages: pinning mode and pinning to depinning transition.
This work provides new insights in understanding of bubbling physics on complex patterned substrates, opens a
general route for the controlling of drop behaviors under low air pressure, and can also find potential appli-
cations in optimization design for self-cleaning patterned surface.
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damaged tissues or obstructions [12,13], isolating object from erosion
[14], and noise absorption [15]. Therefore, it is of great significance to

1. Introduction

Bubbling, whether it occurs inside air, liquid, or even solid, is a
common phenomenon in nature [1-6]. To our knowledge, the studies
on bubbling can be traced back to 19th century [7-9]. Bubbling is also
important technologically in medicine and in industry, widely ap-
pearing in drug delivery [10,11], in situ non-invasive destruction of
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understand the physical mechanism of bubbling and its consequent
effects.

The bubbling process is usually started from a nucleation event and
can be triggered by a number of ways, such as pressure reduction
[16-18], acoustic shock [19-23], catalytic decomposition [24], electric

E-mail addresses: yzhuang@cqu.edu.cn (Y. Huang), wezer@cqu.edu.cn (G. Chen).

https://doi.org/10.1016/j.cej.2019.123547

Received 29 June 2019; Accepted 18 November 2019
Available online 19 November 2019

1385-8947/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2019.123547
https://doi.org/10.1016/j.cej.2019.123547
mailto:yzhuang@cqu.edu.cn
mailto:wezer@cqu.edu.cn
https://doi.org/10.1016/j.cej.2019.123547
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2019.123547&domain=pdf

J. Zheng, et al.

1(c) Side view
't=-10s t=163s t=20s
-(100 kPa) (21 kPa) (10 kPa)

na)

t=-10s t=163s t=20s
(100 kPa) (21 kPa) (10 kPa)

NAN

Chemical Engineering Journal 391 (2020) 123547

Bottom view :

Fig. 1. (a) Diagram of the experimental setup. A drop is placed on a pore-patterned PDMS substrate inside a transparent vacuum chamber. (b) A cartoon illustrating
the surface appearance of the substrate. Black and white indicate the solid and hole part respectively. D is the diameter of the hole and L is the space between two
neighbor holes. The height of the hole is H, which is not shown here. The magnified image indicated by the yellow dashed box shows the basic unit of substrate and
can help to calculate the solid fraction. (c) Side-view images show two different kinds of drop behavior on pore-patterned substrates under low pressure. A drop can

either expand (Top) or evaporate (Bottom). The corresponding bottom-view im.

ages before depressurization indicate that air pockets can be entrapped inside the

pores below the water drop for both cases. SEM-view images show the pore sizes of the corresponding surfaces. Scale bars are 1 mm, 500 um, and 100 um, re-
spectively, from left to right. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

heating [25], and light heating [26-28]. Among them, air bubble inside
bulk water growing on a solid surface in response to a pressure re-
duction is the one of the most widely used research approach [16]. The
growth of the bubbles in such situation is found to be symmetrical in
morphology and experiences three stages: the floating stage with a
constant radius, the transition stage with a significant change in both
contact angle and bubble radius, and the expansion stage with a con-
stant contact angle [16]. However, the thorough understanding of
bubbling inside a single drop on complex surfaces is still lacking,
let alone the studies of drop behaviors associated with bubbling.
Meanwhile, bubbles in real environments or industries tend to be cre-
ated and attached to surfaces that are not completely smooth or even
rough [19,29,30], which makes the study of bubbling in complex en-
vironment have general and practical significance.

Inspired by the research findings that a sessile drop on a suitably-
designed patterned surface can achieve the Cassie-Baxter state, or a
metastable state [17], and air pockets are trapped below the drop in
both states. These air pockets serve as nuclei, and once the atmospheric
pressure is reduced sufficiently, they will expand to coalesce with the
neighbors, and yield a big growing bubble, resulting in the expansion of
the drop [17]. In this work, we thus place drops on customized mi-
croscale pore-patterned surfaces under low atmospheric pressure. We
notice that not every drop expands unless the corresponding critical
pressure surpasses the lower limit of chamber pressure. When drop
expansion occurs, its morphology change is asymmetric and it goes
through two stages: pinning stage and pinning to depinning transition.
Our experiments demonstrate that the special surface micro-structures
on patterned surface bring fundamentally different bubbling physics
and enrich the consequent drop behaviors. A suitably customized sur-
face can be used to promote or prevent the yield of bubbles, and thus
further manipulates drop behaviors to realize either expansion or eva-
poration. Furthermore, the observation of rapid movement of base

diameter during pining to depinning transition may provide inspiration
for patterned surface design to strength the effect of drop sliding on
hydrophobic surface. This study provides a new approach to study drop
expansion driven by bubbling, generalizes the understanding of bub-
bling and associated drop behaviors to a more complex system, and can
also be applied to the optimization design for self-cleaning hydrophobic
surface.

2. Experiments and methods
2.1. Tested surfaces

Different microscale pore-patterned PDMS surfaces with varying
diameters and spaces were used in our experiments. Firstly, the pillar-
patterned mold was fabricated based on standard UV photolithography
(URE-2000/35, China) and dry-etching on a clean silicon wafer. The
height of the pillar was ~23 pm by precisely adjusting the dry-etching
process. After that, the silicon mould was placed on the heating plate
(IKA C-MAG HP7; Germany) baked for 12 h at 120 °C. Then, the sam-
ples with micro-pore arrays were obtained by reverse-mould with
PDMS through micro-pillar arrays silicon template.
Polydimethylsiloxane (PDMS, SYLGARD 184; America) base mixed
with curing agent at a ratio of 10:1 was poured over the patterned re-
gion of the mold and placed in the vacuum oven for de-gassing, and
placed on the drying oven (DZF 6020; China) at 70 °C for 2 h. After
curing, the pore-patterned PDMS layer was gently peeled off in ethanol
solution.

2.2. Surface characterization

The PDMS surfaces were properly cut and treated by gold spraying
process (SBC-12 type ion sputter, China) for 90 s, and then measured by
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scanning electron microscope (SEM, Tescan Mira3 LMH; Czech). The
pore sizes for different surfaces varied from 20 pm to 80 pum in diameter
and 10 pm to 50 um in spacing.

2.3. Contact angle and sagging depth measurement

The drop was firstly dyed by Rhodamine 6G, and then we used
confocal microscope (Leica TCS SP8; Germany) to capture the contact
angle in the advanced state on the pore’s sidewall and the sagging depth
of drop.

2.4. Experimental procedure and apparatus

The entire experiment was carried out in a transparent PMMA
chamber as shown in Fig. 1a. The chamber was connected to a vacuum
pump (2XZ-2 rotary vane vacuum pump; China) to realize a low inside
air pressure. We measured the real time pressure values with a vacuum
gauge (BOOST.PLD.0201; China) and the low limit of pressure in our
experiment is 7.5 kPa. We used a high-speed camera (Phantom V7.3;
Ametek, USA) equipped with a 5x lens (M Plan APO 5X; Japan) to
capture the drop placed on the pore-patterned PDMS surface. The
bottom view images were recorded by mounted the transparent PMMA
cavity on an inverted microscope (Olympus IX73; Japan) with a 10 x
objective (Olympus M Plan FLN 10X/0.3, Japan). During each test, 4 pL
deionized water were used extracted with a pipette (Eppendorf Re-
search plus 0.2-10 pL; Germany) and placed on a substrate inside the
transparent chamber. Then, we connected the chamber with the va-
cuum pump and sealed with vacuum oil at the joint.

3. Results and discussion
3.1. Two kinds of drop behavior under low air pressure

In this experiment, we place a de-ionized water drop with diameter
Dy=22+01mm on a microscale pore-patterned poly-
dimethylsiloxane (PDMS) substrate inside a transparent vacuum
chamber, as shown in Fig. 1a. The pressure, Pygmper, could be varied
between 7.5 and 100 kPa (100 kPa is normal atmospheric pressure). The
subsequent evolution of drop is recorded by a Phantom V7.3 high-speed
video camera at a frame rate of 500 fps. Different PDMS substrates with
different pore sizes are fabricated by mold-based UV optical litho-
graphy. The pores on these substrates have the same height H (23 um),
but different diameters D (20, 40, 60, 70, and 80 um) and spaces
between them L (10, 20, 30, 40, and 50 um), as illustrated by Fig. 1b.
The solid fraction ¢ is defined as the area ratio between the solid part
and the entire substrate. Specifically, it can be calculated by dividing
the area of blzack part by the total area as shown in Fig. 1b, which gives
p=1- 4(1:?@2'

In order to make sure that our results are generally valid, the ex-
periment with identical conditions were repeated at least five times and
we replaced the substrate with a fresh and identical one after each
measurement to avoid contamination of the substrate due to the residue
left by the previous drop. All experiments exhibit consistent behaviors
that demonstrate the robustness of our finding.

Fig. 1c shows two kinds of phenomena when a drop is placed on a
microscale patterned substrate in the vacuum chamber with gradually
decreasing pressure (see the movie, S-1, in the Supplemental Material).
The side-view images on the top row show that an air bubble forms
inside the drop on the substrate with size of L = 50 um, D = 80 um
and it expands rapidly to enlarge the volume of the drop due to the
increasing pressure difference between the inside and outside of the
drop. However, when the drop is placed on some special substrates, for
example, the substrate with size of L = 10 um, D = 80 um, the ex-
pansion of drop disappears completely and its volume decreases slowly
due to continuous evaporation, as illustrated by snapshots on the
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second row. The corresponding SEM images can confirm the informa-
tion of dimensional parameters for these two substrates. The two cases
of drops have also been checked from bottom before depressurization,
and the images in Fig. 1c clearly demonstrate that air pockets can be
trapped inside the pores below the water drop for both substrates.

1mm

Drop Expands Drop Evaporates

t=12.70s

Video S1.
3.2. Bubbling mechanism on pore-patterned surfaces

Why are the air pockets in the second case confined inside the pores
all the time when the pressure of chamber decreases, instead of ex-
panding and connecting with each other to make a growing air bubble?
We propose an explanation similar to prediction of an ultimate stable
superhydrophobic state submerged underwater [17,31]. When a drop is
placed on a pore-patterned substrate, a meniscus of liquid may be
pinned at the top corner of each hole with a contact angle of 6, leading
to the appearance of Cassie-Baxter state, as illustrated by the black
dashed curve, state II, in Fig. 2a. Under various conditions such as
decreased solid fraction, the meniscus may depin from the top corner
and slide down the wall slightly, resulting in the metastable state I in
Fig. 2a. The contact angle now is in the advanced state on the pore’s
sidewall and denoted by 6,, which is 110 + 3" and can be experimentally
measured by Confocal microscopy (see Fig. 2b inset). The sagging
depth, h*, varying from 0 to 15 um for different pore sizes on the sub-
strate, can also be measured by Confocal microscopy, as shown in
Fig. 2b. When h* = 0, the drop is in state II. Without losing generality,
we assume that the initial system is in a metastable state (state I). With
the decreasing of pressure in vacuum chamber, the entrapped gas ex-
pands and pushes the liquid meniscus upwards to form a dome-shape
cap. The edge of bubble travels a horizontal distance x on the solid part
of the substrate at angle of 6,, here 6, is the receding angle on the flat
PDMS surface and has a typical value of 94 + 2. Once the bubbles reach
their neighbors, Coalescence occurs to form a greater bubble, which
expands the liquid drop further. Therefore, the critical case where no
drop expansion occurs is that the bubble can only reach the state III at
which x = % The corresponding critical pressure of vacuum chamber is
defined as P.ical-

For both the initial state I and the expansion state III, the pressure
difference across the liquid-air interfaces is balanced by the Laplace
pressure, i.e.,

Fso+ Pyp— Pro= ¥k D
Fo1+ Pyi—Pi=vYeh 2)

Referring to Fig. 2a, the subscripts 0 and 1 denote the state I and III,
respectively. y,; is the liquid-gas interface tension and equals to
72 mN/m for water at 23 °C in this work. x is the meniscus curvature
and xo = @, = ﬁi—:i’. Pg, Py, and P, are the pressures of entrapped
air, vapor, and liquid respectively. The liquid pressure is mainly con-
trolled by chamber pressure, Laplace pressure and water height (h,,)
with respect to the substrate P, = Ppamper + % + pgh,,. Here p and g
are water density and the gravitational acceleration, and R, is the ra-
dius of the drop. In our experiment, the typical R, and h,, are 1.5 mm
and 3 mm respectively, leading to %~ 0.1 kPa and pgh,~ 0.03 kPa,
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Fig. 2. (a) Cartoon picture (drawn not to scale) il-
lustrating the detailed parameters of a water drop on
a patterned substrate. The magnified image indicated
by red dashed box show the stable initial and ex-
pansion states of liquid-gas interface and cavity
morphology under reduced chamber pressure. In in-
itial, the drop can be in a metastable state with a
sagging depth of h* (I) or in a Cassie-Baxter state (II).
The critical expansion state (III) when no coalescence
of bubbles occurs. (b) The 3-D reconstructed confocal
image showing the metastable state of drop on pore-
patterned substrate. The white arrows indicate the
PDMS wall, cavity, and liquid (dyed by Rhodamine
6G) respectively. Scale bar: 10 um. The inset shows

the advancing contact angle on the pore’s sidewall,
and 6, = 110 + 3. (c) Plot of critical vacuum pressure
(Puiticat) as a function of the reciprocal coefficient of
volume expansion of entrapped air from state I to

state III (%) The linear fitting result with a slope of

97 kPa provides experimental evidence for our
model. The blue line indicates the lower limit of va-

PDMS wall

cuum chamber pressure in experiment. Drop expan-
sion occurs (indicated by open symbols) when P iica
is greater than this minimum value, otherwise, drop

Cavity

version of this article.)

expansion is suppressed (illustrated by solid sym-
bols). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
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Fig. 3. (a) The asymmetric growth of a drop on the patterned substrate under reduced vacuum chamber pressure at five typical moments. Depinning occurs at either
the right side of the triple-phase contact angle of drop on substrate (from ¢, to f, or from ¢, to &), or the left side (from & to ty). tp = 17.00 s, ;, = 19.34 s, , = 20.96 s,
t;=21.10 s and t, = 22.10 s. (b) Corresponding plots of contact angle on the right side of drop, 6, and the base diameter of the triple-phase contact line, d, as a
function of time. 6. is the threshold contact angle just before the pinning to depinning transition. d indicates the increase of base diameter between two adjacent

depinning events (e.g., from 4 to t;).

which are both negligible compared with the first term. Thus, at the
initial state I, Py o = Bpampero = 100 kPa, and at the critical expansion
state I1I, Py 1 = Puisicar- It's reasonable to assume the expansion of bubble
in each cavity is an isothermal process and the vapor saturation con-
dition always holds. According to the ideal gas law, we have

D2(H — h* D3 . .
PsoVo = Po1Vi. Here, V= % - 24:083% (3sing, — sin*9, — 2) and

D2H z(D+L)
v == O+ L)
1 4 + 24sin36,

air in each cavity at state I and III respectively. The saturated vapor
pressure is denoted by Py, which is constant under thermostatic as-
sumption, leading to Py, = Py ; = Py = 2.8 kPa (at 23 °C in experiment)
[31]. Finally, on the basis of the above analysis, we get

(3cosh, — cos’6, + 2) are the volume of entrapped

* V %
Pcri[ical = (yLGKO - PV + Pchamber,O)v(l) + PV — Nick (3)
In Eq. (3), y6%o Vg% and P; are of the order of a few kPa, while
Pohamper,0 is about 100 kPa and should dominate. So the Eq. (3) could be
simplified to a linear relation

0
FBrritical = Fenamber,0—

14 C)

Plugging in the specific parameters of each set of experiments, we ob-
tain the corresponding critical vacuum chamber pressure and show it in
Fig. 2c as a function of the reciprocal coefficient of volume expansion of
entrapped air. The fitting result indeed reveals such a linear relation-
ship as predicted. The larger volume expansion ratio calls for lower
critical chamber pressure. As shown in Fig. 2c, the blue line indicates
the minimum pressure limit achievable in our experiment, which is
about 7.5 kPa. For cases where the critical pressure P;cq is below the
pressure limit, drop expansion is suppressed, as illustrated by solid
symbols. On the other hand, the open symbols represent the cases with
drop expansion. This quantitative agreement provides strong experi-
mental evidence for our model. This finding can be applied to regula-
tion of drop behavior to achieve either expansion or evaporation by
using suitably customized surface at reduced air pressure.

3.3. Pinning to depinning transition during drop expansion

More interestingly, we observe that the expansion of drop shows a
unique behavior. The external profiles of an expanding drop at five
typical moments, t, = 17.00 s, § = 19.34 s, £, = 20.96 s, £; = 21.10 s and
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ty = 22.10 s, after the pressure reduction are shown in Fig. 3a. The
profile evolution is an asymmetric process. From ¢, to , and from 4, to
t;, the right end of the triple-phase (liquid-solid-vacuum) contact line
shows a sudden increase while the left end remains nearly unchanged.
But from # to t;, the jump of contact line occurs at the left end. We
define the base diameter of the triple-phase contact line and the cor-
responding contact angle on the right side as d and 6, respectively (see
Fig. 3b inset), and plot their evolution as a function of time in Fig. 3b
main panel. As time goes by, the chamber pressure decreases to reach
its lower limit, during which the drop boundary is pinned to the sub-
strate. Therefore, the base diameter of the triple-phase contact line d
keeps almost constant (showing a very slow increase) while the right
contact angle increases gradually to approach a threshold value, 6,. At
t, such a pinning mode changes to a depinning mode with a dramatic
decrease of contact angle and a hopping of the base diameter, similar to
the depinning during drop evaporation on superhydrophobic surfaces
[32]. The increase of base diameter between two adjacent depinning
events (e.g., from 4 to &) is defined as dd. 8d is composed by two parts: a
slowly growth in pinning state (e.g., from 4 to ;) and a sharp increase in
pinning to depinning transition (e.g., from & to ). It should also be
noted that the threshold contact angle is significantly smaller near ¢, at
which a depinning transition happens, compared with that around 4 or
;. The reason is straightforward, the base diameter hopping near ¢, is
caused by the depinning of the left end of contact line. At this point, the
measured right contact angle has not reached its maximum threshold
value yet.

We try to explain the step change behavior of base diameter, by
directly observing the evolution of the actual boundary of an expanding
drop. The corresponding bottom-view images are shown in Fig. 4a (see
the movie, S-2, in the Supplemental Material for a clear demonstration).
The three typical moments, f, ; and t;, are consistent with the moments
shown in Fig. 3 since they come from the same set of experiment. The
liquid is squeezed into a thin shell during the drop expansion due to the

=100-
o
801
601

40 60 80 100 120 140 160

D+L (um)
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gradual increase of the bubble volume inside drop, and its profile is
indicated by the black arrow in Fig. 4a. At g, the front of liquid just
arrives at and is pinned by the periphery of the hole as illustrated by red
circles in Fig. 4a. The liquid boundary sweeps the hole along the outer
edge of hole slowly. It takes about 1.62 s (from 4 to t,) to complete
encirclement of the hole. During this period, the base diameter in-
creases at an extremely slow rate, corresponding to the pinning state of
drop. Once the encirclement is finished, the liquid front travels for-
wardly at a velocity which is at least ten times faster than the previous
pinning stage, and spends only 0.14 s (from ¢, to t;) to reach the outer
edge of the neighbor hole as indicated by green circles. This rapid
change of base diameter corresponding to the pinning to depinning
transition. It inspires us to improve the design for patterned hydro-
phobic surface, such as optimizing the ratio of space and diameter of
pores, realizing fast sliding of drop and strengthening the effect of self-
clean. Our observation also suggests that the total increase of base
diameter during one such event, dd, should match the sum of the dia-
meter of hole and the space between them, i.e., (D + L). Indeed, we find
and excellent agreement between 6d and (D + L) in experiment, as
shown in Fig. 4b.

1imm The liquid bound

eeps the hole 500pm
— along the outer

of hole slowly e

Side View Bottom View

—— McKinley's theory
e Exp. data

15 v v A v
0 06 0.7 08 09 1.0
Solid fraction ¢

Fig. 4. (a) Bottom view images showing one evolution cycle of the actual boundary of an expanding drop on a pore-patterned PDMS substrate. The three typical
moments have one-to-one correspondence with time nodes shown above. t; = 19.34 s, t, = 20.96 s, and #; = 21.10 s. Red and green circles sketch the outlines of the
holes involved in this typical evolution cycle. The arrow indicates the liquid shell. Scale bar: 500 um. (b) Plot of the total increase of base diameter during one
evolution cycle, 8d, versus the sum of the diameter of hole and the space between them, (D + L). The excellent dependence provides experimental evidence for our
model. (c) Plot of threshold contact angle (which is also the advancing contact angle), as a function of solid fraction. Apparently 6. decrease with ¢, indicating lower
advancing contact angle is achieved for substrate with higher solid fraction. Red dot: data measured in our experiments; solid line: theoretical prediction by McKinley
et al. [33]. This matching also demonstrates the reliability of our model. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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Video S2.

Let’s look back to the contact angle on the right side of the drop. It
reaches its threshold value, 6., at the critical moment of pinning to
depinning transition. This 6, should be consistent with the advancing
contact angle of drop on a patterned substrate. We illustrate 6, as a
function of solid fraction ¢ in Fig. 4c and find 6, decrease as the increase
of ¢, possibly due to the higher hydrophobicity under lower solid
fraction. Moreover, according to the theoretic model proposed by
McKinley and coworkers [33], the apparent advancing contact angle of
drop, 6;;, on textured surfaces should satisfy the formula:
08y = T3Py 4qyC0801 + (1 — @y ,4,)c080,. Where ry is the roughness of
the surface, which is defined as the ratio of the actual surface in contact
with the liquid to the projected area of the wetted region. r; = 1 since
the wetted region is flat in our experiment. ¢, ,;, is defined as the dif-
ferential parameter when the triple-phase contact line is advancing and
Buaay =1 — 1 — ¢.61 =106 and 6, = 180" are the equilibrium contact
angles on a plat homogeneous solid PDMS and air, respectively. The
apparent advancing contact angle curve from McKinley’s theory is also
plotted in Fig. 4c and it exhibits excellent agreement with our experi-
mental data. This agreement provides experimental evidence for our
assumption that 6, corresponds to the advancing contact angle.

4. Conclusion

In conclusion, we systematically investigate the bubbling process in
a drop on varied microscale pore-patterned surfaces and develop a
simple model to illustrate the bubbling mechanism. This work gen-
eralizes the understanding of bubbling and consequent drop behaviors
on complex patterned substrates, and also has several practical ad-
vantages and allow many potential applications. First, we demonstrate
that the drop behaviors can be manipulated under low air pressure by
simply adjusting the structure parameters of patterned surface to reach
different critical pressure for bubbling. The drop expansion occurs
when the critical pressure surpasses the lower limit of pressure in ex-
periment, otherwise, the drop prefers to maintain its overall appearance
and evaporate slowly at reduced pressure environment. This finding
can be applied to regulation of drop behavior under low air pressure.
Second, we show that the drop expansion contains two processes:
pinning mode and pinning to depinning transition. During the pinning
mode, the contact angle of drop on substrate grows gradually to reach
the apparent advancing contact angle, and the increase of the base
diameter of the triple-phase contact line is quite slow due to the pinning
of drop by the periphery of the hole. However, in the pinning to de-
pinning transition, completely different behavior emerges: once the
encirclement of hole by liquid front is completed, the contact angle
decreases sharply while the base diameter jumps suddenly by a rate at
least one order of magnitude faster than that in the pinning state. This
may have potential applications in optimization design for patterned
surface, to strengthen the effect of drop sliding and to enhance the ef-
ficiency of self-cleaning hydrophobic surface.
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