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angle and a low contact angle hysteresis 
or a tilting angle. Several research groups 
have attempted to mimic these proper-
ties by creating artificial self-cleaning 
surfaces.[22–27] Feng et  al. achieved a high 
apparent contact angle (166°) and a low 
tilting angle (≈3°) by fabricating aligned 
carbon nanotubes.[22] Liu et  al. showed 
that the surface becomes super repel-
lent against the liquid in low surface ten-
sion by texturing the doubly reentrant 
structure.[28]

Despite the achievement of fabrication 
for the surface with the desired wettability, 
there is still a question about how the 
rough surface affects the contact angle. 
There is a well-known diagram which is 
called the Kao diagram, about the relation 
about how the rough surface affects con-
tact angle compared with the flat surface 

with the same substance.[30] It was reported that hydrophilic 
state can be more hydrophilic and hydrophobic state can be 
more hydrophobic in rough surfaces. However, it was reported 
that the hydrophilic surface in the flat surface can be super-
hydrophilic if the surface is rough enough with three tiers of 
structures.[25] It has been observed that the number of the tiers 
of roughness can determine the wettability by Frankiewicz et al. 
It seems like that there is still open space to understand how 
the contact angle can be controlled by the roughness of the sur-
face. About the challenges, they were suggested in terms of the 
optimization of the artificially textured surface for controlling 
and understanding the wettability.[31]

First focus of this study is understanding how the wettability 
can be controlled by microstructures across the Cassie-Wenzel 
transition. As an attempt to understand the effect of the rough-
ness of the surface on the contact angle, quantitative approaches 
with controlled geometrical parameters and simple structures 
could be valuable. By us and others, microstructured surfaces 
with well-defined parameters have been studied.[24–25,28] In 
particular, we have shown that the apparent contact angle and 
contact angle hysteresis are directly dependent on the height 
and center-to-center distance for the conical microstructures.[24] 
Recently, Wang et  al. reported that the theoretical model can 
predict the apparent contact angle of superhydrophobic sur-
faces consisting microstructures armour and nanostructures.[1] 
However, it would be important to advance not only the model 
for predicting apparent contact angle in the Cassie–Baxter state 
or Wenzel state, but also the condition for the Cassie-Wenzel 
transition. The model for the Cassie-Wenzel transition was 
suggested based on the solid roughness and the contact line 

Controlling the wettability using microstructures has been studied because of 
many applications. In particular, bio-mimetic microstructures modeled after 
the self-cleaning properties of the lotus leaf have been extensively studied. 
Despite many studies successfully achieving the fabrication of superhydro-
phobic to superhydrophilic surfaces through the manipulation of micro-
structures, the effect of rough surfaces on contact angle remains an area of 
inquiry. In this study, conical microstructures with well-defined geometric 
parameters are fabricated over a silicon wafer. They are replicated into soft 
matter that has transparent and flexible characteristics. From the measure-
ment of the contact angle for fabricated surfaces, the prediction of the criteria 
for transitioning from the Cassie-Baxter state to the Wenzel state can be sug-
gested. Furthermore, the fabrication of an inexpensive, transparent, elastic, 
and superhydrophobic surface based on truncated micro-conical structures in 
PDMS can be suggested.
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1. Introduction

Controlling the wettability of a surface has been a topic of sig-
nificant interest due to its numerous practical applications 
in various fields such as biotechnology, medicine, and heat 
transfer.[1–7] For example, superhydrophobic surfaces which can 
be defined by greater than 150° of apparent contact angle have 
been considered for antifogging,[8–9] anticorrosion,[10–11] anti-
fouling,[12] anti-icing,[13–14] drag reduction,[15] antibacterial,[16–17] 
energy harvesting[18–19] and condensation.[20–21] Especially, 
the lotus effect has been extensively studied for the self-
cleaning[22–29] which is characterized by a high apparent contact 
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density criterion in the previous studies.[32–34] However, there 
are only limited studies to evaluate or validate the model for the 
transition.  

Second focus of this study is to suggest inexpensive multi-
purposed superhydrophobic surface. A relatively simple and 
inexpensive method for obtaining superhydrophobic sur-
faces consists of applying a hydrophobic coating to the target 
substrate. For example, silanization treatments have been 
used for controlling the wettability.[35–36] Fadeev and McCa-
rthy observed that a planar silicon wafer will be hydrophobic 
(≈110° of apparent contact angle) after octadecyltrichlorosi-
lane self-assembled monolayer coating.[37] Zimmermann et  al. 
reported that the apparent contact angle increased to 165° with 
the same silane coating when the silicon was structured with 
nanofilaments.[36] Silanization has also been applied to bioin-
spired surfaces for obtaining superhydrophobicity in previous 
studies.[22–23] However, there is a limitation of the apparent 
contact angle. An apparent contact angle higher than 150° has 
not been observed when the silanization process is applied to a 
smooth surface.[35–36] On the other hand, Chen et  al. reported 
that the cone-like structures can present a robust and easy-
repairable superhydrophobic surface by thermal spraying.[37] 
It was reported that the structures can be fabricated by plasma 
spray deposition using titania on the shielding plate of stain-
less-steel mesh. In the following step, composites of polytetra-
fluoroethylene and nano-copper were deposited by flame spray 
over the titania coating. 153° of the apparent contact angle and 
2° of the sliding angle were reported. However, thermal spray 
coating can be limited by the operating temperature if the sub-
strate is not applicable to such a severe condition.

To overcome the drawbacks of the microtextured surface 
and coating for the superhydrophobicity, polydimethylsiloxane 
(PDMS) could be one of the solutions for a simple fabrication 
for the superhydrophobic surface. PDMS replication has been 
well studied in applications such as superhydrophobic surface, 
lab-on-a-chip, and electronics.[38–40] Considering the replication 
process, it could be beneficial if the structures can be easily 

peeled after the molding process. There are also advantages to 
PDMS itself. They are relatively cheap, replicable, transparent, 
and bendable. Since they are cheap to replicate it could be ben-
eficial for coating relatively large areas. When considering the 
transmission properties of the PDMS in the infrared, it could 
be beneficial to apply for the PV cell. A bendable characteristic 
could give flexibility to the target surfaces. Furthermore, PDMS 
replication has been considered for fabricating textured sur-
faces to obtain an antifouling property[41] and an anti-reflection 
property.[42] The cone shape could be a proper feature due to its 
structural stability against the pulling force. In this work, the 
replicating of the conical microstructure on silicon[24] on PDMS 
is shown as an alternative to transferring the self-cleaning prop-
erty. This simple structure can be beneficial because the fabri-
cation of complex structures will be relatively expensive due to 
the inherent complexity of the process limiting the potential for 
industrial applications.

In this study, we had a chance to measure the apparent 
contact angle in each sample of the replication process which 
are microstructures which are micro cones in silicon, plasma-
cleaned micro cones, silanized micro cones, and replicated 
micro cones into soft material. They have different equilibrium 
wetting angle and the same geometric parameters. Especially, 
one of the samples has an elastic characteristic of soft material. 
Apparent contact angle from zero to 170 degrees is observed by 
varying the geometric parameters and the surface conditions. 
From that, we could discuss the concept of the criterion of the 
Cassie–Baxter and Wenzel wetting modes from the previous 
study.[32,43–44]

2. Experimental Section

2.1. Fabrication Procedure of Conical Microstructures

The fabrication process is described in Figure 1 and the dimen-
sions of the microstructures are described in the Supporting 

Figure 1. Fabrication process.
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Information. The process was conducted on a single-side pol-
ished Si wafer ({100}, P-type, containing boron as dopant). The 
sample TC_ PDMS and HC_P were prepared from the previous 
study.[10] The process for fabricating the sample of TC_ PDMS 
and HC_P is described in a previous study.[10] The photoresist 
(SU-8) layer covering the conical microstructures was removed 
in an oxygen plasma etching process using an ICP-RIE Cryo 
Reactor (Plasmalab 100 – ICP180, Oxford Instruments). Energy 
Dispersive Spectroscopy (EDS) was performed in an FEI Helios 
dual-beam Focused Ion Beam Scanning Electron Microscopes 
(FIB-SEM). For the samples TC_C and HC_C, the energy 
dispersive X-ray spectroscopy did not detect carbon. After 
removing the photoresist, TC_S and HC_S were silanized in a 
desiccator using a droplet of Trichloro (1H, 1H, 2H, 2H-perfluo-
rooctyl) silane.

The silicon wafer pattern was replicated in polydimethylsi-
loxane (PDMS) in a two-step process. First, a replica (dimples) 
was made from the original Si wafer in PDMS with relatively 
high stiffness. Second, this PDMS replica was used as a master 
for molding the original cone structures. Therefore, it was 
referred to the first replica with dimples as the PDMS master 
and the second with cones as the PDMS replica.

For the PDMS master, PDMS base and curing agent (Syl-
gard 184, Dow Corning) were mixed with a weight ratio of 10:1. 
The mixture was degassed to remove bubbles and cured over 
the Si master at 65° C for 2  h. The PDMS was peeled from 
the Si wafer and excess PDMS was cut away using a scalpel. 
The PDMS master was mounted on a glass slide (75 × 50 mm, 
Sigma) by treating the backside of the PDMS with a short 
oxygen plasma and bonding it to the glass. Finally, the PDMS 
feature side was activated using a short oxygen plasma treat-
ment and silanized in a desiccator using a droplet of Trichloro 
(1H, 1H, 2H, 2H-perfluorooctyl) silane, similar to the Si wafer. 
It should be noted that Trichloro is not needed for the further 
replication process once the PDMS master is coated.

For the PDMS replicas, PDMS base and curing agent (Syl-
gard 184, Dow Corning) were mixed with the normal weight 
ratio 10:1. The mixture was degassed to remove bubbles and 
poured on top of the PDMS master. A glass slide (75 × 50 mm, 
Sigma) was placed on top of the uncured PDMS and the whole 
stack was placed in the oven at 65° C for 2 h. The PDMS replica 
was peeled manually from the PDMS master using the glass 
slides.

2.2. Scanning Electron Microscopes (SEM)

For the SEM image, an FEI Helios dual-beam Focused Ion 
Beam Scanning Electron Microscopes (FIB-SEM) was used. 
The stage was tilted 52° for measuring the height of the micro-
structures. For the TC_ PDMS, a 10 nm gold layer was depos-
ited by evaporation (Custom ATC-2200  V, AJA International 
Inc.) before taking SEM images.

2.3. Contact Angle Measurement

The apparent contact angle was measured for every sample. 
9.8  µL of distilled water was gently deposited on top of each 

sample. Advancing and receding contact angles were meas-
ured by varying the volume of the droplet between 5  µL and 
50 µL. The receding contact angle was measured just before the 
detachment of the droplet in case of the superhydrophobic con-
dition. The tilting angle was measured by changing the tilted 
angle of the stage (GNL10/M, Thorlabs). 9.8  µL of a distilled 
water droplet was deposited before changing the tilted angle of 
the stage.

3. Results

3.1. Control of Wettability by Micro Conical Structures

Figure 2 shows SEM images of the fabricated samples. Trun-
cated cones with photoresist (TC_PR) and hierarchical cones 
with photoresist (HC_PR) were fabricated by combined photo-
lithography and dry etching process.[24] TC_PR and HC_PR 
samples were treated with oxygen plasma to remove the photo-
resist. After stripping the photoresist, the samples are named 
cleaned truncated cones (TC_C) and cleaned hierarchical cones 
(HC_C). The cleaned samples are functionalized with a mon-
olayer of silane and named silanized truncated cones (TC_S) 
and silanized hierarchical cones (HC_S). TC_S was replicated 
into PDMS and named truncated cones in PDMS (TC_PDMS). 
The cleaned hierarchical cones were not replicated into the 
PDMS due to the fragility of the high aspect ratio structures. 
The fabrication is described in detail in the methods section.
Figure 3a presents the relation between the apparent con-

tact angle on a textured surface θ* and the equilibrium wetting 
angle for the smooth surface of a given material θE. For the 
x-axis, four equilibrium wetting angles which are silicon after 

Figure 2. SEM images of micro conical structures. a) Truncated cones 
with photoresist, TC_PR b) Cleaned truncated cones, TC_C c) Cleaned 
hierarchical cones, HC_C d) Truncated cones replicated into PDMS, TC_
PDMS. TC_PR, TC_C, and TC_PDMS have similar topography and have 
different equilibrium contact angle.

Adv. Mater. Interfaces 2023, 10, 2202439

 21967350, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202202439 by N
tnu N

orw
egian U

niversity O
f Science &

 T
echnology, W

iley O
nline L

ibrary on [11/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH2202439 (4 of 9)

www.advmatinterfaces.de

oxygen plasma treatment (21o), the photoresist (56o), silanized 
silicon (105o), and PDMS (115o) are considered. The fraction of 
solid surface (fs) was defined as the ratio between the area of the 
top surfaces of microstructures and the total projected area. It is 
also described in the Supporting Information. Each point repre-
sents 16 different fraction of solid surface which are obtained 
by varying the center-to-center distance between truncated 
cones which are varying from 15 to 360 micrometers. For each 
substance, apparent contact angles for the textured surfaces are 
measured and depicted on the y-axis.

Results show that the superhydrophobic state can be 
obtained with only single-tier topography without double-tier 
topography. Details of the apparent contact angle for the TC_PR 
and HC_PR was reported in our previous study.[24] The samples 
which are hydrophilic in the equilibrium wetting angle as TC_
PR and HC_PR can be in a superhydrophobic state. It shows 
that the superhydrophobic state can be achieved by optimizing 
the geometrical parameters of single-tier topography without 
hierarchical structures. However, surfaces become more hydro-
philic even though single and double-tier topography were 
applied, when the equilibrium wetting angle is close to the 
superhydrophilic state in cases of TC_C and HC_C. It seems 
like that the apparent contact angle can be varied by the geo-
metric parameter of the single-tier topography but there is the 
threshold which is the equilibrium wetting angle for achieving 
superhydrophobic or superhydrophilic states. In the following 
figures, how the geometric parameters or solid fraction play 
major roles to determine the apparent contact angle of the 
roughened surface while the equilibrium wetting angle plays as 
the thresholds in the Cassie–Baxter state.

Figure 3b shows the apparent contact angle for the TC_PR, 
TC_C, TC_S, and TC_PDMS over the Cassie–Baxter model. 
When the fraction of solid surface becomes low, the apparent 
contact angle is no longer dependent on the fraction of solid 
surface. In this region, the apparent contact angle is increased 
by ≈50° when the sample is silanized compared with the case 
with photoresist. The apparent contact angle increases by 
another ≈10° when the sample is replicated into PDMS. This 

could imply that the apparent contact angle is determined by 
the equilibrium wetting angle which can be applied for the 
bottom surface between the microstructures when the fraction 
of solid surface is low.

For conical microstructures with high fraction of solid sur-
face, the apparent contact angle for TC_C is zero while the 
other three samples have a high apparent contact angle. After 
the cleaning process, the apparent contact angle of the top 
surface of the conical microstructure becomes close to that of 
the polished side of the silicon wafer which gives an apparent 
contact angle ≈20°. A zero-contact angle for TC_C implies 
that there is the threshold of equilibrium wetting angle for 
achieving a superhydrophobic state. This can be understood 
that the equilibrium wetting angle of the top surface is an 
important parameter even when the geometric parameter of 
topography is optimized.

However, a high apparent contact angle is observed for the 
samples TC_PR, TC_S, and TC_ PDMS with a high fraction 
of solid surface. It can be discussed by considering the Cassie-
Baxter model in solid lines. For the Cassie-Baxter state, the 
Cassie-Baxter model can be considered to predict the apparent 
contact angle when the droplet is on top of the structures con-
taining trapped air in the pores between the solid surfaces.[4] 
In this model, the apparent contact angle can be represented 
in terms of the equilibrium wetting angle and the solid frac-
tion as:

cos 1 cos 1θ θ( )= − + +∗ f s E
 (1)

where θ* is the apparent contact angle for the Cassie–Baxter 
model, fs is the solid fraction, and θE is the equilibrium wet-
ting angle. It shows that superhydrophobic properties of the 
silicon master are transferred to PDMS in the replication pro-
cess when comparing them for the high fraction of the solid. 
Equilibrium wetting angels for corresponding materials are 
considered for drawing reference lines for the Cassie–Baxter 
model. It can be observed that experimental results are not fol-
lowing the lines for different equilibrium wetting angles, even 

Figure 3. Control of wettability by conical microstructures from superhydrophobic state to superhydrohpilic state. a) Measured apparent contact 
angle θ* and the equilibrium wetting angle θE for conical microstructures and b) measured apparent contact angle plotted over the Cassie–Baxter 
model. The superhydrophobic and superhydrophilic states can be achieved by single-tier depends on the geometrical parameters of topography and 
the equilibrium contact angle.
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though they have different equilibrium wetting angles. This 
can disapprove of the hypothesis of the Cassie-Baxter state, 
which is the area-weighted average of the cosine of the equilib-
rium wetting angle for the given cases. On the other hand, the 
solid fraction seems like the main parameter for deciding the 
apparent contact angle for the Cassie–Baxter state. It should be 
mentioned that the limitation of the model such as the shape 
of the structures, the volume of the droplet, and external forces 
have been already reported in previous studies.[6] Experimental 
data for hierarchical conical microstructures is reported in the 
Supporting Information.

3.2. Contact Angle Hysteresis and Tilting Angle

Figure 4a presents the contact angle hysteresis for the TC_
PR, TC_S, and TC_ PDMS. The contact angle hysteresis was 
obtained by substituting the advancing and receding contact 
angles in Figure  4b. The contact angle hysteresis is increased 
with increasing fraction of solid surface for the three samples 
(TC_PR, TC_S, and TC_ PDMS). After increasing, the contact 
angle hysteresis suddenly decreases with increasing fraction of 
solid surface. Therefore, it is possible to consider that there are 
optimal geometric parameters for obtaining the self-cleaning 
surface which requires a high apparent contact angle with a low 
contact angle hysteresis.
Figure 5 shows the tilting angle for TC_S and TC_ PDMS. 

The two samples presented tilting angles below 5° when 
adjusting the fraction of the solid surface. For TC_ PDMS, a 
tilting angle lower than 2 degrees was observed. This minimum 
tilting angle is lower than for the other samples. It can be 
understood that the tilting angle can be reduced by decreasing 
the fraction of solid surface until the high apparent contact 
angle can be obtained.

The findings of the studies on the Cassie–Baxter state, 
Cassie–Wenzel transition, and Wenzel state can be summa-
rized as follows:

For the Cassie-Baxter state, the wettability can be dominantly 
determined by the fraction of the solid surface, while the equi-
librium wetting angle could be considered as a threshold. For 
the Wenzel state, the wettability is determined based on the 
equilibrium wetting angle, while the surface topography plays 
no significant role. The Cassie-Wenzel transition can be pre-
dicted by considering the criterion for the transition based on 
the solid-liquid interface roughness.

To obtain the surface with high apparent contact angle with 
low tilting angle, the fraction of solid surface could be adjusted. 
For the high apparent contact angle large fraction of solid sur-
face is needed to obtain the Cassie-Baxter state. However, as 
low as possible fraction of solid surface is required to achieve 
low tilting angle and low contact angle hysteresis when the 
Cassie–Baxter state is sustained while the fraction of solid sur-
face is decreased.

For the application, the self-cleaning property is given by a 
high apparent contact angle, low contact angle hysteresis, and 
low tilting angle. A structured silicon surface expressing these 
properties can be replicated in PDMS using soft lithography 
and obtain similar self-cleaning properties. For the conical 
microstructures discussed here, the PDMS surface presents 

a broader range of fraction of solid surface where the self-
cleaning property is obtained when compared with the silicon 
surface it was replicated from.

Figure 4. Dynamic contact angle. a) Contact angle hysteresis and  
b) advancing and receding contact angles of samples.

Figure 5. Tilting angle of samples. The PDMS sample shows a broad 
range of low tilting angle compared to the silanized sample.
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The conical microstructures in single-tier were replicated 
as shown in Figure 6. It has an advantage in the peeling pro-
cess for PDMS replication. This is because the conical shape 
has structural stability against the pooling force and the micro-
structure in the single-tier has a smaller interfacial area which 
causes the pooling force compared with hierarchical structures. 
From this optimized shape regarding the replication process, it 
seems possible to obtain a superhydrophobic surface at a low 
cost. This is because it can be obtained using only the mixture 
of PDMS base and PDMS curing agent if the PDMS master is 
prepared once.

4. Discussion

Figure 7 presents the apparent contact angle for three different 
heights of microstructures and the criterion of the Cassie-
Wenzel transition. The criterion of the Cassie-Wenzel transi-
tion can be written as cos θcr =  (fs − 1)/(r − fs), where fs is the 
fraction of the solid surface and r is the solid-liquid interface 
roughness.[32] Details of the fraction of the solid surface and the 
solid-liquid interface roughness are reported in the Supporting 
Information.

Wetting transitions corresponding to the breakdown of the 
superhydrophobic state is observed at the cross-section between 
the criterion for 0.8 of penetration ratio and equilibrium con-
tact angle as depicted as arrows except for the sample in PDMS. 
It was a noteworthy observation that the geometric conditions 
for wetting transition, characterized by the breakdown of the 
superhydrophobic state, can be predicted by taking into account 
the 0.8 penetration ratio and equilibrium contact angle for 
conical microstructures. This discovery has important implica-
tions for understanding and controlling the wetting properties 
of surfaces.

Even though the drastic Cassie–Wenzel transition was 
observed in silicon, a sudden change in the apparent contact 
angle was not observed in PDMS. The difference between the 
profile of the apparent contact angle could be oriented from 
the elasticity of soft material. For the PDMS sample, the cross-
section between the criterion and equilibrium contact angle 

didn’t point out the location of the Cassie–Wenzel transition in 
Figure 7b. This could be attributed to the elastic characteristic 
of the PDMS as soft material. The deformation of the elastic 
substrate can be considered as the increase of the equilibrium 
contact angle as shown in Figure 8. The deformation of the soft 
material was observed in the previous study.[45]

The contact angle relative to the horizon at the pinning of 
the micropillar can be considered as the summation of the 
advancing contact angle for the smooth surface and the 90° 
as shown in Figure  8b. For that, we should assume that the 
liquid-solid interface is pinned at the sidewall of the micropillar. 
When we consider the conical structures the contact angle rela-
tive to the horizon will be decreased by the half apex angle of 
the conical structure as depicted in Figure  8c. The criterion of 
the Cassie-Wenzel transition was calculated by considering the 
liquid-solid interface in this figure. It means that the deforma-
tion of the soft material was not considered in the calculation. 
However, it seems that the deformation of the soft material could 
increase the contact angle relative to the horizon as described in 
Figure 8d. It could be the reason why the Cassie–Wenzel transi-
tion is located in a lower fraction of solid surface because the 
additional contact angle for the equilibrium contact angle could 
shift the cross-section between the criterion of the Cassie–
Wenzel transition and the adjusted equilibrium contact angle.

In Figure  7, the Cassie-Wenzel transition occurs for 31, 51, 
and 71 µm of height when the θE is 105°. However, the Cassie-
Baxter state wasn’t observed when the θE is 21°. The possible 
explanation of the failure of forming a droplet on the micro-
structures in the Cassie-Baxter state can be explained as pre-
sented in Figure 8e. As we discussed above, the contact angle 
relative to the horizontal can be drawn for the low equilibrium 
contact angle. When we consider the low equilibrium contact 
angle, the liquid-gas contact lines from the pinned point in 
both microstructures couldn’t be connected because of the low 
contact angle relative to the horizon. It shows that the criteria to 
achieve the Cassie–Baxter state could be the combination of the 
advancing equilibrium contact angle and the half apex angle of 
the microstructures. In the case of 56° of θE, the Cassie-Baxter 
state can’t be achieved for 31 µm of height. It could be under-
stood that the liquid-gas interface lines from the pinned point 

Figure 6. a) PDMS master (4 inches mask), b) TC_PDMS.
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in both microstructures could be connected when the struc-
tures are high even though the equilibrium contact angle is low.

5. Conclusion

In this study, conical microstructures with well-defined geo-
metric parameters were fabricated on silicon, cleaned by 
plasma, silanized, and replicated into the soft substrate in 

sequence. The wettability of the conical microstructures was 
examined in each process. we were able to obtain a range of 
apparent contact angles for varying geometric parameters, and 
for four different equilibrium contact angles. The study deter-
mined the geometric parameters of micro conical structures 
that exhibit super-hydrophilic and super-hydrophobic proper-
ties. Moreover, our observations revealed that the Cassie-Wenzel 

Figure 7. The criterion of the Cassie–Wenzel transition. Measured 
apparent contact angles are depicted for a) 31, b) 51, and c) 71  µm of 
heights of microstructures. Dashed lines present the criterion of the 
Cassie-Wenzel transition for varying penetration ratio and solid line pre-
sent that for 0.8 of penetration ratio. Dash-dotted lines represent the 
equilibrium contact angle. The criterion implies that the droplet forms 
the Cassie-Baxter state when the criterion is lower than the equilibrium 
contact angle. The cross-section between them can be considered the 
point of the Cassie–Wenzel transition.

Figure 8. Schematic diagram of the contact angle relative to the horizon 
in a) smooth surface, b) micro pillars, c) micro cones on hard substrate, 
d) micro cones on soft substrate, and e) the failure of forming droplet 
on structure. We compared the contact angle relative to the horizon θ to 
evaluate the wettability of the surface with microstructures. It is assumed 
that the liquid-solid interface is pinned at the certain height of microstruc-
ture and the advanced contact angle for the smooth surface is considered 
for deriving the contact angle relative to the horizon. The contact angle 
relative to the horizon is affected by the half apex angle of conical struc-
tures β and the deformation angle of soft material γ.

Adv. Mater. Interfaces 2023, 10, 2202439
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transition occurred at different fractions of the solid surface 
depending on the equilibrium contact angle and the geometric 
parameters. The significant discovery in this study was that the 
Cassie-Wenzel transition was located where the criterion of the 
Cassie-Wenzel transition for 0.8 penetration ratio for conical 
structures in silicon substrate. Furthermore, we discussed the 
shift of the Cassie-Wenzel transition in soft substrate based on 
the measured apparent contact angle. Furthermore, from the 
optimization of the solid fraction which is critical for single-
tier structures, it could be able to open the possibility for the 
application based on the replication. As PDMS is a relatively 
inexpensive material and soft lithography allows for multiple 
replications, this represents an important step towards low-cost 
self-cleaning surfaces. Furthermore, the transparency and elas-
ticity of PDMS open up the possibility for novel applications. 
This study not only provides insight into the wetting transition, 
but also has the potential to lead to practical applications in 
various fields.
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