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Enhancing Resistance to Wetting Transition through the
Concave Structures

Jinhoon Lee, Jinwoo Park, Kwang Hui Jung, Seunghyun Lee, Jeong Jun Lee,
Sanghyuk Wooh, and Dong Woog Lee*

Water-repellent superhydrophobic surfaces are ubiquitous in nature. The
fundamental understanding of bio/bio-inspired structures facilitates practical
applications surmounting metastable superhydrophobicity. Typically, the
hierarchical structure and/or reentrant morphology have been employed
hitherto to suppress the Cassie-Baxter to Wenzel transition (CWT). Herein, a
new design concept is reported, an effect of concave structure, which is vital
for the stable superhydrophobic surface. The thermodynamic and kinetic
stabilities of the concave pillars are evaluated by continuous exposure to
various hydrostatic pressures and sudden impacts of water droplets with
various Weber numbers (We), comparing them to the standard
superhydrophobic normal pillars. Specifically, the concave pillar exhibits
reinforced impact resistance preventing CWT below a critical We of ≈27.6,
which is ≈1.6 times higher than that of the normal pillar (≈17.0).
Subsequently, the stability of underwater air film (plastron) is investigated at
various hydrostatic pressures. The results show that convex air caps formed
at the concave cavities generate downward Laplace pressure opposing the
exerted hydrostatic pressure between the pillars, thus impeding the
hydrostatic pressure-dependent underwater air diffusion. Hence, the effects of
trapped air caps contributing to the stable Cassie-Baxter state can offer a
pioneering strategy for the exploration and utilization of superhydrophobic
surfaces.
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1. Introduction

The wetting of liquids on solid surfaces
illustrates contacting droplets on the sur-
faces with a specific contact angle and
that can be expressed as a balance be-
tween surface tensions at interfaces.[1]

The rough topology of the surface fur-
ther suggested the Wenzel model and the
Cassie-Baxter model,[2] which elucidates
the correlation between surface topology
and wettability. Specifically, the water-
repellent superhydrophobic surface has
been accomplished by the combination of
a rough surface and low surface energy,
hanging vapor/liquid interfaces between
their protrusions,[3] which is known as
the Cassie-Baxter state. Utilizing the pe-
culiar properties of water repellency from
superhydrophobic surfaces, recently, ap-
plications for self-cleaning,[4] anti-icing,[5]

droplet manipulation,[6] anti-fouling,[7]

catalysis,[8] and energy harvesting[9] have
attracted attention. However, the utilization
of superhydrophobic surfaces for practical
engineering applications is restricted due
to their metastable performances.[10] Thus,
unveiling and enhancing the stability and

durability of superhydrophobicity under harsh conditions are of
great concern.[11]

In nature, several species live in terrestrial and marine
environments, thereby evolving themselves to possess pe-
culiar surface features and structures concerning their di-
verse ecosystems.[12] Their exclusive surface morphologies have
guided an extreme water repellency such as stable air en-
trapment underwater[13] and bouncing high-impact pressure of
raindrops,[14] preventing the Cassie-Baxter to the Wenzel tran-
sition (CWT). Therefore, they have signposted a biomimetic
approach as a blueprint for fabricating artificial superhy-
drophobic surfaces.[15] Representatively, the multiscale nano-
microhierarchical structure,[16] closed pore structure,[17] and
mushroom-like reentrant structure[17a,18] have been employed
to implement wetting stability. Those unique structures have
offered design concepts for artificial superhydrophobic sur-
faces and contributed to revealing the fundamental mecha-
nism for a stable Cassie-Baxter state. Arising from that, factors
like energy barrier,[19] capillary pressure,[20] line energy on the
nanostructure,[14c,21] and air compressibility[17b,22] are considered
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crucial for designing stable superhydrophobic surfaces. Likewise,
the research on bio/bioinspired surfaces has addressed both the
in-depth exploration and practical applications for state-of-the-art
superhydrophobic surfaces.

In this work, we report the effect of trapped air on the sta-
ble superhydrophobicity induced by a concave pillar (CP) struc-
ture which is found in the pulvilli of some leaf beetle species
and the soil-dwelling springtail (collembola) species.[23] It is im-
portant to note that the CP is an open pore structure without
reentrancy and hierarchy, solely accounting for the concave ef-
fect (air-trapping on the concave structure) on the wetting sta-
bility. To investigate the contribution of solid or line fraction
at the air/water interfaces, CP surfaces with fixed pillar diame-
ter (D) and various pillar-to-pillar lengths (L) are fabricated. Ini-
tially, the dynamic wettability of CP surfaces during the impact
is evaluated by comparing them to conventional superhydropho-
bic surfaces with cylindrical normal pillar (NP) structures with
the same D/L. Unlike the NP surfaces, notably the CP surface
with the highest line fraction, D/L = 0.5, shows a significant in-
crease in both the impact and hydrostatic pressure stability. Our
findings of transition-resistant CP structure provide the pioneer-
ing design concept as to feasible superhydrophobic surfaces with
the stable Cassie-Baxter state for exploration and state-of-the-art
applications.

2. Result and Discussion

2.1. Fabrication of Superhydrophobic Concave Pillar
Microstructures

The design of CP surfaces was inspired by a concave morphology
in nature such as pulvilli on the feet of leaf beetles (Figure 1a–c)
and the cuticles from various springtail species.[23b,c] In the re-
quirements of self-cleaning to prevent contamination on their
adhesive parts, insects normally possess rough structures with
superhydrophobic properties on their feet.[24] Likewise, the pul-
villi of the leaf beetles, especially for the male, possess an adhe-
sive pad with a concave structure on their feet; and are consid-
ered to facilitate adhesion to the leaves and the roughly struc-
tured elytra of the female during the copulation (Figure 1a).[23c]

On the other hand, the soil-dwelling springtail species are be-
lieved to have the nano/microstructure on their cuticles for res-
piration even in their harsh habitat environment. Keeping a sta-
ble air film is vital for respiration, thus the complex structures
(including reentrancy and concavity) are considered to be criti-
cal for maintaining a stable air film on their cuticle in temporary
rain flooding and humid soil habitats.[23b] Therefore, we mim-
icked the concavity of such structures to investigate the contribu-
tion of the concavity to the wetting stability of superhydrophobic
surfaces.

Figure 1d shows summarized schematics for the CP mi-
crostructure fabrication. The following top-down processes were
conducted to fabricate the concave-shaped pillars on the surface.
The photoresist (PR) was spin-coated on the SiO2 surface and
patterned into hexagonal circle arrays via photolithography. The
SiO2 layer was then vertically etched along the same hexagonal
patterns of the PR film. The SiO2 etching revealed the silicon
surface underneath the patterned SiO2 layer. We then employed
potassium hydroxide (KOH) and isopropyl alcohol (IPA) for the

wet etching process to acquire an inverted pyramidal shape on
the silicon surfaces. Within the KOH etching process, the (111)
plane of silicon is etched more slowly than other planes, thus
the inverted pyramidal shapes could be obtained (Figure S1, Sup-
porting Information). Moreover, the addition of IPA improves the
smoothness of the etched surface and decreases the etching rate,
making a shallow bottom surface.[25] Afterward, a 0.3 μm thick-
ness of chromium (Cr) layer was deposited on the whole surface
and the Cr layer on SiO2 was lifted off simultaneously, etching
the SiO2 layer in buffered oxide etchant (BOE). The revealed sili-
con surface was vertically etched to get pillar-shaped microstruc-
tures (Table S1, Supporting Information),[26] and then the wafer
was immersed in Cr etchant to remove the Cr layer on concave
parts. To get rid of nanograsses among the pillars, the surface
was immersed in pure ethanol followed by gentle sonication. Re-
moving the nanograsses rules out the effect from a hierarchical
(multi-scale) structure.[7b,16,22] Lastly, fluorosilanization was con-
ducted after air plasma treatment for the superhydrophobic CP
microstructures (Figure S2, Supporting Information). It is also
important to note that the fabricated CP is neither a closed pore
structure nor a reentrant structure which were previously consid-
ered as critical factors in enhancing wetting stability.[17,18b] There-
fore, by utilizing CP, we can focus solely on the effect of concave
structures on wetting stability.

Figure 1e,f shows the manufactured CP surfaces identified
with scanning electron microscopy (SEM) imaging before fluo-
rosilanization. The fabricated concave pillar structures show a
pillar diameter (D) of 20 μm, base diameter for concavity (b) of
10 μm, 20 μm of pillar height (Hp), and ≈54.5° of etched angle
exposing (111) plane of silicon (Figure S1b, Supporting Informa-
tion). To verify the concave effect regarding line fraction at the
air/water interfaces, 6 types of CP surface were fabricated with a
fixed diameter of 20 μm and D/L of 0.083, 0.125, 0.17, 0.25, 0.33,
and 0.5, respectively (Figure S3, Supporting Information). Except
for the CP surface with D/L = 0.083, all the surfaces exhibited the
Cassie-Baxter state with over 150° of water contact angle (appar-
ent contact angle, 𝜃apa) and contact line shifting when measuring
the dynamic contact angle (advancing contact angle, 𝜃adv, and re-
ceding contact angle, 𝜃rec) (Figure 1g). We also demonstrated the
self-cleaning property of pillars with concavity using the CP sur-
face of D/L= 0.5 (Figure S4, Supporting Information). Therefore,
we carried out an in-depth evaluation with 5 different surfaces
(D/L = 0.125, 0.17, 0.25, 0.33, and 0.5).

2.2. Droplet Dynamic Behaviors on the CP Surfaces

Several studies have demonstrated that the pressure-resistant
properties of superhydrophobic surfaces resulted from several
factors, for instance, capillary force of structure, line energy, and
air compression.[14c,17b,20a] As a result, the droplets falling on the
superhydrophobic surface exhibit a series of dynamic behaviors:
impacting, pancake-like spreading, retracting, and finally detach-
ing. Here, the dynamic wettability on the CP surfaces was char-
acterized using a high-speed camera, recording at the frame rate
of 2500 fps. For the comparison, we also fabricated the typical
superhydrophobic surfaces with cylindrical normal pillars (NP)
which possess similar D and L of CP (Note S1 and Figures S5–S7,
Supporting Information).
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Figure 1. Inceptive design for concave pillar microstructure fabrication. a) Digital image of a leaf beetle, Gastrophysa atrocyanea, b) microscopic view of
the leaf beetle feet, and c) pulvilli on the feet possessing a discoidal concave structure from the edge utilizing scanning electron microscopy. d) Brief
schematics as to the overall fabrication process for the concave pillar. e,f) Representative scanning electron microscopy images of concave pillar struc-
tures with D and L of 20 and 40 μm, respectively. g) Static (𝜃apa) and dynamic (𝜃adv and 𝜃rec) water contact angle of the fabricated concave pillar surfaces.
The scale bars denote 100 μm for b, e, and f; and 5 μm for c.

Figure 2 illustrates the dynamic behavior of water droplets on i)
NP surfaces and ii) CP surfaces according to each D/L, utilizing
the ultrapure deionized (DI) water (18.2 MΩ resistance). Water
droplets of ≈2 μL (diameter of ≈1.56 mm, less than the capillary
length of 2.7 mm) were dropped at various heights. We then fo-
cused on the dynamic behavior at the terminal impact velocity, vt,

when the NP surfaces allowed the CWT (the determination of vt
is in the Experimental section).

The dimensionless contact diameter was traced in terms of
contacting length/initial droplet diameter, lc/d0 (see inset of
Figure 2a), as a function of time after collision (tc). Concur-
rently, the determination of (partial) CWT or stable Cassie-Baxter
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Figure 2. Dynamic behavior of water droplets on the NP and CP surfaces with varying D/L. Plots showing dimensionless contact diameter (contacting
length (lc)/initial droplet diameter (do)) and snapshots of bouncing droplets as a function of time after collision (tc) on i) NP surface and ii) CP surface
with a) D/L = 0.125, b) D/L = 0.17, c) D/L = 0.25, d) D/L = 0.33, and e) D/L = 0.5.

state (manifested by the bouncing of droplets without droplet
residues) was screened (bouncing on the NP surfaces is depicted
in Figure S8 and Movie S1, Supporting Information). Specifically,
the partial CWT was largely determined by two points, a neck-
ing of the droplet (cohesion failure) and the smaller contact an-
gle (than the 𝜃rec in Figure 1g; and Figure S7, Supporting Infor-
mation) during retraction.[14c,27] The CP surfaces (D/L = 0.125,
0.17) completely rebounded the droplets (vt ≈0.31, ≈0.44 m s−1,
respectively); however, the NP surfaces (D/L = 0.125, 0.17) ex-
hibited the complete CWT without retraction (Figure 2a,b; and

Movie S2, Supporting Information). Additionally, the NP surface
of D/L = 0.25 also resulted in the complete CWT at the velocity
of ≈0.54 m s−1 but, only the partial CWT was observed for the
CP surface leaving behind the Wenzel residue (Figure 2c; and
Movie S2, Supporting Information). CP surfaces with the higher
D/L of 0.33 and 0.5 performed complete bouncing at vt ≈ 0.63
and ≈0.89 m s−1 while the NP surfaces exhibited partial CWT
(Figure 2d,e; and Movie S2, Supporting Information). The con-
cave effect enhanced the impact resistance along the various sur-
faces regardless of line fractions.
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2.3. Impact Pressure Stability of CP Surfaces

While we have provided the enhanced impact pressure resistance
of CP surfaces originating from the concave effects, the ques-
tion was when the CP surfaces would allow the invasion of water
droplets through the air/water interfaces. As for the identifica-
tion, we further evaluated the pressure stability of CP surfaces in
detail at higher falling heights, comparing them to the NP sur-
faces (Figure S9 and Movie S3, Supporting Information). Weber
number We, where We = 𝜌vt

2d0

𝛾
, 𝜌 is the density and 𝛾 is the sur-

face tension of water (≈1000 kg m−3 and ≈72 mN m−1, respec-
tively), is a key parameter for the investigation of droplet dynamic
behavior, involving the energy state of a droplet. Thus, we ex-
plored the CWT regime for both NP and CP surfaces based on
We. The detailed impact dynamics on the surfaces were investi-
gated under the aforementioned method using ≈2 μL of water
droplets with increasing the heights by the step of 0.5 cm. In this
experiment, 0.5 cm higher height corresponds to an increased
We by ≈2.1.

Figure 3a shows the wetting phase map of the NP and CP sur-
faces depending on the D/L and We. Generally, surfaces with
lower D/L, and/or droplets with higher We tend to induce par-
tial CWT and complete CWT. Surprisingly, the CP surface with
the highest D/L ≈0.5 completely rebounded the droplet with We
≈25.5 and showed a partial CWT at a critical We ≈27.6. This
critical We is ≈1.6 times higher compared to that of NP surface
(≈17.0). Even though the effect from the concavity was relatively
less than the D/L ≈0.5 surfaces, other CP surfaces (D/L = 0.125–
0.33) also exhibited better impact pressure-resistant properties
than the NP surfaces (Figure 3a).

Mainly, the transition to the Wenzel state during droplet im-
pact has been considered as a depinning of the air/water inter-
faces and a sagging of the interfaces due to inertia (Figure 3b).[20b]

The CWT of the CP surfaces with D/L = 0.5 and different aspect
ratios (D/Hp) also supports the depinning/sagging of the inter-
faces during the droplet impact. The CP surface of D/Hp ≈ 1.8
showed the partial CWT at a slightly smaller critical We ≈ 23.4
(Figure S10, Supporting Information), but still higher than the
NP (critical We ≈ 17.0). Whereas the CP surfaces with D/Hp ≤ 1
experienced a partial CWT at an equal critical We of ≈27.6
(Figure S11, Supporting Information). These results indicate
that the D/Hp = 1 (Hp = 20 μm) seems to be enough to pro-
tect the air/water interface touch the bottom of the microstruc-
tures during instantaneous sagging of the interfaces due to the
inertia.

When the droplets contact the solid surfaces instantaneously,
henceforth, there could be a water hammer pressure (PH) and
a dynamic pressure (PD) striking the surfaces and facilitating
CWT on the surfaces.[14c,20c,22,28] To prevent penetration of water
droplets into the structures, the capillary pressure (PC) should
be higher than the impacting pressure. As PC is enhanced by an
increase in D/L, commonly the higher line fraction of the sur-
face results in more stable pressure resistance against impacting
pressure (detailed calculations of PC are depicted in Note S2 and
Figure S12, Supporting Information). The impact pressure PH
and PD are described as PH = kwh𝜌Cvt, PD = 0.5𝜌vt

2, respectively,
where kwh is a water hammer coefficient and C is sound speed in
water (1497 m s−1).[20c] As for previous studies, the impact pres-

sure could be balanced with the PC then, the kwh is expressed
as:[20c]

kwh =
PC − PD

𝜌Cvt
(1)

In particular, the kwh had been considered as the value of 0.2,[27]

but several studies have experimentally revealed that the coeffi-
cient should be decreased by at least two orders of magnitude for
the superhydrophobic microstructures,[28] presenting a linear re-
lationship with PC.[20c,22] The vt in Equation 1 refers to the critical
impact velocity at which the surface confronts partial CWT (fur-
ther discussion is in Note S3, Supporting Information).

We then analyzed the relationship between the experimen-
tal parameter kwh and PC for both NP and CP surfaces. The
NP surfaces show a linear correlation between kwh and PC in
line with previous studies (Figure S13 and Table S2, Supporting
Information).[20c,22] To support the linear relationship between PC
and kwh, we additionally fabricated a truncated cone pillar (TCP)
surface with D/L = 0.5 (Note S4, Figure S14, and Table S3, Sup-
porting Information), which could exhibit multiple capillary pres-
sures. The fabricated TCP surface also shows a stable Cassie-
Baxter state (Note S5 and Figure S15, Supporting Information).
TCP surface is expected to contain no air caps, which resulted in
a significantly smaller critical We ≈ 22.3 compared to that of CP
(≈27.6). Interestingly, TCP still exhibited higher CWT resistance
compared to the NP (critical We ≈ 17.0), which may be due to the
presence of multiple capillary pressures (further discussions in
Note S5, Figure S16, and Movie S4, Supporting Information).

The kwh values of the CP surfaces with D/L < 0.5 are similar
to NP, also showing a linear relationship. However, the CP sur-
face with D/L = 0.5 shows a kwh value of ≈0.00109, smaller than
what is expected from the linear relationship. As for the discus-
sion in previous studies, the closed cavity surfaces, which exhibit
air spring effect, accomplished high impact pressure resistance
compared to the open pillar structures.[17b] Judging from that, the
kinetic energy of the impacting droplet to our CP surface (D/L =
0.5) could be compensated by the compressed air on the con-
cave parts resulting in the prevention of the water penetration
through air/water interfaces between pillars. These comprehen-
sive results allowed us to speculate that the outstanding pressure
stability of the CP surface (D/L = 0.5) strongly depends on the air
compression-induced air spring effect rather than PC. In other
words, a higher line fraction of 0.5 or more is essential for a po-
tent concave effect on enhancing the impact pressure resistance.

We also fabricated the CP surface with D/L = 0.56 through
the further 5 min of KOH + IPA wet etching process to verify
whether the line fraction of 0.5 or more is effective for the impact
pressure resistance or not (Figure S17a,b, Supporting Informa-
tion). Indeed, the CP surface (D/L = 0.56) underwent the partial
CWT at a critical We of ≈38.2 (critical velocity of ≈1.33 m s−1)
(Figure S17c,d, and Movie S5, Supporting Information), where
≈1.4 times higher critical We than the CP surface of D/L = 0.5
(≈27.6). Meanwhile, CP surfaces with D/L higher than 0.56 can-
not be fabricated without defects due to the saturation of the etch-
ing rate during the KOH + IPA etching process.

Owing to the air spring effect from trapped air seems to
strongly contribute to the impact pressure resistance of the CP
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Figure 3. Impact pressure-resistant regime of the NP and CP microstructures followed by deducing mechanisms. a) Phase maps of pressure-resistant
properties along with NP and CP surfaces as a function of Weber number (We). b) Possible CWT mechanism on the NP surface by the critical vt, We, of
a water droplet. c) Deducing water droplet bouncing behavior on the CP surface with equal vt and We for the NP surface. The scale of schematics does
not concern the real-world scale.
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Figure 4. Superior plastron retention property of CP surface. a) Mirror-like reflectance of CP surface underwater due to the entrapped air film, plastron.
Schemes as to b) experimental set-up for the investigation of underwater CWT and c) acquired snapshots regarding immersion time with a bright field
for entrapped air and a dark field for the wetted area by water. The fraction of Wenzel state (𝜑t) for the d) NP surface and the e) CP surface as a function of
time after immersion (ti) at varying hydrostatic pressure of 0.15–2.94 kPa (water depths of 1.5–30 cm). The solid lines denote fitted lines with exponential
functions. f) Saturated plastron (trapped air) after 1440 min, 1 − 𝜑1440, for the NP and CP surfaces as a function of p(h). Dashed curve lines indicate
fitted lines for the NP and the CP surfaces, respectively, based on the exponential function. A dashed linear line (at lower p(h)) denotes a fitted line for
the CP surface based on the linear function.

surface, we demonstrate the relation between effective air vol-
ume (unit air volume of the concavity/unit area) and critical We of
each surface (Note S6 and Figure S18a, Supporting Information).
Notably, the critical We of each surface is directly proportional
to the effective air volume of the surface (Figure S18b, Support-
ing Information). Thus, the higher effective air volume of the CP
surface would be a key parameter for designing a stable superhy-
drophobic surface.

Nonetheless, the CP surface may exhibit limited droplet-
repellent function in specific cases. For example, if the CP
surface is exposed to a water-condensing environment, due to
the higher number of nucleation sites, it is expected to possess
lower CWT resistance compared to NP and TCP. To point out the
limitations and guide the future research direction, we examined
the impact pressure resistance of the NP, CP, and TCP surfaces
(D/L = 0.5) with the droplet We of ≈4.2 and ≈12.7, maintaining
a surface temperature of -10 °C (a supercooled surface which
can enhance droplet condensation). As expected, the CP surface
did not repel the We ≈ 4.2 of water droplets possibly due to the
higher number of water nucleation sites, while the other surfaces
(partially) repelled the water droplets (Note S7 and Movie S6,

Supporting Information). Meanwhile, with the water droplets of
We ≈ 12.7, all the surfaces performed similar wetting behavior
(further discussion in Note S7 and Movie S6, Supporting Infor-
mation). Therefore, when designing water-repelling surfaces for
water condensing environments, additional factors such as the
number of nucleation sites should be thoroughly considered.

2.4. Exceptional Plastron Stability of CP Surface

We further scrutinized the underwater plastron stability of NP
and CP surfaces. When the superhydrophobic surface is im-
mersed in water, the surface can hold air between the protrusions
on it and the air-trapping state called a plastron.[11b] The plastron
reflects a silvery sheen due to the mirror-like reflectance of thin
air film (Figure 4a). The underwater plastron on superhydropho-
bic surfaces is often metastable. This indicates that slow or fast
CWT may occur underwater depending on various factors.[17a]

More specifically, the rate of CWT primarily depends on the rate
of air escaping the pores,[17a] and the mass flux of air from pores
to bulk water has been evaluated to increase exponentially in
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response to the hydrostatic pressure.[29] Therefore, the plastron
stability of both NP and CP surfaces was investigated under the
hydrostatic pressure p(h) of 0.15–2.94 kPa (water depth of 1.5–
10 cm), where p(h) = 𝜌gh, g is the gravitational acceleration, and
h is water depth. Specifically, the NP and CP surfaces with the
highest line fraction (D/L = 0.5) were employed for these inves-
tigations since the CP surface has performed effective concave
effects against droplet impact.

DI water was filled in a glass tank thereafter the tank was
placed in a room with a constant temperature and humidity of
18.5 ± 0.2 °C and 50 ± 5%, respectively. The NP and CP surfaces
were submerged in the water followed by imaging with a horizon-
tally mounted optical camera (for h ≈ 1.5–10 cm) (Figure 4b) or
smartphone (for h ≈ 15–30 cm, due to the limited focal length of
the optical camera). The wetted area and non-wetted area can be
distinguished by the difference in contrast since the trapped air
film effectively reflects the light (Figure 4c; Figures S19 and S20,
Supporting Information). We then defined a fraction of Wenzel
state (𝜑t) by dividing the wetted area with the initial plastron area
on the NP/CP surfaces as a function of time-after-immersion (ti).

Figure 4d,e represents 𝜑t of the NP and CP surfaces with im-
mersion time, respectively, at varying p(h). The higher p(h) re-
sulted in a faster CWT (Figures S19 and S20, Supporting Infor-
mation) and a higher saturated𝜑t. The𝜑t exponentially increased
with increasing immersion time following the modified simple
first-order kinetic model (Note S8 and Figure S21, Supporting
Information).[17a] It is important to note that, at low p(h), only
a small fraction of the CP surface has gone through the CWT
(≈7.5% at p(h) = 0.98 kPa; ≈3.5% at p(h) = 0.49 kPa; and ≈0.5%
at p(h) = 0.15 kPa). Moreover, a p(h) of 2.94 kPa was required for
CP to achieve a complete CWT. Contrary to the CP surface, the
NP surface experienced a higher fraction (≈15%) of CWT even at
small p(h) ≈0.15 kPa, achieving complete CWT at p(h) ≈ 1.96 kPa
which is ≈33% lower than the value for CP. Consequently, we
found the enhanced underwater plastron (trapped air film) sta-
bility of the CP surface compared to the NP surface below the
p(h) of 2.94 kPa.

All the surfaces at each p(h) show saturated 𝜑t after ti =
1440 min. Therefore, the retained final plastron volume fraction
can be described as 1 − 𝜑1440. Assuming an ideal gas, a higher
p(h) results in a higher fugacity (diffusion) of air in the water.
The fugacity can be substituted by an equilibrium partial pres-
sure, p′. As a result, the correlation between the p′ and the p(h)
can be termed as:[29b]

ln
(

p′

p′
0

)
=

vm

RT

[
p (h)

]
(2)

vm is a partial molar volume of gas (assumed as constant),[29a] R
is the gas constant, T is temperature, and p′

0 ≈ 1 is an initial equi-
librium partial pressure. In our system, the plastron volume is
considered constant so, the variation in pressure from the initial
state is inversely proportional to the volume change. Therefore,
the final plastron volume fraction, 1−𝜑1440, can be approximated
as:

(1 − 𝜑1440) ∼ e−
vm
RT [p(h)] (3)

where vm

RT
is believed constant, describing an exponential de-

crease in 1 − 𝜑1440 with increasing p(h) (p(h) is constant for
here because the change of h from evaporation is negligible
with < 0.1 mm for 1.5 cm and < 1 mm for other heights). Indeed,
the exponential decay of 1 − 𝜑1440 (plastron) for the NP regarding
p(h) was observed, which means the metastable underwater sta-
bility of the NP surface even at a low p(h) ≈ 0.15 kPa (Figure 4f).
In contrast, a high fraction of retained plastron (≈92.5%) was ob-
served on the CP surface up to the p(h) ≈ 0.98 kPa with a linear re-
lationship between 1−𝜑1440 and p(h). Above that pressure, the CP
surface seemed to go through an exponential decay of the plas-
tron volume fraction (1 − 𝜑1440) at a higher p(h), inferring there’s
an initial hydrostatic pressure, pinit, for activating the CWT of the
CP surface (Figure 4f). Therefore, the retaining plastron volume
fraction (1 − 𝜑1440) in the CP surface can be approximated as:

(1 − 𝜑1440) ∼ e−
vm
RT [p(h)−pinit] (4)

Since the vm

RT
is equal to that of the NP surface, the pinit for

the CP surface is acquired as ≈1.07 kPa based on the plots in
Figure 4f. Concerning the concave structure of the CP surface, a
convex air cap could be formed on the concave part underwater,
pressing with downward Laplace pressure, ΔPL (Figure S22, Sup-
porting Information). The pinit ≈1.07 kPa is quite similar to the
possible ΔPL ≈1.17 kPa (minimum value in Note S9, Supporting
Information), implying the ΔPL on the concave cavities could be
determined as a pinit for the CP surface. Moreover, the CP sur-
face experienced an NP-like complete CWT at p(h) ≈ 2.94 kPa,
where p(h) ≈ 2.94 kPa can be considered as a critical hydrostatic
pressure, pcrit, for the NP-like wetting behavior of the CP surface.

In detail, we can distinguish the underwater wetting state of
the CP surface into 3 regimes as a function of the p(h): i) non-
wetting state (p(h) < pinit), ii) intermediate state (pinit < p(h) <
pcrit), and iii) NP-like wetting state (p(h) ≥ pcrit). i) Below the p(h) of
pinit, there exists a rapid drop of plastron volume fraction (within
≈120 min), followed by a stable partial Cassie-Baxter state with a
very low CWT fraction. The fraction of CWT increases gradually
with increasing p(h), which may be due to some heterogeneity in
CPs. ii) The case between pinit ≈ 1.07 kPa and pcrit ≈ 2.94 kPa can
be defined as an intermediate (transitional) state due to the sim-
ilar magnitude of ΔPL and p(h). As the air diffusion occurs from
the convex air cap, the volume of the air cap will be reduced fol-
lowed by the decrease in curvature radii of the air cap. The smaller
radii lead to a higherΔPL than the initialΔPL ≈ 1.17 kPa (Note S9,
Supporting Information). Therefore, the competition of p(h) and
increasing ΔPL leads to an intermediate wetting state of the CP
surface under the p(h) from pinit ≈ 1.07 kPa to pinit ≈ 2.94 kPa. iii)
Above the pcrit ≈ 2.94 kPa, the CP loses its concave characteristic
and acts similarly to the NP surface in terms of the CWT. This
indicates that high p(h) has triggered the instantaneous filling of
concave regions of the pillars. In this regard, adjusting the pinit
induced by the concave cavities would be critical for outstanding
plastron stability underwater.

2.5. Concave Effect for Underwater Plastron Stability

We introduced fluorescence confocal microscopy to certify the
formation of convex air caps on the concave structures. The CP
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Figure 5. Fluorescence confocal microscopy images of the NP and CP surfaces after immersion. a) Schematics for experimental method. Imaging was
conducted after immersion of the surfaces in the fluorescent dye solution. Z-stacked images for b) NP surface and c) CP surface, detecting adhered dyes
after immersion. Images of a whole range from the top to the bottom surfaces were stacked.

and NP surfaces were immersed in a 1.5 cm depth of fluorescent
dye solution (surface tension of 74.1 ± 0.4 mN m−1) (Note S10
and Figure S23, Supporting Information) for 720 min followed
by washing and blowing. The adhered dyes on the CP and NP
surfaces were then imaged using an inverted confocal micro-
scope stacking in a z-direction from the top to the bottom surface
(Figure 5; and Figure S24, Supporting Information). We imaged
particularly the wetted area of the NP surface (fraction of Wenzel
state) to investigate whether the dark area in Figure S19 (Support-
ing Information) is genuinely in the Wenzel state or not. Con-
versely, we could not find any portion of the Wenzel state when
imaging the CP surface. We found a trace of dyes only at the bot-
tom edge of the concave cavities, not their center (Figure 5b; and
Figure S24a, Supporting Information). Besides, there were no
dyes on the bottom of the CP structures implying a stable Cassie-

Baxter state during immersion (Figure S24a, Supporting Infor-
mation). This illustrates the air/water interfaces above the con-
cave parts didn’t bulge into the structure, not touching the inner
center of concave cavities. For that reason, the ΔPL from the con-
vex air caps would compete with p(h) on the air/water interfaces
between pillars. Existing higher pressure (ΔPL) than p(h) might
lead to an inhibition of air diffusion through the air/water inter-
faces between pillars owing to the favorable mass flux of air under
higher pressure (Figure S22, Supporting Information). On the
contrary, some portion of the NP surface, both the top and bottom
of the structure, was imaged with adhered dyes indicating the
CWT on the NP surface (Figure 5c; and Figure S24b, Supporting
Information). To advocate our demonstration, a bubble rupture
time for both NP and CP surfaces was measured (Note S11 and
Figures S25 and S26, and Movie S7, Supporting Information).

Adv. Mater. 2024, 2409389 2409389 (9 of 12) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Collectively, these comprehensive results offer evidence that the
concave effect forming convex air caps on the cavities is key to
the stable Cassie-Baxter state of the CP surface.

3. Conclusion

In summary, we unveil the biomimetic concave effect for a stable
superhydrophobicity under impact and hydrostatic pressure. The
dynamic behavior of falling water droplets on the fabricated con-
cave pillar (CP) surfaces (D/L = 0.125–0.5) was investigated by
comparing them to the same D/L of standard superhydrophobic
normal pillar (NP) surfaces. Within the critical vt at which the NP
surfaces encountered the partial or complete CWT, the CP sur-
faces appeared the enhanced impact pressure resistance together
with bouncing droplets or only a partial CWT. Furthermore, the
wetting phase diagram showed that the CP surface was much
more stable under the impact pressure, maintaining the Cassie-
Baxter state up to a larger We (≈27.6 at D/L = 0.5) compared to
that of the NP surface (≈17.0 at D/L = 0.5). Next, the underwater
plastron stability of the NP and CP surfaces with D/L ≈ 0.5 was
studied at varying hydrostatic pressures (p(h)). As we expected,
the CP surface withstood higher hydrostatic pressure reaching a
complete CWT at p(h) ≈ 2.94 kPa, whereas the NP surface easily
released its trapped air film and became Wenzel state even at p(h)
≈ 1.96 kPa. The results from fluorescence confocal microscopy
supported that the convex air caps are constructed on the con-
cave structures applying higher ΔPL than certain p(h). Given that
the ΔPL would favor the air diffusion through the air cap on the
concavity, opposing the p(h) on the air/water interfaces between
pillars. As a result, the CP surface seems to prevent the under-
water CWT resulting from the favorable air diffusion on the con-
cavity. Therefore, we identified the competing pressure owing to
the concave effect could be attributed to the stable underwater
wetting stability and superhydrophobicity. Our demonstrations
of the concave effect countering the impact and hydrostatic pres-
sure can offer a design concept for other superhydrophobic sur-
faces with a stable Cassie-Baxter state, further advancing in-depth
explorations and state-of-the-art applications.

4. Experimental Section
Preparation of Microstructures: A 1 μm thick SiO2 layer was thermally

grown on a P-type 4-inch (100) silicon wafer (i-Nexus, Inc.) in a furnace
(KHD-306, KSM). Before fabrication, the SiO2/Si wafer was cleaned with
a piranha solution (a 3:1 volume ratio of sulfuric acid, and 30% hydro-
gen peroxide solution) for 30 min at 80 °C. Subsequently, the wafer was
rinsed with DI water (18.2 MΩ, Milli-Q) followed by N2 blowing. An etch-
ing mask for the SiO2 layer was then patterned using a PR (DPR-i1549,
Dongjin Semichem Co., Ltd.) by photolithography (MA/BA6-8, SÜSS Mi-
croTec). A Cr mask divided into several patterns with hexagonal arrayed
circles was used, varying D/L, for photolithography. Utilizing the dielectric
inductively coupled plasma reactive ion etching system (FABstar, TTL) the
1 μm SiO2 was vertically etched along the pattern, and the patterned SiO2
was utilized as an etching mask for silicon. To manufacture an inverted
pyramidal shape on the silicon surface, the wafer was wet etched in 5 m
KOH + IPA (80:20 volume ratio) solution for 10 min at 70 °C. The time of
10 min was set to minimize the undercut of silicon underneath the SiO2
layer. After washing, a 0.3 μm thickness of Cr was deposited on the entire
surfaces employing a DC sputter (SRN-120, SORONA) operated at 700 W
power, and Cr was introduced as a protective mask for the concave parts

in the process of silicon etching. SiO2 was etched in BOE for 10 min, also
lifting off the Cr film on the SiO2 layer. Consecutively, the revealed silicon
surface was etched using a deep reactive ion etching system (Tegal 200,
Tegal France) with the Bosch process (The process condition is presented
in Table S1, Supporting Information). After that, Cr on the concave cav-
ities was removed in chromium etchant (Sigma-Aldrich). To remove the
nanograsses created during the process,[30] the surfaces were immersed
in pure ethanol (≥ 99.5%, Sigma-Aldrich) followed by gentle sonication
for 1 min. Finally, after 3 min of air plasma treatment (100 W power and
flow of 30 ccm), the 1H,1H,2H,2H-Perfluorooctyl trichlorosilane (FOTS,
Sigma-Aldrich) was deposited on the surface using a SAM-coater (AVC-
150, SORONA). The fabrication of NP and TCP surfaces is depicted in
Notes S1 and S4 (Supporting Information), respectively.

Surface Characterization: The leaf beetle was dried using a critical
point dryer. The microscopic view of puvilli on the leaf beetle feet was ob-
tained using a SEM (JSM-6390LV, JEOL) operating at 20 kV acceleration
voltage after Pt coating by ion sputter (108 Auto Sputter Coater, Cress-
ington). The morphology of fabricated microstructures was characterized
using a Quanta 200 FEG SEM (FEI) with a 15 kV acceleration voltage.
The wettability of surfaces was determined using a goniometer (DSA100,
KRÜSS GmbH). Static contact angle was measured with ≈6 μL of DI water
(18.2 MΩ, Milli-Q) on the five different points. The advancing and reced-
ing contact angles were defined by measuring a contact angle when the
contact line shifted during expanding and shrinking of 0–10 μL droplet
with the rate of 0.37 μL s−1. The intrinsic contact angle of the flat FOTS
surface was measured with the non-patterned parts of the fabricated sur-
face. The hydrophilic fumed silica (AEROSIL 380, Evonik Industries AG)
was used and roughly spread on the CP surface (D/L = 0.5) to evaluate
the self-cleaning property of the CP surface. The CP surface was attached
to the slide glass using double-sided tape and then positioned with a hinge
angle of ≈30°. Afterward, the DI water droplets were continuously dosed
and rolled on the contaminated surface.

Droplet Impact Dynamics Analysis: Dynamic behaviors of water
droplets were investigated using a high-speed camera (Fastcam Mini
UX50, Photron), recording at a frame rate of 2500 fps. Additionally, the
l0 was measured using a pixel-to-length calibration in connected software
for the high-speed camera (PFV, Photron). Using a syringe pump (NE-
300, New Era) with 10 μL min−1 pumping, ≈2 μL (d0 ≈ 1.56 mm) water
droplets were dropped on each surface after natural detachment from a 38
G needle. The heights of the needle from the surface were 0.5–9.0 cm, and
the Weber number (We) was calculated according to the terminal impact
velocity, vt. The vt, at the instantaneous contact of a droplet to the sur-
face, was simply computed from vt =

√
2gH, where H is the initial height

of droplet before departure, assuming there’s negligible air resistance to
droplets. The water droplets were dropped at least 3 times on each surface,
and all the surfaces experienced CWT behaviors at the same We range.
Additionally, all investigations were implemented at room temperature of
23 °C. The details of impacting droplets on the supercooled surfaces are
described in Note S7 (Supporting Information).

Characterization of Underwater Wetting Behavior: The underwater wet-
ting behaviors for both NP and CP surfaces were investigated in the room
with constant temperature (18.5 ± 0.2 °C) and humidity (50 ± 5%). Glass
tanks were filled with ultrapure DI water (18.2 MΩ, Milli-Q) then equi-
librated to the adjusted room temperature. The temperature of the water
was monitored using a temperature probe (SS200) supporting a hot plate.
Before each submersion, the FOTS were redeposited after surface clean-
ing (with air plasma and piranha solution), then stored the surface in the
analyzing room overnight. Afterward, the surfaces were solely and gently
submerged to the bottom of the water from the top water surface, and
the position of the surfaces was adjusted for imaging; usually took 30 sec-
onds for adjustment. Subsequently, for the water depths of 1.5–10 cm, the
snapshots of the surfaces were captured every 60 min during 1440 min of
immersion using the above-mentioned high-speed camera. For 15–30 cm
depths, a smartphone (SM-N960N, Samsung) was employed for record-
ing. Also, the snapshots were pictured at fixed magnification for each ex-
periment. To define the wetted area, the pixels of the bright-field area and
the dark-field area were counted using Adobe Photoshop software. The
bright-field area appeared due to the light reflectance of the air layer and
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turned dark when the air dissipated from that area. The wetting ratio 𝜑t
was calculated with a turned dark-field area divided into the initial bright-
field area. The initial bright-field area was obtained by subtracting the ini-
tially wetted area (at ti = 0) from the entire NP or CP area, and the wet-
ted area at first was caused by defective area on the surfaces (damaged
pillars). The macroscopic view of the surfaces during immersion was cap-
tured, and the total pixels of the area were counted without considering a
portion of the pillar area.

Bubble Rupture Time Measurements: Underwater air dynamics were
assessed in a room of constant temperature and humidity using the high-
speed camera with a frame rate of 5000 fps. DI water (18.2 MΩ, Milli-Q)
was filled in a custom-made liquid cell and a 1 mL syringe with a 38 G nee-
dle was fixed through the hole at the bottom of the cell. The surfaces were
reversely mounted at a depth of 1 cm and equilibrated for 1 min. Using the
syringe pump with a pumping rate of 10 μL min−1, the bubbles (≈1 mm
diameter) were dispensed at ca. 2.5 mm below the surface from the 38 G
needle after natural departure. The bubble rupture time (tr) was defined
as a time from t = 0 to right before rupture, and t = 0 was considered as a
moment when bubbles stopped bouncing. Ten measurements of bubble
rupture time were measured and averaged for each surface.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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