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When a water droplet on a micropillar-structured hydrophobic surface is submitted to gradually increased pressure, the Cassie-
Baxter wetting state transforms into the Wenzel wetting state once the pressure exceeds a critical value. It has been assumed that
the reverse transition (Wenzel-to-Cassie-Baxter wetting state) cannot happen spontaneously after the pressure has been removed.
In this paper, we report a new wetting-state transition. When external pressure is exerted on a droplet in the Cassie-Baxter wetting
state on textured surfaces with high micropillars to trigger the breakdown of this wetting state, the droplet penetrates the
micropillars but does not touch the base of the surface to trigger the occurrence of the Wenzel wetting state. We have named this
state the suspended penetration wetting state. Spontaneous recovery from the suspended penetration wetting state to the initial
Cassie-Baxter wetting state is achieved when the pressure is removed. Based on the experimental results, we built models to
establish the penetration depth that the suspended penetration wetting state could achieve and to understand the energy barrier
that influences the equilibrium position of the liquid surface. These results deepen our understanding of wetting states on rough
surfaces subjected to external disturbances and shed new light on the design of superhydrophobic materials with a robust wetting
stability.
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1 Introduction

Superhydrophobic surfaces display spectacular properties,
such as self-cleaning [1-4], water repellency [5,6], highly
efficient condensation [7-9], and anti-icing [10-12]. These
properties mostly stem from the hydrophobic coating and
micro-/nanostructures on the substrate, which can trap air
between the water and the base of the surface, enabling the
water to remain suspended over the structures with just an
ultra-small solid-liquid contact region, leading to a Cassie-

Baxter wetting state. However, when subjected to external
disturbances, such as mechanical vibration [13,14], eva-
poration [15], drop impact [16], and exerted pressure [17-
19], water may readily penetrate the surface textures, trans-
forming into an irreversible Wenzel wetting state [6,19].
Once a droplet is in the Wenzel wetting state, water affinity
with the textures is significantly increased, resulting in the
failure of the superhydrophobicity and its unique functions.
Finding ways to avoid the irreversible breakdown of the
Cassie-Baxter wetting state and enhance the robustness of
the superhydrophobicity is challenging, but it merits further
theoretical and experimental attention.
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Over the past decade, in order to realize a wetting-state
transition from the Wenzel wetting state to the Cassie-Baxter
wetting state, researchers have employed various methods,
such as electric [20,21] and thermal techniques [20], me-
chanical vibration [22-25], and condensation [26]. Through
the use of condensation, Dorrer and Rühe [26] achieved a
Wenzel-to-Cassie-Baxter (W2C) wetting-state transition in
which the contact-line pinning was overcome due to the
dynamic force resulting from the decrease in surface energy
after the coalescence of the droplets. Krupenkin et al. [20]
realized reversible transitions between the Cassie-Baxter and
the Wenzel wetting states through the application of an
electrical voltage and current to produce a momentary eva-
poration of a microscopically thin layer of liquid im-
mediately adjacent to the substrate surface. Boreyko and
Chen [22] firstly demonstrated that a mechanical vibration
can be employed to overcome the energy barrier during the
transition from the sticky Wenzel wetting state to the non-
sticking Cassie-Baxter wetting state. Boreyko et al. [22-24]
have also provided the criteria for the reversible transition in
relation to the topology of the substrates and their wettability.
However, all these methods need an external energy input or
require complicated techniques, so they are not suited to a
broad range of practical applications. However, researchers
have pursued a fundamental understanding of the underlying
mechanism behind the stability of superhydrophobic sur-
faces and have devoted their efforts to promoting its ro-
bustness from the source. Very recently, by minimizing
hydrophobic conical structures to nanosized, Mouterde et al.
[27] achieved a high antifogging efficiency close to unity and
water departure of droplets smaller than 2 μm. Li et al. [28]
developed a method for a spontaneous W2C transition and
named the property identified in this transition the mono-
stability. They also demonstrated that there exists a region in
the parameter space composed of the texture geometry and
the contact angle in which the monostability can be main-
tained. However, although the monostability was attained on
one-tier microstructured surfaces for mercury, it was only

attained on two-tier nano-/microstructured surfaces for wa-
ter. In many practical applications, especially in antifogging,
droplets with a much smaller scale compared with the scale
of the roughness of the textures will be formed in the very
initial stage of condensation. In this case, the small droplets
will first come into contact with the one-tier surface. After
that, whether monostability can be attained on a one-tier
surface or not is important, as it determines whether the
droplets will further evolve into a Wenzel wetting state or a
Cassie-Baxter wetting state. Until now, how to achieve
monostability on one-tier surfaces has remained a challenge.
In this paper, by carrying out experiments on one-tier mi-
cropillars, we not only pursue a further understanding of the
interactions between droplets and hydrophobic textures, but
also aim to promote the robustness of the hydrophobicity,
which are central to the emerging applications of super-
hydrophobic materials, such as self-cleaning, anti-icing, and
water harvesting.
Our results show that when we exert pressure on small

droplets on one-tier textured hydrophobic substrates with
very high micropillars, even though the Cassie-Baxter wet-
ting state is destroyed, a subsequent suspended penetration
wetting state is formed that stops the wetting state from
breaking down further to the sticky Wenzel wetting state.
When the external pressure is released, the three-phase
contact lines in the micropillars retreat and the initial Cassie-
Baxter wetting state, surprisingly, recovers. In contrast to the
known Wenzel and Cassie-Baxter wetting states [29,30], the
double-roughness structure wetting modes [17] and the pe-
netration regimes [31], the wetting behaviors we have ob-
served suggest a novel wetting state transition. The wetting
behaviors reported in this study may provide a promising
solution for overcoming the fragile wetting-state transition
on one-tier micropillared substrates.

2 Experiments

Preparation of the microstructures. As shown in Figure 1(a),

Figure 1 (Color online) Schematic of the experimental setup and the samples. (a) Main components of the experimental setup are shown from the side
view. (b) (i) Scanning electron microscopy (SEM) image of the micropillars, with the corresponding width a=18 μm, spacing b=12 μm, and height h=80 μm.
The scale bar is 20 μm. (ii) Atomic force microscopy (AFM) image showing the roughness of a region on the top of a single pillar; the roughness is 8 nm, and
the scale bar is 500 nm. (iii) AFM image showing the roughness of a region on the side wall of a single pillar; the roughness is 12 nm, and the scale bar is
1 μm.
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there are two stages involved in the study of the wetting
behaviors; we first pressed a droplet using a glass plate
against a micropillar-structured substrate, and then we lifted
the glass plate to check the reaction of the droplet. To de-
crease the adhesion between the droplet and the glass plate,
the glass plate was treated with a commercial coating (Glaco,
Soft99) using the methods described previously [32,33]. The
resulting receding and advancing contact angles were
θgr=160°±2° and θga=170°±2°, respectively. We tested two
sets of 1 cm×1 cmmicropillared substrates on a silicon wafer
fabricated using photolithography. Each pillar was square-
shaped and square-distributed, as indicated in Figure 1(b),
and the height of the pillars was maintained at h=80 μm. In
Set I, the side length of the pillars was maintained at a=
8.3 μm, but spacing b was varied from 5 to 25 μm. Based on
these geometrical parameters, we obtained a different area
fraction f=a2/(a+b)2 ranging from 0.06 to 0.4 and a rough-
ness r=1+4ah/(a+b)2 ranging from 3.4 to 16. In Set II, the
micropillar structures had the same area fraction values as Set I
but with a fixed side length a=18.7 μm. Thus, the range of the
roughness became r∈[2.1, 7.7]. In order to achieve hydro-
phobicity, the substrates were coated with a layer of 1H,
1H,2H,2H-perfluorodecyltrichlorosilane (CF3(CF2)7(CH2)2-
SiCl3, FDTS) precursor molecules using the CVD method in
a vacuum environment [34]. On the flat silicon FDTS-coated
wafer, the Young contact angle was θ0=110°±2°. The ad-

vancing and receding contact angles were obtained by slowly
moving a water droplet horizontally at the speed of 10 μm/s
[28]. After measuring the angles around the front and rear
three-phase contact lines, we obtained θa=118°±2° and
θr=98°±2°, respectively.
In order to record the vertical displacement of the glass

plate, a length sensor (Heidenhain-Metro 2581) was first
attached to the superhydrophobic glass plate; thus, its initial
position (i.e., the reference zero point) was calibrated. Then,
by mounting the glass plate to a motorized z-translation
stage, we exerted a vertical displacement on the glass plate to
compress the droplet. The real-time separation H
(Figure 1(a)) between the glass plate and the substrate was
easily calculated using the output data of the length sensor.
To obtain the transverse section area A (Figure 2) of the
confined droplet, the appearance of the droplet was captured
from above using a commercial CCD camera (Canon 550D,
Hi-Scope advanced KH3000). In this experiment, consider-
ing that the droplet was tightly confined, like a pancake, and
H was much smaller than its transverse scale, before the
water droplet penetrated the micropillars, we estimated the
volume V of the droplet in terms of an approximation V≈AH.
In addition, a humidifier was employed to compensate the
loss of water due to evaporation. In other words, we assumed
that the volume of the droplet was constant during the whole
experimental process.

Figure 2 (Color online) Experimental observation and the corresponding frames. (a) Snapshots of a water droplet pressed against the FDTS-treated
micropillared substrates. The solid-liquid area fraction is f=0.172, and the volume of the droplet is 40 nL. The droplet in the Cassie-Baxter wetting state
(circle 1) is squeezed (circles 2 and 3) until it partially (circle 4) and completely (circle 5) penetrates the micropillars. After holding the glass plate in this
position for about 2 s, it is lifted, leaving a droplet in the Wenzel wetting state (circle 6). (b) The same experimental processes but with f=0.56 and V=17 nL.
When the droplet (circle 1) is sufficiently compressed (circles 2 and 3), it suddenly penetrates the pillars (circle 4) but without touching the base of the
substrate. On lifting (circle 5), the droplet eventually reverses to the initial Cassie-Baxter wetting state (circle 6). The insets show the corresponding processes
from a side view. The scale bars represent 500 μm.
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3 Results and discussion

3.1 Pressing and lifting processes

As shown in Figure 2, we first provide comparisons between
a typical case of an irreversible wetting transition
(Figure 2(a)) and the exceptional wetting behaviors we ob-
served in this study (Figure 2(b)). In Figure 2(a), the geo-
metrical parameters of the micropillars are a=8.3 μm, b=
11.7 μm, and h=80 μm, and the corresponding area fraction
and roughness are f=0.172 and r=7.64, respectively. A small
droplet was produced using a syringe and was then deposited
on the substrate. The measured Cassie-Baxter contact angle
and the radius of the droplet were θ*≈140° and R≈215 μm,
respectively (as shown in the inset of circle 1, Figure 2(a)).
Based on these values, the volume of the droplet was cal-
culated using V=πR3(1–cosθ*)2(2+cosθ*)/3 and resulting in
V≈40 nL. As the glass plate was mounted on a motorized z-
translation stage, the z-position of the plate could be pre-
cisely controlled. In order to guarantee a quasi-static process,
the z-position of the glass plate was decreased at a speed of
dH/dt=−2 μm/s. We observed that, in this stage, the droplet
was pressed smoothly into a pancake shape (see circles 2 and
3, Figure 2(a)). In circle 4 of Figure 2(a), we can see that
when H reached a critical value Hcr, a sudden penetration
transition was triggered (which was observed by the varia-
tion in the visualization of the appearance of the liquid, as
seen from above). The dark square region corresponds to the
contact with the base of the structure, forming a local Wenzel
wetting state. From then, the z-position of the glass plate was
further decreased until the glass plate touched the sample
(circle 5). After holding the plate in this position for about
2 s, we reversed the glass plate’s direction of movement
while maintaining the speed at dH/dt=2 μm/s. After the glass
plate was lifted until it was high enough to detach from the
droplet, the droplet remained in a spherical shape with a
much lower contact angle (≈50°, see circle 6, Figure 2),
suggesting a Wenzel wetting state. We call this the typical
Cassie-Wenzel (C-W) wetting-state transition [35].
As shown in Figure 2(b), when micropillars that are much

denser (i.e., a=18.7 μm, h=80 μm, b=6.3 μm, f=0.56, and
r=10.57) were used, a different scenario to that shown in
Figure 2(a) was presented. In this case, the volume and size
of the droplet were V=17 nL and R=170 μm, respectively.
When the droplet was deposited on this surface, the Cassie-
Baxter contact angle was 120°±1°, appreciably lower than
the value in Figure 2(a), due to an increase in the area
fraction f. When the droplet was quasi-statically compressed,
it first adopted a pancake shape, but the boundary of the
liquid gradually deviated from this shape (circle 2). With
further compression, this deviation developed, and the
transverse area evolved to a square (circle 3). When the
distance H reached the critical value Hcr, a sudden break-
down of the Cassie-Baxter wetting state was observed (circle

4). Meanwhile, a small satellite droplet was ejected from the
main droplet. At this point, we stopped running the z-trans-
lation stage and held the plate in this position for about 2 s.
We then carefully decreased H to a minimum value until the
plate touched the top of the micropillars. After that, we lifted
the glass plate, and the liquid started to retreat (circle 5).
With further lifting, the liquid left the micropillars, and we
finally observed that the droplet was restored to a spherical
shape (circle 6) with a contact angle of 124°±1°, which was
very close to the initial contact angle. This means that the
droplet completely recovered to the initial Cassie-Baxter
wetting state after a loading-unloading process. Based on
these wetting behaviors, it is reasonable for us to postulate
that in circles 4 and 5 of the processes described above, the
liquid surface at the bottom of the droplet was suspended
among the micropillars and did not touch the substrate, so we
have named this wetting state the suspended penetration (SP)
wetting state. Furthermore, this phenomenon (C-SP-C tran-
sition) is different from all the previous reported wetting
transitions, such as the irreversible C-W wetting-state tran-
sition [18,29,30], the Wenzel-Cassie-Baxter (W-C) inter-
mediate wetting state [17,36], and the monostable CWC
wetting state transitions [28].
As mentioned above, when the droplet was pressed into the

SP wetting state, we could not directly observe the solid-
liquid contact region in detail from the side view because of
the narrow spacing of the pillars. Since the apparent area of
the compressed droplet suddenly shrank from circle 3 to 4
(Figure 2(b)), the conservation of the liquid volume required
that the droplet must have penetrated the pillars. In addition,
the appearance of the water “pancakes” at circles 3, 4, and 5
in Figure 2(b), as viewed from above, suggests that the va-
lues of the grayscale were quite homogeneous inside the
boundary of the droplet, so we can reasonably assume that
the thicknesses of the pancakes were uniform except for the
regions close to the boundary. Macroscopically, the liquid
interface at the bottom of the droplet might be nearly “flat”.
Here, by combining the constant volume V, the transverse
section area A of the liquid as viewed from above, and the
experimentally recorded height H, we estimated the average
penetration depth Z by employing the following relationship:

V AH A f Z= + (1 ) , (1)

where V1=AH is an approximation of the liquid volume be-
tween the glass plate and the top of the pillars, and V2=
A(1–f )Z is an approximation of the suspended liquid volume
that is confined between the pillars. Since the volume V and
the area fraction f are known in advance, and H and A can be
measured during the experimental process, the penetration
depth Z can be calculated in terms of eq. (1).
In the relationships demonstrated in Figure 3, we use red

and blue dots to denote the pressing (squeezing) and lifting
(releasing) processes of the glass plate, respectively. The

244711-4J. Lou, et al. Sci. China-Phys. Mech. Astron. April (2021) Vol. 64 No. 4



processes marked using circled numbers correspond to the
stages shown in Figure 2(b). As shown in Figure 3(a), when
the droplet was being pressed (i.e., H was decreasing), the
transverse area A increased gradually and there was no pe-
netration. However, when the critical value of H was
reached, i.e., Hcr=13.5 μm (see circle 3), based on the var-

iation of the value of the grayscale of the liquid pancake, the
liquid surface at the bottom of the droplet suddenly pene-
trated the micropillars and, at the same time, transformed
from a square-shaped pancake into an irregular shape. As
shown in Figure 3(a), the transition (from circle 3 to 4) in-
duced a sudden decrease (~43%) in the pancake area A. We
then held the plate in position for about 2 s and then pressed
the droplet a little more so that the glass plate reached a
minimum height, i.e., H≈0 μm (see circle 4′ in Figure 3(a)).
Since the appearance of the droplet represented by circle 4′
was very similar to that of circle 4, we have not listed frame
4′ in Figure 2(b). At this point, with the measured value
A≈5.5×105 μm2 and using eq. (1), we were able to calculate
the penetration depth Z≈60 μm (see frame 4′ in Figure 3(b)),
which was notably smaller than the height of the micropillars
(h=80 μm). This indicates that, during the transition, even
though the liquid surface at the bottom of the droplet pene-
trated the micropillars, the droplet did not touch the substrate
(see the sketched inset in Figure 3(b)), and it therefore stayed
in an SP wetting state, as mentioned above.
After that, we lifted the glass plate. When the value of H

was gradually increased, both A and Z continuously de-
creased until their values almost returned to their initial va-
lues (see circles 1 and 6 in Figure 3(a) and (b)). These
processes indicate that after a period of squeezing and re-
leasing, the wetting state of the droplet recovers to the initial
Cassie-Baxter wetting state. This wetting behavior benefits
the robustness and the stability of the hydrophobicity of the
textures because the occurrence of a complete wetting state
(i.e., the Wenzel wetting state) is avoided. We have carried
out systematic tests on these two sets of micropillared sub-
strates, however, the SP wetting state could only be realized
in a few samples (more details about the parameters are gi-
ven in Table 1). Moreover, it has been challenging for us to
recreate droplets of the same volume, so the experimental

Figure 3 (Color online) Transverse area A and penetration depth Z of the
liquid during one period of pressing (red circles) and lifting (blue circles).
(a) The relationship between A and H. (b) The relationship between Z and
H. The circled numbers correspond to the different stages shown in Fig-
ure 2(b), among which the appearance of the droplet marked as circle 4′ is
similar to that of circle 4. The associated arrows denote the direction of
movement of the processes.

Table 1 Details of the parameters for the SP wetting state. S, f, V, and H are experimentally measured values. Z represents the calculated values from eq.
(1), based on the measured values of H and A. Zt1 and Zt2 represent the theoretical values obtained by employing the Lagrange multiplier method and by
considering the energy barrier from eq. (8), respectively

Sample S (μm) f V (nL) H (μm) Z (μm) Zt1 (μm) Zt2 (μm)

1 4.675 0.56 17 8.6 42.6 133 31
2 4.675 0.56 19 9.7 37.8 93 12
3 4.35 0.44 22 8.9 58 199 76
4 4.35 0.44 22 10.9 50.0 165 57
5 4.35 0.44 22 9.9 56.0 182 67
6 4.35 0.44 23.2 11.6 50 155 51
7 4.35 0.44 25.2 12.2 60 149 47
8 4.35 0.44 22.5 13.9 11 109 25
9 4.35 0.44 22.5 12.9 19 129 37
10 4.35 0.44 10.3 7.2 58 173 67
11 2.05 0.3 6.2 7.2 41 111 51
12 2.11 0.28 30.5 12.7 65 129 46
13 2.11 0.28 30.5 11.7 66 143 58
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data in Figure 3(a) and (b) represents a single test.

3.2 Theoretical analyses

We now try to establish the geometrical configuration of the
droplet when it is in the SP wetting state. To realize this aim,
we built models based on theoretical analyses of the surface
energy E of the droplet. For any given system, the liquid will
adopt a configuration with the minimum surface energy. To
find this configuration, we must first establish the compo-
nents of the surface energy E.
As shown in Figure 4, the surface energy of the droplet is

formed from the solid-liquid and liquid-vapor interfaces. The
solid-liquid interfaces consist of three parts (marked in
Figure 4(a) and (b) using blue lines): (1) the interface be-
tween water and the glass plate, for which the surface energy
can be written as A(γSL

g−γSV
g)=−AγLVcosθg0, where γLV, γSL

g,
and γSV

g represent the liquid-vapor, glass-liquid, and glass-
vapor interfacial tensions, respectively, and θg0 is the contact
angle of the water on the glass plate; (2) the interfaces be-
tween the water and the top of the micropillars, for which the
surface energy can be written as Af(γSL−γSV)=−AfγLVcosθ0,
where γSL and γSV represent the FDTS-coated silicon-liquid
and silicon-vapor interfacial tensions, respectively, and θ0 is
the intrinsic contact angle of the water on the FDTS-coated
silicon wafer. As, during the droplet’s collapse, the liquid
penetrates between the micropillars, we adopted the receding
contact angles θgr (θgr=160°±2°) and θr (θr=98°±2°) instead
of θg0 and θ0, respectively; (3) the interfaces between the
water and the sides of the micropillars (see blue lines in
Figure 4(b)), for which the corresponding surface energy is
(AZf/S)(γSL−γSV)=−(AZf/S)γLVcosθ0, where S is the ratio be-
tween the area and the perimeter of a single micropillar.
Since the micropillars are square, S=a/4. Moreover, f/S refers
to the length of the solid-liquid contact-line per unit area of
the bottom of the droplet. As, during the collapse, the liquid
fingers penetrate between the pillars, we used the advancing
contact angle θa (θa=118°±2°) instead of θ0. The remaining
surface energy results from the liquid-vapor interface, which
also consists of three parts (see the red curves in Figure 4(a)

and (b)): (1) the torus-shaped interface between the glass
plate and the top of the micropillars, for which the surface
energy is c1LHγLV, where L is the perimeter of the liquid as
seen from above; (2) the liquid interface of the bottom of the
droplet extending into the micropillars, for which the cor-
responding surface energy is c2A(1−f )γLV; and (3) the in-
terface of the fingers on the side of the penetrated liquid, for
which the surface energy is c3LZ(1−f

1/2)γLV. The coefficients
employed to correct the estimates of the areas of the curved
surfaces were c1, c2, and c3, which rely on the minimization
of the surface energy.
Based on the above definitions, we obtained eq. (2):

( )

( )

E A Af AZf
S c LH

c A f c LZ f

c f f Zf
a X

c H c Z f X

= cos cos cos +

+ (1 ) + 1

= (1 ) cos cos 4 cos

+4 + 1 . (2)

a

a

LV gr r 1

2 3

2 gr r
2

1 3

For the sake of simplicity, we assumed that the liquid was
square, so we used L=4X and A=X2 in eq. (2). In order to
determine the wetting state of the droplet, i.e., the unknown
variables X and Z for the given values of V and H, we used
the Lagrange multiplier method. We rewrote eqs. (1) and (2)
as the following:

( )
{ }

E c f f Zf
a X

c H c Z f X

X H f Z V

= (1 ) cos cos 4 cos

+4 + 1

+ [ + (1 ) ] , (3)

aLV 2 gr r
2

1 3

2

where λ is the Lagrange multiplier. As we know, for the given
values of V and H, the system tends to evolve into a con-
figuration with a minimum surface energy, which can be
determined by eq. (4):

E
X

E
Z

E= 0,  = 0,  = 0. (4)* * *

The third equation in eq. (4) leads to eq. (1). A combina-
tion of the first two equations in eq. (4) will remove λ,

Figure 4 (Color online) Schematic of the droplet in the SP wetting state as viewed from the side (a) and from above (b). The solid-liquid and liquid-vapor
interfaces are denoted using blue lines and red curves, respectively. In (b), details of the wetting state as seen from the side of the micropillars are shown
enlarged.
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leading to eq. (5):

( )Z X
c f

f c f

H
a

f
f

H
c

c
f

c
f

=
2 1

cos cos + (1 )

+4
1 cos +

1
2

1 . (5)

3
gr r 2

a 3
1 3

For this experiment, f, θgr, θr, θa, and V were the given
parameters. Consequently, for a given value of H, the other
two unknown variables X and Z could be solely determined
by employing eqs. (1) and (5).
Next, we provide the calculated results based on the above

theory. For the sake of simplicity, we treated part (1) of the
liquid-vapor interface as a half-torus in which c1≈π/2.
Considering that part (2) of the liquid-vapor interface does
not deform very much, c2≈1. However, here we must em-
phasize that part (3) of the liquid-vapor interface should be
approached with caution. After the collapse of the liquid (i.e.,
circles 3 and 4 in Figure 2(b)), the liquid fingers suddenly
penetrated the micropillars, so the contact angle on the side
wall of the micropillar (see the enlarged region in
Figure 4(b)) reached the maximum. It is reasonable to use
θa=120°, which allowed us to obtain c3=θa/sinθa≈2.4, which
is, in other words, the ratio between the arc length (the red
curve) and the spacing b. In Table 1, we provide the com-
parisons between the experimental and the theoretical re-
sults, in which S, f, and V are the given parameters, H is
recorded by the length sensor, and Z is the calculated value
from eq. (1) based on the experimentally measured values of
H and A. Zt1 is the value obtained from our model (i.e., eqs.
(1)-(5)) with the known values V and the measured value H.
The comparisons of the sample results indicate that most of
the theoretical values of Zt1 are larger than the experimentally
measured Z. These large gaps may result from some un-
certainties, such as the contact-line pinning and the dissipa-
tion of the volume of the droplet during the experiments.
In order to understand the gaps between the values ob-

tained for Z and Zt1, we conducted further analyses from a
different viewpoint. First, eq. (1) leads to the relationship
A=V/[H+(1−f)Z], from which we obtained eq. (6) by sub-
stituting this relationship into eq. (2):

( )

E c f f Zf
a

V
H f Z c H c Z f

V
H f Z

= (1 ) cos cos 4 cos

+ (1 ) + 4 + 1

+ (1 ) . (6)

LV 2 gr r a

1 3

The geometrical parameters V, f, θgr, θr, and θa and the
coefficients c1, c2, and c3, are known. When H is given, eq.
(6) can give the variation of the surface energy E as the
function of Z. In other words, for a fixed value of H, there
must be a minimum surface energy, and the corresponding
value Z corresponds to the equilibrium state of the droplet.

For example, we chose the experimental value H=8.6 μm
(see Sample 1 in Table 1), and then we checked the re-
lationship between E/γLV and Z (Figure 5) obtained by eq. (6).
As shown in Figure 5, the blue point (133 μm) corresponds

to the point with a minimum surface energy. In fact, the blue
point is also the value of Zt1=133 μm obtained by employing
the Lagrange multiplier method (i.e., based on eqs. (1)-(5)).
The red point (Z=42.6 μm) is the position that the liquid
surface stops at in the real experiment. As shown in Table 1
for all the samples, the values for Z obtained by using eq. (1)
were always smaller than the theoretical values for Zt1 ob-
tained by using the Lagrange multiplier method. In other
words, during compression, the liquid surface always stop-
ped at a position before which the wetting state attained a
minimum surface energy. This inconsistency indicates that,
during the above analyses, we might have missed an influ-
encing factor. Furthermore, Figure 5 suggests that the curve
is quite flat when the surface energy reaches its minimum
value (blue dot), which indicates that, in the real experiment,
even a small energy barrier would block the movement of the
liquid-vapor menisci from reaching the equilibrium pre-
dicted by the theory, and this is the reason why the experi-
mental value Z is always smaller than Zt1. In the above
analyses, we assumed that the transverse motion of the liquid
in the micropillars (see Figure 4(b)), as well as the solid-
liquid-vapor three-phase contact lines, was continuous.
However, in the real process, even between two successive
rows, the transverse movement of the menisci is not con-
tinuous but associated with wetting/dewetting processes
from one row to the next of the pillar and the morphological
transitions of the topology of the liquid. In this case, a con-
siderable number of energy barriers have to be overcome and

Figure 5 (Color online) Relationship between E/γLV and Z calculated
using eq. (6) and the parameters of Sample 1. The blue point represents the
solution of eq. (6) with the minimum surface energy. The red point re-
presents the stagnation point of the liquid surface in the experiment. The
inset illustrates the energy barrier during the transition process, and points
A and B correspond to the two quasi-static wetting states during the
transition.
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should be taken into consideration. For the sake of simplicity,
we assumed that the energy barrier was related to the area of
the menisci on each side of the square-shaped liquid that
penetrated the gap between the micropillars, which was
proportional to XZ (as there were four sides, 4XZ). Then, we
approximated the energy barrier ΔE as:

E XZ= 4 , (7)
LV

where α is a coefficient to correct the uncertainty of the
energy barrier. As shown in the inset of Figure 5 (corre-
sponding to the red curves in Figure 4(b)), two wetting states
during the transverse motion of the liquid menisci that pe-
netrates the gap between the micropillars are demonstrated
using schematics, and points A and B in the curve represent
the corresponding surface energy. EA represents the wetting
state as far as the liquid-vapor menisci extends before coa-
lescing, and EB represents the wetting state that allows the
liquid-vapor menisci to pin to the edges of the micropillars.
The energy barrier between A and B can be expressed as
ΔE=EA−EB, where EA and EB are approximately written as
4XZ(2π/3)γLV (taking the contact angle as about 120° on the
sides of the micropillars) and 4XZ(1−f 1/2)γLV, respectively,
suggesting α ≈ 2π/3−1+f 1/2.
During compression, the liquid surface reaches a balance

point if the following relationship is satisfied:
E
Z

E
Z

d
d = d

d , (8)

which means the energy barrier applies a force on the liquid
against the force resulting from the surface energy to mini-
mize the whole energy of the system. By employing the
above idea and eqs. (6) and (7), we obtained the solution for
eq. (8), which is referred to as Zt2. Moreover, in the case that
H is close to zero, we were able to obtain a much simpler

formula to estimate the penetration depth Z (see Supporting
Information online). From Table 1, we can see that the value
of Zt2 is quite close to the experimental value Z; however, the
data is still scattered. How to clearly visualize the motion of
the liquid-vapor menisci during their transverse motion
among the pillars remains a challenge and we leave this open
question for future research.
Here, we want to emphasize other features of this research.

In our experiment, in order to realize the C-SP-C transition,
the droplet had to be very small. We checked droplets at
different volumes. However, if the volume of the droplet is
too large (≥30 nL), a series of problems will arise during
compression. As shown in Figure 6(a), the C-SP transition
only happens when the plate is very close to the sample, i.e.,
H=10 μm. A big droplet with a very large transverse area will
always break down to small satellite droplets. Moreover,
when the pancake liquid reaches its maximum size, its width
could be as large as 5 mm. This suggests that the glass plate
has to be very well controlled to guarantee that it is parallel to
the substrate, otherwise, the droplet will be squeezed out of
the gap between the glass plate and the substrate before the
C-SP transition occurs, as shown in Figure 6(b). Studying
these complex phenomena in their entirety is challenging and
requires extensive research that goes beyond the scope of this
paper. We will leave these topics for our future studies.

4 Conclusions

In this paper, we have reported that small droplets can be-
come suspended in micropillars under an external pressing
force. In contrast to the previous reported results (such as the
irreversible C-Wwetting-state transition [18,37,38], the W-C

Figure 6 (Color online) Scenarios of two typical failures of the C-SP-C transition. (a) The pressing force leads to a breakdown of the Cassie-Baxter wetting
state, and the main droplet breaks into many satellite droplets. (b) The droplet is squeezed out of the gap between the glass plate and the substrate. The scale
bars are 1 mm.
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intermediate wetting state [17,38], and the monostable CWC
wetting transitions [28]), even though the micropillars were
penetrated by the liquid interface of the droplet under a
certain external pressure, the Cassie-Baxter wetting state was
able to recover, thus avoiding a transition into the Wenzel
wetting state. This wetting behavior is able to enhance the
stability of the hydrophobicity. Moreover, we have con-
structed a simple theoretical model to determine the pene-
tration depth of the liquid to capture the experimental results.
Our experimental results suggest that the SP state could be
influenced by a number of factors, such as the volume of the
droplet, the contact angle hysteresis, and the contact-line
pinning, which makes an accurate estimation of the relevant
values quite challenging. Furthermore, some open questions
remain that need to be addressed, for example, what are the
criteria that account for the morphology transition from the
circular shape to the square shape during compression and
the transition from the Cassie-Baxter wetting state to the SP
wetting state? It would be interesting to explore the dynamics
of the transition, as well as the variation of the morphology
of the droplet and the motion of the solid-liquid-vapor three-
phase contact lines [39,40]. However, our experiments sug-
gest that in order to guarantee the occurrence of the SP
wetting state, the area fraction and the pillar height of the
micropillared substrate should have large values. We expect
this work will shed new light on the design of robust su-
perhydrophobic materials and provide more novel funda-
mental perspectives on wetting.

This work was supported by the National Natural Science Foundation of
China (Grant Nos. 11632009, and 11872227).
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